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Preface

Mycological studies of yeasts are entering a new phase, with the sequencing of
several yeast genomes informing our understanding of their ability to cause disease
and interact with the host. Parallel to this advancement, the ongoing use of
traditional methods in many clinical mycology laboratories continues to provide
information to diagnose and treat patients.

The aim of this volume is not to provide comprehensive coverage of all aspects
of pathogenic yeasts, but rather to focus on certain topics and to review the current
knowledge in those areas. Each chapter has been written by relevant internationally
recognised experts and is self-contained, although necessarily there is some cross
referencing between chapters. Broadly speaking the content can be subdivided into
four sections: Candida albicans, Cryptococcus neoformans, other pathogenic
yeasts (including Malassezia, and emerging yeast pathogens) and finally clinical
laboratory considerations such as diagnosis and antifungal susceptibility.

Genomic advances are reviewed in the opening chapter by Butler and Fitzpatrick
who summarise the state-of the-art in comparative fungal genomics and the impact
that bioinformatic analysis, coupled with advanced technologies, has already had
upon our understanding of fungal pathogenesis and evolution of virulence. Candida
albicans, arguably the best-characterised of the pathogenic yeasts, continues to
provide a beacon for fungal molecular genetics and to exemplify the power that
genomic approaches can bring to bear upon study the of eukaryotic pathogenetics.
Moran et al. subsequently describe, and have implemented to great effect, the
multilocus sequence typing methodology to decipher the epidemiology of infec-
tious Candida species in their latest works reviewed in Chap. 2. The spectrum of
Candida disease is addressed, in combination with the most comprehensively
referenced overview available, of experimental modelling of Candida infection
by MacCallum in Chap. 3. Cell-wall mediated virulence, another well-studied
aspect of Candida albicans can be considered from both the host and pathogen
perspective (Chap. 4, Munro) as the cell wall represents the immediate interface
between the two and is partially responsible for prompting immunogenic responses
in the infected host. The cell wall contains antigenic carbohydrate moieties and
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proteins, which are central to disease, a further aspect of secreted protein activity in
the infectious arena being facilitation of tissue invasion (Chap. 5, Naglik).

Yeast biofilms are important in many types of infection and recent advances in
understanding the genetic control of their development have provided insight into
their role in host-pathogen interactions, resistance to antifungals and cell—cell
communication, all of which are discussed by Ramage and colleagues in Chap. 6.

Chapter 7 (Bicanic and Harrison) discusses the spectrum of disease that crypto-
coccal species cause and review recent studies, which have shown that effective
regimens for treating cryptococcosis and managing the associated complications can
impact the morbidity and mortality significantly and result in improved outcomes.
Chapter 8 (Mitchell and Litvintseva) details the methods used to type Cryptococcus
and the studies on its epidemiology, which have lead to a better understanding of
the sub-groups within the genus and its phylogeny. This foray into the clinical
implications of crytpococcal disease is followed by a review of cryptococcal
virulence factors by Miihlschlegel and colleagues in Chap. 9, which interrogates
the mechanisms employed by this organism to withstand the extraordinary stresses
likely to be encountered during long periods of latent infection.

The third section of the book looks at various other pathogenic yeasts. Chapter
10, by Ashbee and Scheynius reviews the genus Malassezia and particularly the
interesting advances that have been made recently with regard to its role in atopic
dermatitis and interaction with the host.

New and emerging yeasts are reviewed in Chap. 11 (Mathews and Ashbee),
looking at their microbiology, epidemiology, clinical manifestations, diagnosis,
and, where data is available, their antifungal susceptibility patterns and therapeutic
approaches to treating such infections and outcome.

Besides causing disease in humans, many yeasts are also significant pathogens in
animals. Chapter 12 (Cabanes) covers the role of Candida, Cryptococcus, and
Malassezia in disease processes in a range of animals.

The diagnosis of yeast infections is very important in clinical mycology labora-
tories and the introduction of new techniques is changing the way that many yeasts
are identified. In Chap. 13, Barton reviews both the more traditional phenotypic and
biochemical methods and also discusses the role of molecular and non culture-
based diagnostic modalities. The final chapters of the book focus on antifungal
susceptibility, therapy and antifungal resistance. Chapter 14, by Cuenca-Estrella
and Rodriguez-Tudela, describes the various methods to determine yeast antifungal
susceptibility and discusses the recent updates that have taken place in standardisa-
tion. In addition, it includes reviews of therapy for treatment of Candida and
cryptococcal infections. Chapter 15 (Sanglard) provides an up-to-the-minute review
of the molecular basis of antifungal resistance.

It is the hope of the editors and contributing authors that this book will provide a
thorough and authoritative review of many aspects of the pathogenic yeasts.
Because of the size of the book, we had to choose specific topics to include, but
we hope that we have also managed to retain sufficient scope to be of interest to a
wide range of colleagues. Given the parallels between clinical and investigative
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mycological research, and the benefits that cross-fertilization between these fields
has brought in recent years, perhaps the overriding strength of this publication is its
accessibility to readers originating from, or attempting to better understand, either
or both of these areas.

June 2009 Ruth Ashbee and Elaine Bignell
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Chapter 1
Comparative Genomic Analysis of Pathogenic
Yeasts and the Evolution of Virulence

David A. Fitzpatrick and Geraldine Butler

Abstract The increased availability of molecular data has had a major impact on
phylogenetic studies in general, and on the study of fungal phylogeny in particular.
To date, more than 60 fungal genomes have been completely sequenced, ranging
from the Chytridiomycota to the Ascomycota. There have been several attempts to
reconstruct aspects of the fungal Tree of Life, using a variety of approaches
(Fitzpatrick et al. 2006; James et al. 2006; Kuramae et al. 2006; Robbertse et al.
2006; Marcet-Houben and Gabaldon 2009).

Because the use of single genes to infer phylogenetic relationships can generate
a number of different topologies, it has become increasingly common to use
several genes, often concatenating information. A very thorough analysis was
carried out by James et al. (2006), who used six genes from 200 species. This
analysis supports a monophyletic origin for the Ascomycota, Basidiomycota, and
Glomeromycota. The study also addressed the relationship of the Microsporidia,
intracellular animal parasites whose phylogenetic origin has long been controver-
sial. James et al. (2006) place the Microsporidia on the earliest diverging fungal
branch.

The analysis of Fitzpatrick et al. (2006) used information from 4,805 single-gene
families from 42 fully sequenced fungal genomes. A robust phylogeny was generated,
supporting the major phyla (Zygomycota, Basidiomycota, and Ascomycota)

D.A. Fitzpatrick

Genome Evolution Laboratory, Department of Biology, National University of Ireland Maynooth,
Maynooth, Co. Kildare, Ireland

G. Butler (I)

UCD School of Biomolecular and Biomedical Science, Conway Institute, University College
Dublin, Belfield, Dublin 4, Ireland

H.R. Ashbee and E.M. Bignell (eds.), Pathogenic Yeasts, The Yeast Handbook, 1
DOI 10.1007/978-3-642-03150-2_1, © Springer-Verlag Berlin Heidelberg 2010
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Zygomycota

— Rhizopus oryzae

B@Iomycota Ustilago maydis

Cryptococcus neoformans

Phanerochaete chrysosporium

Coprinus cinereus

Schizosaccharomyces pombe

Histoplasma capsulatum
Uncinocarpus reesii

Coccidioides immitis

Aspergillus nidulans

Aspergillus fumigatus

Aspergillus oryzae

Aspergillus terreus

Stagonospora nodorum
Magnaporthe grisea
Neurospora crassa
Podospora anserina
100! Chaetomium globosum

Trichoderma reesei
Too|_7|:l-'usarium verticillioides
100 Fusarium graminearum
100 Botrytis cinerea

Sclerotinia sclerotiorum
Yarrowia lipolytica

Candida lusitaniae

B Candida guilliermondii
WGD| 6o Debaryomyces hansenii
100 Candida parapsilosis
Candida tropicalis
Candida dubliniensis
Candida albicans
Kluyveromyces lactis
Ashbya gossypii
Saccharomyces kluyvermyces
Kluyveromyces waltii
Saccharomyces castellii
Candida glabrata
Saccharomyces bayanus
Saccharomyces kudriavzevii
Saccharomyces mikatae
Saccharomyces cerevisiae
Saccharomyces paradoxus

Hymenomycetes 100

Taphrinomycotina

Eurotiomycetes,

Pezizomycotina
100 100

Sordariomycetes

100 Ascomycota

Ascomycota

Leotiomycetes/

100
Saccharomycotina

100

100
60

0.1 100
100

Fig. 1.1 Phylogenetic relation of fungal species. A maximum likelihood phylogeny was con-
structed using a concatenated alignment of 153 fungal genes from 42 species. Taken from
Fitzpatrick et al. (2006)

(Fig. 1.1). The subphyla within the Ascomycota (Taphrinomycotina, Pezizomycotina,
and Saccharomycotina) are strongly supported. At the time the analysis was per-
formed few basidiomycete sequences were available, but the monophyletic origin of
the Hymenomycetes is clear. The overall structure of the fungal tree is supported by
several additional phylogenomic analyzes (Kuramae et al. 2006; Robbertse et al.
2006; Marcet-Houben and Gabaldon 2009).

The majority of fungi associated with human disease are ascomycetes, from
either the subphyla Pezizomycotina (e.g., Aspergilli) or Saccharomycotina (e.g.,
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Candida). This may explain why most available genome sequences are from these
groups.

1.1 Comparative Genome Analysis

Several recent studies have shown how powerful comparative genome analysis can
be, particularly in relation to the identification of lineage-specific or species-
specific pathways. Cornell et al. (2007) analyzed genomes from 34 fungal species,
mostly ascomycetes and basidiomycetes, in an attempt to identify signals of
specialization and diversification. They first determined the level of gene duplica-
tion, as this may allow the acquisition of new functions. Among the Ascomycota,
the level of gene duplication is higher in the Pezizomycotina (and in particular the
Aspergilli) than it is among the Saccharomycotina. A lower level of duplication in
some of the Pezizomycotina (for example, Neurospora crassa) is related to the
activity of RIP (repeated induced point mutation; a mechanism that removes
duplicated sequences) (Galagan and Selker 2004).

In general, the genes that are over-represented in the Pezizomycotina include
cytochrome P450 proteins, which are involved in degradation of toxins and sec-
ondary metabolism and are associated with adaptation to environmental stress
(Deng et al. 2007). There is also an increase in protein families involved in transport
of sugars and small molecules such as drugs, and in proteins required for the
metabolism of different carbon sources. In contrast, fewer duplications are identi-
fied only in the Saccharomycotina. However, there is a large expansion in Pir
proteins, a motif associated with cell wall proteins (Kapteyn et al. 1996). Other
motifs associated with cell wall synthesis are also increased in the Saccharomyco-
tina including glucan synthases and mannosyltranferases. Domains associated with
chitin synthesis are more prevalent in the Pezizomycotina.

Comparative analysis of the 34 genomes revealed substantial differences in fatty
acid degradation, which could be correlated to the activity of organelles. In mam-
mals, B-oxidation occurs in both the mitochondria and the peroxisomes, whereas in
Saccharomyces cerevisiae it is restricted to the peroxisomes (Kunau et al. 1995;
Hiltunen et al. 2003). Early steps in the reaction require acetyl-CoA dehydrogenase
(in the mitochondria) and acyl-CoA oxidase (in the peroxisome). Cornell et al.
(2007) used the presence or absence of these genes to suggest that nonperoxisomal
B-oxidation was lost from the ascomycetes after the diversion from Yarrowia
lipolytica. Peroxisomal B-oxidation has also been lost independently in some of
the Pezizomycotina.

The analysis of Cornell et al. (2007) presents an excellent resource for
subsequent analysis addressing the difference between pathogenic and nonpatho-
genic species within the phyla (for example, comparisons between S. cerevisiae
and Candida glabrata, or among pathogenic and non-pathogenic Aspergilli and
Candida). The data is publicly available in the e-Fungi database (http://www.cs.
man.ac.uk/~cornell/eFungi/index.html).
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1.2 Analysis of Basidiomycete Genomes

Within the basidiomycetes, Cryptococcus neoformans is the best-characterized
human pathogen. It is a haploid basidiomycete yeast that commonly infects the
central nervous system of immunocompromised patients (Hull and Heitman 2002).
Cr. neoformans is classified into three major serotypes, Cr. neoformans var. grubii
(serotype A), Cr. neoformans var. neoformans (serotype D), and a hybrid (serotype
A/D). Serotypes B and C have recently been categorized as a separate species,
Cr. gattii (Kwon-Chung et al. 2002). A Cr. neoformans serotype D isolate was
sequenced in 2005 (Loftus et al. 2005), and the sequence of a serotype A isolate and
two Cr. gattii isolates are currently in progress (http://www.broad.mit.edu/). The
two Cr. neoformans have approximately 10-15% difference at the nucleotide level.

The formation of a polysaccharide capsule is a major virulence characteristic in
Cr. neoformans (Bose et al. 2003). Analysis of the genome sequence led to the
identification of 20 new genes required for capsule formation, several of which are
confined to basidiomycetes (Loftus et al. 2005). Of 11 families that are specific to
Cr. neoformans, two are involved in capsule formation (Loftus et al. 2005).
Comparison of the serotype A and serotype D genomes revealed that a large region
(approximately 14 kb) called an “Identity Island” was transferred from var. grubii
(serotype A) to var. neoformans (serotype D), replacing the equivalent region in
var. neoformans (Kavanaugh et al. 2006). This results in duplication of some genes
in var. neoformans (such as the enolase gene), which may provide a selective
advantage in rich media.

Mating-type in Cr. neoformans is strongly correlated with virulence (Kwon-
Chung et al. 1992). Cr. neoformans has a bipolar mating structure, with a single
mating-type locus (MAT), containing either a or alpha idiomorphs (Lengeler et al.
2000). The MAT locus is extremely large (encompassing approximately 6% of the
chromosome), and arose by fusion of two unlinked gene clusters (Loftus et al. 2005;
Fraser et al. 2007). Mating between MATa and MATo cells takes place in the
laboratory, but in the wild the vast majority of isolates have the MAT« idiomorph
(Heitman 2006). MATo cells are more virulent than MATa, and it is highly likely
that sexual reproduction is required to allow propagation (Hsueh and Heitman
2008). Same-sex mating between serotype D o isolates was demonstrated in the
lab (Lin et al. 2005), and the identification of «ADa hybrids suggested that similar
mating occurred in nature (Lin et al. 2007). Lin et al. (2009) have recently shown
that approximately 8% of natural isolates of Cr. neoformans serotype A are o/o
diploids, the majority arising from mating of identical cells. Diploids may affect
virulence by increasing fitness, or by producing more resistant spores (Lin et al.
2009).

The basidiomycete Malassezia globosa is normally found on human skin, but it
is also closely associated with dandruff (Chen and Hill 2005). The genome
sequence was reported in 2007, together with a 1X coverage of a related species,
M. restricta (Xu et al. 2007). M. globosa cannot grow in the absence of lipids
which, analysis of the genome sequence suggests, is due to the absence of a fatty
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acid synthase gene. M. globosa is closely related to the maize pathogen Ustilago
maydis, yet there are substantial differences at the genome level that are likely to be
related to host adaptation. U. maydis encodes many more carbohydrate-hydrolyzing
enzymes than M. globosa. In contrast, the M. globosa genome is enriched for
phospholipases, lipases, aspartyl proteases, and sphingomyelinases. Many of these
families have been associated with virulence in Candida albicans, an ascomycetous
human pathogen that also colonizes skin. Expression of lipase in M. globosa occurs
on human scalp, which is likely to be a important pathogenic factor (Juntachai et al.
2008). The genomes of other fungal species that inhabit human skin are underway,
in particular the ascomycete dermatophyte Microsporum gypseum (http://www.
broad.mit.edu). A comparative analysis of all species is likely to lead to the
identification of novel virulence factors required for skin colonization.

1.3 Analysis of Ascomycete Genomes

1.3.1 The Aspergilli

Aspergillus fumigatus is a major opportunistic pathogen that causes invasive dis-
ease, particularly in immunocompromised individuals. It is also a primary pathogen
of the airways. Comparative genome analysis of the Aspergilli is a particularly
powerful approach because of the availability of genome sequences from a wide
variety of species. The genomes of one isolate of A. fumigatus and the sexual model
organism A. nidulans was reported in 2005 (Galagan et al. 2005; Nierman et al.
2005), together with the sequence of A. oryzae, a fungus used for the production of
traditional fermented foods in Japan (Machida et al. 2005). A second clinical isolate
of A. fumigatus was sequenced in 2008, together with the genomes of a close sexual
relative Neosartorya fischeri and a more distantly related asexual species A. clava-
tus, associated with disease in sheep and cows fed with infected grain (Fedorova
et al. 2008.) Genome sequences from A. terreus, a second opportunistic pathogen
(http://www.broad.mit.edu), A. flavus, a weak pathogen of animals and plants (Yu
et al. 2008), and A. niger, an industrial species (Pel et al. 2007) provide an
unprecedented resource for comparative analysis.

Initial comparisons revealed that gene order, or synteny, is generally conserved
among A. nidulans, A. fumigatus, and A. oryzae, except at the sub-telomeric regions
(Galagan et al. 2005). These regions tend to contain secondary metabolite clusters
that are associated with adaptation and virulence. One of the most interesting
hypotheses to emerge from the genome comparisons was the suggestion that
A. fumigatus and A. oryzae, long believed to be asexual, may contain a fully sexual
cycle. This was based on the identification of mating-type genes that determine
sexual compatibility, and was subsequently supported by the identification of
isolates of opposite mating type in the A. fumigatus population (Paoletti et al.
2005). In early 2009, the genome predictions were validated when the existence
of a sexual cycle was biologically verified (O’Gorman et al. 2008). Similar
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predictions from genomic analysis of the parasite Giardia were also recently
supported by experimental evidence (reviewed in (Logsdon 2008)), which may
have implications for analysis of other apparently asexual organisms.

A more recent analysis of two A. fumigatus isolates identified regions of seg-
mental duplication in the clinical isolate that may have resulted from selective
pressures in the host (Fedorova et al. 2008). There is a considerable level of
polymorphism in the gene sequences between the two isolates, with amino acids
sequence identities of homologous proteins ranging from 100% down to just 37%.
Some of the most dramatic differences are in het (heterokaryon incompatibility)
genes, which are likely to be involved in a pathway activated by a fusion of
genetically incompatible individuals. Fedorova et al. (2008) identified > 800
genes that are specific to A. fumigatus (relative to N. fischeri and A. clavatus).
These are enriched for genes involved in carbohydrate metabolism, secondary
metabolism, and detoxification. In general, lineage-specific genes are more fre-
quently found in sub-telomeric regions, and the A. fumigatus-specific genes in
particular are located in 13 blocks, or “genomic islands” towards the telomeres.
A metabolite cluster required for the synthesis of a mycotoxin fumigaclavine is
located in one of the islands. A detailed analysis indicates the species-specific genes
originate from gene duplication and divergence (Fedorova et al. 2008), rather than
from Horizontal Gene Transfer (HGT), as suggested earlier (Galagan et al. 2005;
Machida et al. 2005).

In general, proteins known to be associated with virulence in Aspergillus have a
low rate of evolution (Nierman et al. 2005). However, Fedorova et al. (2008) found
evidence of accelerated evolution in four genes (pabdA, fos-1, pesl, and pksP),
involved in oxidative stress or nutrient availability (such as biosynthesis of folate).
These may be of particular importance in interaction with the host.

1.3.2 Candida Genomes

Among the Saccharomycotina, Candida species are most closely associated with
pathogenesis in human hosts. The definition of Candida, however, is not very
specific, as it includes relatively distantly related species such as C. glabrata and
C. albicans. We will use Candida to refer to the monophyletic clade containing
C. albicans, which all share the characteristic that the CUG codon encodes serine
rather than leucine (Fig. 1.1). Reassignment of CUG is an ancient event (Massey
et al. 2003), which apparently allowed genome remodeling and adaptation to stress,
and may have contributed to virulence (Silva et al. 2007).

The Candida clade includes a number of species that are strongly associated
with disease, such as C. albicans, C. tropicalis, and C. parapsilosis, that together
account for the majority of Candida infections (Pfaller and Diekema 2007). Other
species, such as C. lusitaniae and C. guilliermondii are much weaker pathogens,
whereas species such as Lodderomyces elongisporus, Debaryomyces hansenii, and
Pichia stipitis are rarely, if ever, associated with disease.
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The C. albicans genome (isolate SC5314) was first reported in 2004 (Jones et al.
2004), and subsequently revised and updated (Braun et al. 2005; van het Hoog et al.
2007). An initial comparison with S. cerevisiae suggested that the C. albicans
genome is enriched for secreted aspartyl proteinases, lipases and high-affinity
iron transporters required for obtaining nutrients from the environment (Braun
et al. 2005). Subsequent analysis identified the TLO family of transcription factors
that are specifically enriched in C. albicans, and may play a role in virulence
(van het Hoog et al. 2007).

Comparative genomic analysis of Candida species was greatly advanced by
sequencing of a second C. albicans isolate (WO-1), together with the genomes of
C. tropicalis, C. parapsilosis, L. elongisporus, C. guilliermondii, and C. lusitaniae
(Butler et al, 2009). The genome of C. dubliniensis, a weak pathogen and close
relative of C. albicans, was also sequenced (Jackson et al., submitted). Comparison
of the two C. albicans isolates, which belong to different population clades (Tavanti
et al. 2005), showed that whereas the overall rate of nucleotide polymorphism is
similar, there are more extended regions of homozygosity in C. albicans WO-1.
Similar stretches of homozygosity were observed in the diploid genomes of
C. tropicalis and L. elongisporus, suggesting they may have arisen from passage
through a sexual cycle, or through break-induced replication. In contrast, the level
of polymorphism in the C. parapsilosis genome is more than 70-fold lower than in
its close relative L. elongisporus. C. parapsilosis is a more frequent cause of disease
than any of its close relatives (Lockhart et al. 2008). It is possible that a bottleneck
occurred in a virulent ancestor of the C. parapsilosis population, correlated with the
loss of a mating partner (Logue et al. 2005).

1.3.3 Evolution of Gene Families Associated with Virulence

Previous analysis has suggested that some gene families are associated with viru-
lence, particularly in C. albicans (Naglik et al. 2004). Comparative analysis of the
Candida genomes identified three families in particular that are enriched in the
strongly pathogenic species C. albicans, C. tropicalis, and C. parapsilosis - the Hyr/
Iff family, Als adhesins and the Pga30-like family (Butler et al. 2009). All three
families have high numbers of gene duplications and are often found in clusters.
The Hyr/Iff family was originally identified in C. albicans, among a set of
proteins with shared motifs in their N-terminal domains (d’Enfert et al. 2005).
Most family members contain a potential GPI-anchor site, suggesting they are
components of the cell wall. The best-characterized member of the family is
Hyrl, a gene induced during hyphal development, but not required for the hyphal
response (Bailey et al. 1996). Expression of HYR! is regulated by the major
regulators of the hyphal response, Rfgl, Nrgl, and Tupl (Kadosh and Johnson
2001; Garcia-Sanchez et al. 2005; Kadosh and Johnson 2005). Iff11, a member of
the family with no predicted GPI-anchor, is O-glycosylated and secreted (Bates
et al. 2007). A knockout mutant is attenuated for virulence in a mouse model, and
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probably affects cell wall organization (Bates et al. 2007). Hyr/Iff-like proteins are
found in all members of the Candida clade, but are not present in S. cerevisiae or its
relatives. There are particularly large numbers in C. albicans (11), C. tropicalis
(18), and C. parapsilosis (17) (Butler et al, 2009). Families contain a large number
of internal repeats, and are rapidly evolving. It is therefore likely that they play a
role in host/pathogen recognition.

The Als (agglutinin-like sequence) family has been well characterized in
C. albicans (Hoyer 2001; Hoyer et al. 2008). There are eight members in the
genome, and all contain three general domains. These are an N-terminal domain,
relatively poor in N-glycosylation sites, a Ser/Thr rich region likely to be heavily
glycosylated, and a domain carrying a large number of internal repeats. The Als
family resembles the FLO gene family from S. cerevisiae and the EPA family in
C. glabrata (Cormack 2004; Kaur et al. 2005). FLO genes are required for cell-cell
adhesion in S. cerevisiae (Guo et al. 2000), and the EPA family regulate adherence
of C. glabrata to host cells (De Las Penas et al. 2003; Domergue et al. 2005).
Expression of EPA genes is usually silenced, but expression is induced during
urinary tract infections due to limitations in nicotinic acid (Domergue et al. 2005).

Als proteins are most likely localized at the cell surface (de Groot et al. 2004),
and there is substantial evidence that the family function as adhesins in C. albicans.
Expression of some family members in S. cerevisiae induces adhesion to endothe-
lial and epithelial cells (Gaur and Klotz 1997; Fu et al. 1998), and expression of
ALS3 is required for adhesion of C. albicans to host cells (Phan et al. 2007).
However, deleting ALS4 reduces adherence to endothelial but not to epithelial
cells (Zhao et al. 2005), and deleting ALS/ has no effect on adherence of C. albicans
to epithelial cells (Zhao et al. 2004), suggesting that family members may have
different roles. ALS genes are also differentially expressed in model systems of
disease (Green et al. 2004; Cheng et al. 2005).

ALS genes are also important for adherence to plastic surfaces, and for biofilm
development. ALS3 is expressed at early stages and ALS/ at late stages of biofilm
formation in continuous flow conditions (Nailis et al. 2009). Deletion of ALS3
results in formation of fragile biofilms in vitro (Zhao et al. 2006), although biofilms
formed in vivo are unaffected (Nobile et al. 2006). The transcription factor Berl is
required for expression of ALS3, and deletion of BCR! reduces biofilm develop-
ment (Nobile and Mitchell 2005). Nobile et al. (2008) have suggested that Als1 and
Als3 are complementary in function to Hwpl, a cell surface protein required for
attachment to epithelial cells (Staab et al. 1999).

Somewhat surprisingly, Als3 has recently been shown to play a role in acquisition
of iron from host ferritin (Almeida et al. 2008). The authors showed that only hyphal
cells bind ferritin, and that ALS3 is required for growth on ferritin as a sole iron
source. Als3 is often described as the “king” of the family (Hoyer 2001), reflecting its
biological importance. It will therefore be of great interest to investigate the role of
related proteins in adhesion and iron acquisition in other Candida species.

Regulation of expression of ALS genes is complex. Expression of ALS/ and
ALS3 requires Efgl (Braun and Johnson 2000; Fu et al. 2002). Dissection of
the ALS3 promoter region identified two major regions, one that is required for
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hyphal-specific regulation, and one that increases the level of expression (Argimon
et al. 2007). Expression is repressed by Nrgl and Tupl, and to a lesser extent by
Rfgl. Expression requires Efgl, Tecl, and Berl, with Tecl acting indirectly via
Berl (Argimon et al. 2007). It is therefore likely that a number of signaling path-
ways converge at the ALS3 promoter, and possibly also affect expression of other
members of the family.

ALS genes were identified in all sequenced members of the Candida clade,
except for C. lusitaniae (Butler et al, 2009). There is a particular expansion in the
C. tropicalis genome (to 16), and somewhat fewer members (5) in C. parapsilosis.
It is not clear how important a role this family plays in virulence, as L. elongisporus,
a relatively non-pathogenic species that is closely related to C. parapsilosis, also
contains four members. There is also little evidence of differential expression of the
family during biofilm development in C. parapsilosis (Rossignol et al. 2009).
However, in C. albicans there is substantial allelic variation among the genes in
the Als family, in particular in the length of the internal repeat domain (Lott et al.
1999; Zhao et al. 2003; Hoyer et al. 2008). Allele-specific expression may be
important for adhesion, and may therefore vary between isolates.

The role of the GPI-anchored Pga30-like family is relatively unexplored in
C. albicans. Family members are associated with the cell wall (de Groot et al.
2004; Castillo et al. 2008), and may be important for de novo construction
(Castillo et al. 2006). There are 12 members in the C. albicans genome and 14 in
C. tropicalis. However, the role of the family in virulence is not clear as both the
strong pathogen C. parapsilosis and the relatively weak pathogen L. elongisporus
have six members. Further investigation is required to elucidate the importance of
individual family members.

Other families enriched in the more common pathogens (C. albicans, C. tropi-
calis, C. parapsilosis, C. lusitaniae, and C. guilliermondii) include ferric reduc-
tases, secreted lipases, oligopeptide transporters, and the cytochrome P450 family
(Butler et al, 2009). Some of these families were identified in earlier analysis of the
C. albicans genome (Braun et al. 2005). The lipase family, although relatively
understudied, has been associated with virulence in C. albicans (Hube et al. 2000;
Stehr et al. 2004). Recently, Gacser et al. (2007) have shown that deleting LIPI and
LIP2 in C. parapsilosis attenuates virulence in a mouse model, and also reduces
biofilm formation. This family is, therefore, deserving of further analysis in the
Candida clade. In addition, the Opt (oligopeptide transport) family is required for
growth of C. albicans on proteins, and may be necessary for adaptation to host
environments (Reuss and Morschhauser 2006).

1.3.4 Analysis of Synteny in Candida Genomes

To aid comparative analyzes in Candida species, we created the Candida Gene
Order Browser (CGOB; http://cgob.ucd.ie/) (Fitzpatrick et al. in preparation).
This incorporates all sequenced Candida genomes (C. albicans, C. dubliniensis,
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C. tropicalis, C. parapsilosis, L. elongisporus, P. stipitis, C. guilliermondii,
C. lusitaniae, and D. hansenii), together with S. cerevisiae, into a visual gene order
browser. The browser is based on a tool developed for analyzes of S. cerevisiae and
related species (YGOB; (Byrne and Wolfe 2005)).

CGOB combines homology and synteny (gene order) information in “pillars”
and “tracks”. Sets of homologous genes are stored in CGOB’s pillars (Fig. 1.2).
Genes from all the Candida species were integrated into homology pillars by
identifying bi-directional best BlastP hits. We then systematically edited the
browser by validating and manually refining each pillar. The syntenic context of
each gene is calculated by the CGOB engine, and displayed in horizontal “tracks.”
The visual display is dynamic, and can be centered on any gene from any species.
The annotations assigned in the original publications (P. stipitis (Jeffries et al.
2007), D. hansenii (Dujon et al. 2004), C. albicans (Braun et al. 2005)) or in
prepublication (http://www.broad.mit.edu/, http:///www.sanger.ac.uk)) were used
where possible. A different color palette is used to display chromosomal segments
from each species. A change in color within a species indicates a break in gene

Gene orientation
T C. albicans SC5414

/ Homology pillar

/ Selected gene

1T
HENERE

BEAREE

o 1 Remi0.3475 | Me—

Species selection tool
P AR——
o et i =
Fig. 1.2 Screenshots from CGOB. The species displayed are selected using the species selection
tool at the bottom, and the targeted gene is entered in the search box. Each gene is represented by a
box, and each chromosomal segment by a color. A change in chromosomal color (For example in
D. hansenii and C. lusitaniae) indicates a break in synteny. Genes are joined by connectors; a solid
bar links adjacent genes, two smaller bars link genes less than 5 loci apart, and an orange bar
indicates an inversion. The connectors are extended in gray over regions where there are additional
genes in other species. The targeted gene is highlighted with an orange box. The “i” buttons in the
C. albicans and S. cerevisiae tracks link to the Candida Genome Database and the Saccharomyces
Genome Database, respectively


http://www.broad.mit.edu/
http://www.sanger.ac.uk

1 Comparative Genomic Analysis of Pathogenic Yeasts and the Evolution of Virulence 11

order. Nearby genes are also joined by connectors (Fig. 1.2). The information is
linked to both the Candida Genome Database (http://www.candidagenome.org) and
the Yeast Database (http://www.yeastgenome.org).

CGOB can be used to help identify and confirm gene loss, and gene gain. For
example, in the apparently sexual and homothallic yeast L. elongisporus, there is no
evidence of sequences encoding the a-factor pheromone, or the a-factor receptor
Ste3 (Butler et al, 2009). Examining the chromosomal region surrounding STE3 in
the Candida species reveals that gene order is generally conserved (Fig. 1.3). The
genes surrounding STE3 are conserved in all the species. However, orthologs of
orf19.2494 (to the left of STE3 in C. albicans) and orf19.2489 (to the right of STE3)
are adjacent in L. elongisporus. It therefore appears that STE3 has been lost from
L. elongisporus only. The gene sequence is not found elsewhere in the genome.

Synteny analysis has been used to support the identification of gene gain and/or
replacement by HGT. There are two incidences in the genome of C. parapsilosis; in
one, a proline racemase gene has been acquired from a proteobacteria, and inserted
adjacent to a neutral amino acid transporter (Fitzpatrick et al. 2008) (Fig. 1.4). The
insertion occurs at a breakpoint in synteny between the Candida species, and may
be associated with the presence of a tRNA. The biological consequence of acquir-
ing a bacterial proline racemase is not known. However, HGT can have significant
effects on metabolism, such as the ability of S. cerevisiae and related species to
synthesize biotin (Hall et al. 2005; Hall and Dietrich 2007). In a second example,
the ancestral PhzF (phenazine F) gene in C. parapsilosis was lost and replaced
with a bacterial homolog (Fig. 1.5, Fitzpatrick et al. 2008). Again, the biological
significance is not known.

CGOB is much more than a display tool; it can be used to gather information about
lineage specific gene loss, gain or amplification, and to identify gene clusters asso-
ciated with metabolic pathways. It will be used in the future to identify metabolic and
genotypic differences between pathogenic and non-pathogenic Candida species.

STE3

C. dubliniensis
g C. tropicalis

Fig. 1.3 Loss of STE3 from | C. parapsilosis
L. elongisporus. The

screenshot from CGOB

% ‘| L. elongisporus

shows the gene order D. hansenii
surrounding the STE3 gene in o
the Candida species. Solid P. stipitis

blocks of color indicate that
synteny is conserved.
However, L. elongisporus is
missing the STE3 ortholog

C. guilliermondii

: C. lusitaniae
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Fig. 1.4 Acquisition of a proline racemase gene in C. parapsilosis. The species and gene names
are shown in each box, and orthologous genes are stacked in pillars. Synteny is conserved on the
left-hand side; on the right hand side syneny between C. parapsilosis and L. elongisporus is
conserved, except for an insertion of a proline racemase (PR) and a neutral amino acid transporter
(AA) in C. parapsilosis (redrawn from Fitzpatrick et al. (2008))

1.4 Differential Gene Regulation and Evolution of Virulence

It is become increasingly clear that phenotypic variation is not only due to changes
in protein coding sequences, but perhaps more importantly, to changes in gene
regulation (Wray 2007). For example, transcriptional rewiring resulted in differ-
ences in the regulation of ribosomal genes, amino acid biosynthesis, galactose
metabolism, and mating between C. albicans and S. cerevisiae, which may have
contributed to adaptation to specific niches (IThmels et al. 2005a, b; Martchenko
et al. 2007; Tuch et al. 2008). In addition, variation in sporulation efficiency among
natural isolates of S. cerevisiae is associated with nucleotide changes in three
transcription factors, IMEI, RMEI, and RSF 1, demonstrating that altered transcrip-
tional regulation can have a major effect on phenotype (Gerke et al. 2009).
Recently, it has been suggested that differences in virulence within isolates of a
single species may be attributed to differences in gene regulation (Thewes et al.
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Fig. 1.5 Acquisition of a phenazine F gene in C. parapsilosis. The species and gene names are
shown in each box, and orthologous genes are stacked in pillars. Synteny is conserved in the
Candida species, apart from the insertion of a PhzF homolog in C. parapsilosis. Redrawn from
Fitzpatrick et al. (2008)

2008). The authors compared the genomic and transcriptional profiles of two
C. albicans isolates, one invasive and virulent isolate (SC5314), and one noninva-
sive and less virulent isolate (ATCC10231). No genomic differences were detected
using comparative genome hybridization. However, the transcriptional profile of
the two isolates differed substantially (Thewes et al. 2007, 2008). Seventy-nine
genes were identified with higher expression in the non-invasive isolate, including
genes associated with stress and nitrogen metabolism, and genes of unknown
function. It is possible that expression of some genes is not compatible with
invasion, and may therefore influence virulence. The genome sequence of
C. albicans ATCC10231 is not yet available, so it is not possible to determine if
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the changes in transcription profile are associated with nucleotide changes in
transcription factor coding sequences, as reported in S. cerevisiae (Gerke et al.
2009). However, it is clear that comparison of isolates from a single species will
provide a very fertile area for future research.
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Chapter 2
Molecular Epidemiology of Candida Species

Gary P. Moran, Brenda A. McManus, David C. Coleman,
and Derek J. Sullivan

Abstract Candida species have increased in importance as opportunistic pathogens
over the last 25 years. C. albicans is still the major fungal pathogen of humans,
however during this period, other previously obscure Candida species have emerged
as significant pathogens. This increase in infections has created the need for reliable,
informative and discriminatory techniques for strain typing in Candida species and
several molecular techniques have been evaluated for this purpose. In the post-
genome era, analysis of sequence polymorphisms has become the method of choice
for strain typing in C. albicans and multi-locus sequence typing (MLST) has become
the standard tool for this purpose. This chapter summarises the main developments in
this area in recent years, describing the impact of MLST on our understanding of the
epidemiology and population structure of Candida species. The potential impact of
high throughput, post-Sanger sequencing technologies on the field is also discussed.

2.1 Introduction

Candida albicans is the major fungal pathogen of humans. A normal resident of the
oral-gastrointestinal tract, C. albicans is an opportunistic pathogen and infection is
generally restricted to those with impaired defences or specific immunodeficiencies
(Wenzel 1995). Although C. albicans is responsible for the majority of yeast
infections in humans, several other Candida species have also been associated
with disease, including C. dubliniensis, C. tropicalis, C. parapsilosis, C. glabrata
and C. krusei (Moran et al. 2002). These species are recovered less frequently from
the oral-gastrointestinal tract in healthy individuals and are generally considered
less pathogenic than C. albicans. However, in the compromised host, these species
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have become significant pathogens and distinct differences in their epidemiology
have been shown due to their unique biology, host specificities and anti-fungal drug
susceptibilities (Moran et al. 2002).

Candida infections are generally endogenous in origin, and prior colonisation
with the organism is often regarded as one of the major risk factors for candidiasis
(Pfaller 1995; Pfaller and Diekema 2007). Colonisation rates are higher in indivi-
duals whose mucosal immunity is impaired due to old age, diabetes mellitus or
smoking (Lockhart et al. 1998; Manfredi et al. 2002). The balance between colo-
nisation and overt infection is delicate and even discreet changes in the host’s
normal commensal flora can lead to mucosal infection (Lockhart et al. 1998; Vargas
and Joly 2002). Mucosal infection, in the form of pseudomembraneous candidosis
(thrush) also commonly occurs when oral or vaginal immunity fails to keep the
endogenous yeast population in check. More severe, invasive forms of infection can
occur when neutrophil function is impaired or counts are lowered due to immuno-
suppressive therapy or cancer (Pfaller 1995).

2.1.1 Epidemiology of Candidosis

Candidal carriage is ubiquitous in the human population and superficial infection
of the oral mucosa is a common sequela of underlying immunodeficiencies. Oral
candidosis is a frequent complication of cancer chemotherapy, diabetes, broad-
spectrum antibiotic use and HIV-infection (Manfredi et al. 2002; Sangeorzan et al.
1994; Vargas and Joly 2002). The HIV pandemic resulted in a huge increase in the
incidence of mucosal Candida infection during the 1990s. However, since the
introduction of highly active anti-retroviral therapy (HAART) in the late 1990s,
the incidence of oral candidosis in the HIV-infected population has dropped
dramatically (Cauda et al. 1999). C. albicans is by far the most common cause of
mucosal yeast infection, being the sole species recovered from up to 70% of HIV-
infected individuals and up to 90% of cases of Candida vaginitis (Coleman et al.
1993; Sobel 2007). Other Candida species can be recovered alone or co-isolated
with C. albicans from sites of mucosal infection (Coleman et al. 1995). The
significance of non-C. albicans Candida species in oral specimens is disputed by
some researchers, who have associated their isolation with asymptomatic carriage
(Ruhnke 2006). However, some studies have directly implicated non-C. albicans
Candida species, such as C. dubliniensis and C. glabrata, with overt symptoms of
oral candidosis and have also associated these species with alternative clinical
presentations such as erythematous candidosis (Fidel et al. 1999; Sullivan et al.
1993). The emergence of some non-C. albicans Candida species in the HIV-
infected population in the 1990s may have been a direct result of the widespread
use of fluconazole, as C. glabrata and C. krusei tend to exhibit intrinsic resistance to
this agent (Warnock et al. 1988; Wingard et al. 1991).

The epidemiology of invasive Candida infection has changed dramatically in the
last 30 years (Pfaller 1995). The incidence of these infections has steadily increased
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since the 1980s, largely due to the increasing population of immunocompromised
patients in our hospitals (Banerjee et al. 1991; Martin et al. 2003). Widespread use of
cytotoxic therapies to treat cancer and the use of immunosuppressive drugs in organ
transplantation have greatly increased the number of neutropenic patients in inten-
sive care units. Risk factors for infection include cancer, extremes of age, prior
colonisation and the presence of intravenous catheters (Pittet et al. 1994; Wenzel
1995). Recently, Martin et al. (2003) analysed the rate of sepsis in hospitals in the
USA from 1979 to 2000 and found that the rate of sepsis due to fungal organisms
increased by 207%. More recent data based on figures compiled from National
Hospital Discharge Survey (NHDS) statistics in the USA indicate a levelling off in
the incidence of nosocomial fungal infection, with an incidence of 22-29 infections
per 100,000 population in the period 1996-2003 (Pfaller and Diekema 2007).
Similar incidences have been reported in Europe and Canada (Pfaller and Diekema
2007). Data indicate that the distribution of species responsible for invasive infec-
tion has also shifted during this period. Most reports indicate that the recovery of
non-C. albicans Candida species from blood cultures has increased relative to
C. albicans (Nguyen et al. 1996; Pfaller and Diekema 2004). C. albicans now
only accounts for 50-60% of all species recovered from blood cultures, with
C. glabrata, C. parapsilosis and C. tropicalis making up for the majority of the
remaining species (Pfaller and Diekema 2007). The reasons for this shift are unclear,
but this may be partly due to the reduced susceptibility of these species to flucona-
zole, commonly used throughout the 1990s, or to the increase in the numbers of
immunocompromised patients susceptible to infection with less virulent species of
Candida (Moran et al. 2002). C. glabrata has a high propensity to develop resistance
to azole anti-fungals, whereas C. krusei is inherently resistant to fluconazole
(Fidel et al. 1999; Samaranayake and Samaranayake 1994). However, increased
reporting of infection caused by non-C. albicans Candida species may also be the
result of recent improvements in isolation and identification methods for Candida
species.

The distribution of species recovered from blood culture also changes with
geography, particularly with regard to C. parapsilosis, which is reported as the
second most commonly isolated Candida species in Latin America and Europe,
whereas in North America, C. glabrata is the second most significant species
(Table 2.1). C. parapsilosis is the species most commonly recovered from the
hands of health care workers and can often produce a mucoid biofilm, features

Table 2.1 Geographic variations in the recovery of Candida species from blood culture

Species Location®
USA (%) Europe (%) Latin America (%) Asia-Pacific (%)
C. albicans 51 60 50 56
C. glabrata 22 10 7 10
C. parapsilosis 14 12 16 16
C. tropicalis 7 9 20 14
C. krusei 2 5 2 2

“Data taken from Pfaller et al. (2006)
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that may account for its high prevalence in catheter-related infections (Levin et al.
1998). C. parapsilosis is also particularly associated with infection in neonatal
intensive care units (Levy et al. 1998).

2.2 Molecular Epidemiology

One of the goals of molecular epidemiology is to devise reliable, reproducible and
informative methods to differentiate between unrelated isolates of the same species
for purposes of epidemiological surveillance (Soll 2000). By distinguishing isolates
based on phenotypic or molecular properties, one can identify those isolates that are
highly likely to be epidemiologically related. These data can allow microbiologists
to locate the source of infecting isolates in nosocomial outbreaks, in recurrent
infections and inform us on the population structure of the organism in question.
Prior to the widespread use of molecular techniques, mycologists relied on pheno-
typic properties such as morphology, carbohydrate utilisation patterns and serotyp-
ing to distinguish between isolates of C. albicans (Pfaller et al. 1990). The use of
these techniques was hampered by their poor discriminatory power and the inherent
phenotypic instability of C. albicans. During the 1990s, molecular techniques
began to take precedence over phenotypic tests due to their greater discriminatory
power. Several molecular typing methods have been applied to C. albicans, includ-
ing multi-locus enzyme electrophoresis (MLEE), Restriction enzyme analysis
(REA), karyotype analysis and randomly amplified polymorphic DNA (RAPD)
analysis (Sullivan and Coleman 2002). However, of all of the techniques used
during this period, Southern hybridisation of genomic DNA with sequences
corresponding to dispersed, repetitive elements in the Candida genome proved to
be the most discriminatory and reliable.

2.2.1 DNA Fingerprinting with Dispersed, Repetitive Elements

Southern hybridisation with the dispersed repetitive element Ca3 has proven to be
one of the most informative typing methods available for epidemiological analysis
of C. albicans (Schmid et al. 1990; Soll 2000). One of the advantages of Ca3
fingerprinting is the ability to digitally compare fingerprint patterns, which allows
quantitative analysis of the genetic relationships between isolates (Schmid et al.
1990). However, the drawbacks of DNA fingerprint analysis include the laborious
nature of generating the fingerprints and the difficulty of comparing fingerprint data
between laboratories. Population studies with the Ca3 probe have identified five
major genetic groups, referred to as ‘clades’, in the C. albicans population (Pujol
et al. 2002). These clades have been termed I, II, III, SA and E and exhibit different
geographic specificities and phenotypic traits. Isolates from clades SA and E are
recovered predominately from South Africa and Europe, respectively. However,
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strains from clade I predominate in all geographical areas (Pujol et al. 2002).
Isolates from clade I also exhibit reduced susceptibility to the anti-fungal agent
5-fluorocytosine (SFC). Pujol et al. (2004) found that 73% of clade I isolates were
resistant or less susceptible to flucytosine (MIC >0.5ug ml™"') whereas only 2% of
non-clade I isolates exhibit reduced susceptibility (Pujol et al. 2004). The mecha-
nism of 5FC resistance in this population has been linked to a point mutation
(C301T) in the FURI gene encoding phosphoribosyltransfersase (Dodgson et al.
2004). Isolates heterozygous at this locus exhibit reduced susceptibility while those
exhibiting high-level resistance are homozygous for this substitution. In parallel to
the work of Pujol et al. (2004), Schmid et al. (1999) also identified a group of
closely related C. albicans isolates that predominate in all geographic areas and
could be associated with all forms of disease. Schmid et al. (1999) argued that this
group represents a general purpose genotype (GPG) of C. albicans that are espe-
cially successful at colonising the human host (Schmid et al. 1999). Evidence for
how these genetic differences could contribute to virulence was provided by
examination of ALS7 allelic variation (Zhang et al. 2003). ALS7 is a member of a
gene family encoding a group of cell wall proteins called the agglutinin-like
sequences (Als) with roles in adhesion (see Chap.4). The majority of isolates within
the GPG cluster had between 14 and 17 copies of a tandem repeat located within the
open reading frame, and that these alleles were much less common in strains outside
of the cluster. Variation in the number of tandem repeat copies has been associated
with changes in Als protein adhesive properties (Oh et al. 2005).

Ca3 fingerprinting has also been used to resolve questions about the source and
spread of infecting C. albicans isolates. Most individuals harbour their own unique
strain of C. albicans and commensal isolates and infecting isolates are often
genetically indistinguishable (Schmid et al. 1990; Schroppel et al. 1994; Vargas
and Joly 2002). Some individuals, particularly HIV-infected patients, may be
colonised by more than one strain of C. albicans (Vargas and Joly 2002). In cases
of recurrent oral or vaginal candidosis, Ca3 fingerprinting has shown that the same
strain often persists through different episodes of infection, however replacement of
the original strain or the emergence of a closely related genetic variant of the
original strain is not uncommon (Lockhart et al. 1996; Schroppel et al. 1994).
The latter phenomenon has been termed ‘substrain shuffling’ or ‘microevolution’
and was initially identified in isolates recovered from recurrent vaginal infections
(Lockhart et al. 1996). In this study, a fragment of the Ca3 probe, termed C1, was
shown to be useful in distinguishing between closely related isolates. DNA finger-
printing has also provided evidence for transmission of C. albicans strains between
sexual partners (Schroppel et al. 1994). Nosocomial transmission of C. albicans
strains between patients in intensive care units has also been investigated by Ca3
fingerprinting (Marco et al. 1999; Taylor et al. 2003). However, evidence suggests
that most infections are endogenous and that transmission of strains from health-
care workers to patients is less common.

Similar repetitive elements have been isolated from other Candida species and
have been used to generate fingerprint patterns. A C. dubliniensis specific probe,
Cd25, was described by Joly et al. (1999) that could discriminate two distinct
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groups of C. dubliniensis isolates, termed Cd25 group I and II. The majority of
Cd25 group I isolates (67.6%) were recovered from human immunodeficiency virus
(HIV)-infected individuals, whereas the majority of Cd25 group II isolates (70.4%)
were from HIV-negative individuals. Subsequent analysis identified a third distinct
clade of C. dubliniensis isolates (Cd25 group III) recovered from patients in Saudi
Arabia and Egypt (Al Mosaid et al. 2005). Interestingly, this clade of C. dubliniensis
isolates were found to be resistant to SFC, although the mechanism is so far
unknown. David Soll and colleagues have also developed fingerprinting probes
for C. glabrata (Lockhart et al. 1997) C. tropicalis (Joly et al. 1996) and
C. parapsilosis (Enger et al. 2001).

2.2.2 Multi-Locus Sequence Typing (MLST) of C. albicans

In recent years, DNA sequencing has become more affordable and widely avail-
able, which has made typing methods that involve characterising DNA sequence
polymorphisms more accessible. The most widely used of these techniques is
MLST, initially developed for typing pathogenic bacteria (Maiden et al. 1998).
The chief advantage of this technology is that data can be stored in databases and
is readily accessible by researchers in other locations (Bougnoux et al. 2004). The
nature of DNA sequence analysis means that the data are reproducible and
unambiguous. MLST is a highly discriminatory method that relies on the analysis
of nucleotide sequence polymorphisms within the sequences of PCR-generated
fragments (400-500 bp) of 6—8 housekeeping genes (loci) (Odds and Jacobsen,
2008). An outline of the procedure is shown in Fig. 2.1. In haploid organisms, the
sequences obtained at each locus are assigned as discreet alleles, and for each
isolate the combination of alleles define an allelic profile, or sequence type (ST).
While there are four possible variations at each polymorphic locus in haploid
species, diploidy presents 10 possible combinations of the bases ATG and C due
to potential heterozygosity, thus increasing the potential number of alleles at each
locus. In the current schemes available for diploid Candida species, heterozygous
genotypes are handled by superimposing the IUPAC one letter code on heterozy-
gous bases (e.g. Aor G=R, Cor T =Y etc). To reflect this heterozygosity, allelic
profiles in diploid species are assigned a diploid sequence type (DST). In
C. albicans, two independent MLST schemes were initially proposed based on
the sequences of six (Bougnoux et al. 2002) or eight (Tavanti et al. 2003) loci.
Since then, a consensus scheme has been agreed consisting of seven loci for
optimised MLST of C. albicans; Table 2.2). The choice of genes for MLST
analysis is generally restricted to those with housekeeping functions that are
subject to stabilising selection, that is the ratio of non-synonymous to
synonymous or silent substitutions (dN/dS ratio) in their nucleotide sequence is
less than 1.0 (Odds and Jacobsen 2008). However, the choice of loci must
obviously provide sufficient sequence diversity to allow high levels of allelic
discrimination.
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Fig. 2.1 Flow diagram outlining the critical steps in MLST of Candida species
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Table 2.2 Loci used in the MLST schemes available for analysis of Candida species

Species DSTs/isolates® Gene Genotypes
C. albicans 1,404/1,771 AATla 113
http://test].mlst.net/ ACCI 79
ADPI 93
PMI1b 85
SYAI 136
VPS13 194
ZWF1b 198
C. dubliniensis” 26/50 AATIb 5
ACCI1 4
ADPI1 6
PMI1b 7
RPN2 3
SYAI 5
exVPS13 4
exZWF1b 6
C. tropicalis 205/260 ICLI 23
http://pubmlst.org/ctropicalis/ MDRI 65
SAPT2 25
SAPT4 40
XYRI 74
ZWFla 25
C. krusei 99/134 ADE?2 21
http://pubmlst.org/ckrusei/ HIS3 14
LEU2 17
LYS2 20
NMTI1 24
TRPI 24
C. glabrata 70/212 FKS 25
http://cglabrata.mlst.net/# LEU2 18
NMTI1 34
TRPI 23
UGPI 13
URA3 20

“Data obtained from the Internet MLST database (http://calbicans.mlst.net/) for the relevant
species (02/06/09) with the exception of C. dubliniensis data, which were obtained from McManus
et al. (2008)

"Online database not yet available for C. dubliniensis

As mentioned above, the great advantage of MLST is that databases of
sequences and allelic profiles can be assembled, allowing multiple users to compare
data. The consensus C. albicans scheme can be queried at http://testl.mlst.net.
Here, using a web-based interface, users can assign allele numbers (referred to as
‘genotypes’) to their sequenced loci using a ‘locus query interface’ tool. A second
tool, the ‘profile query interface’ can then be used to compare the assembled allelic
profile of an isolate to those in the database and to identify isolates with an identical
or closely related profile (referred to as the ST in haploid species, or DST in
diploids). Users can send details of novel genotypes or sequence types to a database
curator for inclusion, permitting rapid expansion of the database.


http://test1.mlst.net
http://pubmlst.org/ckrusei/
http://cglabrata.mlst.net/
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2.2.2.1 Defining Clonal Clusters by MLST

For epidemiological purposes, different analytical methods can be applied to MLST
data for the purpose of defining the relationships between microbes in a popula-
tion. Traditionally, dendograms based on the unweighted-pair group method with
arithmetic mean (UPGMA) technique is widely used for strain typing analysis
(Bougnoux et al. 2004). UPGMA analyses MLST data at the level of the individual
single nucleotide polymorphisms (SNPs). When applied to C. albicans MLST data
sets, UPGMA analysis generates dendograms with a clade structure that closely
matches that generated by Ca3 fingerprinting (Fig. 2.2) (Tavanti et al. 2005a).
Tavanti et al. (2005a) identified four major clades by MLST, referred to as clades
1 to 4, which correspond to clades I, II, IIT and SA defined by Ca3 fingerprinting.
However, isolates from Ca3 clade E were dispersed throughout the MLST clades.

Although useful for visualising population structure, the bifurcating method of
lineage splitting implied in dendograms is not a true representation of the way in
which microbial lineages emerge and diversify. An algorithm called eBURST was
developed, which does not impose a tree-like pattern of descent on population
structure (Feil et al. 2004). eBURST compares (D)STs of isolates and gathers
isolates that differ at only one of the set of genes sequences (single locus variants,
SLVs) into clonal clusters (Fig. 2.3). The model assumes that certain (D)STs will
become established in a population and will then diversify by recombination or the
accumulation of point mutations resulting in slight variations on the founding
genotype. By this model, the microbial population will consist of a series of clonal
complexes that can be recognised by the allelic profiles of the strain within the
database (Fig. 2.3). Although useful for clustering isolates, BURST analysis of
C. albicans MLST data highlights large numbers of singletons, that is, isolates that
cannot be assigned to a clonal cluster (Odds and Jacobsen 2008). This may be due to
the high levels of mitotic recombination in diploid Candida species as eBURST
analysis is ideally suited to inferring relationships in populations where mutation
is the main source of variation.

2.2.2.2 Insights on Population Structure of C. albicans from MLST

To date, the largest published MLST study of the population structure of
C. albicans consisted of 1,391 isolates, most of which (96.7%) could be assigned
to one of 17 clades (Odds et al. 2007). Different clades exhibited significant
variation in the geographic origins of isolates. However, no association with
anatomical source could be identified. As noted in previous studies, reduced
susceptibility to azole anti-fungals was associated with homozygosity at the mating
type locus (MTL) (Tavanti et al. 2005a). The reason for the association between
azole resistance and MTL homozygosity involves the TAC! gene, which is located
close to the MTL on chromosome 5 (Coste et al. 2006). Mutations in the TACI gene
have been identified, that when homozygous, can result in azole resistance. Loss of
heterozygosity at the TAC! locus is often associated with MTL homozygosity due
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Fig. 2.2 UPGMA dendrogram based on 52 C. albicans MLST allelic profiles and their resulting
DST numbers. Each of 17 previously defined MLST clades (Odds et al. 2007) are represented and
display the genetic relatedness between DSTs in different MLST clades. MLST clades numbers are
displayed in bold typeface adjacent to corresponding DST numbers. This dendrogram was gener-
ated using START?2 software (http://www.ncbi.nlm.nih.gov/pubmed/11751234?dopt=Abstract)
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Fig. 2.3 Example of a C. albicans clonal cluster generated with eBURST software version 3.0.
The primary founder of the clonal cluster (DST 69) is displayed at the centre in white, and DSTs
that differ by one of the seven MLST loci (i.e. SLVs) are linked to the primary founder. The
lengths of the linkages are not significant. Subgroup founders are also SLVs of DST 69, and are
further linked to double locus variants (DLVs) of the primary founder DST

to their close proximity. One of the most striking findings of MLST analysis of C.
albicans is the tendency of isolates from similar geographic locations to cluster
within the same clade (Odds et al. 2007). Clades enriched with isolates from the
UK, continental Europe and Asia can be discriminated. However, geographic
delineations were not absolute, as would be expected due to movement and
migration of human and animal populations. The most common, globally
distributed C. albicans strain types are those of MLST clade 1. More interesting
associations between clade structure and isolate source could be inferred when
European isolates were analysed in isolation, thus removing geographical bias from
the analysis (Odds et al. 2007). This analysis found that the majority of European
clade 1 isolates were commonly associated with commensalism and with superficial
infection rather than systemic disease. The ubiquity of these isolates in the human
population suggests that they may have evolved characteristics that make them
highly efficient colonisers of human mucosal surfaces, perhaps analogous to the
‘general purpose genotype’ proposed by Schmid et al. (1999). In contrast, clade 4
isolates were significantly enriched with isolates recovered from blood culture
(Odds et al. 2007).

C. albicans cells of opposite mating types (i.e. homozygous at the mating locus)
have been demonstrated to undergo a process similar to mating in Saccharomyces
cerevisiae (Hull et al. 2000; Magee and Magee 2000). However, although tetraploid
progeny have been generated in vitro and during in vivo experiments, meiosis or
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reductive cell division has not been described. The debate on whether natural
populations of C. albicans undergo mating continues, and MLST has provided
significant evidence that mating is, at the very least, extremely rare. MLST can
provide data useful for investigating the mating structure of a population. The DST
generated by MLST allows one to generate a sequence type for each individual
diploid allele, termed the haplotype (Tavanti et al. 2004). Haplotypes allow inves-
tigation of allele frequencies in a population and may provide evidence for sexual
reproduction. For example, in a sexually reproducing population with random
mating, the frequencies of these haplotypes should be in Hardy—Weinberg (H-W)
equilibrium due to the random assortment of pairs of haplotypes in diploid cells
(Tavanti et al. 2004). Initial analysis of haplotypes generated from C. albicans
MLST data suggested that the C. albicans population may undergo sexual or
parasexual reproduction (Odds et al. 2007; Tavanti et al. 2004). Odds et al.
(2007) found that some combinations of haplotypes were in H-W equilibrium,
providing evidence of chromosomal segregation or intrachromosomal recombina-
tion and concluded that although largely clonal, C. albicans populations may rarely
undergo sexual reproduction (Odds et al. 2007). More recently, Bougnoux et al.
(2008) analysed the haplotypes of a larger group of C. albicans isolates. This larger
group of isolates allowed them to test the hypothesis that mating may only occur in
closely related isolates, i.e. between isolates of the same clade. In contrast to other
studies, polymorphic nucleotide sites were found to be in H-W disequilibrium with
an excess of heterozygotes. The authors concluded that mating within clades in
C. albicans must be extremely rare. Previous studies have analysed allele frequen-
cies in disparate isolates (i.e. isolates from multiple MLST clades) from different
clonal lineages and this may have given the appearance of high levels of recombi-
nation, and therefore, mating in the C. albicans population. The study of haplotypes
also revealed that loss of heterozygosity was a common phenomenon in C. albicans,
however, selective pressure maintained an excess of heterozygosity. The authors
suggest that the excess of heterozygosity is globally maintained as it may mask
deleterious alleles and that the maintenance of alternative alleles may confer a
selective advantage (Bougnoux et al. 2008).

2.2.2.3 Epidemiological Investigations with MLST

MLST has confirmed much of the existing data regarding strain carriage in
C. albicans, confirming that strain maintenance, strain replacement and microevo-
lution can occur within an individual (Bougnoux et al. 2006; Odds et al. 2006).
Recently, MLST revealed a high incidence of multiple strains of C. albicans in
samples from healthy individuals (Jacobsen et al. 2008b). Studies have also
provided evidence for microevolution through frequent loss of heterozygosity by
either chromosome loss or mitotic recombination (Odds et al. 2006).

MLST has recently been applied to analyse nosocomial transmission of
C. albicans in an intensive care unit in a large UK teaching hospital (Cliff et al.
2008). This study provided evidence for an endemic strain corresponding to DST69,
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which was recovered from patients and from health-care workers. However,
DST69 is the most common C. albicans DST in the MLST database, making it
difficult to determine whether transmission of this strain between individuals has
occurred in the study, or whether the individuals were coincidentally colonised by
the dominant C. albicans DST (CIliff et al. 2008). Perhaps a combination of MLST
and fingerprinting with the highly discriminatory C1 probe (a fragment of Ca3)
could be applied for greater discriminatory power in characterising nosocomial
outbreaks.

Recently, Wrobel et al. (2008) applied MLST to examine the genetic relation-
ships between C. albicans isolates recovered from humans and non-migratory
wildlife in the same geographic locale (central Illinois, U.S.A.). This study found
that the clade distribution of human and wildlife isolates was significantly different,
indicating limited strain transfer between the two populations (Wrobel et al. 2008).
A similar conclusion was reached by Jacobsen et al. (2008a), who found that strains
of C. albicans from animal hosts were genetically distinct from those recovered
from humans (Jacobsen et al. 2008a).

2.3 MLST of Non-C. albicans Candida Species

MLST schemes have now been published for all of the major pathogenic Candida
species, including C. dubliniensis (McManus et al. 2008), C. tropicalis (Tavanti
et al. 2005b), C. parapsilosis (Odds et al. 2007), C. krusei (Jacobsen et al.
2007b) and C. glabrata (Dodgson et al. 2003) (Table 2.2). As C. dubliniensis and
C. albicans are so closely related, the same loci used in the C. albicans scheme can
be applied to C. dubliniensis. However, the level of sequence polymorphism at
these loci was found to be significantly less in C. dubliniensis, suggesting that the
C. dubliniensis population is significantly less divergent (McManus et al. 2008).
Fewer than 1% of the bases sequenced in C. dubliniensis to date exhibit SNPs,
compared to 6% of C. albicans bases. A scheme consisting of 8 loci, including
two loci of extended length (prefixed ‘ex’), have been recommended for maxi-
mum discrimination of C. dubliniensis isolates (Table 2.2). In an initial study,
50 C. dubliniensis isolates were examined and the population structure revealed
by MLST confirmed previous findings with the Cd25 fingerprinting probe
(Fig. 2.4). However, unlike DNA fingerprint analysis, MLST typing allows one to
quantify the level of divergence between C. albicans and C. dubliniensis popula-
tions. By comparing the concatenated sequences for the 8 loci (AATIa, ACCI,
ADPI,MPIb, SYAI, VPS13, ZWF1b and RPN2) in the recommended C. dubliniensis
MLST typing scheme, McManus et al. (2008) showed that the two species are
separated by 257 bp differences (Fig. 2.4).

Analysis of C. tropicalis has revealed a similar clonal population structure to
C. albicans (Tavanti et al. 2005b). A study that analysed a group of 52 C. tropicalis
isolates from hospitals in Taiwan identified a clonal cluster consisting of 20
isolates with a high prevalence of reduced fluconazole susceptibility (70%)
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Fig. 2.4 Maximum parsimony tree showing the comparative divergence between 50 isolates each
of C. albicans and C. dubliniensis based on concatenated sequences for the 8 loci (AAT/a, ACCI,
ADPI,MPIb,SYAI,VPS13,ZWF1b and RPN2) in the recommended C. dubliniensis MLST typing
scheme described by McManus et al. 2008. C. dubliniensis isolates were selected from a diverse
range of geographic locations and from all four ITS genotypes. C. albicans isolates were selected
as representatives of the MLST clades described by Odds et al. 2007. Panel (A) Comparative
divergence between the C. albicans and C. dubliniensis isolates tested showing that the two
species are separated by 257 bp differences. The C. dubliniensis isolates formed three closely
related groups of isolates or clades (C1-C3). Panel (B) shows an enlarged view of the three
C. dubliniensis major clades encircled in panel (A). Clade C1 consists exclusively of ITS genotype
1 isolates, clade C2 consists exclusively of ITS genotype 2 isolates, and clade C3 consists of ITS
genotype 3 isolates (dark grey) and ITS genotype 4 isolates (light grey). Figure adapted from
McManus et al. 2008

(Chou et al. 2007). Attempts to generate an MLST typing scheme for C. parapsilosis
revealed almost a complete absence of DNA polymorphims within isolates of
this species, perhaps indicating a very recent evolutionary divergence for this
species (Odds et al. 2007). A scheme for the haploid C. glabrata has been
developed consisting of 6 loci (Dodgson et al. 2003). Analysis of 109 isolates
with this scheme revealed a clonal population structure with several clades
exhibiting different geographic specificities. In contrast, analysis of six loci in
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122 C. krusei isolates revealed no evidence for geographical associations with
particular subtypes (Jacobsen et al. 2007b).

Analysis of isolates designated as C. stellatoidea has revealed interesting find-
ings regarding their position in the current C. albicans clade structure (Jacobsen
et al. 2007a). C. stellatoidea isolates were traditionally identified on the basis of
their inability to assimilate sucrose. Type II C. stellatoidea are merely sucrose
assimilation-negative variants of C. albicans. However, the relationship of type I
C. stellatoidea isolates to C. albicans is less clear. Application of the C. albicans
MLST scheme to four isolates identified as C. stellatoidea type 1 revealed that they
clustered with two sucrose negative isolates designated C. africana in a group of
strains highly distinct from the majority of C. albicans strains. These data suggest
that C. stellatoidea type 1 may represent a genetically distinct subgroup of
C. albicans strains (Jacobsen et al. 2007a).

2.4 Future Directions for Typing of Candida Species

The C. albicans MLST database currently contains data from over 1,500 strains
of C. albicans. Odds et al. (2007) recently commented that the addition of fur-
ther C. albicans strains to this database is unlikely to reveal anything novel about
C. albicans population structure. However, the respective databases for the non-
C. albicans Candida species contain comparatively few strains and continued
typing of isolates could reveal new information about the population structures of
these species.

At present, MLST is unlikely to be applied to routine screening of clinical
isolates as the process is time-consuming and is unlikely to provide data useful to
a diagnostic laboratory. Implementation of routine typing for C. albicans will
depend not only upon the development of cost-effective high-throughput platfoms
for SNP analysis but also on the identification of SNPs associated with clinically
relevant phenotypic traits (e.g. drug resistance). Microarray technology has the
potential for development as a platform for high-through SNP analysis. Lott and
Scarborough (2008) recently described an MLST-based SNP microarray for
C. albicans. The array consisted of oligonucleotide probes specific for 79 SNPs
present in 19 discrete loci. One advantage of an array-based platform is the ability
to include large numbers of loci without an increase in workload or significant
increase in overall cost. The array contains sequences from 12 loci in addition to
those in the consensus MLST scheme and includes loci from all 8 C. albicans
chromosomes. As four of the loci in the consensus MLST scheme are linked (ADP1
and ZWF1 on Chrl and AATI and PMII on Chr2), this leads to a bias in the
detection of polymorphisms on these chromosomes. To date, a pilot study analysing
5 isolates has been published and further studies are required in order to determine
if this system can offer any new insights into the population structure of C. albicans
(Lott and Scarborough, 2008). In the future, microarray technology could poten-
tially be useful in the clinical diagnostic laboratory for rapid identification of fungi
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from clinical specimens. At present, arrays have been developed for rapid identifi-
cation of yeasts in clinical specimens using species-specific probes. In order for
microarrays to become a routine tool for rapid discrimination of strains in a clinical
laboratory environment, they will have to yield clinically relevant data. Arrays have
been extensively used to detect anti-microbial resistance genes in prokaryotic
organisms and to characterise SNPs associated with anti-malarial drug resistance
in Plasmodium falciparum (Crameri et al. 2007; Frye et al. 2006.) At present, apart
from predicting an isolates susceptibility to SFC, routine MLST of clinical isolates
of C. albicans is of little value to a diagnostic laboratory. However, as our
knowledge of anti-fungal resistance mechanisms improves in C. albicans, SNP
arrays may have potential as diagnostic tools in the mycology laboratory. Certain
mutations have been identified in C. albicans that are associated with azole
resistance, including mutations in the transcriptional activators TACI and MRR1
and in the gene encoding the target of azole anti-fungal drugs, ERGII. An array
format could potentially be used to screen for SNPs in genes associated with azole
resistance. The predictive value of such an array is currently unknown as the full
range of potential mutations that can result in azole resistance in C. albicans are
probably not yet known.

As high-throughput, post-Sanger sequencing technologies improve and become
more readily available, the possibility of comparing whole genomes of different
strains is becoming feasible. Within a matter of years, epidemiological analysis of
C. albicans populations will involve whole genome comparisons between strains.
At present, next-generation sequencing technologies such as Illumina’s Solexa
system and the 454 Life Sciences GS FLX system have made the goal of ‘a genome
in a day’ achievable (Medini et al. 2008). However, some technical challenges
remain before genome sequencing becomes routine. At present, assembly of
genome sequences from such short reads (200-400 bp for the GS FLX) is technically
challenging and genomes may have large regions that may be difficult to sequence
using these technologies (Medini et al. 2008). In addition, genome comparison
software tools are at present unable to efficiently compare a large number of genome
sequences simultaneously. Once these technical barriers have been overcome, next
generation technologies will allow researchers to compare the genomes of isolates
from different clades and to identify specific polymorphisms associated with particu-
lar phenotypes, such as drug resistance. Association of polymorphisms with mean-
ingful phenotypes such as virulence or drug resistance may make the task of routine
detection of polymorphisms by microarray analysis worthwhile.

2.5 Conclusions

Both DNA fingerprint analysis and MLST have provided useful information
regarding the epidemiology and population structure of C. albicans. Our knowledge
of the epidemiology of the non-C. albicans Candida species has also improved. At
present, MLST of C. albicans has probably yielded as much practical information
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as ‘low density’ genome sequence analysis will allow. Within the next 10 years, our
understanding of Candida epidemiology will be revolutionised by high-throughput
DNA sequencing technologies. Current data suggests that C. albicans isolates
belonging to different MLST clades may possess different biological properties,
with MLST clade 1 isolates more often associated with mucosal colonisation and
superficial infection and clade 4 isolates mostly associated with systemic infection.
Generation of whole genome sequence data for multiple isolates in different clades
may help to explain some of the biological differences between C. albicans isolates
that MLST analysis can only suggest.
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Chapter 3
Candida Infections and Modelling Disease

Donna M. MacCallum

Abstract Candida species are commonly considered harmless commensals, and
are isolated from the vagina, mouth and gastrointestinal tracts. When the host-
fungus interaction becomes unbalanced, usually due to a change in the host, the
fungus is able to initiate infection and cause disease. In the majority of the cases
these are superficial mucosal lesions, but in severely ill patients the fungus can enter
the bloodstream and cause a disseminated infection. Disseminated Candida infec-
tions have high mortality rates, usually due to difficulties in diagnosing the infec-
tion which leads to delay in the initiation of effective therapy. In the majority of
cases, Candida albicans is the causative organism, but there is an increased
prevalence of non-albicans Candida species in some of the patients.

Experimental models play an important role in our attempt to fully understand
the development of Candida infections and in the development of better antifungal
agents and of more effective diagnostics for infection. In this chapter, Candida
carriage infection and associated species will be discussed. Experimental models of
Candida infection and their uses will also be discussed.

3.1 Candida Species as Commensals

Candida species are commonly found as commensal organisms of the gastrointes-
tinal tract, oral cavity and genital area. In healthy individuals, the asymptomatic
oral carriage rate is approximately 40% (Table 3.1), with considerable variation
between different studies. A slight increase in carriage rate occurs in both babies
and in the elderly. In babies, use of a pacifier was associated with increased oral
carriage (Darwazeh and al-Bashir 1995) and in the elderly increased carriage was
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Table 3.1 Oral carriage of Candida species in the general population

Age % Carriage  References
Group Mean Range

Infants 44.3 8-77 Darwazeh and al-Bashir (1995), Kleinegger et al. (1996), Qi et al.
(2005)

Children 37.9 21-70 Kleinegger et al. (1996), Qi et al. (2005), Rozkiewicz et al. (2006),
Sanchez-Vargas et al. (2005a), Sanchez-Vargas et al. (2005b)

Adults 40.3 5-69 Belazi et al. (2005), Ben-Aryeh et al. (1995), Bougnoux et al. (2006),
Campisi et al. (2002), Carlstedt et al. (1996), Deng et al. (2007),
Kleinegger et al. (1996), Liu et al. (2006), Negroni et al. (2002), Qi
et al. (2005), Sanchez-Vargas et al. (2005a), Sanchez-Vargas et al.
(2005b), Thaweboon et al. (2008), Wang et al. (2006)

Elderly 63.8 59-69 Carlstedt et al. (1996), Kleinegger et al. (1996), Wang et al. (2006)

adults

Carriage rates represent the mean values calculated from percentage carriage rates in asymptom-
atic individuals quoted in recent studies

Table 3.2 Higher Candida oral carriage rates are associated with some conditions

Patient Group % Carriage References
Mean Range
Dental caries 67 62-71 Rozkiewicz et al. (2006)
(children)
Denture prosthetics 71 68-76 Carlstedt et al. (1996), Pires-Goncalves et al. (2007)
Cancer 80 66—100 Davies et al. (2008), Thaweboon et al. (2008)
Diabetes 64 - Belazi et al. (2005), Pires-Goncalves et al. (2007)
HIV positive 64 29-83  Campisi et al. (2002), Deng et al. (2007), Liu et al.
(2006)

Means are calculated from values calculated in recent reports

associated with dental prostheses and xerostomia (dry mouth) (Shimizu et al. 2008).
The species most commonly isolated from the oral cavity of healthy individuals is
C. albicans (~78%) (Belazi et al. 2005; Ben-Aryeh et al. 1995; Campisi et al. 2002;
Thaweboon et al. 2008; Wang et al. 2006). The majority of other isolates have been
identified as C. glabrata and C. parapsilosis (Ben-Aryeh et al. 1995; Negroni et al.
2002). Oral Candida carriage rates increase in a number of clinical conditions,
including diabetes, cancer and HIV-positive status (Table 3.2). Increased oral
carriage is also seen in individuals with dental caries (tooth decay) and dental
prostheses (Table 3.2).

Estimates of gastrointestinal carriage (from faecal samples) in healthy indivi-
duals range from 8 to 77% (Bougnoux et al. 2006; Fong 1994; Knoke 1999; Scanlan
and Marchesi 2008). However, gastrointestinal carriage rates may actually be as
high as 100%, with the highest Candida levels in the duodenum (Kusne et al. 1994).
C. albicans was isolated in 40-70% of samples, with other isolates identified as
C. parapsilosis, C. glabrata, C. tropicalis and C. krusei (Bougnoux et al. 2006;
Kusne et al. 1994; Scanlan and Marchesi 2008).
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Asymptomatic vaginal carriage of Candida species is estimated to occur in
approximately 22% of women (Dan et al. 2006; Fong 1994; Pirotta and Garland
2006; Rylander et al. 2004). The majority (~80%) of yeasts isolated are identified as
C. albicans (de Leon et al. 2002; Grigoriou et al. 2006; Paulitsch et al. 2006; Pirotta
and Garland 2006). The other species commonly found in healthy vaginal carriage
is C. glabrata (Beltrame et al. 2006; Dan et al. 2006). Increased vaginal carriage
rates are seen in diabetics and in bed-ridden patients (Dan et al. 2006; de Leon et al.
2002).

3.2 Candida Species Associated with Disease

Candida species are capable of causing superficial mucosal lesions in both the oral
and vaginal cavity when the balance between host and fungus shifts in favour of the
fungus. Predisposing factors for oral and vaginal candidiasis are shown in Tables 3.3
and 3.4.

3.2.1 Oral Candidiasis

Oral candidiasis, commonly known as oral thrush, can be classified into a number of
different forms, the most common being acute pseudomembranous and chronic
atrophic candidiasis (Richardson and Warnock 1997). Acute pseudomembranous
candidiasis occurs in the very young and the very old. The infection appears as
white lesions on the cheeks, gums and tongue, which are usually painless. In some
cases infection can involve the throat, making swallowing painful (Richardson and

Table 3.3 Risk factors associated with oropharyngeal candidiasis

Risk factor References
Denture use & Carlstedt et al. (1996), Davies et al. (2008), Pires-Goncalves et al. (2007),
xerostomia Shimizu et al. (2008), Wang et al. (2006)
Dental caries Rozkiewicz et al. (2006), Wang et al. (2006)
HIV/AIDS Blignaut (2007), Campisi et al. (2002), Deng et al. (2007), Fong et al.
(1997)

Reduced CD4"* T cell Fong et al. (1997), Liu et al. (2006), Vargas and Joly (2002)
counts

Diabetes Belazi et al. (2005), Guggenheimer et al. (2000), Pires-Goncalves et al.
(2007)
Systemic Davies et al. (2008)
corticosteroid
Cancer Davies et al. (2008)
Age Kleinegger et al. (1996), Lyon et al. (2006), Qi et al. (2005), Shimizu et al.
(2008)

Gender Lyon et al. (2006)
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Table 3.4 Risk factors associated with development of vaginal candidiasis

Risk factor References

Age under 20 Grigoriou et al. (2006), Paulitsch et al. (2006)
Contraceptive Beigi et al. (2004), Cotch et al. (1998), Grigoriou et al. (2006)
use

Antibiotic Banerjee et al. (2004), de Leon et al. (2002), Grigoriou et al. (2006), Pirotta and
treatment Garland (2006)
Diabetes de Leon et al. (2002), Grigoriou et al. (2006), Parveen et al. (2008)

Oro-genital sex de Leon et al. (2002), Reed et al. (2003), Rylander et al. (2004)

Warnock 1997). There is an increased risk of this infection in untreated HIV
infection and in cancer patients (Table 3.3).

The most common oral Candida infections are chronic atrophic candidiasis
cases, more commonly known as denture stomatitis. This infection is often asymp-
tomatic, but redness and swelling under the denture is common. Inflammation in the
corners of the mouth is often found associated with this condition (Richardson and
Warnock 1997). As suggested by its name, this condition is very common in
denture wearers, with approximately 60% suffering from this condition (Daniluk
et al. 2006; Figueiral et al. 2007).

In patients with oral candidiasis, a shift in species isolated from the oral cavity
can be seen. C. albicans remains the most frequently identified species in the
mouths of denture wearers with oral candidiasis, but is now reduced to 58% of
isolates (Lyon et al. 2006; Pires-Goncalves et al. 2007). Other species that are
identified from this patient group include C. parapsilosis, C. tropicalis, C. glabrata
and C. krusei (Lyon et al. 2006; Pires-Goncalves et al. 2007). C. albicans also
remains the most frequent species that is identified in HIV-positive and AIDS
patients (65%), but is again reduced in frequency when compared to healthy
carriers. Other species, namely C. glabrata, C. dubliniensis and C. krusei (Blignaut
2007; Deng et al. 2007) are found in higher frequencies in this patient group. An
exception to this species shift associated with oral candidiasis was found in patients
undergoing radiation therapies for cancer. In this case, C. albicans isolates repre-
sented 86% of samples (Thaweboon et al. 2008).

3.2.2 Vaginal Candidiasis

Vaginal candidiasis, or vaginal thrush, occurs in approximately 30% of women
(Corsello et al. 2003; Machalski et al. 2006), and represents approximately 12% of
all vaginitis cases (Grigoriou et al. 2006). It has been estimated that 75% of all
women will experience at least one episode of vaginal candidiasis during their
lifetime (Fidel and Sobel 1999). Recurrent vulvovaginal candidiasis (RVVC),
where multiple episodes occur within twelve months, is estimated to affect ~8%
of women (Corsello et al. 2003; Grigoriou et al. 2006; Paulitsch et al. 2006).
Symptoms of vaginal candidiasis include itching (pruritis), vaginal discharge,
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soreness and pain during sexual intercourse (Grigoriou et al. 2006). The majority of
yeasts isolated from vaginitis samples are identified as C. albicans (82%) (Corsello
et al. 2003; Paulitsch et al. 2006), with C. glabrata and C. krusei also found.
However, in some population groups there is a shift towards the other species,
such as found in bed-ridden elderly patients and Type II diabetics, where the
frequency of C. glabrata increases to 52% and 54% respectively (Dan et al.
2006; de Leon et al. 2002). Some evidence has been found to link gastrointestinal
carriage of Candida with likelihood of vaginitis, where higher levels of rectal
carriage of Candida were found during episodes of vaginitis; however, these levels
returned to normal between episodes (Knoke 1999).

3.2.3 Disseminated Candidiasis

Candida species are a common cause of bloodstream infection, occurring in
approximately 3 people per 100, 000 population (Table 3.5), and causing approxi-
mately 11% of all bloodstream infections (Markogiannakis et al. 2008; Orsi et al.
2006; Sarvikivi et al. 2008). Candida bloodstream infections are listed as the third
or fourth most common cause of bloodstream infection (Markogiannakis et al.
2008; Orsi et al. 2006; Sarvikivi et al. 2008).

Candida disseminated infections, where fungal cells are found within the inter-
nal organs and/or in the bloodstream, are associated with patients who are severely
ill. The major risk factors associated with development of a disseminated infection
are admission to ICU, presence of an in-dwelling catheter, antibiotic therapy and
surgery (Table 3.6). In recent reports, the mortality rate associated with Candida
bloodstream infections has been estimated to be between 5 and 82%, with an
average mortality rate of 44% (Acar et al. 2008; Colombo et al. 2007; Dimopoulos
et al. 2008; Falagas et al. 2006; Garey et al. 2006; Kibbler et al. 2003; Pasqualotto
et al. 2006; St-Germain et al. 2008). The most common symptom of disseminated
candidiasis is fever, with diagnosis made by detection of fungi in the blood or from
sterile sites.

The majority of isolates from disseminated Candida infections are identified as
C. albicans (~50% of isolates) (Acar et al. 2008; Badran et al. 2008; Costa-de-
Oliveira et al. 2008; Franca et al. 2008; Hinrichsen et al. 2008; Holley et al. 2009;
Odds et al. 2007; Sandven et al. 2006; St-Germain et al. 2008; Swinne et al. 2009).
However, in a number of studies from India and Singapore, the most common

Table 3.5 Incidence of disseminated Candida infection

Incidence References
1.8 per 1,000 hospital Anunnatsiri et al. (2009), Celebi et al. (2008), Colombo et al. (2007),
admissions Costa-de-Oliveira et al. (2008), Franca et al. (2008), Hinrichsen

et al. (2008), Presterl et al. (2007), Schelenz and Gransden (2003)
1.3 per 1,000 patient Laupland et al. (2005), Odds et al. (2007), Sandven et al. (2006)
days
3 cases per 100, 000 Acar et al. (2008), Fridkin et al. (2006), Sarvikivi et al. (2008)
population
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Table 3.6 Risk factors predisposing individuals to disseminated candidiasis

Risk factor

References

Intravascular (IV) catheters

Admission to intensive care
unit (ICU)

Surgery (including organ
transplantation)

Antibiotic therapy

Parenteral nutrition

Immunosuppression
(including neutropenia)

Cancer

Corticosteroid therapy
Haemodialysis
Abdominal condition
Mechanical ventilation
Diabetes

Low birth weight
Prior Candida colonisation

Bassetti et al. (2006), Chang et al. (2008); Cheng et al. (2005b),
Costa-de-Oliveira et al. (2008), Dimopoulos et al. (2008),
Franca et al. (2008), Garey et al. (2006), Hachem et al. (2008),
Holley et al. (2009), Kibbler et al. (2003), Odds et al. (2007),
Pasqualotto et al. (2007), Sarvikivi et al. (2008), Schelenz and
Gransden (2003), Shivaprakasha et al. (2007), St-Germain
et al. (2008), Swinne et al. (2009)

Celebi et al. (2008), Cheng et al. (2005b), Franca et al. (2008),
Odds et al. (2007), Sarvikivi et al. (2008), Schelenz and
Gransden (2003), Shivaprakasha et al. (2007), St-Germain
et al. (2008), Swinne et al. (2009)

Bassetti et al. (2006), Chow et al. (2008), Colombo et al. (2007),
Costa-de-Oliveira et al. (2008), Jorda-Marcos et al. (2007),
Laupland et al. (2005), Playford et al. (2008), Sarvikivi et al.
(2008), Schelenz and Gransden (2003), Shivaprakasha et al.
(2007), St-Germain et al. (2008), Swinne et al. (2009)

Bassetti et al. (2006), Celebi et al. (2008), Chang et al. (2008),
Franca et al. (2008), Morrell et al. (2005), Odds et al. (2007),
Schelenz and Gransden (2003), Shivaprakasha et al. (2007),
St-Germain et al. (2008), Swinne et al. (2009)

Celebi et al. (2008), Chow et al. (2008), Costa-de-Oliveira et al.
(2008), Franca et al. (2008), Hartung de Capriles et al. (2005),
Jorda-Marcos et al. (2007), Schelenz and Gransden (2003),
St-Germain et al. (2008)

Anunnatsiri et al. (2009), Cheng et al. (2005b), Hachem et al.
(2008), Pasqualotto et al. (2006), Schelenz and Gransden
(2003)

Bassetti et al. (2006), Garey et al. (2006), Laupland et al. (2005),
Schelenz and Gransden (2003), Shivaprakasha et al. (2007),
Swinne et al. (2009)

Cheng et al. (2005b), Dimopoulos et al. (2008), Pasqualotto et al.
(2006), Schelenz and Gransden (2003)

Chow et al. (2008), Jorda-Marcos et al. (2007), Laupland et al.
(2005)

Chow et al. (2008), Odds et al. (2007), Playford et al. (2008),
Shivaprakasha et al. (2007)

Acar et al. (2008), Anunnatsiri et al. (2009), Celebi et al. (2008),
Shivaprakasha et al. (2007)

Acar et al. (2008), Garey et al. (2006)

Fridkin et al. (2006)

Jorda-Marcos et al. (2007)

species was C. tropicalis (Chai et al. 2007; Shivaprakasha et al. 2007; Xess et al.
2007). A shift in Candida species is also evident in certain patient groups. Patients
with haematological malignancies are more likely to have bloodstream infections
caused by non-albicans Candida species, particularly C. tropicalis, C. parapsilosis
and C. krusei (Hachem et al. 2008; Pasqualotto et al. 2006; Presterl et al. 2007;
Vigouroux et al. 2006). This shift in species prevalence also occurs in children,
where the most commonly identified species are C. tropicalis and C. parapsilosis,
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and where C. albicans isolates are associated with only around one fifth of infec-
tions (Pasqualotto et al. 2007; Saha et al. 2008). In babies, C. albicans remains the
most frequent cause of disseminated infection, with fewer C. glabrata infections
and increased numbers of C. parapsilosis and C. tropicalis infections (Badran et al.
2008; Fridkin et al. 2006; Hartung de Capriles et al. 2005). This shift in species has
been commented on previously, where C. glabrata prevalence was linked with age
and C. tropicalis was linked with youth (Weinberger et al. 2005).

3.3 Modelling Candida Carriage and Infection

In order to widen our understanding of these fungal infections and to allow the
development of better diagnostic tools and therapies, experimental models of
infection are required. These allow us to investigate fungus-host interactions,
disease development and efficacy of antifungal therapy. Researchers usually either
take a reductionist approach to study Candida infection, using single cell types or
tissues, or employ a whole animal system. Since C. albicans remains the species
that is most commonly identified in carriage and disease, the majority of infection
models centre on this species.

3.3.1 Experimental Models of Candida Infection: The
Reductionist Approach

The reductionist approaches to study Candida infection are performed in vitro and
involve fungal cells interacting with a single cell type, reconstituted human epithe-
lial (RHE), or tissue explants. These models have generated a huge volume of
literature on Candida-host interactions. These simple systems have allowed the
receptor-ligand interactions to be elucidated and have allowed the responses of both
fungal and host cells during their interaction to be characterized. Some of the
systems used and the information found using these models are described below.

3.3.1.1 Cell-Based Models
The vast majority of research has focussed on immune cell interactions with

C. albicans, although epithelial and endothelial interactions have also been inves-
tigated.

Monocyte—Candida Interactions

Monocytes function to move to the sites of infection, and then differentiate into
macrophages or dendritic cells to elicit an immune response. Monocytes are
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phagocytic cells, with fungicidal activity (Netea et al. 2004). However, while yeasts
and hyphae are equally and efficiently killed by monocytes, cytokine production in
response to the two different morphologies differs (Chiani et al. 2000; Liu et al.
2001; Torosantucci et al. 2000), with hyphal cells stimulating lower levels of
several chemokines (Torosantucci et al. 2000) and IL-12 (Chiani et al. 2000; Liu
et al. 2001).

Expression of proinflammatory cytokines and chemokines is induced in mono-
cytes within the first 6 hours of interaction with C. albicans (Kim et al. 2005).
Stimulation of cytokine production has been used as a measure of the virulence
potential of C. albicans strains and mutants (e.g. Netea et al. 2006).

Examination of cytokine production induced by specific C. albicans cell wall
mutants has also allowed the host-fungal cell recognition mechanisms to be defined.
B-glucan is hugely important in monocyte function, believed to be the main inducer
of chemokine production (Torosantucci et al. 2000) and induces monocytes to
differentiate into dendritic cells (Nisini et al. 2007). Production of cytokines by
monocytes depends upon the recognition of fungal B-glucan by dectin-1, in combi-
nation with TLR2 and TLR4 (Ferwerda et al. 2008; Gow et al. 2007; Torosantucci
et al. 2000). Monocytes also affect the ability of C. albicans cells to produce
biofilms, enhancing their formation (Chandra et al. 2007).

Further insights into the consequences of monocyte-fungal cell interaction have
been obtained by examining gene expression changes occurring during their inter-
action, both for the fungus (Rubin-Bejerano et al. 2003) and for monocytes (Barker
et al. 2005; Fradin et al. 2006; Kim et al. 2005).

Macrophage—Candida Interactions

Macrophages are another phagocytic cell type with fungicidal activity (Netea et al.
2004) which have a vital role in the clearance of infection (Molero et al. 2005).
Proteomic and genomic approaches have been used to analyse responses of the fungus
and of the macrophage during interaction (Barelle et al. 2006; Fernandez-Arenas
et al. 2007; Lorenz et al. 2004; Y. K. Shin et al. 2005; Yamamoto et al. 1997).
C. albicans cells have been shown to be starved within the macrophage, with down-
regulation of carbon metabolism and upregulation of the glyoxylate pathway (Barelle
et al. 2006; Fernandez-Arenas et al. 2007; Lorenz et al. 2004). The macrophage
responds to the interaction by inducing expression of cytokines and chemokines
(Yamamoto et al. 1997).

Macrophage killing assays have been used to estimate virulence of C. albicans
strains (Corbucci et al. 2007; Tavanti et al. 2006). Anti-Candida activity of macro-
phages occurs via TLR2 (Blasi et al. 2005) and galectin-3 (Kohatsu et al. 2006). Both
these molecules, as well as the macrophage-inducible C-type lectin, mincle, dectin-1,
SIGNR1 and the mannose receptor are involved in the recognition and phagocytosis
of C. albicans by macrophages (Bugarcic et al. 2008; Heinsbroek et al. 2005; Jouault
et al. 2006; Taylor et al. 2004). Dectin-1 has been shown to be involved only in the
recognition of yeasts, and not hyphal cells, by macrophages (Heinsbroek et al. 2005).
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Recognition of C. albicans by macrophages and other immune cells has recently
been reviewed (Netea et al. 2006; Netea et al. 2008). Again, C. albicans mutant
strains have assisted in determining which receptor interactions produced specific
outcomes (Netea et al. 2006). Cytokine production by macrophages depends upon
signalling via TLR2, TLR4 and dectin-1 (Blasi et al. 2005; Dennehy and Brown
2007; Ferwerda et al. 2008; Gow et al. 2007; Murciano et al. 2007). Signalling via the
TLR pathway leads to tissue macrophage production of KC and MIP-2 which are
neutrophil chemoattractants (De Filippo et al. 2008).

Neutrophil-Candida Interactions

Neutrophils are involved in phagocytosis and extracellular killing of C. albicans
cells, playing an essential role within the first three days of infection (Molero et al.
2005). Phagocytosis and killing assays with neutrophils are used to assay the
virulence of C. albicans strains (Corbucci et al. 2007; Fu et al. 2008). Neutrophils
differ from other phagocytic cells as they can form neutrophil extracellular traps
(NETs), which allow them to kill both yeast and hyphal cells (Urban et al. 2006).
Transcript profiling during the interaction of neutrophils and C. albicans demon-
strated that no active transcription programme was required by neutrophils to
mount an attack on the fungus (Fradin et al. 2006). However, neutrophils determine
the main transcriptional response of whole blood (Fradin et al. 2005), reflecting the
results of a whole blood phagocytosis assay which gives similar results to assays
using fractionated neutrophils (Pattanapanyasat et al. 2007). C. albicans cells
engulfed by neutrophils induce gene expression of pathways suggestive of starva-
tion (Barelle et al. 2006; Rubin-Bejerano et al. 2003) and also of oxidative stress
(Enjalbert et al. 2007). Neutrophil functions are mediated by B-glucan (Lavigne
et al. 2006), particularly B-1,6-glucan (Rubin-Bejerano et al. 2007), which is
recognized by dectin-1 (Kennedy et al. 2007).

Dendritic Cell-Candida Interactions

Dendritic cells are involved in phagocytosis, killing, processing and antigen pre-
sentation, although they are less successful C. albicans phagocytes when compared
to macrophages and neutrophils (Netea et al. 2004; Newman and Holly 2001).
Immune responses during dendritic cell-Candida interactions have been recently
reviewed (Filler 2006; Pepe et al. 2006).

DC-SIGN is a receptor involved in C. albicans uptake by dendritic cells (Cambi
et al. 2008). The mannose receptor and dectin-1 are also involved in Candida
uptake (Cambi et al. 2008; Donini et al. 2007; Romani et al. 2004). Binding of
N-mannan (Cambi et al. 2008) to the mannose receptor led to type I responses and
repression of oxidative mechanisms (Donini et al. 2007; Romani et al. 2004), but
uptake via dectin-1 led to induction of oxidative activity (Donini et al. 2007).
Uptake via FCy receptors has been shown to suppress type I responses, leading to
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induction of type II responses and associated pathology (Romani et al. 2004). TLR2
is involved in induction of type II responses (Re and Strominger 2001), with
signalling via TLR4 producing conditions leading to type I responses and activation
of the dendritic cells (Re and Strominger 2001) due to signalling via mannoprotein
(Pietrella et al. 2006).

Epithelial Cell- and Endothelial Cell-Candida Interactions

Epithelial and endothelial cells have been used extensively in attempts to under-
stand Candida virulence and disease development (reviewed in Filler and Sheppard
(2006)). Their interactions have been shown to be key steps during pathogenesis
(Grubb et al. 2008), with oral (Steele et al. 2000) and vaginal (Steele et al. 1999)
epithelial cells shown to have anti-Candida activity. Monolayers of oral and vaginal
epithelial cells have been utilised to examine cytokine production following inter-
action with, and invasion by, C. albicans cells (Lilly et al. 2006; Steele and Fidel
2002; Villar et al. 2005), and have been used extensively to investigate the
virulence potential of different C. albicans strains and mutants (e.g. Badrane
et al. 2005; Bensen et al. 2002; Fu et al. 2008; Martinez-Lopez et al. 2006; Nobile
et al. 2008; Phan et al. 2007; Zhao et al. 2007a; Zhao et al. 2007b). Increased
adherence of C. albicans to oral epithelial cells from AIDS patients (Schwab et al.
1997) has also been seen, which may help to explain the increased incidence of oral
candidiasis in this patient group.

Endothelial cells have been used for similar purposes, having been characterized
for their production of cytokines in response to interaction with C. albicans cells
(Villar et al. 2005), and to examine the ability of C. albicans mutant strains to adhere
to and invade endothelial cells (e.g. Bensen et al. 2002; Martinez-Lopez et al. 2006;
Zhao et al. 2007a; Zhao et al. 2007b). Mutants found to be deficient in their ability to
damage endothelial cells in vitro are generally less virulent in vivo (Sanchez et al.
2004). This system has also been utilised to examine gene expression of C. albicans
(Sandovsky-Losica et al. 2006) and of the endothelial cells (Barker et al. 2008; Filler
et al. 1996; Muller et al. 2007) during their interaction. The use of single cell
monolayers has also allowed individual molecules involved in fungal cell endocy-
tosis to be defined; involving N-cadherin on the endothelial cell (Phan et al. 2005)
and (agglutinin-like sequence) Als3p on the fungal cell (Phan et al. 2007).

3.3.1.2 Reconstituted Human Epithelial Models (RHE) and Tissue Explants

In attempts to allow the investigation of interactions occurring in multi-layer
tissues, such as mucosa, SkinEthic Laboratories (http://www.skinethic.com/) have
developed several Reconstituted Human Epithelial (RHE) models. The most com-
monly used RHE models for Candida infections are those of oral and vaginal
mucosa (Schaller et al. 2006). The main uses of these systems have been to examine
mucosal gene expression in response to interaction with Candida cells (Schaller
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et al. 2005), measurement of C. albicans SAP (encoding secreted aspartyl pro-
teases) and ALS (encoding agglutinin-like sequence proteins) gene expression
levels during interaction/invasion of RHE (Cheng et al. 2005a; Green et al. 2004;
Naglik et al. 2008b; Schaller et al. 2003) and comparison of C. albicans strains
ability to invade RHE (Li et al. 2002; Schaller et al. 2003). However, the system has
also been used to identify genes required for invasion of epithelial layers (Zaki-
khany et al. 2007). The system also has the advantage that the additional cells can
be added, such as neutrophils, to examine their influence on Candida-mucosa
interactions (Weindl et al. 2007).

An example of a tissue explant model, that has been used to examine the effect of
gene knockouts in C. albicans is the murine colon explant model. This system uses
sections of mouse colon in vitro to examine interaction of fungus with colon
mucosa (Bareiss et al. 2008).

3.3.2 Whole Animal Approaches

Whole animal approaches to investigate Candida carriage and infection have the
advantage that events in multiple organs can be studied and that movement of
molecules and cells within the body is possible. This allows the entire immune
respond during disease development which is to be studied.

To be of real use in studying Candida infections, models should be reproducible,
produce similar symptoms and disease progression to the human infection of
interest and be easy and cost-effective to perform.

3.3.2.1 Invertebrate Models

A number of invertebrate models have been utilised to test virulence of Candida
strains, including Drosophila melanogaster (Alarco et al. 2004; Chamilos et al.
2006), Galleria melonella (Brennan et al. 2002; Dunphy et al. 2003) and Caenor-
habditis elegans (Breger et al. 2007; Peleg et al. 2008). These models are cheap and
simple to perform, and work as a screen to identify C. albicans mutants with
defective interactions with the innate immune system. However, one drawback of
these models is that the innate immune system differs in invertebrates and mam-
mals. These models also do not reflect the patient situation since there is no
requirement for any host intervention prior to infection. These models are, hence,
not of direct relevance to the clinical situation and do not allow us to investigate
infection development as it occurs in mammalian hosts.

3.3.2.2 Vertebrate Models

A number of reviews describing various experimental models of Candida infection
have been published recently (Capilla et al. 2007; de Repentigny 2004; Naglik et al.
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2008a; Samaranayake and Samaranayake 2001). The majority of animal models,
like the situation in human hosts, require at least one predisposing factor to be
present to allow colonisation and infection to initiate and progress. In setting up
animal models of Candida infections of interest, we want to take into account the
predisposing factors in the human host and see if we can use these to help us
establish a similar infection in our experimental model.

Mucosal Models

Mucosal models of carriage and disease cover infections of the oral cavity, the
gastrointestinal tract and the vagina (recently reviewed by Naglik et al. 2008a).

Models of Oral and Gastrointestinal Carriage and Infection

A huge research effort has concentrated on the development of experimental
models of oral commensalism and disease. An extensive review of models available
has been published (Samaranayake and Samaranayake 2001), with the majority of
models developed in rodents; mostly rats and mice.

In oral infection protocols, C. albicans is administered either in food (Samonis
et al. 1990), in drinking water (Narayanan et al. 1991; Sofaer et al. 1982; Taylor
et al. 2005), by intra-oesophageal injection (Ishibashi et al. 2007) or applied directly
to the surfaces of the oral cavity (Takakura et al. 2003), often in gnotobiotic animals
(Schofield et al. 2003). Administration of differing inoculum levels leads either to
the clearance of infection, colonisation or dissemination of infection (see below for
disseminated infections from gastrointestinal infection) (Samonis et al. 1990).
Addition of immunocompromising agents, such as cyclophosphamide or corticos-
teroids, increased infection, as measured by increased fungal burdens (Cole et al.
1989; Hu et al. 2007; Kamai et al. 2001). Antibiotic therapy and anti-cancer
treatments also increased fungal burdens (Clemons et al. 2006; Samonis et al.
2008; Sandovsky-Losica et al. 1992). This is similar to the situation in the human
host (Table 3.3). Immunocompromising drugs, antibiotics and anti-cancer drugs
could lead to dissemination depending upon the drug concentration used, with
C. albicans found in the liver, kidneys and spleen (Clemons et al. 2006; Cole et al.
1989; Sandovsky-Losica et al. 1992). However, incidence of disseminated infection
was very variable, as were fungal burdens in the organs (Clemons et al. 2006;
Sandovsky-Losica et al. 1992). Other models of oral candidiasis include an HIV-
transgenic mouse model (de Repentigny et al. 2004) and a rat hyposalivatory model
(Meitner et al. 1990).

Models of oral Candida infection have determined that CD4" and CD8*T cells,
both have roles in the immune response to infection (Farah et al. 2001; Marquis
et al. 2006). Defects in natural killer (NK) cells, T cells and B cells also predispose
to increased oral infection (Narayanan et al. 1991; Taylor et al. 2005). There
is, however, no evidence for humoral protection in oral infection (Farah and
Ashman 2005) and complement deficiencies have no effect (Ashman et al. 2003).
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A comparison of immunocompetent and immunosuppressed mice also demon-
strated that C. albicans gene expression remains unchanged in these two situations,
suggesting that the host factors determine susceptibility of infection (Schofield et al.
2003). Villar and Dongari-Bagtzoglou (2008) have recently reviewed immune
defense mechanisms involved in oral candidiasis.

C. albicans mutant strains and clinical isolates have been assayed for virulence
in experimental models of oral infection (Badrane et al. 2005; Holbrook et al. 1983;
Nobile et al. 2008) demonstrating the requirement for yeast-hyphal switching in
initiation of infection (Nobile et al. 2008). C. albicans gene expression has also
been examined during infection development, showing similarities to expression in
clinical samples (Green et al. 2006; Stehr et al. 2004).

Models of Vaginal Carriage and Infection

Models of vaginal candidiasis are mainly performed in mice and rats. Both species
require oestrogen administration to maintain the animals in pseudo-oestrus, allow-
ing infection by C. albicans (Chen and Kong 2007; Fidel and Sobel 1999; Sobel
et al. 1985). In addition, rats tend to require surgical intervention to remove the
ovaries prior to infection (Sobel et al. 1985), although a newer model involving
immunosuppression with cyclophosphamide allowed vaginal infection to establish
and be maintained for two weeks without this intervention (Foldvari et al. 2000;
Fulurija et al. 1996). Use of immunosuppressants in rats to obtain greater infection
agrees with results in immunocompromised mice, which tends to have higher
vaginal counts than their immunocompetent counterparts (Fulurija et al. 1996).
The requirement for oestrogen in order to maintain carriage and infection agrees
with women of childbearing age being more susceptible to vaginal candidiasis.

A new model has been developed recently where both oral and vaginal infection
can be studied in the same host (Rahman et al. 2007). This requires administration
of oestrogen via two routes, with C. albicans administered orally and vaginally.
This reduces the number of animals required to study both vaginal and oral
infection.

Experimental models have been utilised in attempts to define host factors that
predispose to development of infection. Although no difference in carriage rate was
found when an anti-neutrophil antibody was used, this treatment led to reduced
inflammation (Black et al. 1998). This was confirmed in a human intra-vaginal
infection model, where symptomatic infection correlated with influx of neutrophils
into the infected mucosa (Fidel et al. 2004). This has led to the hypothesis that an
inflammatory reaction in the vaginal is deleterious.

Mouse and rat models have also demonstrated the importance of dendritic cells
in immunoregulation during vaginal infection (De Bernardis et al. 2006; LeBlanc
et al. 2006). A review summarizing the current knowledge of host defenses in
vaginal candidiasis was recently published (Fidel 2007).

Rodent vaginal models have been used to test the virulence of C. albicans
mutants and clinical isolates (Bader et al. 2006; Fu et al. 2008; Taylor et al.
2000), and also to evaluate antifungal therapies (De Bernardis et al. 2007; Hamad
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et al. 2006; Valentin et al. 1993). The model has also been used to measure
C. albicans gene expression during infection development (Cheng et al. 2005a;
Taylor et al. 2005), demonstrating that gene expression in models are similar to that
of clinical samples (Cheng et al. 2005a) and showing that, changes in gene expres-
sion occur during development of infection (Taylor et al. 2005).

Models of Systemic Infection

Disseminated infections carry the greatest risk of mortality of all Candida infec-
tions due to difficulties in diagnosis and, hence, delays in initiation of antifungal
therapy. Delays in treatment initiation are known to decrease survival (Morrell et al.
2005). It is, therefore, essential that there are models of systemic Candida infection
that reflect the situation in the human host and which allow us to investigate disease
development, test antifungal agents and evaluate new diagnostic tools.

Gastrointestinal Dissemination

Disseminated Candida infections are generally believed to be initiated by strains
carried by the host. It would, therefore, be advantageous to model disseminated
infection using dissemination from the gastrointestinal tract. As mentioned above,
immunocompromising drugs, antibiotics and anti-cancer drugs promote dissemina-
tion from the gut, but with variable results (Clemons et al. 2006; Cole et al. 1989;
Sandovsky-Losica et al. 1992; Tansho et al. 2002). In general models of dissemi-
nation from the gastrointestinal tract require use of gnotobiotic animals, usually
mice (Cole et al. 1989; Guentzel and Herrera 1982; Herrera and Guentzel 1982;
Koh et al. 2008; Ponnuvel et al. 1993), or use of special diets (Samonis et al. 1990;
Takahashi et al. 2003). These infections lead to dissemination, with highest fungal
burdens usually found for the liver, spleen and kidneys. More reproducible dissem-
ination rates require both damage to the gut and immunosuppression (Koh et al.
2008).

Although these disseminated infection models are highly variable they have
been used to evaluate diagnostic tools (Nichterlein et al. 2003) and antifungal
therapies (Dromer et al. 2002; Guentzel and Herrera 1982; Herrera and Guentzel
1982).

Intravenous Challenge

Models of disseminated Candida infection initiated by an intravenous challenge,
are well-characterized and reproducible (Louria et al. 1963; MacCallum and Odds
2005; Papadimitriou and Ashman 1986). The intravenous challenge model leads to
systemic infection, with highest burdens found in the kidneys (MacCallum and
Odds 2005). In the mouse model, mice die of a severe sepsis, similar to that is seen
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Fig. 3.1 C. albicans in kidneys from experimental infections. Wax sections of formalin-fixed
kidneys from a mouse (a), rabbit (b) and guinea pig (c) were stained by methenamine silver stain

in severe clinical cases (Spellberg et al. 2005). However, in this model, there is no
requirement of the fungus to pass from the gut into the bloodstream.

In general, Candida intravenous challenge is carried out in mice, guinea pigs and
rabbits, where filamentous forms are seen in the kidney (Fig. 3.1). The choice of
species used usually depends upon the pharmacokinetics of the antifungal drug
being used (MacCallum and Odds 2002) or the amount of sample required for
subsequent procedures (Walker et al. 2009). The mouse model, in particular, has
been extensively used in the evaluation of antifungal therapies (examples of studies
include Andes et al. 2008; MacCallum and Odds 2004), in virulence testing of
mutant strains and clinical isolates (for a list of many of the mutants tested in the
mouse IV challenge model see Brand et al. 2004; MacCallum et al. 2009) and in
investigation of host defense mechanisms (examples of studies include Ashman
et al. 2003; Basu et al. 2008; Murciano et al. 2006; Netea et al. 2006; Villamon et al.
2004). A detailed review of the immune responses occurring in C. albicans experi-
mental infections is available (Ashman 2008).

It is clear that there are a number of experimental models available to allow the
Candida researcher to explore host-fungal interaction, but there still remains a need
for the development of a reliable, reproducible gastrointestinal dissemination model.
Only when this model becomes available, will it be possible to fully understand the
initiation of Candida infection and disease from an endogenous source.

References

Acar A, Oncul O, Kucukardali Y, Ozyurt M, Haznedaroglu T, Cavuslu S (2008) Epidemiological
features of Candida infections detected in intensive care units and risk factors affecting
mortality. Mikrobiyol Bul 42(3):451-461

Alarco AM, Marcil A, Chen J, Suter B, Thomas D, Whiteway M (2004) Immune-deficient
Drosophila melanogaster: a model for the innate immune response to human fungal pathogens.
J Immunol 172(9):5622-5628



56 D.M. MacCallum

Andes D, Diekema DJ, Pfaller MA, Prince RA, Marchillo K, Ashbeck J et al (2008) In vivo
pharmacodynamic characterization of anidulafungin in a neutropenic murine candidiasis
model. Antimicrob Agents Chemother 52(2):539-550

Anunnatsiri S, Chetchotisakd P, Mootsikapun P (2009) Fungemia in non-HIV-infected patients: a
five-year review. Int J Infect Dis 13(1):90-96

Ashman RB (2008) Protective and pathologic immune responses against Candida albicans
infection. Front Biosci 13:3334-3351

Ashman RB, Papadimitriou JM, Fulurija A, Drysdale KE, Farah CS, Naidoo O et al (2003) Role of
complement C5 and T lymphocytes in pathogenesis of disseminated and mucosal candidiasis
in susceptible DBA/2 mice. Microb Pathog 34(2):103-113

Bader T, Schroppel K, Bentink S, Agabian N, Kohler G, Morschhauser J (2006) Role of
calcineurin in stress resistance, morphogenesis, and virulence of a Candida albicans wild-
type strain. Infect Immun 74(7):4366-4369

Badran EF, Al Baramki JH, Al Shamyleh A, Shehabi A, Khuri-Bulos N (2008) Epidemiology and
clinical outcome of candidaemia among Jordanian newborns over a 10-year period. Scand J
Infect Dis 40(2):139-144

Badrane H, Cheng S, Nguyen MH, Jia HY, Zhang Z, Weisner N et al (2005) Candida albicans
IRS4 contributes to hyphal formation and virulence after the initial stages of disseminated
candidiasis. Microbiology 151(Pt 9):2923-2931

Banerjee K, Curtis E, de San Lazaro C, Graham JC (2004) Low prevalence of genital candidiasis
in children. Eur J Clin Microbiol Infect Dis 23(9):696-698

Bareiss PM, Metzger M, Sohn K, Rupp S, Frick JS, Autenrieth IB et al (2008) Organotypical tissue
cultures from adult murine colon as an in vitro model of intestinal mucosa. Histochem Cell
Biol 129(6):795-804

Barelle CJ, Priest CL, Maccallum DM, Gow NA, Odds FC, Brown AJ (2006) Niche-specific
regulation of central metabolic pathways in a fungal pathogen. Cell Microbiol 8(6):961-971

Barker KS, Liu T, Rogers PD (2005) Coculture of THP-1 human mononuclear cells with Candida
albicans results in pronounced changes in host gene expression. J Infect Dis 192(5):901-912

Barker KS, Park H, Phan QT, Xu L, Homayouni R, Rogers PD et al (2008) Transcriptome profile
of the vascular endothelial cell response to Candida albicans. J Infect Dis 198(2):193-202

Bassetti M, Righi E, Tumbarello M, Di Biagio A, Rosso R, Viscoli C (2006) Candida infections in
the intensive care unit: epidemiology, risk factors and therapeutic strategies. Expert Rev Anti
Infect Ther 4(5):875-885

Basu S, Quilici C, Zhang HH, Grail D, Dunn AR (2008) Mice lacking both G-CSF and IL-6 are
more susceptible to Candida albicans infection: critical role of neutrophils in defense against
Candida albicans. Growth Factors 26(1):23-34

Beigi RH, Meyn LA, Moore DM, Krohn MA, Hillier SL (2004) Vaginal yeast colonization in
nonpregnant women: a longitudinal study. Obstet Gynecol 104(5 Pt 1):926-930

Belazi M, Velegraki A, Fleva A, Gidarakou I, Papanaum L, Baka D et al (2005) Candidal
overgrowth in diabetic patients: potential predisposing factors. Mycoses 48(3):192-196

Beltrame A, Matteelli A, Carvalho AC, Saleri N, Casalini C, Capone S (2006) Vaginal coloniza-
tion with Candida spp. in human immunodeficiency virus-infected women: a cohort study. Int J
STD AIDS 17(4):260-266

Ben-Aryeh H, Blumfield E, Szargel R, Laufer D, Berdicevsky I (1995) Oral Candida carriage and
blood group antigen secretor status. Mycoses 38(9-10):355-358

Bensen ES, Filler SG, Berman J (2002) A forkhead transcription factor is important for true hyphal
as well as yeast morphogenesis in Candida albicans. Eukaryot Cell 1(5):787-798

Black CA, Eyers FM, Russell A, Dunkley ML, Clancy RL, Beagley KW (1998) Acute neutropenia
decreases inflammation associated with murine vaginal candidiasis but has no effect on the
course of infection. Infect Immun 66(3):1273-1275

Blasi E, Mucci A, Neglia R, Pezzini F, Colombari B, Radzioch D et al (2005) Biological
importance of the two toll-like receptors, TLR2 and TLR4, in macrophage response to
infection with Candida albicans. FEMS Immunol Med Microbiol 44(1):69-79



3 Candida Infections and Modelling Disease 57

Blignaut E (2007) Oral candidiasis and oral yeast carriage among institutionalised South African
paediatric HIV/AIDS patients. Mycopathologia 163(2):67-73

Bougnoux ME, Diogo D, Francois N, Sendid B, Veirmeire S, Colombel JF et al (2006) Multilocus
sequence typing reveals intrafamilial transmission and microevolutions of Candida albicans
isolates from the human digestive tract. J Clin Microbiol 44(5):1810-1820

Brand A, MacCallum DM, Brown AJ, Gow NA, Odds FC (2004) Ectopic expression of URA3 can
influence the virulence phenotypes and proteome of Candida albicans but can be overcome by
targeted reintegration of URA3 at the RPS10 locus. Eukaryot Cell 3(4):900-909

Breger J, Fuchs BB, Aperis G, Moy TI, Ausubel FM, Mylonakis E (2007) Antifungal chemical
compounds identified using a C. elegans pathogenicity assay. PLoS Pathog 3(2):e18

Brennan M, Thomas DY, Whiteway M, Kavanagh K (2002) Correlation between virulence of
Candida albicans mutants in mice and Galleria mellonella larvae. FEMS Immunol Med
Microbiol 34(2):153-157

Bugarcic A, Hitchens K, Beckhouse AG, Wells CA, Ashman RB, Blanchard H (2008) Human and
mouse macrophage-inducible C-type lectin (mincle) bind Candida albicans. Glycobiology 18
(9):679-685

Cambi A, Netea MG, Mora-Montes HM, Gow NA, Hato SV, Lowman DW et al (2008) Dendritic
cell interaction with Candida albicans critically depends on N-linked mannan. J Biol Chem
283(29):20590-20599

Campisi G, Pizzo G, Milici ME, Mancuso S, Margiotta V (2002) Candidal carriage in the oral
cavity of human immunodeficiency virus-infected subjects. Oral Surg Oral Med Oral Pathol
Oral Radiol Endo 93(3):281-286

Capilla J, Clemons KV, Stevens DA (2007) Animal models: an important tool in mycology. Med
Mycol 45(8):657-684

Carlstedt K, Krekmanova L, Dahllof G, Ericsson B, Braathen G, Modeer T (1996) Oral carriage of
Candida species in children and adolescents with Down’ syndrome. Int J Paediatr Dent 6
(2):95-100

Celebi S, Hacimustafaoglu M, Ozdemir O, Ozkaya G (2008) Nosocomial candidaemia in children:
results of a 9-year study. Mycoses 51(3):248-257

Chai YA, Wang Y, Khoo AL, Chan FY, Chow C, Kumarasinghe G et al (2007) Predominance of
Candida tropicalis bloodstream infections in a Singapore teaching hospital. Med Mycol 45
(5):435-439

Chamilos G, Lionakis MS, Lewis RE, Lopez-Ribot JL, Saville SP, Albert ND et al (2006)
Drosophila melanogaster as a facile model for large-scale studies of virulence mechanisms
and antifungal drug efficacy in Candida species. J Infect Dis 193(7):1014-1022

Chandra J, McCormick TS, Imamura Y, Mukherjee PK, Ghannoum MA (2007) Interaction of
Candida albicans with adherent human peripheral blood mononuclear cells increases
C. albicans biofilm formation and results in differential expression of pro- and anti-inflamma-
tory cytokines. Infect Immun 75(5):2612-2620

Chang MR, Correia FP, Costa LC, Xavier PC, Palhares DB, Taira DL et al (2008) Candida
bloodstream infection: data from a teaching hospital in Mato Grosso do Sul, Brazil. Rev Inst
Med Trop Sao Paulo 50(5):265-268

Chen Z, Kong X (2007) Study of Candida albicans vaginitis model in Kunming mice. J Huazhong
Univ Sci Technolog Med Sci 27(3):307-310

Cheng G, Wozniak K, Wallig MA, Fidel PL Jr, Trupin SR, Hoyer LL (2005a) Comparison
between Candida albicans agglutinin-like sequence gene expression patterns in human clinical
specimens and models of vaginal candidiasis. Infect Immun 73(3):1656—1663

Cheng MF, Yang YL, Yao TJ, Lin CY, Liu JS, Tang RB et al (2005b) Risk factors for fatal
candidemia caused by Candida albicans and non-albicans Candida species. BMC Infect Dis 5
(1):22

Chiani P, Bromuro C, Torosantucci A (2000) Defective induction of interleukin-12 in human
monocytes by germ-tube forms of Candida albicans. Infect Immun 68(10):5628-5634



58 D.M. MacCallum

Chow JK, Golan Y, Ruthazer R, Karchmer AW, Carmeli Y, Lichtenberg DA et al (2008) Risk
factors for albicans and non-albicans candidemia in the intensive care unit. Crit Care Med 36
(7):1993-1998

Clemons KV, Gonzalez GM, Singh G, Imai J, Espiritu M, Parmar R et al (2006) Development of
an orogastrointestinal mucosal model of candidiasis with dissemination to visceral organs.
Antimicrob Agents Chemother 50(8):2650-2657

Cole GT, Lynn KT, Seshan KR, Pope LM (1989) Gastrointestinal and systemic candidosis in
immunocompromised mice. J Med Vet Mycol 27(6):363-380

Colombo AL, Guimaraes T, Silva LR, de Almeida Monfardini LP, Cunha AK, Rady P et al (2007)
Prospective observational study of candidemia in Sao Paulo, Brazil: incidence rate, epide-
miology, and predictors of mortality. Infect Control Hosp Epidemiol 28(5):570-576

Corbucci C, Cenci E, Skrzypek F, Gabrielli E, Mosci P, Ernst JF et al (2007) Immune response to
Candida albicans is preserved despite defect in O-mannosylation of secretory proteins.
Medical Mycology 45(8):709-719

Corsello S, Spinillo A, Osnengo G, Penna C, Guaschino S, Beltrame A et al (2003) An epidemio-
logical survey of vulvovaginal candidiasis in Italy. Eur J Obstet Gynecol Reprod Biol 110
(1):66-72

Costa-de-Oliveira S, Pina-Vaz C, Mendonca D, Goncalves Rodrigues A (2008) A first Portuguese
epidemiological survey of fungaemia in a university hospital. Eur J Clin Microbiol Infect Dis
27(5):365-374

Cotch MF, Hillier SL, Gibbs RS, Eschenbach DA (1998) Epidemiology and outcomes associated
with moderate to heavy Candida colonization during pregnancy. vaginal infections and
prematurity study group. Am J Obstet Gynecol 178(2):374-380

Dan M, Segal R, Marder V, Leibovitz A (2006) Candida colonization of the vagina in elderly
residents of a long-term-care hospital. Eur J Clin Microbiol Infect Dis 25(6):394-396

Daniluk T, Tokajuk G, Stokowska W, Fiedoruk K, Sciepuk M, Zaremba ML et al (2006)
Occurrence rate of oral Candida albicans in denture wearer patients. Adv Med Sci 51(Suppl 1):
77-80

Darwazeh AM, al-Bashir A (1995) Oral candidal flora in healthy infants. J Oral Pathol Med
24(8):361-364

Davies AN, Brailsford SR, Beighton D, Shorthose K, Stevens VC (2008) Oral candidosis in
community-based patients with advanced cancer. J Pain Symptom Manage 35(5):508-514

De Bernardis F, Liu H, O’Mahony R, La Valle R, Bartollino S, Sandini S et al (2007) Human
domain antibodies against virulence traits of Candida albicans inhibit fungus adherence to
vaginal epithelium and protect against experimental vaginal candidiasis. J Infect Dis 195
(1):149-157

De Bernardis F, Lucciarini R, Boccanera M, Amantini C, Arancia S, Morrone S et al (2006)
Phenotypic and functional characterization of vaginal dendritic cells in a rat model of Candida
albicans vaginitis. Infect Immun 74(7):4282-4294

De Filippo K, Henderson RB, Laschinger M, Hogg N (2008) Neutrophil chemokines KC and
macrophage-inflammatory protein-2 are newly synthesized by tissue macrophages using dis-
tinct TLR signaling pathways. J Immunol 180(6):4308-4315

de Leon EM, Jacober SJ, Sobel JD, Foxman B (2002) Prevalence and risk factors for vaginal
Candida colonization in women with type 1 and type 2 diabetes. BMC Infect Dis 2:1

de Repentigny L (2004) Animal models in the analysis of Candida host-pathogen interactions.
Curr Opin Microbiol 7(4):324-329

de Repentigny L, Lewandowski D, Jolicoeur P (2004) Immunopathogenesis of oropharyngeal
candidiasis in human immunodeficiency virus infection. Clin Microbiol Rev 17(4):729-759
table of contents

Deng HJ, Tao RC, Huang GW, Guo SZ (2007) Oral candidal carriage and biotyping of Candida
species in HIV positive patients. Chin J Stomatol 42(7):428-429

Dennehy KM, Brown GD (2007) The role of the {beta}-glucan receptor dectin-1 in control of
fungal infection. J Leukoc Biol 82(2):253-258



3 Candida Infections and Modelling Disease 59

Dimopoulos G, Ntziora F, Rachiotis G, Armaganidis A, Falagas ME (2008) Candida albicans
versus non-albicans intensive care unit-acquired bloodstream infections: differences in risk
factors and outcome. Anesth Analg 106(2):523-529

Donini M, Zenaro E, Tamassia N, Dusi S (2007) NADPH oxidase of human dendritic cells: role in
Candida albicans killing and regulation by interferons, dectin-1 and CD206. Eur J Immunol 37
(5):1194-1203

Dromer F, Chevalier R, Sendid B, Improvisi L, Jouault T, Robert R et al (2002) Synthetic
analogues of beta-1, 2 oligomannosides prevent intestinal colonization by the pathogenic
yeast Candida albicans. Antimicrob Agents Chemother 46(12):3869-3876

Dunphy GB, Oberholzer U, Whiteway M, Zakarian RJ, Boomer I (2003) Virulence of Candida
albicans mutants toward larval Galleria mellonella. Can J Microbiol 49(8):514-524

Enjalbert B, Maccallum DM, Odds FC, Brown AJ (2007) Niche-specific activation of the
oxidative stress response by the pathogenic fungus Candida albicans. Infect Immun 75(5):
2143-2151

Falagas ME, Apostolou KE, Pappas VD (2006) Attributable mortality of candidemia: a systematic
review of matched cohort and case-control studies. Eur J Clin Microbiol Infect Dis 25(7):
419-425

Farah CS, Ashman RB (2005) Active and passive immunization against oral Candida albicans
infection in a murine model. Oral Microbiol Immunol 20(6):376-381

Farah CS, Elahi S, Pang G, Gotjamanos T, Seymour GJ, Clancy RL et al (2001) T cells augment
monocyte and neutrophil function in host resistance against oropharyngeal candidiasis. Infect
Immun 69(10):6110-6118

Fernandez-Arenas E, Cabezon V, Bermejo C, Arroyo J, Nombela C, Diez-Orejas R et al (2007)
Integrated proteomics and genomics strategies bring new insight into Candida albicans
response upon macrophage interaction. Mol Cell Proteomics 6(3):460—478

Ferwerda G, Meyer-Wentrup F, Kullberg BJ, Netea MG, Adema GJ (2008) Dectin-1 synergizes
with TLR2 and TLR4 for cytokine production in human primary monocytes and macrophages.
Cell Microbiol 10(10):2058-2066

Fidel PL Jr (2007) History and update on host defense against vaginal candidiasis. Am J Reprod
Immunol 57(1):2-12

Fidel PL Jr, Barousse M, Espinosa T, Ficarra M, Sturtevant J, Martin DH et al (2004) An
intravaginal live Candida challenge in humans leads to new hypotheses for the immunopatho-
genesis of vulvovaginal candidiasis. Infect Immun 72(5):2939-2946

Fidel PL Jr, Sobel JD (1999) Murine models of Candida vaginal infections. In: Zak O, Sande MA
(eds) Handbook of animal models of infection, 1st edn. Academic, New York, pp 741-748

Figueiral MH, Azul A, Pinto E, Fonseca PA, Branco FM, Scully C (2007) Denture-related
stomatitis: identification of aetiological and predisposing factors — a large cohort. J Oral
Rehabil 34(6):448-455

Filler SG (2006) Candida-host cell receptor-ligand interactions. Curr Opin Microbiol 9(4):
333-339

Filler SG, Pfunder AS, Spellberg BJ, Spellberg JP, Edwards JE Jr (1996) Candida albicans
stimulates cytokine production and leukocyte adhesion molecule expression by endothelial
cells. Infect Immun 64(7):2609-2617

Filler SG, Sheppard DC (2006) Fungal invasion of normally non-phagocytic host cells. PLoS
Pathog 2(12):¢129

Foldvari M, Radhi J, Yang G, He Z, Rennie R, Wearley L (2000) Acute vaginal candidosis model
in the immunocompromized rat to evaluate delivery systems for antimycotics. Mycoses 43(11—
12):393-401

Fong IW (1994) The rectal carriage of yeast in patients with vaginal candidiasis. Clin Invest Med
17(5):426-431

Fong IW, Laurel M, Burford-Mason A (1997) Asymptomatic oral carriage of Candida albicans in
patients with HIV infection. Clin Invest Med 20(2):85-93



60 D.M. MacCallum

Fradin C, De Groot P, MacCallum D, Schaller M, Klis F, Odds FC et al (2005) Granulocytes
govern the transcriptional response, morphology and proliferation of Candida albicans in
human blood. Mol Microbiol 56(2):397-415

Fradin C, Mavor AL, Weindl G, Schaller M, Hanke K, Kaufmann SH et al (2006) The early
transcriptional response of human granulocytes to infection with Candida albicans is not
essential for killing, but reflects cellular communications. Infect Immun 75(3):1493-1501

Franca JC, Ribeiro CE, Queiroz-Telles F (2008) Candidemia in a Brazilian tertiary care hospital:
incidence, frequency of different species, risk factors and antifungal susceptibility. Rev Soc
Bras Med Trop 41(1):23-28

Fridkin SK, Kaufman D, Edwards JR, Shetty S, Horan T (2006) Changing incidence of Candida
bloodstream infections among NICU patients in the United States: 1995-2004. Pediatrics 117
(5):1680-1687

Fu Y, Luo G, Spellberg BJ, Edwards JE Jr, Ibrahim AS (2008) Gene overexpression/suppression
analysis of candidate virulence factors of Candida albicans. Eukaryot Cell 7(3):483—492

Fulurija A, Ashman RB, Papadimitriou JM (1996) Neutrophil depletion increases susceptibility to
systemic and vaginal candidiasis in mice, and reveals differences between brain and kidney in
mechanisms of host resistance. Microbiology 142(Pt 12):3487-3496

Garey KW, Rege M, Pai MP, Mingo DE, Suda KJ, Turpin RS et al (2006) Time to initiation of
fluconazole therapy impacts mortality in patients with candidemia: a multi-institutional study.
Clin Infect Dis 43(1):25-31

Gow NA, Netea MG, Munro CA, Ferwerda G, Bates S, Mora-Montes HM et al (2007) Immune
recognition of Candida albicans beta-glucan by dectin-1. J Infect Dis 196(10):1565-1571

Green CB, Marretta SM, Cheng G, Faddoul FF, Ehrhart EJ, Hoyer LL (2006) RT-PCR analysis of
Candida albicans ALS gene expression in a hyposalivatory rat model of oral candidiasis and in
HIV-positive human patients. Med Mycol 44(2):103-111

Green CB, Cheng G, Chandra J, Mukherjee P, Ghannoum MA, Hoyer LL (2004) RT-PCR
detection of Candida albicans ALS gene expression in the reconstituted human epithelium
(RHE) model of oral candidiasis and in model biofilms. Microbiology 150(Pt 2):267-275

Grigoriou O, Baka S, Makrakis E, Hassiakos D, Kapparos G, Kouskouni E (2006) Prevalence of
clinical vaginal candidiasis in a university hospital and possible risk factors. Eur J Obstet
Gynecol Reprod Biol 126(1):121-125

Grubb SE, Murdoch C, Sudbery PE, Saville SP, Lopez-Ribot JL, Thornhill MH (2008) Candida
albicans-endothelial cell interactions: a key step in the pathogenesis of systemic candidiasis.
Infect Immun 76(10):4370-4377

Guentzel MN, Herrera C (1982) Effects of compromising agents on candidosis in mice with
persistent infections initiated in infancy. Infect Immun 35(1):222-228

Guggenheimer J, Moore PA, Rossie K, Myers D, Mongelluzzo MB, Block HM (2000) Insulin-
dependent diabetes mellitus and oral soft tissue pathologies: II. prevalence and characteristics of
Candida and candidal lesions. Oral Surg Oral Med Oral Pathol Oral Radiol Endo 89(5):570-576

Hachem R, Hanna H, Kontoyiannis D, Jiang Y, Raad I (2008) The changing epidemiology of
invasive candidiasis: Candida glabrata and Candida krusei as the leading causes of candide-
mia in hematologic malignancy. Cancer 112(11):2493-2499

Hamad M, Muta’eb E, Abu-Shaqra Q, Fraij A, Abu-Elteen K, Yasin SR (2006) Utility of the
oestrogen-dependent vaginal candidosis murine model in evaluating the efficacy of various
therapies against vaginal Candida albicans infection. Mycoses 49(2):104-108

Hartung de Capriles C, Mata-Essayag S, Azpiroz A, Ponente A, Magaldi S, Perez C et al (2005)
Neonatal candidiasis in Venezuela: clinical and epidemiological aspects. Rev Latinoam
Microbiol 47(1-2):11-20

Heinsbroek SE, Brown GD, Gordon S (2005) Dectin-1 escape by fungal dimorphism. Trends
Immunol 26(7):352-354

Herrera C, Guentzel MN (1982) Mice with persistent gastrointestinal Candida albicans as a model
for antifungal therapy. Antimicrob Agents Chemother 21(1):51-53



3 Candida Infections and Modelling Disease 61

Hinrichsen SL, Falcao E, Vilella TA, Colombo AL, Nucci M, Moura L et al (2008) Candidemia in
a tertiary hospital in northeastern Brazil. Rev Soc Bras Med Trop 41(4):394-398

Holbrook WP, Sofaer JA, Southam JC (1983) Experimental oral infection of mice with a
pathogenic and a non-pathogenic strain of the yeast Candida albicans. Arch Oral Biol 28
(12):1089-1091

Holley A, Dulhunty J, Blot S, Lipman J, Lobo S, Dancer C et al (2009) Temporal trends, risk factors
and outcomes in albicans and non-albicans candidaemia: an international epidemiological
study in four multidisciplinary intensive care units. Int J Antimicrob Agents. doi:10.1016/
j-ijantimicag.2008.10.035

Hu W, Ninomiya K, Ishibashi H, Maruyama N, Oshima H, Yamaguchi H et al (2007) A novel
murine model of pharyngeal candidiasis with local symptoms characteristic of pharyngeal
thrush produced by using an inhaled corticosteroid. Med Mycol 45(2):143-148

Ishibashi H, Hisajima T, Hu W, Yamaguchi H, Nishiyama Y, Abe S (2007) A murine model of
esophageal candidiasis with local characteristic symptoms. Microbiol Immunol 51(5):501-506

Jorda-Marcos R, Alvarez-Lerma F, Jurado M, Palomar M, Nolla-Salas J, Leon MA et al (2007)
Risk factors for candidaemia in critically ill patients: a prospective surveillance study. Mycoses
50(4):302-310

Jouault T, El Abed-El Behi M, Martinez-Esparza M, Breuilh L, Trinel PA, Chamaillard M et al
(2006) Specific recognition of Candida albicans by macrophages requires galectin-3 to
discriminate Saccharomyces cerevisiae and needs association with TLR2 for signalling.
J Immunol 177(7):4679-4687

Kamai Y, Kubota M, Kamai Y, Hosokawa T, Fukuoka T, Filler SG (2001) New model of
oropharyngeal candidiasis in mice. Antimicrob Agents Chemother 45(11):3195-3197

Kennedy AD, Willment JA, Dorward DW, Williams DL, Brown GD, DeLeo FR (2007) Dectin-1
promotes fungicidal activity of human neutrophils. Eur J Immunol 37(2):467-478

Kibbler CC, Seaton S, Barnes RA, Gransden WR, Holliman RE, Johnson EM et al (2003)
Management and outcome of bloodstream infections due to Candida species in England and
Wales. J Hosp Infect 54(1):18-24

Kim HS, Choi EH, Khan J, Roilides E, Francesconi A, Kasai M et al (2005) Expression of genes
encoding innate host defense molecules in normal human monocytes in response to Candida
albicans. Infect Immun 73(6):3714-3724

Kleinegger CL, Lockhart SR, Vargas K, Soll DR (1996) Frequency, intensity, species, and strains
of oral Candida vary as a function of host age. J Clin Microbiol 34(9):2246-2254

Knoke M (1999) Gastrointestinal microecology of humans and Candida. Mycoses 42(Suppl 1):
30-34

Koh AY, Kohler JR, Coggshall KT, Van Rooijen N, Pier GB (2008) Mucosal damage and
neutropenia are required for Candida albicans dissemination. PLoS Pathog 4(2):e35

Kohatsu L, Hsu DK, Jegalian AG, Liu FT, Baum LG (2006) Galectin-3 induces death of Candida
species expressing specific beta-1, 2-linked mannans. J Immunol 177(7):4718-4726

Kusne S, Tobin D, Pasculle AW, Van Thiel DH, Ho M, Starzl TE (1994) Candida carriage in the
alimentary tract of liver transplant candidates. Transplantation 57(3):398—402

Laupland KB, Gregson DB, Church DL, Ross T, Elsayed S (2005) Invasive Candida species
infections: a 5 year population-based assessment. J Antimicrob Chemother 56(3):532-537

Lavigne LM, Albina JE, Reichner JS (2006) Beta-glucan is a fungal determinant for adhesion-
dependent human neutrophil functions. J Immunol 177(12):8667-8675

LeBlanc DM, Barousse MM, Fidel PL Jr (2006) Role for dendritic cells in immunoregulation
during experimental vaginal candidiasis. Infect Immun 74(6):3213-3221

Li D, Bernhardt J, Calderone R (2002) Temporal expression of the Candida albicans genes CHK1
and CSSKI, adherence, and morphogenesis in a model of reconstituted human esophageal
epithelial candidiasis. Infect Immun 70(3):1558-1565

Lilly EA, Leigh JE, Joseph SH, Fidel PL Jr (2006) Candida-induced oral epithelial cell responses.
Mycopathologia 162(1):25-32



62 D.M. MacCallum

Liu L, Kang K, Takahara M, Cooper KD, Ghannoum MA (2001) Hyphae and yeasts of Candida
albicans differentially regulate interleukin-12 production by human blood monocytes: inhibi-
tory role of C. albicans germination. Infect Immun 69(7):4695-4697

Liu X, Liu H, Guo Z, Luan W (2006) Association of asymptomatic oral candidal carriage,
oral candidiasis and CD4 lymphocyte count in HIV-positive patients in China. Oral Dis 12
(1):41-44

Lorenz MC, Bender JA, Fink GR (2004) Transcriptional response of Candida albicans upon
internalization by macrophages. Eukaryot Cell 3(5):1076-1087

Louria DB, Brayton RG, Finkel G (1963) Studies on the pathogenesis of experimental Candida
albicans infections in mice. Sabouraudia 2:271-283

Lyon JP, da Costa SC, Totti VM, Munhoz MF, de Resende MA (2006) Predisposing conditions for
Candida spp. carriage in the oral cavity of denture wearers and individuals with natural teeth.
Can J Microbiol 52(5):462-467

MacCallum DM, Castillo L, Nather K, Munro CA, Brown AJ, Gow NA (2009) Property differ-
ences among the four major Candida albicans strain clades. Eukaryot Cell. d.o.i 10.1128/
EC.00387-08

MacCallum DM, Odds FC (2002) Influence of grapefruit juice on itraconazole plasma levels in
mice and guinea pigs. J Antimicrob Chemother 50(2):219-224

MacCallum DM, Odds FC (2004) Need for early antifungal treatment confirmed in experimental
disseminated Candida albicans infection. Antimicrob Agents Chemother 48(12):4911-4914

MacCallum DM, Odds FC (2005) Temporal events in the intravenous challenge model for
experimental Candida albicans infections in female mice. Mycoses 48(3):151-161

Machalski T, Der J, Sikora J (2006) Vaginal candidiasis in pregnant women. Mikol Lek 13
(3):185-186

Markogiannakis H, Pachylaki N, Samara E, Kalderi M, Minettou M, Toutouza M (2008) Infec-
tions in a surgical intensive care unit of a university hospital in Greece. Int J Infect Dis. d.o.i
10.1016/j.ijid.2008.05.1227

Marquis M, Lewandowski D, Dugas V, Aumont F, Senechal S, Jolicoeur P et al (2006) CD8+ T
cells but not polymorphonuclear leukocytes are required to limit chronic oral carriage of
Candida albicans in transgenic mice expressing human immunodeficiency virus type 1. Infect
Immun 74(4):2382-2391

Martinez-Lopez R, Park H, Myers CL, Gil C, Filler SG (2006) Candida albicans Ecm33p is
important for normal cell wall architecture and interactions with host cells. Eukaryot Cell 5
(1):140-147

Meitner SW, Bowen WH, Haidaris CG (1990) Oral and esophageal Candida albicans infection in
hyposalivatory rats. Infect Immun 58(7):2228-2236

Molero G, Guillen MV, Martinez-Solano L, Gil C, Pla J, Nombela C et al (2005) The importance
of the phagocytes’ innate response in resolution of the infection induced by a low virulent
Candida albicans mutant. Scand J Immunol 62(3):224-233

Morrell M, Fraser VJ, Kollef MH (2005) Delaying the empiric treatment of Candida bloodstream
infection until positive blood culture results are obtained: a potential risk factor for hospital
mortality. Antimicrob Agents Chemother 49(9):3640-3645

Muller V, Viemann D, Schmidt M, Endres N, Ludwig S, Leverkus M et al (2007) Candida
albicans triggers activation of distinct signaling pathways to establish a proinflammatory
gene expression program in primary human endothelial cells. J Immunol 179(12):8435-8445

Murciano C, Villamon E, Gozalbo D, Roig P, O’Connor JE, Gil ML (2006) Toll-like receptor 4
defective mice carrying point or null mutations do not show increased susceptibility to Candida
albicans in a model of hematogenously disseminated infection. Med Mycol 44(2):149-157

Murciano C, Yanez A, Gil ML, Gozalbo D (2007) Both viable and killed Candida albicans cells
induce in vitro production of TNF-alpha and IFN-gamma in murine cells through a TLR2-
dependent signalling. Eur Cytokine Netw 18(1):38—43

Naglik JR, Fidel PL Jr, Odds FC (2008a) Animal models of mucosal Candida infection. FEMS
Microbiol Lett 283(2):129-139



3 Candida Infections and Modelling Disease 63

Naglik JR, Moyes D, Makwana J, Kanzaria P, Tsichlaki E, Weindl G et al (2008b) Quantitative
expression of the Candida albicans secreted aspartyl proteinase gene family in human oral and
vaginal candidiasis. Microbiology 154(Pt 11):3266-3280

Narayanan R, Joyce WA, Greenfield RA (1991) Gastrointestinal candidiasis in a murine model of
severe combined immunodeficiency syndrome. Infect Immun 59(6):2116-2119

Negroni M, Gonzalez MI, Levin B, Cuesta A, Iovanniti C (2002) Candida carriage in the oral
mucosa of a student population: Adhesiveness of the strains and predisposing factors. Rev
Argent Microbiol 34(1):22-28

Netea MG, Brown GD, Kullberg BJ, Gow NA (2008) An integrated model of the recognition of
Candida albicans by the innate immune system. Nat Rev Microbiol 6(1):67-78

Netea MG, Gijzen K, Coolen N, Verschueren I, Figdor C, Van der Meer JW et al (2004) Human
dendritic cells are less potent at killing Candida albicans than both monocytes and macro-
phages. Microbes and Infect 6(11):985-989

Netea MG, Gow NA, Munro CA, Bates S, Collins C, Ferwerda G et al (2006) Immune sensing of
Candida albicans requires cooperative recognition of mannans and glucans by lectin and toll-
like receptors. J Clin Invest 116(6):1642—-1650

Newman SL, Holly A (2001) Candida albicans is phagocytosed, killed, and processed for antigen
presentation by human dendritic cells. Infect Immun 69(11):6813—6822

Nichterlein T, Buchheidt D, Hein A, Becker KP, Mosbach K, Kretschmar M (2003) Comparison of
glucan detection and galactomannan enzyme immunoassay in gastrointestinal and systemic
murine candidiasis. Diagn Microbiol Infect Dis 46(2):103—-108

Nisini R, Torosantucci A, Romagnoli G, Chiani P, Donati S, Gagliardi MC et al (2007) {Beta}-
glucan of Candida albicans cell wall causes the subversion of human monocyte differentiation
into dendritic cells. J Leukoc Biol 82(5):1136-1142

Nobile CJ, Solis N, Myers CL, Fay AJ, Deneault JS, Nantel A et al (2008) Candida albicans
transcription factor Rim101 mediates pathogenic interactions through cell wall functions. Cell
Microbiol 10(11):2180-2196

Odds FC, Hanson MF, Davidson AD, Jacobsen MD, Wright P, Whyte JA et al (2007) One year
prospective survey of Candida bloodstream infections in Scotland. J Med Microbiol 56(Pt
8):1066-1075

Orsi GB, Scorzolini L, Franchi C, Mondillo V, Rosa G, Venditti M (2006) Hospital-acquired
infection surveillance in a neurosurgical intensive care unit. J Hosp Infect 64(1):23-29

Papadimitriou JM, Ashman RB (1986) The pathogenesis of acute systemic candidiasis in a
susceptible inbred mouse strain. J Pathol 150(4):257-265

Parveen N, Munir AA, Din I, Majeed R (2008) Frequency of vaginal candidiasis in pregnant
women attending routine antenatal clinic. J Coll Physicians Surg Pak 18(3):154-157

Pasqualotto AC, de Moraes AB, Zanini RR, Severo LC (2007) Analysis of independent risk factors
for death among pediatric patients with candidemia and a central venous catheter in place.
Infect Control Hosp Epidemiol 28(7):799-804

Pasqualotto AC, Rosa DD, Medeiros LR, Severo LC (2006) Candidaemia and cancer: Patients are
not all the same. BMC Infect Dis 6:50-56

Pattanapanyasat K, Sukapirom K, Tachavanich K, Kaewmoon S (2007) Flow cytometric quanti-
tation of opsonophagocytosis and intracellular killing of Candida albicans using a whole blood
microassay. Cytometry A 71(12):1027-1033

Paulitsch A, Weger W, Ginter-Hanselmayer G, Marth E, Buzina W (2006) A 5-year (2000-2004)
epidemiological survey of Candida and non-Candida yeast species causing vulvovaginal
candidiasis in Graz, Austria. Mycoses 49(6):471-475

Peleg AY, Tampakakis E, Fuchs BB, Eliopoulos GM, Moellering RC Jr, Mylonakis E (2008)
Prokaryote-eukaryote interactions identified by using Caenorhabditis elegans. Proc Natl Acad
Sci USA 105(38):14585-14590

Pepe M, Jirillo E, Covelli V (2006) In vitro infection of human monocyte-derived dendritic cells
with Candida albicans: receptorial involvement and therapeutic implications. Curr Pharm Des
12(32):4263-4269



64 D.M. MacCallum

Phan QT, Fratti RA, Prasadarao NV, Edwards JE Jr, Filler SG (2005) N-cadherin
mediates endocytosis of Candida albicans by endothelial cells. J Biol Chem 280(11):10455—
10461

Phan QT, Myers CL, Fu Y, Sheppard DC, Yeaman MR, Welch WH (2007) Als3 is a Candida
albicans invasin that binds to cadherins and induces endocytosis by host cells. PLoS Biol 5
(3):e64

Pietrella D, Bistoni G, Corbucci C, Perito S, Vecchiarelli A (2006) Candida albicans mannopro-
tein influences the biological function of dendritic cells. Cell Microbiol 8(4):602-612

Pires-Goncalves RH, Miranda ET, Baeza LC, Matsumoto MT, Zaia JE, Mendes-Giannini MJ
(2007) Genetic relatedness of commensal strains of Candida albicans carried in the oral cavity
of patients’ dental prosthesis users in Brazil. Mycopathologia 164(6):255-263

Pirotta MV, Garland SM (2006) Genital Candida species detected in samples from women
in Melbourne, Australia, before and after treatment with antibiotics. J Clin Microbiol 44
(9):3213-3217

Playford EG, Marriott D, Nguyen Q, Chen S, Ellis D, Slavin M et al (2008) Candidemia in
nonneutropenic critically ill patients: risk factors for non-albicans Candida spp. Crit Care Med
36(7):2034-2039

Ponnuvel KM, Rama CP, Menon T (1993) Systemic and gastrointestinal candidiasis of infant mice
as model for antifungal therapy. Indian J Exp Biol 31(5):450-452

Presterl E, Daxbock F, Graninger W, Willinger B (2007) Changing pattern of candidaemia 2001—
2006 and use of antifungal therapy at the university hospital of Vienna, Austria. Clin Microbiol
Infect 13(11):1072-1076

Qi QG, Hu T, Zhou XD (2005) Frequency, species and molecular characterization of oral Candida
in hosts of different age in China. J Oral Pathol Med 34(6):352-356

Rahman D, Mistry M, Thavaraj S, Challacombe SJ, Naglik JR (2007) Murine model of concurrent
oral and vaginal Candida albicans colonization to study epithelial host-pathogen interactions.
Microbes and Infect 9(5):615-622

Re F, Strominger JL (2001) Toll-like receptor 2 (TLR2) and TLR4 differentially activate human
dendritic cells. J Biol Chem 276(40):37692-37699

Reed BD, Zazove P, Pierson CL, Gorenflo DW, Horrocks J (2003) Candida transmission and
sexual behaviors as risks for a repeat episode of Candida vulvovaginitis. ] Womens Health
(Larchmt) 12(10):979-989

Richardson MD, Warnock DW (1997) Superficial candidosis. In: Richardson MD, Warnock DW
(eds) Fungal infection: diagnosis and management, 2nd edn. Blackwell Science, London, pp
78-93

Romani L, Montagnoli C, Bozza S, Perruccio K, Spreca A, Allavena P et al (2004) The exploita-
tion of distinct recognition receptors in dendritic cells determines the full range of host immune
relationships with Candida albicans. Int Inmunol 16(1):149-161

Rozkiewicz D, Daniluk T, Zaremba ML, Cylwik-Rokicka D, Stokowska W, Pawinska M et al
(2006) Oral Candida albicans carriage in healthy preschool and school children. Adv Med Sci
51(Suppl 1):187-190

Rubin-Bejerano I, Abeijon C, Magnelli P, Grisafi P, Fink GR (2007) Phagocytosis by human
neutrophils is stimulated by a unique fungal cell wall component. Cell Host Microbe 2:55-67

Rubin-Bejerano I, Fraser I, Grisafi P, Fink GR (2003) Phagocytosis by neutrophils induces an
amino acid deprivation response in Saccharomyces cerevisiae and Candida albicans. Proc Natl
Acad Sci USA 100(19):11007-11012

Rylander E, Berglund AL, Krassny C, Petrini B (2004) Vulvovaginal Candida in a young sexually
active population: prevalence and association with oro-genital sex and frequent pain at
intercourse. Sex Transm Infect 80(1):54-57

Saha R, Das Das S, Kumar A, Kaur IR (2008) Pattern of Candida isolates in hospitalized children.
Indian J Pediatr 75(8):858-860

Samaranayake YH, Samaranayake LP (2001) Experimental oral candidiasis in animal models.
Clin Microbiol Rev 14(2):398-429



3 Candida Infections and Modelling Disease 65

Samonis G, Anaissie EJ, Rosenbaum B, Bodey GP (1990) A model of sustained gastrointestinal
colonization by Candida albicans in healthy adult mice. Infect Immun 58(6):1514-1517

Samonis G, Mantadakis E, Barbounakis E, Kofteridis D, Papadakis G, Sifaki L et al (2008) Effects
of tigecycline and daptomycin on murine gut colonization by Candida albicans. Mycoses 51
(4):324-327

Sanchez AA, Johnston DA, Myers C, Edwards JE Jr, Mitchell AP, Filler SG (2004) Relationship
between Candida albicans virulence during experimental hematogenously disseminated infec-
tion and endothelial cell damage in vitro. Infect Immun 72(1):598-601

Sanchez-Vargas LO, Ortiz-Lopez NG, Villar M, Moragues MD, Aguirre JM, Cashat-Cruz M et al
(2005a) Point prevalence, microbiology and antifungal susceptibility patterns of oral Candida
isolates colonizing or infecting Mexican HIV/AIDS patients and healthy persons. Rev Iberoam
Micol 22(2):83-92

Sanchez-Vargas LO, Ortiz-Lopez NG, Villar M, Moragues MD, Aguirre JM, Cashat-Cruz M et al
(2005b) Oral Candida isolates colonizing or infecting human immunodeficiency virus-infected
and healthy persons in Mexico. J Clin Microbiol 43(8):4159-4162

Sandovsky-Losica H, Barr-Nea L, Segal E (1992) Fatal systemic candidiasis of gastrointestinal
origin: an experimental model in mice compromised by anti-cancer treatment. ] Med Vet
Mycol 30(3):219-231

Sandovsky-Losica H, Chauhan N, Calderone R, Segal E (2006) Gene transcription studies of
Candida albicans following infection of HEp2 epithelial cells. Med Mycol 44(4):329-334

Sandven P, Bevanger L, Digranes A, Haukland HH, Mannsaker T, Gaustad P et al (2006)
Candidemia in Norway (1991 to 2003): results from a nationwide study. J Clin Microbiol 44
(6):1977-1981

Sarvikivi E, Lyytikainen O, Vaara M, Saxen H (2008) Nosocomial bloodstream infections in
children: an 8-year experience at a tertiary-care hospital in Finland. Clin Microbiol Infect 14
(11):1072-1075

Scanlan PD, Marchesi JR (2008) Micro-eukaryotic diversity of the human distal gut microbiota:
qualitative assessment using culture-dependent and -independent analysis of faeces. ISME J 2
(12):1183-1193

Schaller M, Bein M, Korting HC, Baur S, Hamm G, Monod M et al (2003) The secreted aspartyl
proteinases Sapl and Sap2 cause tissue damage in an in vitro model of vaginal candidiasis
based on reconstituted human vaginal epithelium. Infect Immun 71(6):3227-3234

Schaller M, Korting HC, Borelli C, Hamm G, Hube B (2005) Candida albicans-secreted aspartic
proteinases modify the epithelial cytokine response in an in vitro model of vaginal candidiasis.
Infect Immun 73(5):2758-2765

Schaller M, Zakikhany K, Naglik JR, Weindl G, Hube B (2006) Models of oral and vaginal
candidiasis based on in vitro reconstituted human epithelia. Nat Protoc 1(6):2767-2773

Schelenz S, Gransden WR (2003) Candidaemia in a London teaching hospital: analysis of 128
cases over a 7-year period. Mycoses 46(9-10):390-396

Schofield DA, Westwater C, Warner T, Nicholas PJ, Paulling EE, Balish E (2003) Hydrolytic gene
expression during oroesophageal and gastric candidiasis in immunocompetent and immunode-
ficient gnotobiotic mice. J Infect Dis 188(4):591-599

Schwab U, Milatovic D, Braveny I (1997) Increased adherence of Candida albicans to buccal
epithelial cells from patients with AIDS. Eur J Clin Microbiol Infect Dis 16(11):848-851

Shimizu C, Kuriyama T, Williams DW, Karasawa T, Inoue K, Nakagawa K et al (2008) Associa-
tion of oral yeast carriage with specific host factors and altered mouth sensation. Oral Surg Oral
Med Oral Pathol Oral Radiol Endo 105(4):445-451

Shin YK, Kim KY, Paik YK (2005) Alterations of protein expression in macrophages in response
to Candida albicans infection. Mol Cells 20(2):271-279

Shivaprakasha S, Radhakrishnan K, Karim PM (2007) Candida spp. other than Candida albicans:
a major cause of fungaemia in a tertiary care centre. Indian J] Med Microbiol 25(4):405-407

Sobel JD, Muller G, McCormick JF (1985) Experimental chronic vaginal candidosis in rats.
Sabouraudia 23(3):199-206



66 D.M. MacCallum

Spellberg B, Ibrahim AS, Edwards JE Jr, Filler SG (2005) Mice with disseminated candidiasis die
of progressive sepsis. J Infect Dis 192(2):336-343

Steele C, Fidel PL Jr (2002) Cytokine and chemokine production by human oral and vaginal
epithelial cells in response to Candida albicans. Infect Immun 70(2):577-583

Steele C, Leigh J, Swoboda R, Fidel PL Jr (2000) Growth inhibition of Candida by human oral
epithelial cells. J Infect Dis 182(5):1479-1485

Steele C, Ozenci H, Luo W, Scott M, Fidel PL Jr (1999) Growth inhibition of Candida albicans by
vaginal cells from naive mice. Med Mycol 37(4):251-259

Stehr F, Felk A, Gacser A, Kretschmar M, Mahnss B, Neuber K et al (2004) Expression analysis of
the Candida albicans lipase gene family during experimental infections and in patient samples.
FEMS Yeast Res 4(4-5):401-408

St-Germain G, Laverdiere M, Pelletier R, Rene P, Bourgault AM, Lemieux C et al (2008)
Epidemiology and antifungal susceptibility of bloodstream Candida isolates in Quebec: report
on 453 cases between 2003 and 2005. Can J Infect Dis Med Microbiol 19(1):55-62

Swinne D, Nolard N, VAN Rooij P, Detandt M (2009) Bloodstream yeast infections: a 15-month
survey. Epidemiol Infect 137(7):1037-1040

Takahashi K, Kita E, Konishi M, Yoshimoto E, Mikasa K, Narita N et al (2003) Translocation
model of Candida albicans in DBA-2/] mice with protein calorie malnutrition mimics hema-
togenous candidiasis in humans. Microb Pathog 35(5):179-187

Takakura N, Sato Y, Ishibashi H, Oshima H, Uchida K, Yamaguchi H et al (2003) A novel murine
model of oral candidiasis with local symptoms characteristic of oral thrush. Microbiol Immu-
nol 47(5):321-326

Tansho S, Ab S, Mizutani S, Ono Y, Takesako K, Yamaguchi H (2002) Protection of mice from
lethal endogenous Candida albicans infection by immunization with Candida membrane
antigen. Microbiol Immunol 46(5):307-311

Tavanti A, Campa D, Bertozzi A, Pardini G, Naglik JR, Barale R et al (2006) Candida albicans
isolates with different genomic backgrounds display a differential response to macrophage
infection. Microbes Infect 8(3):791-800

Taylor BN, Fichtenbaum C, Saavedra M, Slavinsky J, Swoboda R, Wozniak K et al (2000) /n vivo
virulence of Candida albicans isolates causing mucosal infections in people infected with the
human immunodeficiency virus. J Infect Dis 182:955-959

Taylor BN, Staib P, Binder A, Biesemeier A, Sehnal M, Rollinghoff M et al (2005) Profile of
Candida albicans-secreted aspartic proteinase elicited during vaginal infection. Infect Immun
73(3):1828-1835

Taylor PR, Brown GD, Herre J, Williams DL, Willment JA, Gordon S (2004) The role of SIGNR1
and the beta-glucan receptor (dectin-1) in the nonopsonic recognition of yeast by specific
macrophages. J Immunol 172(2):1157-1162

Thaweboon S, Thaweboon B, Srithavaj T, Choonharuangdej S (2008) Oral colonization of
Candida species in patients receiving radiotherapy in the head and neck area. Quintessence
Int 39(2):e52—e57

Torosantucci A, Chiani P, Cassone A (2000) Differential chemokine response of human mono-
cytes to yeast and hyphal forms of Candida albicans and its relation to the beta-1, 6 glucan of
the fungal cell wall. J Leukoc Biol 68(6):923-932

Urban CF, Reichard U, Brinkmann V, Zychlinsky A (2006) Neutrophil extracellular traps capture
and kill Candida albicans yeast and hyphal forms. Cell Microbiol 8(4):668-676

Valentin A, Bernard C, Mallie M, Huerre M, Bastide JM (1993) Control of Candida albicans
vaginitis in mice by short-duration butoconazole treatment in situ. Mycoses 36(11-12):
379-384

Vargas KG, Joly S (2002) Carriage frequency, intensity of carriage, and strains of oral yeast
species vary in the progression to oral candidiasis in human immunodeficiency virus-positive
individuals. J Clin Microbiol 40(2):341-350



3 Candida Infections and Modelling Disease 67

Vigouroux S, Morin O, Moreau P, Harousseau JL, Milpied N (2006) Candidemia in patients with
hematologic malignancies: analysis of 7 years’ experience in a single center. Haematologica 91
(5):717-718

Villamon E, Gozalbo D, Roig P, Murciano C, O’Connor JE, Fradelizi D et al (2004) Myeloid
differentiation factor 88 (MyD88) is required for murine resistance to Candida albicans and is
critically involved in Candida-induced production of cytokines. Eur Cytokine Netw 15(3):
263-271

Villar CC, Dongari-Bagtzoglou A (2008) Immune defence mechanisms and immunoenhancement
strategies in oropharyngeal candidiasis. Expert Rev Mol Med 10:¢29

Villar CC, Kashleva H, Mitchell AP, Dongari-Bagtzoglou A (2005) Invasive phenotype of
Candida albicans affects the host proinflammatory response to infection. Infect Immun 73
(8):4588-4595

Walker LA, Maccallum DM, Bertram G, Gow NA, Odds FC, Brown AJ (2009) Genome-wide
analysis of Candida albicans gene expression patterns during infection of the mammalian
kidney. Fungal Genet Biol 46(2):210-219

Wang J, Ohshima T, Yasunari U, Namikoshi S, Yoshihara A, Miyazaki H et al (2006) The carriage
of Candida species on the dorsal surface of the tongue: the correlation with the dental,
periodontal and prosthetic status in elderly subjects. Gerodontology 23(3):157-163

Weinberger M, Leibovici L, Perez S, Samra Z, Ostfeld I, Levi I et al (2005) Characteristics of
candidaemia with Candida albicans compared with non-albicans Candida species and pre-
dictors of mortality. J Hosp Infect 61(2):146-154

Weindl G, Naglik JR, Kaesler S, Biedermann T, Hube B, Korting HC et al (2007) Human
epithelial cells establish direct antifungal defense through TLR4-mediated signaling. J Clin
Invest 117(12):3664-3672

Xess I, Jain N, Hasan F, Mandal P, Banerjee U (2007) Epidemiology of candidemia in a tertiary
care centre of north India: 5-year study. Infection 35(4):256-259

Yamamoto Y, Klein TW, Friedman H (1997) Involvement of mannose receptor in cytokine
interleukin-1beta (IL-1beta), IL-6, and granulocyte-macrophage colony-stimulating factor
responses, but not in chemokine macrophage inflammatory protein lbeta (MIP-1beta),
MIP-2, and KC responses, caused by attachment of Candida albicans to macrophages. Infect
Immun 65(3):1077-1082

Zakikhany K, Naglik JR, Schmidt-Westhausen A, Holland G, Schaller M, Hube B (2007) In vivo
transcript profiling of Candida albicans identifies a gene essential for interepithelial dissemi-
nation. Cell Microbiol 9(12):2938-2954

Zhao X, Oh SH, Hoyer LL (2007a) Deletion of ALSS5, ALS6 or ALS7 increases adhesion of
Candida albicans to human vascular endothelial and buccal epithelial cells. Med Mycol 45
(5):429-434

Zhao X, Oh SH, Hoyer LL (2007b) Unequal contribution of ALS9 alleles to adhesion between
Candida albicans and human vascular endothelial cells. Microbiology 153(Pt 7):2342-2350



Chapter 4
Candida albicans Cell Wall Mediated Virulence

Carol Munro

Abstract Fungal cells are covered in a polysaccharide-rich coat that protects them
from the external environment, acts as a barrier and filter, and resists internal turgor
pressure. The tensile strength provided by the mature cell wall is co-ordinated with
zones of new polarised growth (germination, septal formation, hyphal tips and
branches) where the wall must retain its integrity, as new cell wall material is
inserted and assembled. Therefore, there is a careful balance between wall rigidifi-
cation and wall re-moulding to enable morphogenesis and growth. In this chapter
we will discover that the overall cell wall structure can adapt and respond to
external and internal factors, and by remodelling the wall in response to such
stimuli fungal cells minimise any loss of cellular integrity. In fungal pathogens
the cell wall provides the interface with the host and so a number of cell wall
associated components have been identified that play important roles in fungal-host
interactions. Here we will describe cell wall components that play roles in viru-
lence, either directly or by modulating the host’s immune responses using Candida
albicans as a model fungal pathogen of humans. The main focus will be in recent
advances of our understanding of the regulation and dissection of cell wall compo-
nents using molecular approaches. Readers are also directed to other excellent
C. albicans cell wall reviews and book chapters (Klis et al. 2001; Chauhan et al.
2002; Ruiz-Herrera et al. 2006; Sohn et al. 2006; Chaffin 2008).

4.1 C. albicans Cell Wall Architecture

In the human pathogen C. albicans the three main components of the wall are chitin
(linear polymer of B(1,4)-N-acetyl glucosamine), glucan ((1,3)- and B(1,6)- chains
of glucose) and mannan (highly glycosylated mannoproteins) (De Groot et al. 2007).
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Fig. 4.1 High pressure freeze substitution transmission electron micrograph of C. albicans yeast
cell wall

Minor components include phospholipomannan (Trinel et al. 1999), sialic acid
(Soares et al. 2000), dityrosine (Melo et al. 2008) and possibly chitosan (the
deacetylated form of chitin). The core, covalently-linked polysaccharides chitin
and B(1,3)-glucan provide the wall with its strength and rigidity. The outer cell wall
is enriched with mannoproteins that provide the wall with its fibrillar structure,
which is evident by electron microscopy (Fig. 4.1). The cell wall is in close contact
with the underlying plasma membrane and several of the important cell wall
biosynthetic enzymes, such as the chitin synthase family and B(1,3)-glucan
synthase subunits are integral membrane proteins. The major class of covalently
attached cell wall proteins, the glycosylphosphatidyl inositol (GPI)-anchored pro-
teins, also transit to the wall via the membrane and some GPI-proteins remain
permanently localised in the membrane (see below). In addition, a number of
membrane-bound proteins (Mid2, Wsc family and signalling mucins such as
Mtll) are sensors of cell wall damage and transmit their signals to downstream
signalling pathways (Levin 2005).

4.1.1 Cell Wall Proteins

GPI-proteins contain both an N-terminal signal peptide and a hydrophobic
C-terminal GPI-anchor attachment site. They follow the normal secretory pathway
through the ER, where they are processed at the C-terminus and a pre-synthesised
GPI-anchor added (Herscovics and Orlean 1993). Assembly of the GPI-anchor is an
essential function in Saccharomyces cerevisiae and in C. albicans (Orlean and
Menon 2007; Fujita and Jigami 2008) as evidenced by gene deletion and regulated
expression studies. After further processing in the ER and Golgi with the addition of
O- and N-glycans, the GPI-anchored proteins are transported to the plasma mem-
brane. Some GPI-proteins, such as Ecm331, remain tethered to the plasma
membrane, (Mao et al. 2008) whereas others are translocated out to the cell wall.
Cell wall localisation is dependent upon further modification of the GPI-anchor,
which is cleaved, leaving a remnant that becomes covalently attached to B(1,6)-
glucan. The enzymes involved in these last processing steps are not known.
Likely candidates are other membrane and wall localised proteins, including
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other GPI-proteins such as the synthetically lethal Dfg5 and Dcw1 that bear some
resemblance to bacterial mannosidases. The basis behind the selection of the final
residence of GPI-proteins, i.e. membrane or wall, is not fully understood, but can be
predicted by the sequences that are upstream of the GPI-anchor attachment site
(Vossen et al. 1997; Frieman and Cormack 2003, 2004; Mao et al. 2008).

The second minor class of covalently attached proteins, which are directly linked
to B(1,3)-glucan, comprises only Pirl in C. albicans. Pirl is orthologous to a family
of proteins in S. cerevisiae. Characteristic of its class, Pirl has internal repeats and
can be released from the cell wall with mild alkali treatment. It has been suggested
in S. cerevisiae that glutamine residues within the internal repeats may form ester
linkages with glucose sugars of B(1,3)-glucan (Ecker et al. 2006). A number of
other cell wall associated proteins (CaScw1, ScScw4, ScScw10 and ScTos1) have
been shown to be attached to the wall via a mild alkali-sensitive linkage (Yin et al.
2005). Some of these proteins attached via a mild alkali-sensitive linkage can also
be released by treatment with reducing agents such as dithiothreitol (DTT) and
B-mercaptoethanol (Cappellaro et al. 1998). Treatment with reducing agents also
releases a number of carbohydrate-lytic, secreted proteins from the wall including
glucanases ScExgl, ScBgl2 and chitinase ScCtsl (Cappellaro et al. 1998). There
are several examples of cell wall proteins that contain cysteine residues, often
positioned towards the N-terminal half of the proteins. One example is a family of
GPI-proteins that contain eight cysteines at conserved positions constituting putative
CFEM (Conserved in several Fungi Extracellular Membrane) domains (Weissman
and Kornitzer 2004b; Perez et al. 2006). Therefore, disulphide bridges may be
important in tethering non-covalently attached proteins to covalently attached proteins
in the wall.

Non-conventional, supposedly intracellular and cytoplasmic proteins that lack a
signal peptide have also been detected in cell wall fractions when proteins have
been extracted using reducing agents such as [B-mercaptoethanol and DTT
(Vediyappan et al. 2000; Pitarch et al. 2002; Chaffin 2008). Such conditions have
been shown to result in leakage of cytosolic contents by partially solubilising the
membrane (Klis et al. 2007). These non-conventional cell wall associated proteins
include known immunogens. Antibodies against cytoplasmic proteins have been
identified in patient sera suggesting that they become bound to the surface during an
infection by an unknown mechanism or as a consequence of their release from lysed
cells. Examples are phosphoglycerate kinase Pgkl, enolase Enol and heat shock
proteins (Angiolella et al. 1996; Pitarch et al. 2002, 2006). Some non-conventional
cell wall associated proteins contribute to host-fungus interactions by, for example,
binding to plasminogen and other host proteins (Jong et al. 2003; Crowe et al.
2003). Tsal, the C. albicans peroxiredoxin protein, contributes to the oxidative
stress response. Although it is expressed equally in yeast and hyphal cells, it
remains in the cytosol and nucleus of yeast cells and is only localised to the walls
of hyphal cells (Urban et al. 2003, 2005). The localisation of Tsal correlated with
morphology and was shown to be dependent upon Efgl (Urban et al. 2005).
Therefore, morphology-related changes in cell wall composition can be extended
to include non-conventional cell wall associated proteins.
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4.2 Cell Wall Remodelling During Morphogenesis
and Variation in pH

As C. albicans switches between different morphologies in response to environ-
mental stimuli significant remodelling of the cell wall occurs (Fig. 4.2). There are
changes in the structural polysaccharides with three- to five-fold higher chitin levels
in hyphae compared to yeast (Chiew et al. 1982; Sullivan et al. 1983; Munro et al.
1998). Structural differences also exist between yeast and hyphal B(1,3)-glucan
(Lowman et al. 2003). The mannan structure is also altered with more 3-1,2-linked
mannose in the acid labile yeast mannan than the hyphal form (Shibata et al. 2007)
and there are a number of morphotype-specific cell wall proteins. Expression
analyses have identified genes encoding cell surface proteins that are differentially
regulated in response to morphogenesis (Table 4.1). Hyphal induced or hyphal-
associated genes include ALS3 (Hoyer et al. 1998), CSAI/WAPI (Braun et al. 2000),

Ywp1—, | Dectin-1 binding

Surface

hydrophobicity
Biofilm
formation Adhesion
; Superoxide
Phospholipases dismutases

Iron-binding

Hyphal-associated
| : proteins, Hwp1, Als3,
Easion Hyr1, Sod5

3-5 fold higher chitin

Fig. 4.2 Virulence attributes associated with C. albicans yeast and hyphal cell wall. Black line
represents plasma membrane, chitin is white, glucan grey and outer fibrillar layer is shown.
Specific mannoproteins are represented as different coloured and patterned shapes and may be
attached to the plasma membrane or the cell wall
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HWPI (Staab et al. 1996), HYRI (Bailey et al. 1996), IHD1/PGA36 (Nantel et al.
2002) and RBT! (Braun et al. 2000). In contrast, YWP]! is yeast-form specific
(Granger et al. 2005). In addition, members of the Gas-like Phr family of transgly-
cosidases respond to changes in pH, a parameter that also contributes to morpho-
genesis. Phrl is expressed in alkaline pH conditions related to hyphal induction
(Saporito-Irwin et al. 1995), whereas Phr2 is expressed in acidic conditions
(Muhlschlegel and Fonzi 1997). In vivo models have indicated that the phriA
mutant is defective in causing systemic infection, but had normal ability to cause
disease in a rat vaginitis model, whereas the phr2A mutant had the inverse pheno-
type (Ghannoum et al. 1995; De Bernardis et al. 1998). Therefore, the mutants
display niche-specific phenotypes commensurate with their differential expression
under these conditions. Another cell surface pH-regulated antigen, Pral, acts as a
ligand for leukocyte integrin alphaMbeta2 and is immunogenic in a mouse model of
candidiasis (Soloviev et al. 2007). Transcript profiling has identified pH responsive
genes in C. albicans (Lotz et al. 2004; Bensen et al. 2004). As well as the afore-
mentioned PHRI and PHR?2, the differentially regulated genes included a number
of other cell wall related genes such as the one encoding the GPI-anchored protein
Rbr1/Pga20, which was shown to be repressed by Rim101 and activated by Nrgl
(Lotz et al. 2004). A number of the hyphal-induced genes were also activated in
response to alkaline pH; RBT! (repressed by Tupl), CSAI, ECEI, HYRI, HWP]
(Bensen et al. 2004), and RIM101. The latter encodes a zinc finger transcription
factor orthologous to PacC (Ramon and Fonzi 2003), which participates in the
regulation of the alkaline pH response and plays a role in virulence as the rim/0IA
mutant is defective in endothelial damage assays and in a murine model of systemic
candidiasis (Davis et al. 2000). The attenuated virulence of the rim/0IA mutant in
an oropharyngeal model of candidiasis has been attributed to its altered cell wall as
over-expression of Als3, Cht2, Pga7/Rbt6 and Sknl resulted in remediation of the
riml01A avirulent phenotype (Nobile et al. 2008b).

In addition to gene expression studies, proteomics analyses have identified
proteins that are differentially expressed in yeast and hyphal cell walls and mem-
brane fractions (Pitarch et al. 2002; Ebanks et al. 2006; Alvarez and Konopka 2006;
Castillo et al. 2008) (Table 4.1). C. albicans is found as yeast, pseudohyphae and
hyphae as it grows in host tissues and so all combinations of different surface
components may be present in a single infection lesion. So the host’s immune
response may be activated by yeast and hyphae-associated components at the
same time. By switching morphologies and hence altering cell surface properties,
C. albicans elicits different immune responses (Torosantucci et al. 1990, 2000),
and this could also act as an immune evasion mechanism (Torosantucci et al. 2004).
Altering morphology has also been shown to affect C. albicans recognition via the
pathogen recognition receptor Dectin-1 (Heinsbroek et al. 2005). Dectin-1 elicits
uptake of C. albicans by macrophages by binding to B(1,3)-glucan. However,
B(1,3)-glucan is normally shielded from the host’s immune cells by an outer layer
of mannoproteins except when it is exposed on the surface of bud scars of mother
yeast cells. Dectin-1 recognition triggering engulfment by macrophages is specific
to yeast cells, C. albicans hyphae lacking bud scars were not recognized by Dectin-1
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and not taken up by macrophages (Gantner et al. 2005). Recent evidence has
revealed that, as infection progresses deeper, glucan-rich layers of the C. albicans
cell wall become unmasked and so different pathogen associated molecular patterns
(and possibly antigens) may become exposed to host cell receptors in the different
stages of infection (Wheeler et al. 2008). Furthermore treatment with caspofungin
aided the unmasking of glucan and was biased towards hyphal cells.

4.3 Phenotypic Switching

Phenotypic switching is a fascinating phenomenon demonstrated by C. albicans. The
ability to switch between an opaque (mating competent) and a white (mating
incompetent) form has been carefully dissected at the molecular level (Slutsky
et al. 1987; Sonneborn et al. 1999; Miller and Johnson 2002; Soll et al. 2003; Zordan
et al. 2006; Srikantha et al. 2006; Vinces and Kumamoto 2007; Yi et al. 2008; Huang
et al. 2009). Accompanying the switch is altered morphology and cell surface
differences, with opaque cells having a more elongated, ellipsoidal cell shape and a
cell surface covered in prominent pimples (Anderson et al. 1990). Not only does the
switch phenotype alter mating competency but also affects interactions with host’s
phagocytes. Murine-derived macrophage cell line Raw264.7 as well as Drosophila
hemocyte-derived S2 cells preferentially engulfed white cells over opaque cells. This
led the authors to propose that the ability to switch between white and opaque form
was an immune evasion strategy (Lohse and Johnson 2008). The differentially
expressed cell wall components that elicit altered phagocytosis have not been defined.

4.4 Comparative Cell Wall-Omics

Cell wall related genes are identifiable in fungal genomes by sequence comparison
and other in silico analyses. C. albicans possesses families of chitin synthases (Chs. 1,
2, 3 and 8) and B(1,3)-glucan synthase subunits (Gsc1/Fks1, Gsl1/Fks3, Gsl2/Fks2).
The prediction of proteins that are GPI-anchored has identified between 104 and 180
proteins depending on the algorithm used (De Groot et al. 2003; Lee et al. 2003;
Alberti-Segui et al. 2004; Eisenhaber et al. 2004). Cell wall proteins appear not to
have the evolutionary constraints of other proteins, perhaps because they are surface
localised or because they do not have many interacting partners (Coronado et al.
2007). Inter-species genome-wide prediction of GPI-anchored proteins has demon-
strated that each species in the so-called CTG clade species (Fitzpatrick et al. 2006)
related to C. albicans contains a sub-set of species-specific GPI-proteins (Butler et al.
2009). Within the CTG clade GPI-proteins that are conserved and found in other
species may play important roles in cell wall biosynthesis, assembly or re-modelling.
These include transglycosidases such as the Gas/Phr proteins that modify B(1,3)-
glucan (Mouyna et al. 2000; Carotti et al. 2004; Vinces and Kumamoto 2007;
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Hurtado-Guerrero et al. 2009) and the Crh family that links chitin to B(1,6)-glucan
(Cabib et al. 2007, 2008). Orthologous proteins can be divided into those that are
singletons, i.e. a unique sequence in each species and those that are members of one
of the 22 families (Butler et al. 2009; Richard and Plaine 2007). Inter-species
comparison has discerned expansion and contraction of these families and pinpointed
two examples of C. albicans and C. dubliniensis—specific families (Munro et al.
unpublished). Whether these families as well as other C. albicans and C. dubliniensis—
specific singleton proteins contribute to virulence remains to be established.

4.5 Glycosylphosphatidylinositol Anchored Cell Wall Proteins

Only around 30% of predicted GPI-proteins have been characterised so far in terms
of their function (Richard and Plaine 2007; Plaine et al. 2008a). Those that have
been characterised play roles in cell wall assembly and maintenance (Phr/Gas, Crh
and yapsin families) and act as adhesins, chitinases, phospolipases and superoxide
dismutases. GPI-anchored proteins also contribute to C. albicans virulence by
acting as adhesins and lytic enzymes, by sequestering iron, participating in biofilm
formation and in the case of Als3 performing as an invasin. Approaches to charac-
terize novel predicted GPI-anchored proteins have included systematic gene dis-
ruption (Plaine et al. 2008a) and over-expression (Fu et al. 2008). Disruption of a
number of predicted GPI-anchored proteins altered C. albicans sensitivity to
caspofungin (Plaine et al. 2008a). Therefore, there is much evidence to suggest
that GPI-anchored proteins have an important role in cell wall robustness and
viability. This is also reflected in mutants that are defective in GPI-anchor biosyn-
thesis. Disruption of GPI7 that encodes a GPI-anchor modifying enzyme affected
cell wall attachment of GPI-anchored proteins and resulted in an enhanced pro-
inflammatory response in mice (Richard et al. 2002; Plaine et al. 2008b). Grimme
et al. (2004) demonstrated that C. albicans Smp3 added the fourth mannose to a
trimannose core in the biosynthesis of the GPI-anchor and was essential for viability.
Switching off the MAL2 promoter-regulated expression of SMP3 caused yeast cells
to aggregate, the cells had abnormal morphology and became enlarged and were
hypersensitive to Calcofluor White (CFW) (Grimme et al. 2004).

4.6 Cell Wall Associated Virulence Attributes

4.6.1 Adhesion

Cell wall components contribute to different stages of infection. Initially during
colonisation, C. albicans must adhere to host cells to avoid being washed away in
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the fluids that are constantly bathing host mucosal surfaces. The ability to adhere
to a wide range of substrates enables C. albicans to stick on to and grow in
many different niches in the body (Calderone and Braun 1991; Calderone 1993;
Sundstrom 2002; Calderone and Gow 2002; Hoyer et al. 2008). In addition,
adhesion to inanimate substrates such as indwelling catheters allows C. albicans
to initiate biofilm formation that renders C. albicans more resistant to antifungal
agents (Ramage et al. 2001; Kumamoto 2002; Douglas 2003; d’Enfert 2006; Nett
and Andes 20006).

Progress has been made in deciphering the adhesive attributes of a number of
cell surface proteins. These are likely to be important for superficial as well as
systemic infections. Yet, we know very little about C. albicans’ ability to adhere to
the surface of the gut epithelium during commensalism and how it adheres to and
interacts with the resident gut microbiota. One family of proteins that plays a key
role in adhesion is the Als family of GPI-anchored cell wall proteins.

4.6.1.1 Als family

C. albicans has an eight membered family of agglutinin-like sequences (Als)
proteins (Hoyer 2001; Hoyer et al. 2008) comprising Als1 to Als7 and Als9. Each
protein consists of a unique N-terminal functional domain that elicits cell-to-cell
adhesion and adhesion to host proteins and tissues, a central domain that contains
characteristic mid-repeats and a C-terminus that houses the GPI-anchor attach-
ment site. Expression of the different family members in S. cerevisiae and
domain-swapping experiments has shown that different family members have
specificity for selected host proteins (Sheppard et al. 2004). The fibronectin-
binding and cell-to-cell adhesion properties of AlsS have been shown to be
mediated by the N-terminal IgG-like domain with participation from the threonine-
rich tandem repeats (Rauceo et al. 2006). Als5 also has the potential to form
amyloid-like fibers and the sequences involved are conserved in other family
members (Otoo et al. 2007). In vitro - prepared Als5 amyloids had the capacity
to bind Congo Red and shared other properties associated with amyloids. Als
amyloid-like structures may contribute to cell-to-cell adhesion, with Als proteins
on one cell interacting with Als proteins on an adjacent cell, and adhesion to
other substrates (Rauceo et al. 2006; Klotz et al. 2007). In addition to Als-to-Als
interactions aiding C. albicans cell-to-cell adhesion, interactions between Hwpl
and Als proteins enhance the attachment of cells to each other in biofilm forma-
tion (Nobile et al. 2008a). In S. cerevisiae cooperation in cell-to-cell adhesion
termed flocculation is mediated via the “green beard” gene FLO! (Smukalla et al.
2008). FLO1 encodes the major cell surface protein responsible for flocculation and
has high inter-strain variability in terms of expression and sequence, the latter
brought about by recombination between intragenic tandem repeats (Verstrepen
et al. 2005).
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4.6.1.2 Eapl

A successful approach to identify C. albicans adhesins is to express C. albicans
genes in S. cerevisiae and to monitor for consequential increases in adhesion. This
approach identified ALAI, now re-annotated as ALSS5 (Gaur and Klotz 1997; Gaur
et al. 1999) and EPAI (Li and Palecek 2003; Li et al. 2007). Heterologous
expression of Epal increased adhesion of a S. cerevisiae flo8A mutant and a
C. albicans efgl A mutant to polystyrene and to a kidney epithelial cell line
(Li and Palecek 2003). An epal A mutant also had reduced adhesion to polystyrene
and epithelial cells (Li et al. 2007). Expression of EPA! increased during biofilm
formation and EPAI expression was required for the generation of biofilms in vitro
and in vivo (Li et al. 2007). Epal has a modular domain structure that resembles
many other cell wall proteins with an N-terminal signal peptide, followed by a
serine/threonine-rich domain containing tandem repeats and a C-terminal GPI-
anchor attachment site. The N-terminal domain is required for cell-to-cell adhesion,
whereas the serine/threonine tandem repeat region is necessary for exposure of the
N-terminal domain on the cell surface and attachment to polystyrene (Li and
Palecek 2008).

4.6.1.3 Hwpl

Another key player in adhesion is the hypha-specific Hwpl. Isolated as a proline-
rich and glutamine-rich protein with integral repeats specific to the hyphal cell
surface (Staab et al. 1996), Hwpl has been shown to act as a substrate for
mammalian transglutaminases (Staab et al. 1999). This property is resident in the
disulphide-bridged, coiled N-terminal domain and enables cross-links to form
between C. albicans hyphal cells and host mucosal proteins (Staab et al. 2004). The
C-terminal modified GPI-anchor was also essential for this property. Deletion of
HWPI resulted in cells that could no longer attach stably to host mucosa and that
were avirulent in a mouse systemic model (Staab et al. 1999).

Dissection of the HWPI promoter has pinpointed a region of 368 bp that
mediates hyphal specific expression and this was recognised by transcription
factors Nhp6 and Geflp (Kim et al. 2007). In the formation of conjugation tubes
during mating HWPI expression was found to be a/a cell specific and Hwpl
localised to the region of the a/a conjugation tube that the first daughter cell
emerged from (Daniels et al. 2003).

4.6.14 Ywpl

In contrast to HWPI, YWP1 (PGA24) is most highly expressed in the yeast form and
has reduced expression in stationary phase and in hyphae. The ywp/A mutant had
enhanced biofilm formation and cell-to-cell aggregation suggesting that in yeast
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cells Ywpl acts to keep the cells separated perhaps by masking other cell wall
components (Granger et al. 2005).

4.6.1.5 Intl

Intl was isolated as an integrin-like protein that localised to the yeast cell surface
(Gale et al. 1996). Subsequently, Intl has been implicated in adhesion to host
epithelia, filamentation, intestinal colonisation and virulence (Gale et al. 1998;
Bendel et al. 1999; Kinneberg et al. 1999). Intl interacts with septins, the cortical
cues that mark the axis for septum formation at the mother-bud neck and its
localisation pattern with the septin Cdc3 differentiated yeast and pseudohyphae
from hyphae (Gale et al. 2001). A peptide derived from the N-terminus of Intl has
super-antigen like properties, including the ability to activate T-lymphocytes inde-
pendent of antigen processing and presentation and triggering the release of the
interferon-y cytokine (Devore-Carter et al. 2008).

4.6.2 Cell Surface Hydrophobicity

The physical properties of the wall including surface hydrophobicity are known to
contribute to virulence. Hydrophobic strains are more adherent and more resistant
to killing by phagocytes (Hazen et al. 1991, 2000). C. albicans isolates exhibit
different fibrillar architectures on their outer surfaces. Those with hydrophilic
surfaces have dispersed long fibrils, whereas more hydrophobic isolates have
shorter, more compact, aggregated fibrils (Hazen and Hazen 1992). Outer chain
N-glycans and specifically acid-labile B(1,2)-oligomannoside side chains (also
called phosphomannan) contribute to surface hydrophobicity with hydrophobic
cells having longer PB(1,2)-oligomannoside side chains (Masuoka and Hazen
1997, 1999). C. albicans can be classified into serotype A and B isolates that
have different cell surface properties due to different mannan structures (Suzuki
2002). Serotype A isolates have additional B(1,2)-oligomannoside side chains
added to the acid stable N-glycan as well as in the acid-labile phosphomannan
portion. Different levels of hydrophobicity correlate with the length of the acid-
labile B(1,2)-oligomannoside side chains whereas differences in the acid-stable
B(1,2)-mannose oligomers of serotype A isolates do not relate to hydrophobicity
changes (Masuoka and Hazen 2004).

The protein Csh1 that resembles members of the aldo-keto reductase family has
been identified in a screen for cell surface hydrophobic proteins (Singleton et al. 2001).
Deletion of CSHI initially reduced surface hydrophobicity by 75% but the null
mutant was able to regain hydrophobicity upon frozen storage (Singleton et al.
2005a).

The outer layer of the C. albicans wall is negatively charged due to the presence
of the phosphate group of the phosphomannan moiety of N-mannan. This is
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reflected in the ability of C. albicans cells to bind the cationic dye alcian blue and
can provide a quick and easy screen for altered cell wall charge. For example,
serotype A and serotype B mnn4A mutants that have defects in phosphomannan
production have significantly decreased alcian blue binding (Hobson et al. 2004;
Singleton et al. 2005b). The change in surface charge does not affect virulence as
the mnn4 A mutant in the serotype A background is as virulent as wild type cells in a
murine model of systemic candidiasis (Hobson et al. 2004).

4.6.3 Superoxide Dismutases (SODs)

A number of GPI-anchored proteins bear similarity to catalytic enzymes. Among
these are the Sod4, Sod5 and Sod6 proteins that resemble Cu, Zn superoxide
dismutases (De Groot et al. 2004). Superoxide dismutases represent one of a
number of antioxidant strategies used by microbes to combat the damaging free
oxygen radicals generated by immune cells in the defence of the host from
invading microbes (Hamilton and Holdom 1999). SODs convert 0*" to H,0,,
which can then be broken down by catalases. SOD5 was identified as a hyphal-
induced gene whose expression was also activated in response to oxidative stress
(Martchenko et al. 2004). The null sod5A mutant was attenuated in virulence in a
murine systemic model but was as efficiently killed by macrophages as its
parental control strain (Martchenko et al. 2004). Fradin et al. (2005) went on to
show that SOD5 expression was significantly activated when C. albicans yeast
cells were exposed to neutrophils (Fradin et al. 2005). When independently-
constructed sod5A and double sod4Asod5A mutants were challenged with bone
marrow derived macrophages and myeloid dendritic cells more reactive oxygen
species (ROS) accumulated with the mutants than with control strains (Frohner
et al. 2009). In addition, both the sod5SA and sod4Asod5A mutants had signifi-
cantly reduced viability when challenged in vitro with macrophages. Therefore,
surface-associated SODs do seem to play a role in the ability of C. albicans to
protect itself from host assault.

4.6.4 Phospholipases

Among the GPI-anchored, covalently attached cell wall proteins are proteins that
resemble phospholipases P1b3 to PIb5 (De Groot et al. 2003). C. albicans has two
further phospholipase B proteins, PIbl and PIb2, that are secreted (Chap. 9).
Phospholipases breakdown phospholipids and lysophospholipids, and function in
cellular processes such as signal transduction as well as virulence (Ghannoum 2000).
Disruption of PLBS results in reduced in vitro phospholipase A, activity and
decreasesorgan burdens in a murine systemic model (Theiss et al. 2006), indicating
surface-attached phospholipases do contribute to C. albicans virulence. Redundancy
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may occur between different family members and so multiple mutations may be
required to see a phospholipase B minus phenotype.

4.6.5 Iron Binding Proteins

The ability to scavenge essential iron from the host is a known virulence attribute of
microbial pathogens. Als3 as well as a number of other GPI-anchored proteins have
iron-binding capabilities. RBT51/PGA10/RBTS has the ability to confer the utilisa-
tion of iron hemoglobin to S. cerevisiae and expression of a closely related gene,
RBTS, was induced upon iron starvation (Weissman and Kornitzer 2004a). Disrup-
tion of the RBTS5 gene alone diminished C. albicans’ ability to use heme and
hemoglobin as sources of iron (Weissman and Kornitzer 2004a). An S. cerevisiae-
based screen identified mutants that were defective in iron hemoglobin utilisa-
tion and pointed to an endocytosis-mediated mechanism (Weissman et al. 2008).
One of the major classes of mutants identified were in the ESCRT (Endosomal
Sorting Complex Required for Transport), proteins involved in the internalisation
of mono-ubiquitinated proteins that are targeted to the vacuole (Hurley and Emr
2006). The generation of equivalent mutants in C. albicans proved this was the
case. Mutants of the ESCRT were defective in heme and hemoglobin uptake
(Weissman et al. 2008). Rbt5 and Rbt51 are members of a family that includes
predicted GPI-anchored proteins Csal/Wapl and Pga7/orf19.5635 as well as Csa2
that is not predicted to be GPI-anchored (Weissman and Kornitzer 2004a). Each of
these proteins has cysteines at conserved positions in the N-terminal half of the
amino acid sequences similar to other proteins with CFEM domains. Members of
this family also contribute to biofilm formation (Perez et al. 2006).

4.6.6 Als3 a Multi-Functional Adhesin, Invasin
and Ferritin-Binding Protein

The GPI-anchored, hyphal specific protein Als3 not only acts as an adhesin but also
plays a second important role in C. albicans virulence by acting as an invasin. Phan
et al. (2007) elegantly showed that the Als3 protein structure mimics E- and
N-cadherins of epithelial and endothelial cells and mediates endocytosis of
C. albicans. In addition, Als3 mediates iron acquisition by binding ferritin
(Almeida et al. 2008). Therefore, Als3 is a multifunctional protein with a major
role in C. albicans virulence. Interestingly, the closely related but less pathogenic
species C. dubliniensis lacks an Als3 orthologue (Jackson et al. 2009). C. dubliniensis
has a reduced ability to cause systemic infection compared to C. albicans, but is
a successful pathogen in the oral cavity, the extent to which the absence of Als3
impacts on this remains to be experimentally tested.
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4.6.7 Biofilm Formation

C. albicans has the ability to form biofilms — communities of cells surrounded by
extracellular matrix (ECM) — that contribute to pathogenicity (Douglas 2003; Nett
and Andes 2006). In the clinic, C. albicans biofilm development on inanimate
material such as indwelling central venous catheters, complicates antifungal thera-
pies as cells within biofilms are more resistant to azole drugs and amphotericin B
(d’Enfert 2006). Biofilms are discussed in detail in Chapter 6; therefore, here, we
will mention only the contribution of cell wall components to biofilms. It is easy to
speculate that biofilm ECM is a modified and extended version of the cell wall and
yet, no firm evidence suggests that any of the cell wall biosynthetic enzymes
contribute to biofilm formation. However, several lines of evidence including
chemical composition analysis (Al Fattani and Douglas 2006) and the ability of
B(1,3)-glucanase to degrade ECM suggests that C. albicans biofilm ECM is rich in
B(1,3)-glucan (Nett et al. 2007b). Nett et al. (2007a) showed that medical device-
associated infection led to increased secreted B(1,3)-glucan and led them to propose
that detecting elevated levels of secreted B(1,3)-glucan may be an indicator of, and
therefore a potential diagnostic for, abiofilm formation associated with medical
devices. In addition, the echinocandin class of antifungal drugs seems to be
effective in inhibiting growth of sessile cells within biofilms

Screening Tn-mutagenised libraries has highlighted a number of genes that are
involved in biofilm formation (Nobile and Mitchell 2005; Richard et al. 2005) that
encode signalling proteins and cell wall proteins. Included is the transcription factor
Berl, which regulates expression of Alsl, Als3 and Hwpl that are required for
biofilm generation (Nobile and Mitchell 2005; Nobile et al. 2006a,b). Analysis of
the function of the Torl kinase of C. albicans, a kinase that regulates the transcrip-
tional responses to nutrients, has revealed a novel role for Torl signalling in
negatively regulating cell-to-cell adhesion (Bastidas et al. 2009). A subset of
genes encoding cell wall proteins, hyphae-associated proteins and hyphal growth
regulators have elevated expression in response to rapamycin, the Torl-specific
inhibitor. Inhibition of Torl by rapamycin inhibited filamentation, increased the
expression of ALSI, ALS3, HWPI and ECEI and caused cells to aggregate. The
hyphal repressors Tupl and Nrgl were identified as downstream targets of Torl
signalling as were the transcription factors Efgl and Berl with the latter participat-
ing in the induction of the adhesin genes in response to rapamycin (Bastidas et al.
2009). Both filamentation and adhesin expression are vital for biofilm formation
and so Tor1 signalling may play an important role in regulating biofilm formation in
response to environmental and nutritional cues.

Microarray analysis comparing the transcriptomes of planktonic and sessile cells
(Garcia-Sanchez et al. 2004) has also provided some leads to other factors involved
in hyphal development and biofilm production (Goyard et al. 2008). As described
above, a number of predicted GPI-proteins have also been shown to contribute to
biofilm formation. Cell surface GPI-proteins are in general heavily glycosylated.
Cells treated with tunicamycin, the N-glycosylation inhibitor, are defective in



4 Candida albicans Cell Wall Mediated Virulence 83

biofilm development but tunicamycin has little impact on mature biofilms (Pierce
et al. 2009).

4.6.7.1 Interactions with Host Cells

The molecular basis of host immune recognition of C. albicans continues to be an
active area of research. As already mentioned, specific receptors on host cells, so-
called Pattern Recognition Receptors (PRRs), recognise microbial components
called PAMPs (Pathogen Associated Molecular Patterns) often associated with
the cell surface. Binding of PAMPs by PRRs activates and modulates cytokine
production and induces phagocytosis and fungal killing. One of the best studied is
the recognition of B(1,3)-glucan by the C-type lectin Dectin-1 (Gow et al. 2007;
Tsoni and Brown 2008; Reid et al. 2009). However, the ability of the innate
immune system to recognise fungal pathogens is highly complex and involves the
detection of several fungal PAMPs (Netea et al. 2008). Surface-exposed cell wall
epitopes include the mannose-rich glycans that are added post-translationally to
proteins destined for the cell wall and membrane. Characterisation of mutants that
are defective in the addition of O-glycans (Timpel et al. 1998; Munro et al. 2005;
Rouabhia et al. 2005; Prill et al. 2005; Peltroche-Llacsahuanga et al. 2006) and in
the synthesis of acid-stable (Bates et al. 2005) and acid-labile N-glycan (Hobson
et al. 2004) or glycosylation in general (Bates et al. 2006) have been insightful
in determining PAMP-PRR interactions. O-glycans are recognized by TLR4,
N-glycans by the mannose receptor (Netea et al. 2006) and TLR2 has been
implicated in the recognition of glucan and phospholipomannan (Jouault et al.
2003). There is also much cross-talk between the different PRRs with activation of
different PRR combinations resulting in synergy. For example, Dectin-1 synergises
with TLR2 and TLR4 to induce TNFo production by monocytes and macrophages
(Ferwerda et al. 2008). Indeed, an association between Galectin-3 recognition and
signalling via TLR2 has been implicated in C. albicans specific recognition by
macrophages (Jouault et al. 2006).

Phospholipomannans (PLMs) are glycolipid structures, members of the manno-
seinositolphosphoceramide family, that contain linear chains of B(1,2)-linked oli-
gomannoside (Trinel et al. 1999, 2002). B(1,2)-linked oligomannosides are not
found in S. cerevisiae. Phospholipomannans contribute to adhesion, induce cyto-
kine production, elicit the production of protective antibodies and, as discussed
earlier, are the differentiating factor between serotype A and serotype B C. albicans
isolates (Trinel et al. 2005). A family of B(1,2)-mannosyltransferase enzymes,
Bmt1-9, have been identified (Mille et al. 2008). Mutants lacking BMTI-BMT4
were generated and demonstrated that Bmtl and Bmt2 are responsible for addition
of the first 3(1,2)-linked mannose residue to acid stable and acid-labile a(1,2)-linked
glycan chains whereas Bmt3 and Bmt4 catalyzed elongation of B(1,2)-linked oligo-
mannosides. The synthesis of PLM B(1,2)-linked oligomannosides were not affected
in these mutants. Fractionation of cell walls by releasing proteins with different
treatments revealed that B(1,2)-linked oligomannosides are added to a range of
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proteins that cover the different classes of cell wall proteins discussed previously.
Included were proteins linked to the wall via disulphide bridges, via (1,3)-glucan
and to B(1,6)-glucan via GPI-anchor remnants (Fradin et al. 2008).

To date evidence of chitin as a fungal PAMP has been sparse, prompted by the
model that chitin is positioned in the deeper layers of the cell wall and may only be
exposed to any extent in bud scars. But recent evidence has been provided that
chitin fragments do activate an innate immune response (Lee et al. 2008; Da Silva
et al. 2008, 2009). It is not only the carbohydrates attached to cell surface proteins
but the proteins themselves that interact with innate cells. Mp65/Scw1 is a cell wall
glucanase that has been developed as a potential vaccine (see below). When
deprived of its glycosylation Mp65 can still be taken up by macrophages and
dendritic cells, induce cytokine production and activate a T-cell response (Pietrella
et al. 2006, 2008; Corbucci et al. 2007).

4.6.7.2 Wall as Potential Source of Novel Therapies

A number of potential fungal vaccines are currently under development with a
particular emphasis on cell wall and cell envelope molecules (Cutler et al. 2007,
Cassone 2008). A number of different approaches have been used to identify
C. albicans cell wall proteins that are important targets for both humoral and cell
mediated immune responses (Pitarch et al. 1999, 2001, 2006; Lopez-Ribot et al.
2004; Pitarch et al. 2006; Chaffin 2008). Examples include the putative glucanases
Bgl2 (Pitarch et al. 2006), Camp65/Scwl (De Bernardis et al. 2007) and the
adhesins Alsl and Als3 (Ibrahim et al. 2006). Vaccines using the latter three
proteins have been protective in animal models of candidiasis. A fungicidal mono-
clonal antibody, C7, that gives protection in a mouse candidiasis model was also
shown to react with Als3 (Sevilla et al. 2006; Brena et al. 2007), once again
highlighting that Als3 is truly a potent virulence factor and worthy target of
immunotherapies.

4.7 Future Perspectives

The fungal cell wall is a multi-faceted, highly dynamic organelle that maintains cell
integrity and is the point of contact between the fungus and its environment.
Continuous remodelling of the cell wall architecture occurs in response to internal
cues during different phases of growth and development and external signals
indicating changes in the environment. Cell wall remodelling is a necessary adap-
tation to different stresses signalled via a variety of pathways and must be overcome
to render cell wall-targeted therapies effective.

In fungal pathogens the cell wall is the interface between fungus and host. Tools
and technologies to look at cell wall remodelling during an infection are being
developed. Recent advances using ex vivo immunofluorescence have revealed that
B-glucan is masked early in infection but becomes unmasked in later stages and
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treatment with the echinocandin drug caspofungin preferentially unmasks p-glucan
on hyphal cells (Wheeler et al. 2008). Therefore the cell wall structures and surface-
exposed molecules in vivo may be very different to those of cells grown in
laboratory culture conditions.

The introduction of the echinocandin class of antifungals that targets cell wall
biosynthesis is a realisation of the potential of the cell wall as a target of antifungal
drugs that has been proposed for many years. The echinocandins are not only
welcome in the clinic but have provided researchers with important tools to improve
our understanding of how the cell wall is assembled and re-modelled (Walker et al.
2008). Advances in atomic force microscopy that enables physical properties such
as elasticity to be accurately measured are likely to be informative approaches in the
analysis of fungal cell wall mutants. Current phenotypic analyses rely mainly on
biochemical measurements and sensitivities to cell wall perturbing agents.

In the post-genomics era comparisons of cell wall related genes from pathogenic
and non-pathogenic species have informed that conserved genes are likely to be
important for synthesis and maintenance of a robust wall. Divergent genes such as
those encoding predicted GPI-anchored proteins that appear to be evolving rapidly
may have specific roles in the fungus-environment interface. An example is the
C. albicans Als family (Hoyer et al. 2008). Investigation of the C. albicans cell wall
with emphasis on elucidating the function of all cell wall related genes, the path-
ways that regulate them and the identification of the surface components that elicit
and modulate the host’s immune response are key to understanding C. albicans
virulence.
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Chapter 5
Secreted Candida Proteins: Pathogenicity
and Host Immunity

Julian R. Naglik and Bernhard Hube

Abstract Protein secretion is a vital process in all microbes. In pathogenic fungi,
such as Candida species, secreted proteins are not only necessary for growth and
proliferation but can also play important roles in fungal pathogenicity and host
immunity. The majority of those that have been specifically targeted for study are
the hydrolytic enzymes of C. albicans, including the secreted proteinases, phos-
pholipases and lipases. However, recent and powerful advances in technologies,
such as proteomics, have permitted unprecedented means of identifying and pre-
dicting novel cell wall and secreted proteins from these important fungal pathogens.
Although the functions of the majority of recently identified proteins are currently
unknown, it is only a matter of time before we add a considerable number of new
secreted proteins to the arsenal of Candida species, which will significantly advance
our understanding of why these fungi are such a successful human pathogens.

5.1 Introduction

The aetiology of microbial infections may be regarded as an encounter between the
virulence of a microorganism and the ability of the host to resist microbial coloni-
sation, invasion, and damage. All pathogenic microorganisms have developed
mechanisms that allow successful colonisation or infection of the host (Finlay
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and Falkow 1989). However, unlike pathogenic bacteria, which often develop
unambiguous ways of causing host infections, the eukaryotic fungal pathogen
Candida albicans has more advanced resources in order to cause disease and
overcome host defences. C. albicans is highly adapted to humans as a commensal
organism and, accordingly, has developed an effective battery of commensal
factors to colonise host tissues and with the potential to cause disease. Therefore,
C. albicans possesses attributes distinct from those of the closely related but
non-commensal and non-pathogenic yeast Saccharomyces cerevisiae (Hube and
Naglik 2001).

The virulence factors expressed or required by Candida spp., and in particular
C. albicans, to cause infections will vary depending on the infection site (e.g.
mucosal or systemic), the stage of infection, and the nature of the host response
(Naglik et al. 2003a). Transition from harmless commensal to disease-causing
pathogen is finely balanced and can be attributable to the delicate interplay of an
extensive repertoire of virulence determinants selectively expressed under suitable
predisposing conditions (Hube and Naglik 2001). It seems apparent that not only
single factors but also a panel of virulence attributes are involved in the infective
process. Although many factors have been suggested to be virulence attributes for
C. albicans, hypha formation, the production of cell wall-associated surface adhe-
sion/recognition molecules, invasion, phenotypic switching, and secreted protein
production are still thought to be the most significant fungal processes (Calderone
2002; Nather and Munro 2008; Hruskova-Heidingsfeldova 2008). In this chapter,
we shall specifically address the secreted proteins of Candida spp., their role in
fungal virulence, and how the host responds to their presence.

5.2 The Secretory Pathway in Fungi

Fungal proteins destined for secretion are packaged along the secretory pathway to
the cell surface where they ultimately become covalently or non-covalently linked
to the cell membrane or cell wall or secreted from the cell. Newly synthesised
mRNA is transferred from the nucleus to the cytoplasm and translated into a pre-
protein, while transported into the endoplasmic reticulum (ER). Within the ER
lumen the protein is folded and modified. Quality control of proteins at this stage
determines whether the protein continues its path to the surface or, if misfolded or
incorrectly modified, delivered to proteasomes (Hampton 2002) or vacuoles
(Coughlan et al. 2004) for degradation. Proteins are then transported to the Golgi
apparatus for further modification, where their ultimate destinations are determined
(e.g. secreted and vacuolar). The Golgi apparatus in filamentous growing fungi are
often found at apical regions of hyphae (Cole et al. 2000; Kuratsu et al. 2007) and as
protein secretion is believed to mainly occur at hyphal apices, the data are consis-
tent with a dominant distribution of ER/Golgi at hyphal tips that promote protein
secretion. Vacuolar proteins are sorted at the Golgi apparatus and delivered to
vacuoles via endosomes (Shoji et al. 2008). The vacuole has many functions, which
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Table 5.1 Generic classes of Candida proteins destined for the cell wall and extracellular
secretion

Class description Cell wall Linkage type Ultimate destination
moiety link
GPI protein B-1,6-Glucan Covalent Cell wall
PIR protein -1,3-Glucan Covalent Cell wall
Mannosylated and non- Not linked Non-covalent; Cell wall
mannosylated proteins alkali-labile
Mannosylated and non- Not linked N/A Secreted from cells

mannosylated proteins

include storage, protein degradation, maintenance of cytosolic homeostasis, regula-
tion of cell size and determination of branching frequency (Klionsky et al. 1990;
Veses et al. 2009). In the final stage of the process the secreted and plasma mem-
brane proteins are delivered by exocytosis from the Golgi apparatus and become
incorporated into the plasma membrane, cell wall or are secreted from the cell.

5.3 The Secretory Proteins of Candida spp.

There are different classes of proteins in Candida spp. that are destined for the cell
wall or secretion from the cell, which are transported via the secretory pathway
(Table 5.1) (Chaffin 2008). The most abundant class are the glycophosphatidylino-
sitol (GPI) proteins, which become either incorporated into the cell membrane
(GPI-anchored proteins) or covalently linked to -1,6-glucan structures in the cell
wall (GPI-proteins). The second class are Pir proteins (proteins with internal
repeats) and these become covalently linked to B-1,3-glucan structures in the cell
wall. For more detailed information regarding the cell wall and proteins covalently
linked to cell wall structures the reader is directed to Chap. 4. A third class of
protein does not become covalently linked to any cell wall structure (non-covalent
linkages), but given that their substrates are present in the cell wall remain wall-
associated. The fourth and final class of proteins are directly secreted from the cell
into the extracellular environment. In this Chapter, we shall concentrate on the
latter two classes of secreted proteins.

5.4 Non-Covalently Linked Cell Wall Associated
Secreted Proteins

The cell wall is a highly dynamic structure that is in constant flux as a result of
polarised cell growth and in response to changes in local environmental conditions.
Cell wall integrity is continually of fundamental importance and many of the major
proteins that control alterations in cell wall structure and remodelling are the GPI-
anchored or GPI- proteins and non-covalently wall-associated secreted proteins.
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These include chitinases, glucanosyltransferases, transglucosidases and glucanases.
Many of these are GPI-linked (e.g. Phrl, Phr2, Chtl, Cht2, Crhll1, Crh12, Exg2,
Pgad, Sprl, Utr2) and the reader is guided to an excellent recent review by Chaffin
(2008) for more information regarding these proteins. Several non-covalently wall-
associated proteins have also been identified and these include Kre9, Bgl2, Mp65,
Xogl, Engl, Sun4l, Cht3, Cht4, and Atcl (Chaffin 2008). All are proposed to
belong to the glycoside hydrolase (GH) family of enzymes but only Atcl, which is
an acid trehalose, does not play a role in cell wall remodelling/integrity. GH
enzymes hydrolyse the glycosidic bond between carbohydrates or between carbo-
hydrates and a non-carbohydrate moiety. Some of the functional roles of these non-
covalently wall-associated enzymes have been deduced from mutant analysis and
these are summarised in Table 5.2 and briefly below.

Kre9 is a member of the GH16 family and is required for -1,6-glucan synthesis;
B-1,6-glucan is essential for linking GPI proteins to the cell wall. Some fungal GPI-
linked proteins are likely to have important roles in binding host receptors or
other moieties; hence, defects in non-covalent wall-associated enzymes involved
in B-1,6-glucan synthesis will probably have serious downstream effects with
regard to host-pathogen interactions.

Bgl2 (like Mp65) belongs to the GH17 family and is a -1,3-glucosyltransferase
that catalyses -1,3-glucan digestion (removing a disaccharide), thereby permitting
B-1,3-glucan side chain elongation and B-1,6-glucan side chain linkages. Bgl2
probably contributes to general cell wall structure and remodelling.

Xogl is an exo-f-1,3-glucanase and a member of the GHS family, which has
specificity for B-1,3-glucoside linkages (Stubbs et al. 1999). Xogl is regulated by a
protein phosphatase encoded by SIT4 (Lee et al. 2004) and is upregulated (mMRNA)
and controlled during filamentation, but is not directly required for morphogenesis
(Lee et al. 2004; Lotz et al. 2004; Murad et al. 2001).

Engl is an endo-B-1,3-glucanase and a member of the GH81 family, which
catalyses the removal of glucose from the non-reducing end of B-1,3-glucan
(Esteban et al. 2005). Eng1 probably plays a role in cell separation and is regulated
with the cell cycle (Mulhern et al. 2006; Dunkler and Wendland 2007).

Mp65 is a likely B-glucanase (GH17 family) which cleaves B-glucans, usually
B-1,3-glucans. Mp65 is required for hypha formation and can act as an adhesin
(Sandini et al. 2007). MP65 gene expression is responsive to a number of external
stimuli and cell wall specific antifungals (Bennett and Johnson 2006; Castillo et al.
2006; Liu et al. 2005; Bensen et al. 2004) and it is thus thought to contribute to
general cell wall structure, remodelling and metabolism. Sun41 is also a probable
B-glucanase and appears to be regulated at the gene level by numerous external
stimuli and during morphogenesis (Castillo et al. 2006; Liu et al. 2005; Setiadi et al.
2006; Lotz et al. 2004). Sun41 is involved in general cell wall integrity, structure
and cell separation.

C. albicans possesses four chitinases (Cht1-4), which are members of the GH18
family. Chtl and Cht2 are GPI-anchored, Cht3 is secreted but cell wall associated,
and Cht4 is probably a cytoplasmic protein (Chaffin 2008). Cht3 is the major
chitinase of C. albicans (Dunkler and Wendland 2007; Selvaggini et al. 2004)



101

Secreted Candida Proteins: Pathogenicity and Host Immunity

UOTJRWIO} 9qN) WA PAoNpay e
SSAIIS QATJEPIXO pUE JTIOWSO JBaY 0} JUBISISAY

(LO0T) ‘T® 12 ouaIpad [OpOUI JIWISAS UI PAjenualie JueInwl [[NN e 9SO[BYDI]) UO UMOI3 J0U S0 @ [V
1095op uonjeredos o
AIYM IONPOI[BD 0] JANISUIS o
JUSIUOD UNIYD UT ASLAIOUI J[qISSOd e
K31AT)o® aseuniyo reydAy ur uononpar 9,08 e
(#007) 'Te 10 1uI33eA[dS Pa1Sa) 10N e AJIATIOR 9SRUNIYD ISBIA UL UOTIONPAI %09 @ €YD
(L00D) S[199 DHANH ANYM JON[JOI[ED 10 UIAWONNIN Aq pardajjeun) e
‘Te 30 901N “(L007) 10 ne, 03 10U Inq ‘Z-098)) 0] AJUAIAYPE UI UOTIONPIY e pay 03uo)) pue urSunjodsed 0] QANISUS e
LRE UOTJBULIOJ WI[YOIq A1) e aseyd Areuonels ur A)[IQeIA JO SSOT o
I9I[IH “(L00T) 'Te 12 uoIrj S[opOW [eJO PUE OIWIAISAS Ul PAJENUANIE JUBINUI [[NN e uoneredas [[99 ‘sisoudfoydiouws 9A1O9JOJ e [HUNS
(L661) OAIA UI QualkisATod 03 eouaIdype PAONPIY e
‘Te 19 sIpIeurag 9 uorjoojur jsurede s3o9j01d Aqrenred uonesrunwwy o stsouagoydiowr parredwr A[o10A9S o
“(L00T) ‘Te 19 1uIpues [OpOUI JIWRISAS UI PAjenualie Jueinu [[NN e paloajyeun umois 15eok o GOdN
SISOUIYOIAD 19)Je 109Jop uonjeredog e
(6007) ‘Te 10 ueqalsy P91sal 10N e pajodgyeun yimoi3d [eydAy pue jseax ¢  [3ug
sloyqryur
SISQUIUAS ueon|3 pue uniyd o3 ANAIISUIS UL ISBAIOUL IOUIIA o
pajoopgeun yImoiI3 TeydLy pue 1seox e
[1em 99
(L661) ‘Te 19 Zo[ezuon [opou OIWRISAS Ul UOHENUA)IE ON e oy} ur aseueon[3-¢¢1-g-o0xa Jo Ajuofeur oY) 10J SJUNOIIY ¢  [30X
({UOISaYpPE 0] SAINQLIUO)) o
(I031qIyuI SISOUIUAS UNIYD) UIOAWONNIN 0] QANISUS o
UnIYd PaseaIour
K1q1ssod 1u2iuod ueon[3-9‘1 10 ueon[3-¢‘1-g ur a3ueyo oN e
[Tem o3
(L661) Te 12 Aypres P21S91 JION @ UT AJIATIOR SOSBIRJSURII[ASOON[S-¢T-( JO %()G I0J SJUNOIIY o  T[39
wnias ur uonjonpoid eydAy oN e
9sojoe[e3 uo ueon[3-9‘1-g poonpay e
(L00Q) ‘Te 12 QoLI0N 9500N[3 U0 UMOIT UAYM J[qRIAU() o
“(8661) 'Te 10 Ja1ssn'] [opou JIWRISAS Ul pajenualje juenu [[NN e S90INOS U0QILd AUBW UO YIMOIS 100J @  6OIY
SQOUAIRJOY sarpnys Ajoruagoyied juejnw [[nu jo adKjoudyg urejoig

surajo1d pojaIdas PoIBIOOSSE [[eMm [[90 JUS[BAOD-UOU SUpIIqp *) JO S9[01 [euonouny pue sadAjousyd 7S dqel



102 J.R. Naglik and B. Hube

and present in both yeast and hyphal forms, but has predominant activity in hyphae.
Cht3 plays a role in cytokinesis, which is daughter cell driven.

Atcl is a member of the GH65 family and is one of two C. albicans enzymes (the
other being neutral trehalase (Ntcl) that is cytosolic) that hydrolyses trehalose,
which is a non-reducing disaccharide (Pedreno et al. 2004, 2007). Atcl is the only
secreted cell wall associated protein identified so far that does not play a direct role
in cell wall structure or integrity. Instead, Atc1 appears to contribute to resistance of
C. albicans to oxidative stress.

Although many phenotypic studies have been undertaken on mutants lacking the
above enzymes, few pathogenicity studies exist. However, when performed, viru-
lence was always assessed in murine models of disseminated infection, except for
one study with the sun4] null mutant that assessed virulence in a mucosal model
also (Table 5.2). Therefore, the role of these cell wall associated enzymes in
mucosal infections is still largely unknown and no data exists regarding the precise
mechanism by which these mutants are attenuated or how the host responds to these
proteins.

5.5 Candida Proteins Secreted from the Cell

Most of the known extracellular proteins produced by Candida spp. are hydrolytic
enzymes. Hydrolytic enzymes contribute to the pathogenicity of not just pathogenic
yeasts and fungi (Ogrydziak 1993; Naglik et al. 2003a), but also bacteria (Finlay
and Falkow 1989) and protozoa (McKerrow et al. 1993). In C. albicans hydrolytic
enzyme production can be classified into three main families: secreted aspartyl
proteinases, phospholipases, and lipases. These proteins are thought to have a range
of biological functions ranging from basic nutritional needs, subtle alterations of the
host cell for the benefit of fungal adhesion and invasion, and direct host cell
toxicity.

5.5.1 Candida Secreted Aspartyl Proteinases

All proteinases hydrolyse peptide bonds (CO-NH) in proteins and are characterised
on the catalytic mechanism of their active site. Based on the catalytic mechanism
they are classified into serine, cysteine, aspartyl (aspartic), and metalloproteinases
(Barrett and Rawlings 1991). Extracellular proteinases of saprophytic fungi such as
Aspergillus niger or Neurospora crassa are primarily secreted to provide nutrients
for the cells. However, pathogenic fungi have adapted this biochemical property to
fulfil more specialised functions during the infective process in addition to nutrient
acquisition (Naglik et al. 2003a). Candida spp. only possess extracellular protei-
nases of the aspartyl family. These are more commonly referred to as secreted
aspartyl proteinases, or Saps, and have been extensively investigated in the past two
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decades. C. albicans boasts the greatest number of proteinases (ten), but it is not the
only species that produces Saps. C. dubliniensis possesses eight SAP genes, but
lacks SAP5 and SAP6, leaving it with only one member (SAP4) of the SAP4—6 sub-
family that is present in C. albicans (Moran et al. 2004). C. tropicalis is thought to
possess four SAP genes (Zaugg et al. 2001), whereas C. parapsilosis possesses at
least three SAP genes (de Viragh et al. 1993; Trofa et al. 2008), two of which remain
largely uncharacterised (Merkerova et al. 2006). However, annotation of the
C. tropicalis and C. parapsilosis genomes is ongoing and a more definitive number
of SAP genes will soon become available. C. glabrata possesses multiple orthologs
of the S. cerevisiae GPI-linked aspartyl proteinases (the yapsins), but little extra-
cellular enzyme activity has been detected (Kaur et al. 2007). Limited information
is available regarding the presence of SAP genes or extracellular enzyme activity in
other Candida spp.

5.5.1.1 Candida Secreted Aspartyl Proteinases: Processing, Activation and
Structure

In C. albicans the transcription of the SAP genes (specifically SAP2) is initiated
by the transcription factor Stpl (Martinez and Ljungdahl 2005). Other transcrip-
tion factors that specifically target the SAP gene family in a morphologically-
independent manner are likely to be involved. For example, SAP4—6 have been
shown to be regulated by Efgl and it has been speculated that the attenuated
virulence potential of an efg/ mutant is at least partially due to reduced SAP4-6
expression (Felk et al. 2002). The transcription factors that activate SAP gene
expression in other Candida spp. are currently unknown, although Stpl homologs
are likely to exist. Assuming that a similar process occurs in all Candida spp., each
SAP gene encodes a preproenzyme approximately 60 amino acids longer than the
mature enzyme. The N-terminal secretion signal is cleaved by the signal peptidase
in the ER (von Heijne 1985). The resulting proenzyme is then further processed
after Lys-Arg sequences by the Kex2 proteinase (Togni et al. 1996), alternative
proteinases or by autocatalysis (Togni et al. 1996; Newport and Agabian 1997;
Koelsch et al. 2000; Beggah et al. 2000). The mature enzyme (ranging from 340 to
544 amino acids in length) contains sequence motifs typical for all aspartic protei-
nases, which includes two conserved aspartic acid residues in the active site and
conserved cysteine residues implicated in the maintenance of the three-dimensional
structure. Most Saps contain few putative N-glycosylation sites and debate remains
with regard to whether all Saps become glycosylated (Hube and Naglik 2002;
Naglik et al. 2003a). However, it is clear that C. albicans Sap9 and Sap10 contain
several N-glycosylation sites and are in fact heavily glycosylated (Albrecht et al.
2006). Once activated, the enzymes are packaged into secretory vesicles, trans-
ported to the surface, and are either incorporated into the membrane via a GPI-
anchor or linked to glucan as GPI-proteins (C. albicans Sap9 and Sapl0), or
secreted from the cell (C. albicans Sap1-8). Sap1-3, Sap4—6 and Sap9-10 consti-
tute three major sub-families within the C. albicans SAP gene family (Fig. 5.1).
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Fig. 5.1 Dendrogram of the C. albicans Sap and Lipase families. The Sap family can be clustered
into three distinct groups. Sap1-3 are up to 67% identical, Sap4—6 up to 89% identical, while Sap7
is only 20-27% identical to other Saps. Sap9 and Sap10 both have C-terminal consensus sequences
typical for GPI-linked proteins. Similar families, but with fewer numbers, exist in C. dubliniensis
and C. tropicalis. All LIP genes encode lipases with high similarities to each other and with the
same overall structure. Amino acid sequence identity ranges from 33 (between Lip2 and Lip7) to
80% (between Lip5 and Lip8). When clustered, the Lip isoenzyme family can be divided into two
subgroups. Lip4, Lip5, Lip8 and Lip9, which were more than 73% identical to each other, and
Lipl, Lip2, Lip3, Lip6 and Lip10, which were at least 54% identical to each other. Lip7 was the
most divergent lipase in this isoenzyme family

Initial structural studies of the C. albicans proteinase family concentrated on
Sap2 (Cutfield et al. 1995; Abad-Zapatero et al. 1996), which is the most abundant
secreted protein in vitro when grown in the presence of protein as the sole source of
nitrogen (Hube et al. 1994; White and Agabian 1995). More recently, the structures
of Sap1, Sap3 and Sap5 have also been determined (Borelli et al. 2007; Borelli et al.
2008). The secondary structures of Sap1-3 and Sap5 are highly conserved, but Sap5
differs from Sapl-3 in the entrance to the active site cleft and in its overall
electrostatic charge. With the structures of nearly half the C. albicans Sap proteins
resolved, and potentially structures of Saps in other species to be completed, it
should finally become feasible to design specific inhibitors for different Sap sub-
families to more fully explore the contribution of these important extracellular
enzyme families in fungal pathogenesis.

5.5.1.2 Candida Secreted Aspartyl Proteinases: Role in Pathogenicity

The restriction of proteinase families to only the most pathogenic Candida spp. is
indicative of the potential roles and functions of these enzymes in fungal pathoge-
nicity. Most of the pathogenicity-related data over the past two decades has been
deduced from in vitro and in vivo experiments using predominantly C. albicans.
One of the distinct features of the C. albicans Saps is the range of pH activity
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(2.0 and 7.0) within the family. Although not directly proven, this versatile property
is thought to be necessary for the success of C. albicans as an opportunistic
pathogen by allowing the fungus to adapt to, colonise and infect a variety of
different mucosal surfaces and internal organs.

An obvious function for the proteinases is nutrient acquisition, as a result of
degradation of complex proteins to peptides for cell uptake and utilisation. In
support of this is the broad substrate specificity of the Candida Saps (notably
Sap2), which are able to digest a whole host of human proteins that are found on
mucosal surfaces (e.g. mucin, extracellular matrix proteins) (Naglik et al. 2003a).
Sap activity probably also contributes to the evasion of host defences by degrading
these and other immune-related molecules such as secretory IgA, salivary lacto-
ferrin, lactoperoxidase, cathepsin D (an intracellular lysosomal enzyme of leuko-
cytes), a-macroglobulin (a natural proteinase inhibitor in human plasma), cystatin
A (a cysteine proteinase inhibitor found in human epidermal tissues and fluids), and
complement (Naglik et al. 2003a). Furthermore, Sap2 can activate the proinflam-
matory cytokine IL-1 B from its precursor suggesting roles for the Candida protei-
nases in the activation and maintenance of the inflammatory response at epithelial
surfaces. Such wide-ranging proteolytic activity is likely to assist or promote
C. albicans colonisation and infection.

Numerous strategies have been employed to assess the role of the Candida Saps
in pathogenicity, but two of the most common and effective strategies include the
analysis of SAP gene expression and functional studies assessing the modulation of
virulence using SAP-disrupted mutants or aspartyl proteinase inhibitors (Table 5.3)
(Naglik et al. 2003a, 2004; Schaller et al. 2005a). For C. albicans, the conclusions
drawn from the functional studies indicate that the Sap1-3 sub-family contribute
predominantly to mucosal infections and the Sap4—6 family to systemic infections
(Naglik et al. 2003a). Expression studies, however, do not always conform to such
neat segregation of function and the data can often be difficult to interpret. This is
likely due to the fact that the SAP gene family is co-regulated with other virulence
attributes including adhesion (Sap1-3) (Schaller et al. 1999, 2003a; Korting et al.
1999; Borg-von Zepelin et al. 1998, 1999; Bektic et al. 2001; Ghannoum and Abu
Elteen 1986), phenotypic switching (Sapl and Sap3) (Kvaal et al. 1999; Morrow
et al. 1992, 1994; White and Agabian 1995; Hube et al. 1994) and the yeast-hypha
transition (Sap4—6) (White and Agabian 1995; Hube et al. 1994; Schweizer et al.
2000; Schroppel et al. 2000; Stoldt et al. 1997; Felk et al. 2002; Staib et al. 2002).
Therefore, it is unsurprising that diverse SAP gene expression profiles are detected
when different models are employed and several experimental conditions assessed.
Recently, two studies have questioned the role of Sap1-3 in mucosal infections as
no differences in SAP/-3 expression (Naglik et al. 2008) or activation (Lermann
and Morschhauser 2008) were evident during infection or invasion of organotypic
oral and vaginal models over a time course of 24 h. Likewise, in both studies, no
differences in cell damage were observed when sap/—3 null mutants were com-
pared with the wild type. Interestingly, the only SAP gene that does appear to be
consistently upregulated or activated in both mucosal and systemic infections is
SAPS5 (Naglik et al. 2003a, 2008; Lermann and Morschhauser 2008; Staib et al. 2000).
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Together with the recent finding that C. albicans Sap5 is able to degrade E-cadherin
on epithelial cells (Villar et al. 2007; Frank and Hostetter 2007) the data suggest
that Sap5 might be an important proteinase in promoting Candida pathogenicity
at mucosal surfaces.

Studies using HIV proteinase inhibitors (ritonavir, indinavir, saquinavir) and
pepstatin A, which inhibit general aspartyl proteinase activity, also indicate a role
for the C. albicans Saps in adherence to buccal epithelial cells and causing mucosal
tissue damage (Table 5.3) (Borg-von Zepelin et al. 1999; Korting et al. 1999; Bektic
et al. 2001), but no role in interfering with phagocytic killing (Bektic et al. 2001).
In vivo experiments also indicated beneficial effects of pepstatin A and the
HIV aspartyl inhibitors on mucosal C. albicans infections (Cassone et al. 1999;
De Bernardis et al. 1997, De Bernardis et al. 1999b) but not systemic infections
(Edison and Manning-Zweerink 1988; Fallon et al. 1997) (Table 5.3). With regard
to other Candida spp. the proteinase inhibitor pepstatin A has been shown to block
the penetration of C. parapsilosis through mucosal surfaces and can reduce histo-
pathological alterations during experimental cutaneous candidiasis (Gacser et al.
2007a; Schaller et al. 2003b), but little data exists regarding other Candida spp.

In summary, it is highly probable that the main role of the Candida proteinases is
to provide nutrition for the cells. However, these enzymes probably also contribute to
fungal penetration, invasion and immune evasion, depending on the species. Given
that the precise biochemical and proteolytic properties of many of the Candida
proteinases are still unknown, further studies are clearly warranted in order to
determine the full functional repertoire of the Sap family during Candida infections.

5.5.2 Candida Secreted Phospholipases

The term phospholipase (Pl) describes a heterogeneous group of enzymes capable
of hydrolysing one or more ester linkages in glycerophospholipids. PI’s have been
implicated as putative virulence factors in many bacterial, fungal and protozoan
infections as phospholipid molecules are major components of host cell mem-
branes. Depending on the target within the phospholipid molecule and the mode
of action, in C. albicans these enzymes can be divided into four different subclasses:
PIA (Banno et al. 1985), PIB (Barrett-Bee et al. 1985; Hoover et al. 1998; Sugiyama
etal. 1999), PIC (Pugh and Cawson 1977; Bennett et al. 1998) and PID (Hube et al.
2001; Kanoh et al. 1998). Although early studies using the egg yolk based assay
showed that only C. albicans isolates possessed Pl activity (Lane and Garcia 1991),
more recent studies indicate that non-C. albicans spp. such as C. glabrata,
C. parapsilosis, C. tropicalis, C. lusitaniae and C. krusei also secrete P1’s (Ghannoum
2000). C. albicans contains genes for at least three classes of Pl: PLBI-5, PLC1-3,
PLDI (d’Enfert et al. 2005). Unlike PIC1-3 and PID1, only the PIB’s are thought to
be secreted extracellularly (Schaller et al. 2005a; Hube and Naglik 2002). Three
members of the PIB protein family (PIB3-5) contain putative GPI anchors, so
here we will only discuss the secreted PIB1 and PIB2 enzymes (Table 5.3).
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PIB’s from C. albicans have significant homology to PIB’s from S. cerevisiae
and Schizosaccharomyces pombe (Ghannoum 2000). C. albicans PLBI encodes a
protein 605 amino acids in length and contains N-glycosylation sites and potential
tyrosine phosphorylation sites (Leidich et al. 1998). C. albicans PLB2 encodes a
protein 609 amino acids in length and contains six N-glycosylation sites (Sugiyama
et al. 1999). Like the Saps, PIB1 and PIB2 follow the same pathway of secretion
from the cell. However, unlike the Saps, the structures of the C. albicans P1B’s have
not yet been resolved.

5.5.2.1 Candida Phospholipases: Role in Pathogenicity

PIB is produced in both yeast and hyphal cells, particularly at the growing tip of
hyphae (Pugh and Cawson 1977; Leidich et al. 1998) and their main substrates are
proposed to be host phospholipids and lysophospholipids. PIB production or gene
expression has been detected in vivo in murine dissemination (Leidich et al. 1998),
gastrointestinal (Mukherjee et al. 2001; Schofield et al. 2003) and oral (Ripeau et al.
2002a) models, in addition to human mucosal infections (Naglik et al. 2003b). Given
that PIB1 accounts for the vast majority of the extracellular PIB activity in
C. albicans, most pathogenicity studies have targeted PIB1. Virulence of C. albicans
mutants lacking PLB] is significantly attenuated in systemic (Leidich et al. 1998) and
intragastric (Ghannoum 2000) models, and reintroduction of PLBI into C. albicans
has been shown to restore virulence in a murine disseminated model (Mukherjee
et al. 2001). No data has been published evaluating the p/b2 null mutant in animal
models. In addition, B-blocker-like compounds, which inhibit Pl activity, are able to
prevent fatality in mice that have been inoculated with lethal doses of C. albicans
(Hanel et al. 1995), seemingly through inhibiting C. albicans tissue penetration.
However, no beneficial effect was observed after exposure to fungicidal concentra-
tions of the cell wall targeting antifungal caspofungin (Ripeau et al. 2002b).

Together, although the data implicates a role of PIBs in C. albicans infections,
their precise functions are still not known. Nonetheless, probable roles include
disruption of host membranes to aid cell penetration and adhesion to epithelial cells.
Finally, very little data is available with respect to the role of PI’s in other Candida
spp. and it remains to be determined whether they play a significant role in those
respective infections (Trofa et al. 2008).

5.5.3 Candida-Secreted Lipases

Compared with the proteinases and phospholipases, the secreted lipases of
C. albicans have been less intensively studied, despite the fact that lipases of
non-pathogenic Candida spp. are commonly used in biotechnology. Like esterases,
lipases are able to catalyse the hydrolysis of ester bonds of mono-, di- and
triacylglycerols or even phospholipids. Extracellular lipase activity in C. albicans
was described over four decades ago (Werner 1966), while secreted esterase



110 J.R. Naglik and B. Hube

activity (lipolytic activity on soluble lipids) was more recently characterised
(Tsuboi et al. 1996). In C. albicans ten LIP genes are present (Fig. 5.1), but LIP7
lacks a secretion signal. LIP] was identified just over a decade ago (Fu et al. 1997)
with the remaining nine genes characterised in 2000 (Hube et al. 2000). Sequences
similar to C. albicans LIPI-10 are also present in other pathogenic Candida spp.
such as C. tropicalis, C. parapsilosis and C. krusei, but not in C. glabrata or
S. cerevisiae (Fu et al. 1997; Hube et al. 2000). In C. parapsilosis, two lipase
genes, CpLIP] and CpLIP2, have been identified, although only CpLIP2 codes for
an active protein (Brunel et al. 2004; Neugnot et al. 2002). Extracellular lipase
enzyme activity has also been detected in most other pathogenic Candida spp.
(Bramono et al. 2006). The C. albicans lipases have 80% identity at the protein
level and are between 426 and 471 amino acids in length. Each lipase contains four
conserved cysteine residues and putative N-glycosylation sites. Like the PI’s, no
structural information has yet been resolved from the Candida lipases.

5.5.3.1 Candida Lipases: Role in Pathogenicity

Few studies have assessed the role of lipases in pathogenicity of Candida spp.,
although recently a number of studies dealing with lipases as potential virulence
factors of Candida spp. have been published. LIP gene expression can be detected
during the yeast-to-hypha transition (Hube et al. 2000), but debate remains whether
expression of the family is associated specifically with the morphological switch,
even though LIPS disrupted mutants have been shown to produce more hyphal
growth (Gacser et al. 2007b). Studies have demonstrated LIP gene expression during
murine intraperitoneal infections (Hube et al. 2000) and in patient oral samples (Stehr
et al. 2004), and others have shown significant reduction in virulence of specific null
mutants (/ip8) indicating a potential role in virulence (Gacser et al. 2007b). Finally,
the C. albicans lipases appear to directly induce cytotoxicity in mammalian macro-
phages and hepatocytes and promote the deposition of lipid droplets in the cytoplasm
(Paraje et al. 2008). In C. parapsilosis, data from functional studies using lipase
inhibitors and CpLIP! and LIP2 disrupted mutants indicated that the C. parapsilosis
lipases contribute to biofilm formation, resistance to macrophage killing, tissue
damage in experimental infection models of reconstituted human oral epithelium,
and virulence in a murine intraperitoneal model (Gacser et al. 2007a, 2007c).
Therefore, putative roles in pathogenicity may include the digestion of lipids for
nutrient acquisition, adhesion to host tissues, lysis of competing microflora and
evasion of host inflammatory processes (Trofa et al. 2008).

5.6 Other Secreted Enzymes

A number of other secreted enzymes have been identified in Candida spp., predom-
inantly C. albicans. These include extracellular phosphatases (Pho100, Phol12,
Phol13), glucoamylases (Gcal, Sgal) and B-N-acetylhexoaminidase (Hex1)
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(Chaffin 2008; Hruskova-Heidingsfeldova 2008). Most of the data available relate
to their gene expression phenotypes in culture, although GCAI expression has been
detected during rat oral infections (Sturtevant et al. 1999) and the hex! null mutant
is less pathogenic in a mouse model than the wild type parent (Jenkinson and
Shepherd 1987). No other pathogenicity or immunologically related functional data
are available.

5.7 The Candida Proteome and secretome

Using computer-based prediction algorithms, Lee et al (2003) identified 495 ORFs
that were predicted to encode proteins with N-terminal signal peptides. In the set of
495 deduced proteins with N-terminal signal peptides, 350 were predicted to have
no transmembrane domains (or a single transmembrane domain at the extreme
N-terminus) and 300 of these were predicted not to be GPI-anchored. After elimina-
ting proteins with mitochondrial targeting signals the final computationally-predicted
C. albicans secretome was estimated to consist of up to 283 ORFs. However, few of
these proteins have been experimentally shown to be secreted by C. albicans.

Monteoliva et al. (2002) used a systematic approach to identify secreted proteins
in C. albicans. In this genetic screening protocol in-frame fusions with an intracel-
lular allele of the S. cerevisiae invertase gene SUC2 were used to select and identify
putatively exported proteins in the heterologous host S. cerevisiae. Eighty-three
clones were selected that contained sequences conferring protein export. Compar-
ing these sequences with the genome assembly 6, 11 of the sequences were found to
correspond to known sequences encoding proteins with predicted N-terminal signal
sequences (Chaffin 2008). Currently in the Candida Genome Database (http://www.
candidagenome.org/) 63 of these sequences have been identified (Chaffin 2008).

Several more proteins have been isolated from culture supernatants using prote-
omics approaches (summarised in (Chaffin 2008)). Many of these are not consid-
ered to be proteins that enter the secretory pathway and some are in fact prototypic
cytoplasmic proteins. These include abundant glycolytic enzymes such as Tdhl,
Tdh2, and Tdh3 (Klis et al. 2002). Other proteins such as members of the heat shock
protein (Hsp) family are also frequently found extracellularly. However, it is not
clear whether these proteins originate from lysed cells or, as frequently claimed, are
exported by a non-conventional secretory mechanism (Klis et al. 2002). Irrespec-
tive of whether these proteins are secreted or not, it is possible that these proteins do
play an extracellular role for a given C. albicans cell population during interactions
with the host.

5.8 The Host Response to Candida Secreted Proteins

While there have been a plethora of studies evaluating the virulence properties
of Candida secreted proteins, particularly the Saps, surprisingly few studies
have investigated the host response to these proteins. Global proteomic studies
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evaluating the host response to C. albicans indicate that this fungus induces strong
immune responses (Pitarch et al. 2006; Rupp 2004; Diez-Orejas and Fernandez-
Arenas 2008), but only a handful of studies have specifically targeted the analysis of
host responses to the Candida secreted proteins, and most of these are based on the
proteinase family (e.g. Sap2) and Mp65.

In humans, proteinase-specific IgG antibodies have long been detected in sera of
patients with disseminated candidiasis (Macdonald and Odds 1980; Ray and Payne
1987). Likewise, in mucosal infections total IgA levels against the C. albicans
proteinases (Sap1, Sap2 and Sap6) were raised during fungal infection and this was
related to their HIV status (Millon et al. 2001; Drobacheff et al. 2001). The latter
study also indicated that variations in C. albicans colonisation levels in the oral
cavity and episodes of oropharyngeal candidiasis correlated with variations in
salivary anti-Sap6 IgA antibody levels (Millon et al. 2001)

In experimental models of infection using organotypic vaginal epithelium the
addition of the proteinase inhibitor pepstatin A strongly reduced the cytokine
response (interleukin-la IL-1 B, IL-6, IL-8, granulocyte-macrophage colony-
stimulating factor (GM-CSF), tumour necrosis factor (TNF)-o) initiated by
C. albicans. Furthermore, sapl and sap2 null mutants (but not a sap4—6 null
mutant) induced significantly reduced levels of cytokine expression compared to
the wild type strain (Schaller et al. 2005b). This indicates that the epithelium-
induced proinflammatory cytokine response correlates with the presence of
C. albicans Sapl and Sap2. However, it is unclear whether the host response was
the consequence of tissue damage caused by hyphal invasion or the presence of
Sapl and Sap2. Another in vitro study demonstrated that a sap4—6 null mutant (but
not sapl-3 mutant) was killed approximately 50% more effectively after contact
with macrophages than the wild-type strain (Borg-von Zepelin et al. 1998). These
data, together with virulence experiments assessing the sap null mutants in animal
and experimental models (Table 5.3), were the foundation on which the proposal
was suggested that Sap1-3 contribute to mucosal infections and Sap4—6 to systemic
infections (Naglik et al. 2003a).

In vivo animal model data suggests that immunisation with Sap2 is able to
partially protect against C. albicans infection in rat model (De Bernardis et al.
1997) or accelerate clearance of C. albicans in a murine oral and vaginal colonisa-
tion model (Rahman et al. 2007). Furthermore, administration of an anti-Sap2
monoclonal antibody or anti-Sap2 antibody-containing vaginal fluids, partially
protected rats against candidal vaginitis (De Bernardis et al. 1997). However, it is
unlikely that direct enzyme neutralisation accounts for the mode of protection
(Naglik et al. 2005). Furthermore, cross-reactivity of the anti-Sap2 antibodies
with other proteinases such as Sapl and Sap3 (White et al. 1993; White and
Agabian 1995; Smolenski et al. 1997) may contribute to the protective nature of
these antibodies. Similar protective responses were observed against the 3-glucanase
Mp65 of C. albicans (De Bernardis et al. 1997). Although the mechanism of
protection induced by Sap2 and Mp65 is not fully known, it appears to be T-cell
dependent (Nisini et al. 2001). Little information is yet available concerning a
protective role of Sap antibodies against systemic Candida infections.
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5.9 Conclusion

Of the Candida secreted proteins studied to date, it is evident that they potentially
play important roles in fungal pathogenicity. Furthermore, being present in the cell
wall or directly secreted from the cell, these secreted proteins are likely to also
interact with or modulate host surface moieties. The production of a number of
hydrolases is a highly regulated and tightly controlled process and suggests that
these enzymes are adapted to and contribute to the complex pathogenicity of
Candida infections. The proteinases in particular appear to be key virulence
attributes of C. albicans and are known to assist this species in the colonisation
and invasion of host tissues. It is likely, however, that only a small portion of the
total secretome of Candida spp. has been identified and in the next decade or two
more secreted proteins will undoubtedly be identified and functions assigned to
them. Only then will we be able to fully appreciate the importance of this class of
proteins in Candida biology and pathogenicity, which may provide vital informa-
tion as to why this fungal pathogen is such a successful coloniser of humans. This,
in turn, may lead to the development of new prophylactic and therapeutic strategies
targeting these secreted enzymes, which would be a valuable addition to the limited
repertoire of antifungal agents currently available.
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Chapter 6
Yeast Biofilms

Gordon Ramage, Eilidh Mowat, Craig Williams, and Jose L. Lopez Ribot

Abstract Yeast biofilms are an escalating clinical problem, which affect both the
healthy and immunocompromised, and are related to significant rates of mortality
within hospitalized patients. Candida albicans is the most notorious yeast biofilm
former and as a result the most widely studied; however, other Candida species and
yeasts such as Cryptococcus neoformans are also implicated in biofilm-associated
infections. Yeast biofilms have distinct developmental phases, including adhesion,
colonization, maturation and dispersal, which have been examined utilizing various
in vitro and in vivo model systems. Furthermore, the complex molecular events
governing biofilm development are slowly being elucidated, including the role of
quorum sensing. Clinically, biofilms act as reservoirs for systemic infection, and
also induce localized pathology and tissue damage. However, the key virulence
factor is their recalcitrance to antifungal therapy. This chapter will discuss our
current understanding of the role that yeast biofilms play in the clinical setting.

6.1 Introduction

Infections caused by yeasts represent an escalating problem in health care as
advances in modern medicine prolong the lives of severely ill patients, including
HIV-infected, cancer, transplant, surgical, and ICU patients, but also newborn
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infants. Use of broad spectrum antibiotics, neutropenia, parenteral nutrition,
indwelling catheters, immuno-suppression and disruption of mucosal barriers due
to surgery, chemotherapy and radiotherapy are among the most important predis-
posing factors for these infections (Calderone 2002; Odds 1988). As fungi are
eukaryotic cells and more complex than bacteria, these infections are often difficult
to diagnose and treat, and carry unacceptably high mortality rates. In addition, the
ability of yeasts to exist as biofilms further confounds this difficulty in clinical
management. Candida species are among the most common etiologic agents of
yeast-related biofilm infections (Kumamoto and Vinces 2005). However, infections
due to other yeasts have been implicated in biofilm-related pathogenesis, such as
Cryptococcus, Blastoschizomyces, Malassezia, Trichosporon, and Saccharomyces
(Cannizzo et al. 2007; D’ Antonio et al. 2004; Di Bonaventura et al. 2006; Reynolds
and Fink 2001; Walsh et al. 1986). The clinical impact of biofilm infections and the
increasing body of knowledge relating to yeast biofilms will now be addressed.

6.2 Clinical Significance

Clinically, yeast biofilms are an increasingly significant problem. Biofilms provide
a safe sanctuary and act as reservoirs for persistent sources of infections, and it is
clear that yeast biofilms adversely impact the health of an increasing number of
immunocompromised patients, with soaring associated costs. Understanding the
role of yeast biofilms during infection should help the clinical management of these
recalcitrant infections. These sessile structures can form on a wide variety of
implanted medical devices, and the various substrates play key roles in the ability
of the yeast to form biofilms (Kojic and Darouiche 2004). Examples of implant-
related yeast infections are detailed in Table 6.1. Among the pathogenic yeasts,
C. albicans, a normal commensal of human mucosal surfaces and opportunistic
pathogen in immunocompromised patients, is most frequently associated with
biofilm formation (Douglas 2003; Ramage et al. 2006). Indwelling devices can
become colonized, either endogenously or exogenously, which develop into adher-
ent biofilm structures from which cells can then detach and cause acute fungemia.
Implant-associated infections are inherently difficult to resolve and often result in
the implant having to be physically removed from the patient and long-term
antifungal therapy administered to control the infection.

Different types of biomaterials often used in the clinics support colonization and
biofilm formation by C. albicans, and the increase in candidiasis in past decades has
virtually paralleled the increase in use of a variety of medical implant devices
(Ramage et al. 2006). Of note, C. albicans is the third leading cause of intravascular
catheter-related infections, with the second highest colonization to infection rate
and the overall highest crude mortality (Wisplinghoff et al. 2004). C. albicans is the
main pathogenic Candida species and its ability to form biofilm structures has been
extensively studied as a result (Blankenship and Mitchell 2006). Other non-
albicans Candida species are also associated with biofilm formation, catheter-
related bloodstream infections and device-related infections, including C. glabrata,
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Table 6.1 Case reports of medical implant related yeast infections

Device Species References
Cardiac pace Candida Joly et al. (1997), Kurup et al. (2000); Roger
maker et al. (2000)
Prosthetic heart Candida Darwazah et al. (1999), Lusini et al. (2008),
value Lye et al. (2005), Nagaraja et al. (2005)
CNS shunt Candida Agus et al. (2000), Carter et al. (2008),
Cryptococcus Duffner et al. (1997), Walsh et al. (1986)
Oral environment Candida Coco et al. (2008), Infante-Cossio et al.
Saccharomyces (2007), Jarvensivu et al. (2004), Lamfon
et al. (2003), Sen et al. (1997)
Breast implants Candida Penk and Pittrow (1999), Reddy et al. (2002),
Trichosporon Saray et al. (2004), Young et al. (1997)
Joint Candida Bruce et al. (2001), Fabry et al. (2005), Wada
replacements et al. (1998)

C. parapsilosis, C. krusei, and C. tropicalis (Choi et al. 2007; Coco et al. 2008;
Hawser and Douglas 1994; Shin et al. 2002; Tumbarello et al. 2007).

Cryptococcus neoformans is an encapsulated opportunistic yeast that causes life-
threatening meningoencephalitis in immunocompromised individuals. Colonization
and subsequent biofilm formation by C. neoformans on ventricular shunts, peritone-
al dialysis fistulas, and cardiac valves have also been reported (Bach et al. 1997;
Banerjee et al. 1997; Walsh et al. 1986). Contrary to C. albicans, which is only found
inside its host, C. neoformans is ubiquitous in nature, and it is conceivable that
biofilm formation can also contribute to its survival in hostile environmental condi-
tions and against predation (Joubert et al. 2006; Martinez and Casadevall 2007).

The opportunistic Trichosporon species can cause disseminated life threatening
infections and have also been associated with medical implant-related infections,
including catheters, breast implants, and cardiac grafts (Krzossok et al. 2004; Pini
et al. 2005; Reddy et al. 2002). In addition, Blastoschizomyces capitatus has been
associated with patients with catheter-related fungemia, Malassezia pachydermatis
has been isolated from patients undergoing parenteral nutrition and Saccharomyces
has been detected from dentures of stomatitis patients (Cannizzo et al. 2007; Coco
et al. 2008; D’Antonio et al. 2004). The spectrum of yeasts shown to colonize
surfaces and form biofilm structures is vast.

6.3 What are Biofilms?

Most microbiology investigations have traditionally focused upon free living (plank-
tonic) cells in pure-culture, resulting in the common perception that microorganisms
are unicellular life forms. Nevertheless, Costerton and colleagues were one of the first
to link the surface-attached growth state to microbial pathogenesis and human
infection (Costerton et al. 1981). Extensive research has now revealed that a wide
range of bacteria and fungi alternate between planktonic and surface-attached
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multicellular communities, a growth modality that is commonly referred to as a
biofilm. Within their natural ecosystems, most microbes have been shown to exist
as attached communities of cells within an organized biofilm and not as planktonic
organisms. In fact, it is estimated that up to 80% of all bacteria in the environment
exist in sessile biofilm communities and over 65% of human microbial infections
involve biofilms (Donlan 2002). Biofilms are by definition highly structured com-
munities of microorganisms that are surface-associated, and/or attached to one
another, enclosed within a self-produced protective extracellular matrix (Costerton
et al. 1995). These can form in the natural environment as well as inside the human
host, and can be considered as complex cities of microbes that cooperatively interact
in an altruistic manner (Coghlan 1996). The advantages to an organism of forming a
biofilm include protection from the environment, resistance to physical and chemical
removal of cells, metabolic cooperation, and a community-based regulation of gene
expression (Jabra-Rizk et al. 2004). In recent years, there has been an increased
appreciation of the role that microbial biofilms play in human medicine, particularly
because microbes growing within biofilms (sessile cells) exhibit unique phenotypic
characteristics compared to their planktonic counterpart cells, including increased
resistance to antimicrobial agents and protection from host defenses (Brown and
Gilbert 1993). Therefore, they pose a major problem to clinicians as the dose
required to eradicate the biofilm can exceed the highest therapeutically attainable
concentrations (Rasmussen and Givskov 2006). Some of the biological character-
istics of yeast biofilms will now be addressed.

6.4 Fungal Biofilm Model Systems

A wide range of biofilm model systems have been developed to study bacteria and
yeasts in vitro. Many factors affect in vitro yeast biofilm formation, which have
been elucidated using model systems. These include strain, species and substrate
specificity, and the role of conditioning film and bacterial competitors (Adam et al.
2002; Ramage et al. 2001b; Thein et al. 2006). However, the primary function of
many of these models is to investigate biofilm developmental properties and their
susceptibility to antimicrobial agents.

An early fungal biofilm model involved adherent populations of Candida sp.
developing on catheter discs (Hawser and Douglas 1994). Static biofilm growth was
quantified using dry weight measurements, tetrazolium salt (MTT) reduction assays
and incorporation of [3H] leucine, of which the latter two methods showed excellent
correlation to the dry weight of the biofilm. Six different species of Candida were
investigated for their ability to form biofilms. C. albicans showed superior biofilm
formation compared to C. parapsilosis, C. tropicalis, C. pseudotropicalis, and
C. glabrata on catheter material. Latex material produced the best biofilm, followed
by PVC and polyurethane. Biofilm formation on silicone was found to be more
variable, with the surface topography and hydrophobicity differing between the two
types of catheter discs (Hawser and Douglas 1994).
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A biofilm model for C. albicans has been developed using polymethyl-
methacrylate strips (Chandra et al. 2001a). Total biofilm biomass (dry weight)
and the metabolic activity of cells (XTT reduction assay) of C. albicans cells
were determined using this model system. The authors found that inoculum size,
adherence time, incubation time, and exposure to carbohydrate (especially glucose)
and saliva all influenced biofilm development of C. albicans within this model
system. In this denture biofilm model, C. albicans was found to be significantly
more resistant to a range of antifungals compared to planktonic cells (Chandra et al.
2001b).

Traditionally, most models for the formation of microbial biofilms, including
those formed by fungal species, are cumbersome, requiring expert handling, longer
processing times and the use of specialized equipment not generally available
in a regular microbiology laboratory. Moreover, these complex and technically
demanding biofilm models are generally not amenable to high throughput screening
since relatively few equivalent biofilms can be produced at the same time. Ramage
and colleagues were the first to describe a standardized high throughput 96 well
microtiter plate model for the formation of C. albicans biofilms (Pierce et al. 2008b;
Ramage et al. 2001a). This model has now been adopted by a number of other
groups to evaluate various experimental parameters of biofilm formation (Ramage
et al. 2001a; Thein et al. 2007; Tumbarello et al. 2007). The XTT (2,3-bis
(2-methoxy-4-nitro-5-sulfo-phenyl)-2H-tetrazolium-5-carboxanilide) reduction assay
is based on initial candidal adhesion and antifungal drug susceptibility studies
(Hawser 1996; Tellier et al. 1992). This methodology was found to be rapid and
highly reproducible, and particularly amenable for biofilm susceptibility testing
against a range of current antifungal agents (Ramage et al. 2001b, 2002c). This
colorimetric assay is non-invasive and non-destructive, requiring minimal post-
processing of samples as compared to other alternative methods (such as viable
cell counts). Using this technique, multiple microtiter plates can be processed
simultaneously without compromising on accuracy, and is important due to its
utility for testing of biofilms, which are inherently more resistant to antifungal
therapy compared to their free floating planktonic cell counterparts (Pierce et al.
2008b; Ramage and Lopez-Ribot 2005). Martinez and Casadevall also developed a
microtiter plate biofilm assay for C. neoformans to determine the susceptibility
profiles of sessile structures in vitro using this XTT-based reduction assay
(Martinez and Casadevall 2006a). Whereas the assay is useful for antifungal
testing to evaluate the effects of the drug on a sessile population in comparison
to an untreated control, metabolic variability between different isolates make its
usefulness in quantifying biofilm development limited, and caution should there-
fore be taken when interpreting the data obtained from this metabolic assay
(Kuhn et al. 2003).

The presence of flowing liquid over the biofilm can increase the amount of
matrix formed compared to statically developed sessile populations (Hawser et al.
1998). Therefore, flow systems have been utilized by many researchers to model
biofilm development (Garcia-Sanchez et al. 2004; Ramage et al. 2008). A “seed and
feed” modified Robbin’s device has been described, which permits multiple
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biofilms to be formed under constant flow conditions (Ramage et al. 2008). The
production of polymeric material was increased under flow conditions, with the
architecture of the resultant biofilms altered with respect to water channels, porosi-
ty, topography, and thickness compared to biofilms grown statically. Conversely,
recent studies have shown that shear flow can reduce the biofilm thickness whilst
increasing overall cellular density (Mukherjee et al. 2008). This highlights the
intrinsic variability in biofilm flow systems modeling. Other flow systems include
cylindrical cellulose filters, constant depth film fermenters, perfusion fermenters
and a Robbin’s device (Baillie and Douglas 1998a, 1999; Chandra et al. 2001a, b;
Lamfon et al. 2003). For flow systems, although perhaps more representative of
certain physiological conditions, limitations to this type of apparatus are evident.
These include their poor availability and accessibility to many laboratories, diffi-
culty in implementation, and their limited utility to high throughput screening.
The majority of yeast biofilm research to date is carried out in vitro, but it has
proved important to validate laboratory-based models with those formed in vivo,
which has revealed structures with equivalent architecture (Andes et al. 2004;
Schinabeck et al. 2004). With conditions encountered in situ distinctive from
those in vitro, it is practically impossible to reproduce all the environmental
permutations experienced by the biofilm, particularly the host-pathogen relation-
ship in relation to the host immune response system (Nett and Andes 2006). To date
two key specific yeast biofilm models have been developed within animal hosts. The
first model, described by Schinabeck and coworkers, was developed on central
venous catheters within New Zealand white rabbits for C. albicans biofilms to
investigate antifungal lock therapy (Schinabeck et al. 2004). Similarly, Andes and
coworkers described a central venous catheter biofilm model using rats (Andes et al.
2004). Both groups noted a similar time course of biofilm formation over 24 h and
confirmed the presence of a multilayered structure with extracellular matrix using
microscopy. The catheter biofilms were also found to exhibit increased resistance to
antifungal therapy, with differential expression of two efflux pump genes.

6.5 Biofilm Developmental Characteristics

The colonization of complex, adherent yeast populations on biological and innate
surfaces, such as the oral mucosa or denture material substrates is commonplace for
clinically relevant yeasts (Holmes et al. 1995). Analogous to bacterial biofilms,
yeast biofilms have defined developmental phases. Various groups have endeavored
to develop suitable and robust models of yeast biofilm development. Although
slight variations exist within individual models, such as the substrate, incubation
time and growth media, the overall premise remains universal. These key stages
include arrival at an appropriate substratum, adhesion, colonization, polysaccharide
production, biofilm maturation, and dispersal (Blankenship and Mitchell 2006).
These phases of biofilm formation of C. albicans are illustrated in Fig. 6.1. A wide
variety of environmental factors contribute to the initial surface attachment of a
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Fig. 6.1 Overview of C. albicans biofilm development. A timeline of formation and dispersal is
depicted at the top of the figure. The categories listed at the side represent important processes in
biofilm development; the adjacent thick black lines represent the phase(s) during which they are
important to the biofilm life cycle. The thin arrows within each category represent the phase(s); the
listed proteins or events contribute to the respective process. Green arrows represent a positive
role of the genes or events indicated; the reed arrow indicates a negative role. Permission for the
reproduction of this figure was kindly permitted by the authors (Blankenship and Mitchell 2006)
and Elsevier

microbe. These include the flow velocity of the surrounding medium (urine,
blood, saliva), pH, temperature, presence of antimicrobial agents, and presence of
extracellular polymeric substances (Chandra et al. 2001a).

The best defined eukaryotic organism with regard to biofilm formation is the
yeast C. albicans. Endogenous or exogenous C. albicans cells must firstly colonize
a suitable substrate and quickly adhere to its surface. This initial attachment phase
is mediated by both nonspecific factors, including hydrophobicity of the cell surface
and electrostatic forces as well as by specific adhesins on the surface of C. albicans
that bind to ligands on the conditioning film (fibrinogen and fibronectin) (Dranginis
et al. 2007; Verstrepen and Klis 2006). Candida species can also directly attach to
one another or to bacterial organisms that have already colonized the biomaterial
(Coco et al. 2008; El-Azizi et al. 2004).

After the initial attachment phase, growth ensues and microcolonies are formed,
C. albicans then begins to multiply by budding, a filamentous scaffolding is
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produced and the initial deposition of extracellular matrix material occurs and
subsequent biofilm development follows (Chandra et al. 2001a). Filamentous
growth, although not strictly essential for biofilm formation per se, strengthens
the entire structure and provides protection and adhesion sites for the budding
yeast cells (Ramage et al. 2005). Microscopical analysis has demonstrated that
C. albicans biofilm formation could be separated into three distinct developmental
phases: Early (0-11 h), intermediate (12-30 h) and maturation (38—72 h) (Chandra
et al. 2001a). Following initial adhesion by blastospores, microcolonies of budding
yeast are detected in the 3 rd and 4th hour, with pseudo-hyphae and true hyphae
being present at 4 h and 8 h, respectively (Ramage et al. 2001b). Microcolonies are
later conjoined by hyphal extensions, leading toward a confluent monolayer (inter-
mediate phase). This phase is made distinct by the development of an opaque film
covering the fungal microcolonies made of predominantly noncellular material.
The cloudy appearance is due to the extracellular material, composed of predomi-
nantly cell-wall-like polysaccharides (Al-Fattani and Douglas 2006; Baillie and
Douglas 2000). Yeast cells make up the basal layer, while filamentous cells
compose the structural framework (Baillie and Douglas 1998a). In the maturation
phase, the quantity of this extracellular material increases in a time-dependant
manner, until the microbial communities are entirely enclosed to form a mature
biofilm (Chandra et al. 2001a). Recent work has shown the exopolymeric substance
(EPS) to consist of proteins, chitins, DNA and B-1,3 glucan carbohydrates
(Al-Fattani and Douglas 2006). It covers the biofilm and it is thought to act as a
protective barrier by preventing penetration of host immune factors, antifungals,
and impeding physical disruption of underlying cells.

Confocal laser scanning microscopy has shown mature C. albicans biofilms to
be complex three dimensional structures that can range from anything between 50
and 350pum thick, depending on the model (Mukherjee et al. 2008; Nobile et al.
2006a; Ramage et al. 2001b). Images obtained from scanning electron microscopy
(SEM) have shown that mature C. albicans biofilms consist of yeasts, pseudo-
hyphal forms, and true hyphae. The scanning electron micrographs in Fig. 6.2
illustrate the different architecture of biofilms formed by both C. albicans and C.
glabrata, either alone or mixed. Whereas C. glabrata are sparse and consist of
clumps, C. albicans biofilms are dense and heterogeneous, characterized by differ-
ent morphological forms. C. glabrata appears to use C. albicans as a scaffold to
maintain biofilm integrity (El-Azizi et al. 2004). Candida species tend to vary in
their biofilm developmental characteristics (Parahitiyawa et al. 2006).

Like C. albicans, T. asahii biofilms were identified to contain yeast cells and
hyphal elements (Di Bonaventura et al. 2006). Martinez and Casadevall reported
that C. neoformans also have the ability to form biofilm structures in vitro (Martinez
and Casadevall 2006a). They found that C. neoformans displayed the typical
sequence of events of biofilm formation and production of polymeric material.
Similarly, other yeasts undergo the similar developmental characteristics, but are
restricted to their yeast morphology, and rely specifically on adhesion, cell wall
glycoproteins, and the production of matrix material (El-Azizi et al. 2004; Hawser
and Douglas 1994; Kuhn et al. 2002a; Reynolds and Fink 2001)



6 Yeast Biofilms 129

Fig. 6.2 Scanning electron micrographs of (a) Candida albicans, (b) Candida glabrata and (c)
Mixed Candida albicans and Candida glabrata biofilms formed over 24 h on Thermanox ™
coverslips. Note the differing biofilm structures of each population. C. albicans produces a dense
matrix of yeast, pseudohyphae and hyphal cells, whereas C. glabrata biofilms are sparse and
consist of clumps of smaller yeast cells. Note the architecture of the mixed species biofilm, with
C. albicans providing attachment sites and a stable matrix for C. glabrata to attach to. The scale
bars are 2pm

Overall, it is proposed that the architecture of biofilms is highly ordered to
enable the perfusion of nutrients and expulsion of waste products. Mature biofilms
exhibit spatial heterogeneity with microcolonies and water channels being present.
These features are common to both bacterial and fungal biofilms (Chandra et al.
2001a; de Beer et al. 1994; Lawrence et al. 1991). This complexity is governed by
defined genetic pathways.

6.6 Molecular Mechanisms of Biofilm Development

Historically, numerous biofilm models have helped to deduce the basic biological
processes involved in the development of biofilm structures, which are described in
these reviews (Kumamoto and Vinces 2005; Mukherjee et al. 2005; Ramage et al.
2005). This work primarily concentrated on the phenotypic characteristics asso-
ciated with biofilm formation and recalcitrance to antifungal agents. Although a
large number of groups have continued in this line of research, a significant number
of groups began to examine these complex structures at the molecular level with the
aim of understanding the molecular pathogenesis of yeast biofilm infections. An
article published in 2003 entitled “Are there biofilm-specific physiological path-
ways beyond a reasonable doubt?” made it clear that there still remained doubt
within the research community regarding the impact of the biofilm lifestyle, and
indeed whether this was unique and worthy of attention (Ghigo 2003). However,
the extensive effort over the past five years has categorically shown this to be the
case, with leading groups addressing the problem with vigor and tenacity.

Early studies showed that morphogenesis play a pivotal role in C. albicans
biofilm development, in which hyphae are essential elements for providing
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structural integrity and for multi-layered architecture (Baillie and Douglas 1999). A
gene encoding a major regulator of hyphal development is EFG1, which has been
shown to be involved in regulation of the morphological transition and associated
with ability to form coherent biofilm structures on both polystyrene, polyurethane
and glass (Garcia-Sanchez et al. 2004; Lewis et al. 2002; Ramage et al. 2002d).
CPHI1 has also been shown in these studies to play an associated role. Given that
Efglp also regulates numerous genes whose products include many cell surface
proteins, it is not surprising that this protein is important for biofilm formation
(Sohn et al. 2003). For example, Efglp regulates expression of EAPI, which
encodes a predicted cell wall, GPI-anchored protein. When expressed in adhesion
defective S. cerevisiae cells, this resulted in attachment to polystyrene, suggesting
that this surface protein can mediate attachment to polystyrene (Li and Palecek
2003). Further studies have shown that the Eaplp mediates C. albicans biofilm
formation and that this is specific to the EAP domain (Li et al. 2007; Li and Palecek
2008). ACE2 and NOT4 have also been shown to have defective adhesion pheno-
types leading to reduced biofilm formation (Kelly et al. 2004; Krueger et al. 2004)

Cell wall proteins with a demonstrated role in biofilm formation include the ALS
gene family, which have been shown to be expressed on both innate and biological
substrates, and which may facilitate coaggregation with other yeasts and bacteria
(Green et al. 2004; Klotz et al. 2007). Another gene encoding the transcriptional
regulator Berlp activates cell-surface protein and adhesin genes required for
biofilm formation (Nobile et al. 2006a). This has also been shown to play a role
in C. parapsilosis biofilm formation (Ding and Butler 2007). It has also been shown
that HWP1, when overexpressed in the biofilm deficient bcrl/berl mutant back-
ground regains the ability to form biofilms in vivo, indicating the pivotal role of
Hwplp for biofilm formation (Nobile et al. 2006b). A recent study has shown that
there may indeed by a complementary adhesion function in biofilms, where alsi/
alsl, als3/als3, and hwpl/hwpl biofilm-deficient mutants were able to form a
biofilm both in vitro and in vivo when mixed (Nobile et al. 2008). These authors
proceed to hypothesize that the complementary adhesion be analogous to the roles
of sexual agglutinins in mating reactions, which is subject to a recent review by
authors who have previously demonstrated that a unique signaling system exists in
between opaque and white cells of the C. albicans white—opaque switching system
to form biofilms (Daniels et al. 2006; Soll 2008).

Sundlp, a glycosidase, is also involved in biofilm formation, cytokinesis, cell
wall biogenesis, adhesion and virulence, with its deletion resulting in a cell wall
damaged phenotype (Norice et al. 2007). Glycosylated mannoproteins have been
shown to be an important factor in adhesion and virulence (Bates et al. 2005, 2006;
Munro et al. 2005). In vitro biofilm studies have shown that Mntl, Mnt2, Ochl,
and Pmr1 were also important in C. albicans biofilms, as mutants were defective in
their abilities to form biofilms on polystyrene (Ramage, unpublished observation).
Insertion mutant studies have also shown that SUV3, NUP85, MDS3, and KEM 1 are
involved in biofilm formation through their morphogenic defects (Richard et al.
2005). An interesting study has also shown that upon contact, the mitogen-activated
protein kinase (MAPK) protein, Mckl1p signal transduction factor, is involved in
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invasive hyphal growth and biofilm development, and the mutant (mck/) is azole-
sensitive within its altered biofilm phenotype (Kumamoto 2005). This implies that
Mck1p may also be involved in biofilm resistance. With regards to dispersal from
the biofilm to initiate colonization at a distal site, studies have indicated a potential
role for Ywpl (Granger et al. 2005).

Although many of these experiments on molecular mechanisms of biofilm
formation in yeasts were obtained piece-meal, mostly by using single mutant strains
with defined genetic defects and assessing their biofilm-forming ability, the post-
genomic era has allowed the implementation of powerful techniques such as DNA
microarray and proteomic analyses to analyze global patterns of gene and protein
expression during the biofilm lifestyle. Microarrays containing the entire genome of
various fungi are now available, enabling transcriptomic analysis under various
conditions, including, biofilm development and their response to antifungal agents
and quorum sensing molecules (Cao et al. 2005; Lepak et al. 2006). Early studies of
planktonic cells and biofilms grown in different conditions (nutrient flow, aerobiosis
and glucose concentration) showed transcriptional correlation of culture condi-
tions between the biofilms, indicating that similar and specific transcriptional
events occur during biofilm formation, independent of the growth conditions
(Garcia-Sanchez et al. 2004). Three specific phases of biofilm development were
subsequently examined of biofilms grown on both denture acrylic and catheter
substrates, and it was shown that the transcriptional profiles were both phase- and
material-specific (Yeater et al. 2007). Murillo and colleagues investigated the early
stages of biofilm formation and found that after only 30 min, there was a substantial
difference in gene expression between adherent and non-adherent C. albicans cells
(Murillo et al. 2005). Key regulators of morphogenesis were also shown to be
differentially expressed during biofilm growth, such as NRG! and EFGI (Kadosh
and Johnson 2005; Sohn et al. 2003). Moreover, genes encoding for drug efflux
pumps and implicated in azole resistance have been reported to be differentially
regulated upon exposure to antimicrobial agents, which include CDRI, CDR2 and
ERGI1, genes which have been previously shown to be implicated within the
biofilm developmental phase (Lepak et al. 2006; Mukherjee et al. 2003; Ramage
et al. 2002a). These detailed transcriptional studies indicate that biofilm develop-
ment is a highly regulated and multifactorial event.

A parallel approach has been used to examine biofilm characteristics using
proteomics. More recently two different groups have used these approaches (two
dimensional gel electrophoresis and mass spectrometry techniques) to compare cell
surface-associated proteins from C. albicans planktonic and biofilm cultures
(Vediyappan and Chaffin 2006). These studies described that the protein profiles
associated with the planktonic and biofilm extracts were very similar, although a
few proteins were identified that were differentially expressed during the biofilm
mode of growth. In addition, Thomas and colleagues reported that proteins in the
biofilm exopolymeric material were similar to those found in liquid culture super-
natants obtained from planktonic (liquid) cultures. Proteins found in the biofilm
matrix included a few predicted to form part of the secretome, but also many non-
canonically secreted proteins (Thomas et al. 2006). Another proteomic study
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identified alcohol dehydrogenase as a key regulator of biofilm formation in
C. albicans (Mukherjee et al. 2000). Pierce and colleagues utilized proteomics to
assess changes in N-glycosylation levels of cell wall mannoproteins after treatment
with tunicamycin that inhibited biofilm formation, suggesting a key role for
N-linked glycosylation during biofilm development in C. albicans (Pierce et al.
2008a).

6.7 Pathogenesis and Host Immunity

The high density of cells present within a biofilm represents a challenge to the host
through direct and indirect interaction of the sessile cells and associated products,
which ultimately lead to inflammation and pathology. The general host pathogen
relationship will be dealt with elsewhere in this book. Certain individuals suffer
from denture stomatitis because the denture provides a reservoir for the heteroge-
neous yeast biofilm, which subsequently induces inflammation of the oral mucosa.
It has been shown that both Candida biofilm diversity and quantity can contribute to
high level inflammation (Coco et al. 2008). To date, there are limited in vitro studies
that have examined the expression of defined yeast virulence factors within the
context of the biofilm phenotype. However, the oral mucosa, and models thereof,
represent useful tools to extrapolate the pathogenic role of biofilm infections.
Several studies by Naglik have shown that the biofilm-specific protein Hwplp is
an important determinant of mucosal infection, and that secreted aspartyl proteases
(Saps) play key roles with proteolytic activity in vivo (Naglik et al. 2003). Howev-
er, recent publications have re-examined the role of Saps during superficial infec-
tions and demonstrated that no single Sap appears to play a predominant role in
mucosal invasion (Lermann and Morschhauser 2008; Naglik et al. 2008). Coco has
recently demonstrated that members of the SAP family are expressed in a bio-
film phase-dependant manner using an in vitro biofilm model, and that mixed
C. albicans and C. glabrata biofilms are associated with higher grades of inflam-
mation and expression of SAPs than mono-species C. albicans biofilms alone (Coco
et al. 2008; Coco 2009). Previous studies have also shown the contributory role of
lipolytic enzymes, such as the phospholipases (Naglik et al. 2003).

Limited information is available on the role of the host immune response in
relation to biofilm formation, as this subject is in its infancy. However, it was
recently shown that the epithelial surfaces can be protected from the development
of mucosal infections through a TLR4-mediated protective mechanism, which is
PMN-dependent (Weindl et al. 2007). One of the few papers to directly investigate
biofilm immunology in any detail reported that upon exposure to C. albicans
biofilms adherent human peripheral blood mononuclear cells secreted significant
amounts of IL-1f, IL-10, and MCP-1 compared to planktonic yeast cells (Chandra
et al. 2007; Wang et al. 2008). Biofilm matrices are thought to play a key role in
protecting microbial biofilms from host immune responses. For example, increased
phagocytosis and killing of staphylococcal biofilms has been reported for knock-out
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strains missing polysaccharide intercellular adhesion, which is a main constituent
of staphylococcal biofilms (Vuong et al. 2004). Antibodies are also thought to fail
to penetrate biofilms due to the coating of biofilms by matrix material.

In C. neoformans biofilm formation is dependent on the presence of a polysac-
charide capsule composed primarily of glucuronoxylomannan (GXM) and specific
“protective” antibodies against this component inhibited biofilm formation
(Martinez and Casadevall 2005). In the same report, the authors indicated that
lactoferrin, a component of the innate immune system, was unable to prevent fungal
biofilm formation despite its previously reported efficacy against bacterial biofilms.
However, under certain circumstances, specific antibodies can antagonize the
action of antifungal drugs and reduce their activity against C. neoformans biofilms
(Martinez et al. 2006b). Also, C. neoformans cells within biofilms were more
resistant than their planktonic counterparts to oxidative stress, but remained sus-
ceptible to cationic antimicrobial peptides (Martinez and Casadevall 2006b). Inter-
estingly, antibody-mediated agglutination and biofilm formation can also mediate
resistance to and escape from phagocytosis inside macrophages (Alvarez et al.
2008). However, antibody-guided alpha radiation has been proven effective to
damage fungal biofilms, a technique in which a radioactive molecule is attached
to an antibody, which is specific to epitopes localized within the biofilm (Martinez
et al. 2006a).

6.8 Antifungal Resistance

The commonly used CLSI broth microdilution techniques for antifungal suscepti-
bility testing are based on the use of planktonic populations and will not enable
prediction of the drugs efficacy against fungal biofilms. These increased levels of
resistance typically associated with biofilms in comparison to planktonic popula-
tions, underscore the importance of developing standardized assays to test biofilm
antifungal susceptibilities and to allow systematic studies to determine the effec-
tiveness of different antifungal agents and regimens against fungal biofilms (Pierce
et al. 2008b). One of the defining characteristics of biofilms is their increased
resistance to antimicrobial agents. Bacteria and fungi have been reported to be up
to 1,000-fold less susceptible to antimicrobial therapy than planktonic free floating
cells in a wide variety of in vitro and in vivo biofilm models, although this
recalcitrance to antimicrobial therapy is not fully understood (Di Bonaventura
et al. 2006; Tre-Hardy et al. 2008). Although some antifungal agents have been
shown to be efficacious against yeast biofilms, particularly liposomal amphotericin
B formulations and the echinocandins (Bachmann et al. 2002, 2003; Kuhn et al.
2002b; Ramage et al. 2002c¢), the high level resistance exhibited by these complex
structures has promoted detailed investigation.

Factors that are potentially responsible for the increased resistance of biofilms to
antifungals, amongst others, include the structural complexity and increased cell
density of sessile populations, physiological state of the cell, and differential gene
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expression of biofilms compared to planktonic cells (Perumal et al. 2007; Ramage
et al. 2002a). The architecture of biofilms and the presence of exopolymeric material
may reduce the diffusion of antifungal drugs. Studies have shown that polymeric
material production is increased with biofilms grown under shaking conditions
compared to static culture (Baillie and Douglas 2000). C. albicans biofilm devel-
oped under shaking conditions were also shown to be 20% more resistant to
amphotericin B when compared to resuspended cells (Baillie and Douglas 1998b).
In addition, it has been shown that preformed biofilms are not affected by high
concentrations of most antifungal agents, and that even newly adherent cells could
still grow, proliferate, and form biofilms in the presence of high concentrations of
fluconazole (Ramage et al. 2002a). However, the biofilm ultrastructure and presence
of matrix material are not entirely responsible for antifungal resistance, as biofilms
that have been detached and dispersed were at least eight times more susceptible to
fluconazole compared to intact sessile structures (Ramage et al. 2002a). These
results indicate that the matrix material does play a role in the resistance of biofilms,
however, as it has been shown that antifungal agents can diffuse through this, then its
precise function is as yet to be determined (Al-Fattani and Douglas 2004).

The physiological state of cells in sessile populations has also been suggested
to influence the susceptibility profiles of biofilms. The effect of growth rate on
C. albicans biofilm resistance has been investigated using a perfused biofilm fermen-
ter, in which it was shown that under glucose limited conditions, high level resistance
for amphotericin B was still observed (Baillie and Douglas 1998a). The development
of semi-quantitative metabolic dye assays (for example XTT-based assays) has
confirmed that cells within biofilms are metabolically active (Chandra et al. 2001a;
Hawser 1996; Kuhn et al. 2003; Ramage et al. 2001a). Therefore, resistance of
C. albicans biofilms is not solely due to a slow growth rate or nutritional limitations.

In an attempt to further understand the molecular basis of biofilm resistance, the
expression of efflux pump genes (MDRI, CDR1, and CDR2) and ergosterol biosyn-
thetic genes (ERG), already implicated in azole drug resistance in C. albicans
planktonic populations, has been investigated in vitro by several groups (Mukherjee
et al. 2003). Animal studies have also shown that biofilms formed on catheters
express CDR pumps (Andes et al. 2004). Initially examination of mRNA transcripts
indicated that these genes were upregulated transiently in C. albicans biofilms, and
that they may play a defined role in resistance. Similar results were recently
reported in C. glabrata (Won Song et al. 2008). Subsequent analysis using
C. albicans efflux pump mutants, which are planktonically hypersensitive to flu-
conazole, showed that high level sessile resistance phenotypes were still observed,
thus implying that antifungal resistant in biofilms is multifactorial, with membrane
sterol composition and differentially expressed genes playing a combined role in
sessile recalcitrance (d’Enfert 2006). It has been demonstrated that there is less
ergosterol present in the later stages of biofilm formation, therefore some antifungal
drugs have less target molecule (Mukherjee et al. 2005). In addition, elevated levels
of B-1,3 glucan in the cell wall of C. albicans sessile cells and in the biofilm matrix
bind fluconazole and may contribute to the overall resistance of biofilm populations
(Nett et al. 2007).
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One mechanism of resistance that has gathered some attention recently is the
persister cell theory (Khot et al. 2006). The internal metabolic environment of a
biofilm has been described as markedly different from planktonic cells, with
changes in pH, oxygen level, and sugar availability all altered within the different
layers of the biofilm (Stewart and Costerton 2001). A small subset of blastospore
cells in a C. albicans biofilm have been described as highly resistant to amphoter-
icin B following adhesion, and this is independent to up-regulation of efflux pumps
and cell membrane composition (LaFleur et al. 2006). This provides the biofilm
community a greater opportunity of survival whilst limiting the advantages to these
individual blastospores for growth. This strain-specific behavior has yet to be
deduced as either genetic or environmental stimulation, but the dormant persistent
phenotype appears to be another defined biofilm resistance mechanism (LaFleur
et al. 2006). More recently persisters were found in biofilms of one of two strains
of C. albicans and in biofilms of C. krusei and C. parapsilosis, but not in biofilms of
C. glabrata or C. tropicalis, suggesting that persister cells are not solely responsible
for drug resistance in Candida species biofilms (Al-Dhaheri and Douglas 2008). In
addition, in a series of very detailed experiments, the Chaffin group unequivocally
demonstrated the contribution of cell density to antifungal drug resistance in
C. albicans biofilms and concluded that azole drug tolerance at high cell density
differs mechanistically from tolerance at low cell density (Perumal et al. 2007).
This is particularly interesting as cell density is a key aspect of quorum sensing,
which plays a crucial role in biofilm regulation.

6.9 Cell-Cell Communication

Quorum sensing is defined as the ability of microorganisms to communicate and
coordinate their behavior via the secretion of signaling molecules in a population
dependent manner. Quorum sensing was first described in aquatic Vibrio fischeri
and is associated with bioluminescence (Nealson et al. 1970). Since then a vast
amount of research has been undertaken to gain a better understanding of quorum
sensing networks in bacteria (Venturi 20006).

Quorum sensing in eukaryotic organisms was first described in C. albicans.
Hornby and colleagues were the first to identify the quorum sensing molecule as
farnesol trans, trans 3,7,11-trimethyl-2,6,10-dodecatrien-1-ol (Hornby et al. 2001).
In parallel, Oh and colleagues found that another strain of C. albicans produced a
closely related compound called farnesoic acid (Oh et al. 2001). Farnesol has been
shown to inhibit the yeast to hyphal transitional stage of C. albicans (Hornby et al.
2001). This morphological switching is important for the pathogenicity of
C. albicans (Saville et al. 2003). Ramage and colleagues found that farnesol was
able to reduce biofilm development in a concentration dependent manner (Ramage
et al. 2002b). However, adherent cell populations that had begun to germinate
before being exposed to farnesol were not inhibited and hyphal formation resulted
in almost typical biofilm structures being formed (Ramage et al. 2002b). The effect
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of farnesol also resulted in alterations of gene expression with HWP1, a hyphal wall
protein displaying decreased gene expression upon exposure to farnesol (Ramage
et al. 2002b). Other studies have subsequently confirmed these observations,
exploring the effects of this quorum sensing molecule using microarray analysis
(Cao et al. 2005; Enjalbert and Whiteway 2005). Cao and colleagues (2005)
concluded that exposing C. albicans to farnesol resulted in a genome wide response
involving hyphal developmental genes (TUPI and CRKI), cell surface hydropho-
bicity genes and genes involved in drug resistance (FCRI and PDRI16) (Cao et al.
2005). Similar findings were reported, with farnesol repressing the expression
of hyphal-related genes and inducing the expression of drug resistance genes
(Enjalbert and Whiteway 2005). Both studies confirm that the exposing farnesol
to C. albicans results in multifactorial transcriptional events. A recent study has
now demonstrated that quorum sensing events in C. albicans is likely driven by the
two component regulatory system of Chk1p (Kruppa et al. 2004). The production of
farnesol has not been reported for any other fungi to date. However, farnesol has
been found to induce production of reactive oxygen species in S. cerevisiae and
apoptosis in both Aspergillus nidulans and Fusarium graminearum. Therefore, the
efficacy of farnesol is not solely specific to C. albicans (Semighini et al. 2006).

A second quorum sensing molecule called tyrosol has been isolated from
C. albicans (Chen et al. 2004). Tyrosol was found to promote germ tube formation,
suggesting C. albicans morphology is under a complex regulatory system of
positive (tyrosol) and negative (farnesol) control. Further work identified tyrosol
production by both C. albicans planktonic cells and biofilms (Alem et al. 2006).
Biofilms produced significantly more tyrosol compared to planktonic cell cultures.
The early stages of biofilm development (2—6 h) were enhanced with exposure to
tryosol, and the ability of tryosol to abolish the inhibitory effects of farnesol was
dependent on the concentration of farnesol present (Alem et al. 2006).

More recently, Martins and colleagues demonstrated that C. albicans and
C. dubliniensis planktonic and biofilm cells produce a series of chemical signaling
molecules, including isoamyl alcohol, 2-phenylethanol, 1-dodecanol, E-nerolidol,
and E,E-farnesol which affected morphogenetic transitions, and secretion of these
alcohols was species, culture mode, and growth time-specific (Martins et al. 2007).
It is expected that further insights into yeast quorum sensing pathways will provide
novel methods for controlling clinical yeast infections. For example, Ywplp has
been implicated as a biofilm dispersal agent, as deletion of the gene results in
enhanced adherence (Granger et al. 2005). This soluble factor is released into the
supernatant, and can subsequently block adhesion of strains that do not express
Ywpl.

6.10 Conclusions

Over the past decade, there has been an extensive research effort undertaken to
understand the biological processes governing the development and characteristics
of yeast biofilms, in particular those of C. albicans. Through the development of
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robust biofilm models, many of the fundamental phenotypic and genotypic char-
acteristics of biofilms have been elucidated. With technological advances acceler-
ating and the necessary sequence information for other clinically relevant yeasts
being made available, the application of powerful molecular biology techniques
should unravel their intricate biofilm processes. Whether we can harness the
knowledge obtained from biofilm development, drug resistance and quorum sens-
ing to create new therapeutic strategies remains to be seen. Nevertheless, this will
be an exciting challenge.
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Chapter 7
Cryptococcus: Spectrum of Disease
and Treatment

Tihana Bicanic and Thomas Harrison

Abstract Cryptococcosis is a major fungal opportunistic infection in increasing
populations of immunocompromised hosts worldwide. Both Cryptococcus neofor-
mans, which favours the immunosuppressed host, and Cryptococcus gattii, the
cause of a recent outbreak in immunocompetent hosts, produce clinical presenta-
tions ranging from asymptomatic pulmonary infection to disseminated disease
involving the central nervous system. Cryptococcal antigen testing of serum and
cerebrospinal fluid is highly sensitive and specific for rapid diagnosis, though
culture remains the gold standard. Initial treatment is with fungicidal amphotericin
B-based combinations, followed by consolidation and maintenance with long-term
azole therapy. Optimal management includes early recognition and management of
raised intracranial pressure and immune reconstitution inflammatory syndrome.
Restoration of host immunity is critical for the immunosuppressed host. Future
efforts to improve the ongoing high mortality in patients with HIV infection in areas
of high cryptococcal incidence must be directed at prevention of severe disease by
screening for early sub-clinical infection.

7.1 Introduction

Cryptococci are encapsulated yeasts that are ubiquitous environmental saprophytes.
The two species of Cryptococcus causing illness in humans, Cryptococcus neofor-
mans (var. grubii (serotype A) or var. neoformans (serotype D) and Cryptococcus
gattii (previously C. neoformans serotypes B and C) (Kwon-Chung and Varma
2006) produce a wide spectrum of disease, from asymptomatic, self-limiting
pulmonary infection to life-threatening meningoencephalitis.
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C. neoformans has emerged as a major opportunistic pathogen as populations of
immunocompromised hosts increase worldwide, be it due to HIV (McCarthy et al.
2006; Mirza et al. 2003; Dromer et al. 1996) or immunosuppressive treatment of
cancer or organ transplantation (Singh et al. 2008; Pappas et al. 2001). In parts of
Africa with highest HIV sero-prevalence, C. neoformans has become a more
common cause of meningitis than the usual bacterial culprits (Hakim et al. 2000;
Gordon et al. 2000; Bekondi et al. 2006), and is a major infectious cause of death,
excluding HIV itself, after malaria and gastroenteritis (Park et al. 2009). C. gattii,
previously thought to be confined to tropical and subtropical areas (Kwon-Chung
and Bennett 1984), caused a recent outbreak of cryptococcosis in relatively immu-
nocompetent patients on Vancouver island (Kidd et al. 2004).

In the immunosuppressed host with deficient T-cell mediated immunity,
disseminated disease is usual. Infection of the immunocompetent host often produces
focal lesions (cryptococcomas) localized by a more effective host granulomatous
response to infection.

7.2 Clinical Presentations

Humans are exposed to cryptococci by inhalation of encapsulated yeast cells or
basidiospores from the environment (Powell et al. 1972). In the majority of cases,
this results in an asymptomatic pulmonary infection that may be associated with a
hilar lymph node complex (Baker 1976; Salyer et al. 1974). In the majority of hosts
with intact cell-mediated immunity, the infection is cleared or is contained and
enters a period of latency or subclinical infection similar to pulmonary tuberculosis
(Garcia-Hermoso et al. 1999). In the event of current or subsequent immunosup-
pression, the organism enters the blood stream to produce disseminated infection in
almost any organ in the body, with a predilection for the central nervous system
(that might be determined by its production of the enzyme laccase, which catalyses
the formation of melanin in the fungal cell wall from catecholamine precursors
widespread in the CNS).

7.2.1 Risk Factors: Imnmunosuppressed v Immunocompetent

Risk factors for cryptococcosis include all conditions associated with defective cell-
mediated immunity: most commonly HIV infection, prolonged corticosteroid treat-
ment or immunosuppressive drugs used for prevention of organ transplant rejection
(e.g. calcineurin inhibitors cyclosporin and tacrolimus) (Singh et al. 2007; Singh
et al. 2008; Vilchez et al. 2002) or for treatment of chronic inflammatory conditions
such as Crohn’s disease (e.g. TNF-a inhibitor infliximab (Hage et al. 2003)). Less-
common risk factors include diabetes mellitus, haematological malignancy, cirrho-
sis, connective tissue diseases and sarcoidosis (Pappas et al. 2001). Up to 25% of
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patients have no apparent risk factor (Dromer et al. 2007; Pappas et al. 2001).
Predictably, these immunocompetent patients tend to present with disease charac-
terized by a greater host inflammatory response leading to more localised disease
and a smaller yeast burden at the site of infection (Lee et al. 1996). In HIV-infected
patients, cryptococcal meningoencephalitis is associated with profound immuno-
suppression, usually occurring at CD4 counts <100 cells/pL. Compared to HIV-
negative patients, the presentation tends to be more acute, and is associated with
higher fungal burdens (higher rates of India Ink positivity, higher cryptococcal
antigen titres and more frequent positive blood cultures) and a poorer CSF inflam-
matory response (<20 WBC/pL).

7.2.2 C. neoformans v C. gattii

For unknown reasons, C. neoformans has a predilection for the immunosuppressed
host, causing over 90% of cryptococcal infections in AIDS patients (McCarthy
et al. 2006; Speed and Dunt 1995), whilst C. gattii favors the immunocompetent
host. Although the clinical presentation and spectrum of disease is generally
indistinguishable, C. gattii causes cryptococcomas in lung and brain more com-
monly than C. neoformans (Chen et al. 2000). Patients with cryptococcomas tend to
have more chronic clinical courses, slower response to antifungal treatment with
occasional requirement for surgical excision, but better survival than immunosup-
pressed patients with C. neoformans infection (Speed and Dunt 1995). The geo-
graphic distribution of disease is likely to be a product of both intensity of exposure
to the organism as well as the prevalence of risk factors in the population. In Africa
and most developing countries, the vast majority of cryptococcal disease is currently
HIV-related and caused by C. neoformans.

7.2.3 Central Nervous System (CNS)

Meningoencephalitis is the most frequent manifestation of cryptococcosis. Infec-
tion of the meninges and subarachnoid space is accompanied, and probably
preceded (Charlier et al. 2005), by involvement of the brain parenchyma (Lee
et al. 1996). Cryptococcal meningoencephalitis should always be included in the
differential diagnosis of meningoencephalitis, particularly in patients with known
immunocompromise. Patients usually present with fever and headache, progressing
to confusion or drowsiness over 2 to 4 weeks, though presentation in HIV infection
may be more acute. Signs are often absent but may include meningism, papilloe-
dema, cranial nerve palsies, depressed conscious level and raised intracranial
pressure. In C. gattii infection, and, less commonly, C. neoformans infection,
cerebral cryptococcomas may present with symptoms of a space-occupying lesion:
seizures, focal neurological signs or obstructive hydrocephalus.
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Diagnosis is by lumbar puncture with measurement of CSF opening pressure and
removal of a minimum of 5 ml of CSF for laboratory diagnostic tests (see below). In
immunosuppressed patients, and in the presence of focal neurology or abnormal
mental status (confusion, decreased conscious level, seizures) a CT head scan
should be done before lumbar puncture, if resources allow. Scans may show gyral
enhancement, single or multiple enhancing or non-enhancing nodules (cryptococ-
comas), or hydrocephalus (Cornell and Jacoby 1982). In HIV infection CT scans
are often normal, even in the presence of raised intracranial pressure (Graybill et al.
2000). MRI scans are more sensitive for detection of small nodules and dilated
perivascular (Virchow-Robin) spaces (Charlier et al. 2008).

7.2.4 Lung

The presentation ranges from asymptomatic infection to severe pneumonia with
acute respiratory failure, and may represent reactivation of latent infection
(Garcia-Hermoso et al. 1999) or progression of primary infection (MacDougall and
Fyfe 2006). Symptoms and radiographic findings are non-specific: patients present
with fever, pleuritic chest pain, cough or shortness of breath, and the chest X-ray most
commonly shows single or multiple nodules in immunocompetent patients, and focal
or diffuse pulmonary infiltrates or cavitating lesions in the immunocompromised, in
whom the differential diagnosis includes other opportunistic infections such as
pneumocystis and tuberculosis, which may also be present as co-infections (Jarvis
and Harrison 2008). In rare patients with underlying chronic lung disease with no
acute chest X-ray changes, negative serum cryptococcal antigen and no evidence
of disseminated disease, repeated isolation of C. neoformans from sputum may
represent chronic respiratory colonization (Duperval et al. 1977).

In the immunocompromised, a high index of suspicion is required, as lung
infection may herald CNS infection weeks to months later, and provides a window
of opportunity for earlier treatment (Driver et al. 1995; Kerkering et al. 1981). A
serum cryptococcal antigen is positive in more than 90% of HIV-infected patients
with pulmonary disease (Meyohas et al. 1995), compared with around 50% in
non-HIV patients (Pappas et al. 2001). Blood cultures and a lumbar puncture are
warranted in immunocompromised patients (and may be prudent in apparently
immunocompetent patients) to rule out disseminated disease, as treatment is
different.

7.2.5 Other Organs

The skin is the third most common site of cryptococcal infection. Rarely, Crypto-
coccus sp. may infect the skin by primary inoculation (Neuville et al. 2003), but
usually the observation or culture of Cryptococcus sp. in skin samples implies
disseminated disease. The most common cutaneous presentation is a papule or
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maculopapule with a soft or ulcerated centre, although all types of skin lesions have
been reported (Mitchell and Perfect 1995), emphasizing the importance of skin
biopsy in high-risk patients. In HIV patients, umbilicated papules must be distin-
guished from infection with molluscum contagiosum, and in patients from relevant
geographical regions, penicilliosis. Similar to lung infection, skin lesions may be a
sentinel sign for CNS disease.

The prostate may act as a reservoir of infection following successful treatment,
which may lead to relapses after urological procedures (Plunkett et al. 1981). Eye
involvement manifests as choroiditis or endopthalmitis, which are sight-threatening
(Crump et al. 1992). Rapid or more gradual, often irreversible, visual loss in
cryptococcosis most commonly results from compression of the blood supply to
the optic nerve by raised intracranial pressure, but may also occur due to optic
neuritis secondary to direct yeast invasion of the optic nerve (Rex et al. 1993).
Infection of bone and joints can occur, most commonly presenting as spinal
osteolytic lesions (Behrman et al. 1990) that must be differentiated from tuberculo-
sis and sarcoidosis. Other rarely reported sites of infection include the heart,
gastrointestinal tract, breast, lymph nodes, thyroid, adrenals, head and neck
(Chayakulkeeree and Perfect 2006).

7.3 Laboratory Diagnosis

7.3.1 Microscopy

The CSF white cell count ranges from normal to markedly elevated, with a
predominance of lymphocytes. CSF protein is usually mildly elevated (0.5-1 g/
dL) and CSF glucose may be low. However, in HIV patients all these parameters
can be entirely normal (Moosa and Coovadia 1997). The India Ink test, which is
simple, cheap and reliable, will detect >10*CFU of yeast per ml of CSF. Hence in
AIDS patients, who tend to present with high fungal burdens (10°-~10°CFU/ml)
sensitivity is over 80%, but only around 50% or less in non-AIDS patients (Kovacs
et al. 1985; Zuger et al. 1986).

The spherical encapsulated yeasts can also be visualized in histology samples
using specialized stains such as Gomori methenamine silver, alcian blue and
mucicarmine (capsular stains). The size and morphology of fungal cells, and
presence of capsule, allows specific identification in most cases.

7.3.2 Serology

Antibodies to C. neoformans are not useful in diagnosis (Goldman et al. 2001).
However, detection of the cryptococcal polysaccharide antigen in body fluids by
enzyme immunoassay and latex agglutination tests has a high sensitivity and
specificity (Tanner et al. 1994), best validated in serum and CSF (Snow and
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Dismukes 1975). The antigen may also be detectable in urine (Chapin-Robertson
et al. 1993) and bronchoalveolar lavage fluid (Baughman et al. 1992). With
appropriate pre-treatment (e.g. with pronase or 2-mercaptoethanol treatment),
false-positive tests are rare at CSF titres of >1:4 (Tanner et al. 1994). False-positive
latex agglutination tests are usually negative by enzyme immunoassay, and vice
versa. False-positives may rarely occur due to cross-reacting antigens in the speci-
men, including the yeast Trichosporon beigelii (Mcmanus and Jones 1985). False-
negative tests may occur in early asymptomatic meningitis, and in immunocompetent
patients (Berlin and Pincus 1989).

In asymptomatic HIV-infected patients, serum antigenaemia identifies early
cryptococcal disease, requiring CSF examination and treatment (Feldmesser et al.
1996). High initial CSF titres (>1:1024) correlate with a high organism burden by
quantitative culture (Brouwer et al. 2005), and are a marker of poor prognosis. CSF
antigen titres do fall with successful treatment, but are of little value in management
as they may remain elevated for months after successful treatment of cryptococcosis
(Powderly et al. 1994).

7.3.3 Culture and Sensitivity

C. neoformans from CSF, blood, or other sites produces cream-colored smooth or
mucoid colonies within 48-72 hours on most bacterial and fungal (Sabouraud’s
dextrose) media. Although C. neoformans grows at 37°C, 30-35°C is optimal.
Standard automated blood culture systems will detect cryptococcaemia. Identifica-
tion is based on biochemical tests (e.g. production of urease), or molecular methods.
Serotyping (A-D) is possible with commercial kits using monoclonal antibodies
(Dromer et al. 1993). Canavanine-glycine-bromothymol blue agar can be used to
discriminate C. gattii from C. neoformans (Kwon-Chung et al. 1982). Multilocus
sequence typing separates strains into at least 8 major genotypes (Litvintseva
et al. 20006).

Primary resistance to first-line antifungals is not currently a significant clinical
problem (Pfaller et al. 2005), and there is a paucity of data correlating MIC with
clinical response on which to base susceptibility/resistance breakpoints (Aller et al.
2000; Witt et al. 1996). Therefore, susceptibility testing of C. neoformans isolates
is currently only recommended for those patients who relapse or fail primary
therapy. However, initial isolates should be stored so that they can be tested in
parallel with any subsequent isolates if secondary resistance is suspected.

7.4 Treatment

Whilst antifungal drugs are the mainstay of therapy for patients with cryptococco-
sis, optimal management also involves early recognition and management of
complications, and restoration of host immunity, if possible. In patients with late
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stage HIV infection in areas of high cryptococcal incidence, there is also a strong
rationale for screening for early sub-clinical infection and pre-emptive treatment.
Antifungal drug regimens for cryptococcal meningitis have been some of the best
studied in trials of invasive mycoses, using both mycological (drug early fungicidal
acitivity and rate of CSF sterilization) and clinical outcome measures (resolution of
symptoms and mortality). The current paradigm, based on the last large Mycoses
Study Group trial (van der Horst et al. 1997), is to use the most rapidly fungicidal,
amphotericin B-based drug combination initially, to gain control of the infection,
and then consolidate and maintain with long-term therapy with less fungicidal but
also less toxic azoles. To date, the treatment of C. gattii and C. neoformans
infection is not substantially different, although the mass lesions seen more fre-
quently with C. gattii infection may need longer intensive therapy.

7.4.1 Antifungal Therapy

Cryptococci are generally susceptible to polyenes (amphotericin B), flucytosine and
triazoles (itraconazole, fluconazole, voriconazole, posaconazole), but are naturally
resistant to echinocandins (caspofungin, micafungin, anidulafungin). The most
rapidly fungicidal drug combinations are all based on amphotericin B deoxycholate
(AmBd). Flucytosine should not be used alone due to rapid emergence of drug
resistance (Hospenthal and Bennett 1998). Fluconazole has excellent CSF pharma-
cokinetics and safety, but at conventional dosage is essentially a fungistatic agent
best reserved, when used alone, for treatment of mild disease or later treatment
stages of disseminated disease, when there are lower fungal burdens (Bicanic et al.
2007; Larsen et al. 1990; Saag et al. 1992). Treatment of meningoencephalitis and
disseminated disease is generally divided into three stages: induction, consolidation
and maintenance.

7.4.1.1 Cryptococcal Meningoencephalitis/Disseminated Disease
HIV-Infected Patients

Induction therapy is with amphotericin B deoxycholate (AmBd) 0.7-1.0 mg/kg/day
i.v. plus flucytosine 100 mg/kg/day p.o. or i.v. for at least 2 weeks (Bicanic et al.
2008; de Lalla et al. 1995; van der Horst et al. 1997), a combination which results in
CSF sterilization in 60-75% of patients (Dromer et al. 2008; van der Horst et al.
1997). Many experts recommend a lumbar puncture at 2 weeks to check for CSF
sterility, and consideration of prolonged combination therapy if the CSF is still
culture positive. The addition of flucytosine to AmBd results in faster fungal
clearance (Brouwer et al. 2004) and has been shown to be an independent predictor
of CSF sterilization at 2 weeks, treatment success at 3 months and lower incidence
of relapse (Dromer et al. 2008; Robinson et al. 1999).
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AmBd is nephrotoxic and associated, during a 2-week course, with a fall in
haemoglobin of around 20% (Gallis et al. 1990; Brandriss et al. 1964). Flucytosine
can suppress bone marrow function, in particular neutrophil counts, and is renally
excreted, necessitating dose adjustment according to creatinine clearance. Fluid and
sodium supplementation, equivalent to 1-L. normal saline per day, is essential to
minimize amphotericin B nephrotoxicity (Branch 1988). All patients require fre-
quent monitoring of renal function and full blood count. However, these toxicities
are predictable, dose-dependent, and reversible on stopping therapy (Bicanic et al.
2008). Some experts recommend monitoring of flucytosine levels, if available,
although in published trials at the 100 mg/kg/day dose for 2 weeks in HIV-infected
patients, serious toxicity has been uncommon (Brouwer et al. 2004; Brouwer et al.
2007b; van der Horst et al. 1997). Lipid formulations of AmB, such as liposomal
AmB (dose 3-6 mg/kg/day i.v.) (Leenders et al. 1997; Hamill et al. 1999) and
amphotericin B lipid complex (dose 5 mg/kg/day i.v.) (Sharkey et al. 1996) may be
substituted for AmBd among patients with or predisposed to renal dysfunction
(Deray 2002). Flucytosine is not available in many countries, so alternatives, using
AmBd monotherapy at the higher, 1 mg/kg/day dose (Bicanic et al. 2007) or in
combination with fluconazole, 800 mg/day (Larsen et al. 2004; Pappas et al. 2009),
are suggested in Table 7.1. For more remote hospitals in developing countries
where AmBd cannot be safely administered or monitored, the best oral regimen
is a combination of high-dose fluconazole (800-1,200 mg/day), combined with
flucytosine, if available (Haubrich et al. 1994; Longley et al. 2008; Menichetti et al.
1996; Larsen et al. 1994; Mayanja-Kizza et al. 1998; Milefchik et al. 2008).

The newer extended spectrum triazoles, voriconazole and posaconazole, have
good in vitro activity against C. neoformans (Pfaller et al. 2004). Voriconazole has
excellent CSF penetration (Andes 2006) and high levels have been demonstrated in

Table 7.1 Treatment recommendations for cryptococcal meningoencephalitis in HIV-infected
patients

Initial antifungal regimen: induction Duration
AmBd 0.7-1.0 mg/kg/day +5FC 100 mg/kg/day 2 wks
Alternatives: 2 wks

1. Renal dysfunction: Liposomal AmB 3-6 mg/kg/day

2. Flucytosine not available: 2 wks

AmBd 1 mg/kg/day i.v.
AmBd 0.7-1 mg/kg/day i.v. plus fluconazole 800 mg/day p.o.

3. AmBd not available: 2-10 wks
fluconazole 1,200 mg/day p.o. £ flucytosine 100 mg/kg/day p.o.

Consolidation

Fluconazole 400 mg/day 8 wks
Alternative: itraconazole 400 mg/day (van der Horst et al. 1997)

Maintenance

Fluconazole 200 mg/day, start ART at 2—10 weeks >1yr

Alternative: itraconazole 200400 mg/day (Saag et al. 1999)

Adapted from: Clinical practice guidelines for the management of cryptococcal disease: 2009
Update by the Infectious Diseases Society of America [Clin Infect Dis 2009; in press]
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brain tissue (Lutsar et al. 2003). Despite achieving only low levels in CSF,
posaconazole has also been shown to have in vivo efficacy. Both drugs, thus far,
have only been evaluated clinically in a salvage setting (Perfect et al. 2003;
Pitisuttithum et al. 2005). They are therefore not recommended as part of primary
treatment regimens, but may be acceptable as alternatives in case of fluconazole
intolerance, toxicity or treatment failure. Interactions of both agents with antitu-
berculous and antiretroviral drugs needs careful attention.

The 2-week induction period is followed by consolidation therapy with flucona-
zole 400 mg p.o. daily for a minimum of 8 wks (van der Horst et al. 1997)
(alternative itraconazole, see Table 7.1). Thereafter, patients should have mainte-
nance therapy with fluconazole 200 mg/day p.o. for a minimum of 12 months, and
until there is evidence of persistent immune reconstitution on antiretroviral therapy
(ART), with a CD4 count >100 cells/uL and suppression of HIV viral load
for >3 months (Mussini et al. 2004; Vibhagool et al. 2003; Aberg et al. 2002).

Organ Transplant Recipients

As renal dysfunction is common in this group of patients, recommended induction
therapy for CNS disease or severe pulmonary infection is liposomal AmB 3-6 mg/
kg/day i.v. plus flucytosine 100 mg/kg/day for at least 2 weeks; consolidation with
fluconazole 400-800 mg/day p.o. for 8 weeks; then maintenance with fluconazole
200-400 mg/day p.o. for 6-12 months (Singh et al. 2005b). Immunosuppression
with corticosteroids or calcineurin inhibitors (cyclosporin, tacrolimus) should be
carefully reduced where possible (Singh et al. 2008). Abrupt reduction in immuno-
suppression has been associated with immune reconstitution reactions and graft loss
(Singh et al. 2005a).

Immunocompetent Patients

Induction therapy is as for HIV-infected patients, but some experts recommend the
duration is prolonged to 4-6 weeks, based on earlier trials in the pre-HIV era
(Dismukes et al. 1987). Of note, those trials were done with lower AmBd doses
than currently used, and liposomal AmB may need to be substituted for AmBd in
the event of nephrotoxicity from prolonged use. Consolidation is with fluconazole
400 mg daily for 8 weeks; followed by maintenance on fluconazole 200 mg daily
for 6-12 months.

7.4.1.2 Cerebral Cryptococcomas

Induction therapy may need to be prolonged, as for cryptococcal meningoencephalitis
in immunocompetent patients, followed by a prolonged fluconazole 400-800 mg/
day maintenance phase of 6—18 months. Corticosteroids may be used for significant
associated oedema, and surgery considered for large lesions (>3 cm) causing a mass
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effect. Occasionally, a cryptococcoma may cause obstructive hydrocephalus neces-
sitating the placement of a ventriculo-peritoneal shunt (Speed and Dunt 1995).

7.4.1.3 Pulmonary Disease

For treatment of mild or moderate disease, fluconazole 400 mg/day p.o. is given for
6—12 months. In HIV-infected patients, a minimum of one year is recommended,
and, in addition, the CD4 cell count should be >100 cells/uL on ART. Severe disease
(diffuse infiltrates, acute respiratory distress syndrome, evidence of dissemination)
has a high mortality (Visnegarwala et al. 1998) and should be treated as for menin-
goencephalitis. For C. gattii pulmonary cryptococcomas that are large and multiple,
induction therapy should be given for 4-6 weeks. Surgery may be considered for
symptomatic, focal radiographic abnormalities not responsive to antifungal therapy.

7.4.2 Isolated Cryptococcal Antigenaemia and Screening
for Subclinical Infection

In HIV-infected patients, a positive serum cryptococcal antigen is predictive of the
development of disseminated disease (Feldmesser et al. 1996; Jarvis et al. 2009). A
lumbar puncture should be performed on such patients to exclude meningitis. If the
CSF is normal, and there is no evidence of clinical infection elsewhere, patients can
be treated with fluconazole 400 mg/day, then 200 mg/day, until immune restoration
with ART (see below).

In parts of sub-Saharan Africa, around 10% of HIV-infected patients with a CD4
count <100 cells/uL, screened prior to initiation of ART, have positive serum
antigen tests (Liechty et al. 2007; Desmet et al. 1989; Jarvis et al. 2009). Anti-
genaemia is associated with an increased risk of death and of developing clinical
cryptococcal disease in the first year of ART, with the risk being higher at higher
titres. These data provide a strong rationale for screening of patients with a low
CD4 cell count prior to initiation of ART, and pre-emptive treatment for those with
a positive test, as an alternative to across-the-board primary prophylaxis with
fluconazole (Jarvis et al. 2009).

7.4.3 Management of Complications

7.4.3.1 Raised Intracranial Pressure

Raised CSF opening pressure (>25 cm H,0), measured at lumbar puncture using a
manometer attached to a three-way tap, occurs in more than 50% of cases of HIV-
associated cryptococcal meningitis, and can cause severe headaches, visual and
hearing loss, decreased conscious level, and death (Graybill et al. 2000; Denning
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et al. 1991). The mechanism leading to increased pressure is debated, but is most
likely to be due to obstruction of CSF re-absorption at the arachnoid villi by
organisms and shed polysaccharide (Hussey et al. 1970; Katzman and Hussey
1970), producing a communicating hydrocephalus. This is consistent with the
association of raised pressure with higher CSF polysaccharide antigen titres and
higher fungal burdens, and the apparent efficacy of mechanical drainage in patients
with high CSF pressure. Analysis of data from a combined cohort of patients
studied prospectively in Thailand and South Africa, suggests a high organism
load is necessary but not sufficient for the development of high CSF pressure
(Bicanic et al. 2009a). Cryptococcal capsular phenotype has also been shown to
play a role in animal models (Fries et al. 2005).

Management consists of daily lumbar punctures for all patients with elevated
opening pressure (>25 cm H,0), with removal of sufficient CSF to reduce opening
pressures by 50% or to <20 cm H,0, continued until opening pressure has been
normal for several days (Saag et al. 2000). For cases of persistently raised and
symptomatic CSF pressure, CSF diversion using a temporary lumbar drain, or per-
manent shunting, is recommended (Bach et al. 1997; Fessler et al. 1998; Macsween
et al. 2005; Park et al. 1999). Temporary lumbar drains are not without risk and staff
need to be familiar with or carefully trained in their use, but they have been
successfully used even in resource-limited settings (Manosuthi et al. 2008). Manag-
ing opening pressure aggressively with serial large volume therapeutic lumbar
punctures may attenuate the apparent effect of raised CSF pressure on mortality
(Bicanic et al. 2009a). The use of steroids is not recommended (Graybill et al. 2000).

7.4.3.2 Relapse

In HIV-infected patients representing with symptomatic relapse, fluconazole
adherence should be assessed, and response to ART by CD4 cell count and HIV
viral load. Induction therapy should be re-started pending results of investigations.
Opening pressure should be checked by lumbar puncture and managed as above, if
elevated. CSF specimens should be sent for repeat culture and, if the culture is
positive, paired susceptibility testing using the relapse and original isolate
(if available). In the event of fluconazole resistance, weekly amphotericin B
1 mg/kg/day, is an alternative, though inferior, maintenance therapy (Powderly
et al. 1992). Voriconazole or posaconazole could also be considered, although drug
interactions may be a major issue. For those with symptomatic relapses after start of
ART, a diagnosis of IRIS should be considered (Bicanic et al. 2006), especially if
the CSF culture is negative or the organism load low.

7.4.3.3 Immune Reconstitution Inflammatory Syndrome (IRIS)

In HIV-infected patients starting ART, cryptococcal immune reconstitution
syndrome can occur in one of two forms: (1) “unmasking” IRIS in patients with
subclinical but previously undiagnosed cryptococcal disease, with first appearance
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of symptoms after the start of ART and positive cultures and (2) “paradoxical” IRIS
in patients previously diagnosed and treated for cryptococcal infection, with recur-
rence of symptoms after start of ART and (usually) negative cultures (Shelburne
et al. 2005; Bicanic et al. 2009b). IRIS is also recognized on decrease of immuno-
suppression in organ transplant recipients (Singh et al. 2005a).

IRIS has been reported in 8-30% of patients with cryptococcal meningoenceph-
alitis after starting ART (Lortholary et al. 2005; Shelburne et al. 2005; Bicanic et al.
2009b). Risk factors include a high fungal burden (cryptococcaemia and high CSF
cryptococcal antigen), failure to sterilize the CSF at 2 weeks, a low CD4 count and
rapid rise in CD4 count on ART, and early institution of ART (less than 1-2 months
from diagnosis of cryptococcal meningitis). In a cohort of HIV-infected patients
from South Africa, both unmasking and paradoxical IRIS were associated with a
positive serum cryptococcal antigen prior to the start of ART, and the risk was
increased at higher titres (Jarvis et al. 2009). It occurs within days to months of
immune restoration and manifests most commonly as lymphadenitis or central
nervous system symptoms or signs. IRIS is a diagnosis of exclusion, for which
there is so far no laboratory diagnostic test, and must be distinguished from
treatment failure or alternative infections. ART and antifungal therapy should be
continued, with consideration of the use of steroids (prednisolone 0.5—1 mg/kg/day
for 2—-6 weeks, tapered dose) for patients with severe or progressive manifestations.

7.4.4 Restoration and Boosting of Host Immunity

In HIV-infected patients with cryptococcosis, introduction of ART may restore
cell-mediated immune responses against cryptococci and enhance clearance of
infection. However, early restoration of immune responses in the presence of a
large burden of viable organisms or polysaccharide antigen in severely immuno-
suppressed patients may result in IRIS with potentially fatal consequences (Lawn
et al. 2005a). The risk of IRIS has to be balanced against the risk of death from other
HIV-related opportunistic infections if initiation of ART is delayed (Lawn et al.
2005b). The optimum time to start ART after the start of antifungal treatment is
uncertain: a recent randomized trial (which included mainly patients with Preu-
mocystis infection, but also 37 patients with cryptococcal meningitis) suggested
that starting ART at 2 weeks compared to 6 weeks into therapy for the opportunistic
infection was associated with fewer combined endpoints of death or AIDS progres-
sion, without an increase in IRIS (Zolopa et al. 2008). Importantly this trial was in
the context, for the cryptococcal patients, of initial treatment with amphotericin B.
If initial treatment is with the much less rapidly active fluconazole, IRIS may be
more of a concern and a study reported in abstract from Zimbabwe found that
starting ART concurrently with fluconazole (800 mg/day) was associated with
much higher mortality than deferring ART for 10 weeks (Makadzange et al.
2009). Further studies are planned in the African setting to help address this issue.
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Given ongoing high mortality despite best current antifungal therapy, there is
continued interest in adjunctive immunotherapies. Treatment with anti-capsular
monoclonal antibodies has been used in animal models (Casadevall et al. 1998)
and has been shown to be safe in humans (Larsen et al. 2005), but has not
progressed beyond phase I trials. Interferon-y, a cytokine produced by T-cells, is
important in cryptococcal clearance from the CSF (Siddiqui et al. 2005), and when
used as an adjunct to antifungal therapy in trials of cryptococcal meningitis, showed
a trend towards improved mycological and clinical success at 10 weeks (Pappas
et al. 2004). Pending further studies, its use (dose 100 pg sc 3 times/week) may be
considered in patients refractory to standard antifungal therapy, especially if there
is evidence for a poor or dysfunctional immune response (Brouwer et al. 2007a).

7.5 Prognostic Factors and Outcome

Without antifungal therapy, cryptococcal meningoencephalitis is uniformly fatal
(French et al. 2002). In HIV-infected patients, 10-week mortality ranges from 10%
to 26% (Larsen et al. 1990; Saag et al. 1992; van der Horst et al. 1997; Dromer et al.
2007) in developed countries, and from around 25% to over 50% in developing
countries (Bicanic et al. 2007; Imwidthaya and Poungvarin 2000; Kambugu et al.
2008), where delays in presentation to hospital are common and access to treatment
may be limited (Bicanic et al. 2005).

Abnormal mental status (confusion, seizures or depressed conscious level) and
high fungal burden at diagnosis, measured by quantitative CSF culture or CSF
antigen titre, are the most important determinants of early death (Brouwer et al.
2004; Saag et al. 1992). Raised CSF opening pressure and low CSF white cell count
are also associated with poor outcome. Long-term outcomes are determined by the
ability to control the underlying disease. In HIV-infected patients, patients surviving
to 6 months on ART have an excellent long-term prognosis, whether in the developed
or developing country setting (Bicanic et al. 2007; Lortholary et al. 2006).

In addition to refinements of existing antifungal treatment strategies and resto-
ration of host immunity, future efforts to decrease the high mortality from crypto-
coccal meningoencephalitis must be directed at the prevention of severe disease,
with expansion of screening for subclinical cryptococcal infection in the immuno-
suppressed (Jarvis et al. 2009); and earlier diagnosis, with the development of rapid,
non-invasive, outpatient diagnostic tests that are more applicable to and affordable
for resource-limited settings than current assays (Tassie et al. 2003).
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Chapter 8
Typing Species of Cryptococcus and
Epidemiology of Cryptococcosis

Thomas G. Mitchell and Anastasia P. Litvintseva

Abstract This article reviews the more common DNA-based molecular markers
used to genotype species and strains of Cryptococcus. The current schemata for
molecular epidemiological typing of C. neoformans and C. gattii are defined
and summarized. Common methods of assessing the population genetics of the
C. neoformans—C. gattii species complex are described and exemplified. In addi-
tion, the epidemiology, ecology and geographic distribution of Cryptococcus spe-
cies and subpopulations are reviewed.

8.1 Introduction

As described in the previous chapter, cryptococcosis is caused by two species of
Cryptococcus, C. neoformans and C. gattii. These basidiomycetous sibling species
diverged approximately 37 million years ago (Xu et al. 2000). Based on genetic
and phenotypic differences, two varieties of C. neoformans are recognized,
C. neoformans var. grubii (serotype A) and C. neoformans var. neoformans
(serotype D), although AD hybrids also exist. Strains of C. gattii possess either
serotype B or C. Clinical and environmental isolates are usually haploid, possessing
one of two mating type alleles, MATo or MATa. These species differ in their ecology,
geographic distribution, serotypes, pathogenicity, clinical manifestations, epidemio-
logy, several biochemical phenotypes, and clinically relevant properties. In addition,
C. gattii may be more resistance to antifungal drugs, such as fluconazole (de Bedout
et al. 1999; Gomez-Lopez et al. 2008; Torres-Rodriguez et al. 2008).

The proper taxonomy and classification of the C. neoformans—C. gattii species
complex is a work in progress. Researchers have collected clinical and environ-
mental isolates from numerous disparate locations, and collectively, a variety of
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Species Variety Molecular type/  Strains Serotypes
genotype

VNVAFLP1 Global, e.g. H99

var. grubii :

——E VNIVAFLP1B  Australia, Uganda USA e.g. A7
VNB/AFLP1A  Botswana, e.g. B11
(Ao B‘ C ﬂmum)

C. neoformans
Z VNIVAFLP3  Europe 6.g.CDC228 =i - AD
- neofo
T UNIVIAFLP2  Europe e.g. JEC21 oo D

VGVAFLP4 Worldwide e.g. WM276
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/

C. gattii VGIV/AFLP? America and Africa e.g. B5748 -,

VGIVAFLPS North America, Brazil e.g. R265 --—-—-—:
(a & b groups)

Fig. 8.1 A schematic depiction of the C. neoformans-C. gattii species complex. Phylogenetic
analyses of AFLP and MLST genotypes have identified three genetic subpopulations of
C. neoformans var. grubii (serotype A), designated VNI, VNII and VNB. VNIV consists of strains
of C. neoformans var. neoformans (serotype D), and strains of VNIII are diploid or aneuploid
hybrids of serotypes A and D. Members of the four monophyletic lineages of C. gattii are
designated as VGI-VGIV. Strains of VGII are serotype B, and VGIII, serotype C, but strains of
VGI and VGIV may possess serotype B or C. For VGII, an additional subgroup, VGIIc, was
recently discovered in the northwestern USA (Byrnes et al. 2009). The indicated geographical
distributions of these lineages denote regions with relatively high prevalence, but they are not
restricted to these areas. From: Ma and May (2009), used with permission

molecular markers have been used to genotype them. The application of phyloge-
netic analyses to these markers and the utilization of sophisticated software pro-
grams to estimate the relationships among these genotypes have generated the
schema depicted in Fig. 8.1. These subpopulations have been confirmed by multiple
methods and datasets (Boekhout et al. 2001; Bovers et al. 2009; Findley et al. 2009;
Litvintseva et al. 2006). This review will focus on molecular typing methods that
involve nucleic acids, which may include a variety of genomic regions but most
commonly, chromosomal DNA.

8.2 Molecular Methods

The more common DNA-based methods and their applications to fungi have been
compared in several reviews (Mitchell and Xu 2003; Mitchell 2005; Taylor et al.
1999; Xu and Mitchell 2002, 2003). In general, to genotype individuals for compari-
son with other isolates of the same species, the most reliable DNA markers identify
differences in their nucleotide sequences. Typical DNA markers recognize single
nucleotide polymorphisms (SNPs), insertions or deletions (indels), and length
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variations in tandem oligonucleotide repeats (e.g. microsatellites or minisatellites).
These markers can be detected by a range of molecular techniques, including PCR
amplicon length polymorphisms, randomly amplified polymorphic DNA (RAPD)
generated by a single oligonucleotide primer, detection of the presence or absence
of an endonuclease site (i.e., restriction fragment length polymorphism or RFLP).
More elaborate methods include amplified fragment length polymorphisms (AFLP),
hybridization of nucleotide probes to electrophoretic blots of digested genomic
DNA, and direct DNA sequencing of homologous genomic regions of the strains or
species of interest (MLST or multilocus sequence typing). The prevalent DNA-based
markers applied to studies of Cryptococcus were recently reviewed (Mitchell 2008).

Using adequate controls and standardized protocols, most of these typing meth-
ods can be used to identify individual strains. However, the methods vary in
stability, reproducibility and cost. For example, AFLP genotyping is relatively
inexpensive, rapid, and capable of generating numerous polymorphic bands. How-
ever, AFLP markers are laboratory-specific and scoring them can be rather subjec-
tive. Furthermore, the genetic linkages among the AFLP loci cannot be determined.
In contrast, MLST markers such as SNPs, reflect specific DNA sequence poly-
morphisms, are absolute and can be reproduced in other laboratories. The major
disadvantage is the expense of sequencing multiple genes and strains, but the
resulting data are much more useful. In one recent study, a subset of AFLP-typed
strains of C. neoformans was also genotyped and analyzed by MLST. There was
congruency among the gene genealogies and both datasets produced similar Index
of Association values (Litvintseva et al. 2003, 2006).

Phylogenetic analyses are typically used to develop a classification of distantly
related taxa that reflects their evolutionary relationships. For these applications, the
most comprehensive phylogenies are constructed from comparisons of highly
conserved nucleotide sequences, and therefore, it is imperative to select gene(s)
or genomic sequences that are relatively conserved and alignable across the taxa of
interest. Ribosomal RNA, especially alignable regions of the small (18S) and large
(26S) subunits (SSU and LSU) of the rDNA genes have proven to be exceptionally
useful in phylogenetic studies of fungi as well as other eukaryotes.

Some markers are better at discriminating individual strains or evaluating
phylogenetic relationships. For certain studies, it is desirable to use markers in
specific genes, and for other purposes, markers in noncoding, usually anonymous
portions of the genome are preferable because they are assumed to be neutral or
unaffected by selective pressure. In general, DNA sequencing methods are more
suitable for population genetics and phylogenetic studies of closely related taxa and
strains of a species (Berbee and Taylor 1999; Mitchell 2005; Taylor et al. 2000;
Taylor and Fisher 2003; Xu and Mitchell 2003).

8.2.1 Molecular Markers

The DNA markers used for studying the pathogenic Cryptococcus species are
similar to those developed for other yeasts and described in previous chapters.
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Table 8.1 Common methods to genotype strains of the C. neoformans-C. gattii complex

Method Selected references
Electrophoretic karyotype Boekhout and van Belkum (1997), Fries et al. (1996), Garcia-
Bermejo et al. (2001), Perfect et al. (1993), Pfaller et al.
(1998)
Random amplified polymorphic Cavalcante et al. (2007), Martins et al. (2007), Meyer et al.
DNA (RAPD) (1999), Poonwan et al. (1997), Sorrell et al. (1996)
PCR fingerprinting Meyer et al. (2003)
PCR-RFLP Chaturvedi et al. (2000), Feng et al. (2008a), Meyer et al.
(2003)
Amplified fragment length Bovers et al. (2008), Forche et al. (2000), Halliday and Carter
polymorphism (AFLP) (2003), Litvintseva et al. (2005a), Trilles et al. (2008)
Multilocus microsatellite typing Hanafy et al. (2008)
(MLMT)
Multilocus sequence typing Bovers et al. (2008), Byrnes et al. 2009, Feng et al. (2008b),
(MLST) Litvintseva et al. (2006)
Hybridization with Jain et al. (2005), Keller et al. (2006), Litvintseva and Mitchell
retrotransposons (2009)

Hybridization with other probes Chen et al. (1995), Diaz and Fell (2005), Garcia-Hermoso et al.
(1999, 2001), Jain et al. (2005), Spitzer and Spitzer (1992,
1994), Varma et al. (1995)

Although RAPDs and electrophoretic karyotypes are capable of distinguishing
cryptococcal strains, these methods frequently exhibit excessive variability
(Boekhout and van Belkum 1997). The most popular methods for typing Crypto-
coccus use markers that are obtained by PCR fingerprinting, microsatellites and
similar repetitive DNA elements, RFLP, AFLP, DNA sequencing, such as MLST.
Table 8.1 lists the more prevalent methods and cites representative examples of
their applications.

8.2.2 Randomly Amplified Polymorphic DNA (RAPD)

In RAPD analysis, genomic DNA is amplified at a low-annealing temperature
(30-38°C) with a single short oligonucleotide (ca.10 nucleotides). This PCR typically
generates multiple PCR products of different electrophoretic mobilities, and in
comparing species or strains, each isolate will often yield bands of different sizes.
RAPD analysis detects variations in the length between two primer binding sites, or
sequence length polymorphisms in the fragments between PCR priming regions
(Welsh and McClelland 1990; Mitchell and Xu 2003). Similarities in banding profiles
among strains (i.e. the number and mobility, but not the density of the bands) can be
calculated and used to infer epidemiological relationships. When multiple primers are
employed, the RAPD banding patterns are sufficiently sensitive to detect variation
among isolates. However, combining RAPDs with other methods provides optimal
discrimination (Boekhout et al. 1997; Brandt et al. 1995; Mondon et al. 1997).
Despite being technically fast and simple, there are some disadvantages to
RAPD. The major drawback is reproducibility. Small differences in PCR conditions
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may affect binding of the primer. This problem is minimized when the
protocol and reagents are carefully standardized. For this reason, the RAPD
banding patterns of individual strains are generally specific to each laboratory.
RAPDs can also be problematic because bands with the same electrophoretic
mobility may not share the same sequence. Another concern with the interpre-
tation of RAPD profiles is the difficulty of assigning alleles, which often
precludes the use of RAPD markers for studies of population genetics (Clark
and Lanigan 1993). Nevertheless, for comparing the similarities among strains
and developing fingerprints for molecular epidemiology, RAPD analyses have
been widely applied to a number of medical fungi.

8.2.3 PCR Fingerprinting

Similar to RAPDs, PCR fingerprinting employs a single, but longer (> 15 nucleo-
tides) primer, such as a minisatellite, microsatellite or di- or tri- or tetranucleotide
repeats, as well as rigorous PCR conditions and known reference strains to identify
signature amplicons. Due to the increased stringency, PCR fingerprinting is generally
more reproducible than RAPD. Although it suffers the same problems of interpreta-
tion, under standardized conditions, PCR fingerprinting has proven most reliable
for the identification of species and strains (Mitchell et al. 1993; Meyer and Mitchell
1995; Meyer et al. 2003).

Wieland Meyer and colleagues used the M13 primer to develop a standard PCR
fingerprinting method to identify the most common species and strains of Crypto-
coccus (Meyer et al. 1993; Meyer and Mitchell 1995). The current protocol is
simple, relatively fast and inexpensive, and it has been implemented in numerous
laboratories around the world (Meyer et al. 2003). Because the PCR fingerprinting
patterns may vary in different laboratories, the use of eight reference strains,
representing the major subpopulation of the C. neoformans-C. gattii complex
(viz., VNI-IV and VGI-1V), are required as controls and readily available to
researchers. This PCR method has been refined by the addition of a PCR-RFLP
step. A portion of the URAS5 gene is amplified, and the amplicon is digested with
two endonucleases, Sau961 and Hhal (Meyer et al. 2003). This digestion is run for
three or more hours and the resulting electrophoretic DNA fragments are compared
with reference strains (VNI-IV and VGI-IV) that are treated similarly (Meyer et al.
2003). This PCR fingerprinting procedure will allow most isolates to be placed in
one of the global subgroups depicted in Fig. 8.1. However, it does not recognize
members of the unique VNB clade found in sub-Saharan Africa.

8.2.4 Microsatellites

The amplification of microsatellite repeats exploits the hypervariability of DNA
regions composed of tandem repeats of di-, tri- or multiple nucleotides. This
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hypervariability can be caused by slippage during DNA replication or unequal
crossing-over during meiosis. Polymorphisms among the microsatellites of isolates
of the same species have provided superb molecular markers. Microsatellites can be
discovered by probing a genomic library or searching databases of gene sequences
(Marra et al. 2004). PCR primers flanking these repeat regions can be designed, and
the PCR products are typically sequenced or electrophoresed to detect size differ-
ences in a single microsatellite. Many microsatellites do not display intraspecies
variation, but others may exhibit one or more polymorphisms or alleles. Concerns
about these markers relate to the occasional instability of some microsatellites and
PCR artifacts (de Valk et al. 2007). Recently, scrutiny of the genomic sequence of
strain H99 (C. neoformans var. grubii) permitted the researchers to identify and
design PCR primers for several microsatellites, three of which were polymorphic
and used to genotype 87 isolates of C. neoformans (Hanafy et al. 2008). As noted
above, microsatellite sequences have also been used as primers in PCR fingerprint-
ing (Trilles et al. 2008).

8.2.5 Amplified Fragment Length Polymorphisms (AFLP)

Detection of AFLP is a powerful method for fingerprinting genomic DNA, as well
as generating a large number of dominant markers for genotypic analysis (Vos et al.
1995; Vos and Kuiper 1997). With AFLP, genomic DNA is first digested with two
endonucleases (usually a frequent and a rare cutting enzyme), and dsDNA adapters
are ligated to the ends of the DNA fragments to create template DNA for the PCR.
AFLP adapters are comprised of a core sequence and an enzyme-specific sequence.
The AFLP amplification primers consist of the core sequence, the enzyme-specific
sequence and a selective extension of one to three nucleotides, which will amplify a
subset of the restriction fragments. AFLP involves two PCR steps: The preampli-
fication uses unlabelled primers with a single selective nucleotide. After this PCR,
the reactions are diluted ten-fold and used as templates for the second or selective
PCR, which uses a longer extension and labeled primers. AFLP has several advan-
tages over other methods. Many more fragments can be generated and analyzed.
By varying the restriction enzymes and the extension nucleotides, 30 to >100
fragments can be produced. In addition, the fragments are stable and highly
reproducible as they are amplified with two specific primers under stringent condi-
tions. Like RAPD markers, AFLP markers are amplified using arbitrary sequences
but with greater reproducibility and fidelity. However, as noted above, AFLP data
are also laboratory-specific (Litvintseva et al. 2005a; Forche et al. 2000).

8.2.6 PCR-Restriction Fragment Length Polymorphism (RFLP)

In the most common utilization of RFLP to discriminate species and strains of
Cryptococcus, one or more four-base or other frequently cutting restriction
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endonuclease is allowed to digest a genomic amplicon, and the resultant bands are
examined on an electrophoretic gel. This approach was used to develop markers for
cryptococcal strain differentiation by detecting RFLPs in several gene sequences,
including nuclear rDNA (Vilgalys and Hester 1990), URAS5 (Velegraki et al. 2001),
and PLBI (Latouche et al. 2003), as well as mitochondrial rtDNA and ND2
(Xu 2002). In addition, the mating type alleles of C. neoformans and C. gattii can
be distinguished by PCR-RFLP analysis of two genes located within the mating type
locus, CAP1 and GEFI (Feng et al. 2008a).

8.2.7 DNA-DNA Hybridization

In the standard Southern blot hybridization method, genomic DNA is digested with
one or more restriction endonucleases and electrophoresed on an agarose gel to
separate the fragments according to their length. The gel is transferred to an alkaline
solution to denature the DNA and produce single-stranded DNA fragments, which
are then transferred to a negatively charged nitrocellulose (or nylon) membrane by
blotting and drying (i.e., capillary action and ionic exchange). The membrane is
then heated at 80°C to permanently fix the single-stranded DNA fragments to the
membrane. After washing and treating the membrane with unrelated DNA to block
nonspecific DNA binding, the membrane is treated with a single-stranded DNA
probe that is end-labeled with a fluorescent or chromogenic dye. The probe will
bind to the complementary DNA on the membrane and can be detected by visuali-
zation of the label. If multiple lanes are electrophoresed with template DNA from
different strains, the probe will not bind to strains that possess polymorphic DNA
with a different, noncomplementary sequence. Genomic RFLPs detected by hybri-
dization with single-copy probes are uncomplicated, and the data can be used for
multiple purposes. However, bands generated by hybridization with probes to
multi-copy loci may be difficult to interpret because of the large number of bands
and/or the conditions of electrophoresis. These banding patterns can often identify
species or strains, but it is difficult for them to distinguish the allelic status of
individual loci (Xu and Mitchell 2002).

8.2.8 DNA Sequencing

The most precise method to identify differences at the DNA level is the direct
sequencing of PCR products, cloned genes, or whole genomes. This approach
provides the most accurate data for phylogenetic analyses. As with other procedures,
several investigations have analyzed medical fungi by direct DNA sequencing. For
comparing related taxa, robust approaches involve whole genome sequencing
and comparative genomics (Galagan et al. 2005). The more amenable strategy,
especially for molecular epidemiology and population genetics, is multilocus
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sequence typing (MLST), whereby sequences of several genes are compared across
members of the species (Mitchell 2008; Odds and Jacobsen 2008; Taylor and Fisher
2003). MLST data are reproducible and the protocols can be implemented by any
laboratory with DNA sequencing capability. Matthew C. Fisher and colleagues have
created a web site that catalogs protocols and data for many pathogenic bacteria and
fungi, including C. albicans, C. glabrata, C. krusei, C. tropicalis, and C. neoformans
var. grubii (http://www.mlst.net/databases/default.asp).

8.2.9 Method Selection

There is no single or ideal molecular method for every application. As mentioned
above, different typing methods are appropriate for different purposes. For example,
rDNA sequences are highly conserved at the species level, and, therefore, they
provide poor markers for strain identification, but they are excellent for differentiating
higher taxa. In contrast, stable mutations are more common in noncoding sequences
and also among the third bases of the codons of protein encoding genes. Consequent-
ly, for comparisons among strains of a species, MLST using protein encoding genes
or nonfunctional DNA are usually more informative than rDNA. Thus, depending on
the goal, molecular methods can be selected to permit the identification of species,
molecular epidemiology, detection of key phenotypic differences (e.g. resistance to
antifungals), or analysis of genetic diversity and evolution.

8.2.10 Applications of Molecular Typing

There are multiple reasons to genotype clinical and environmental isolates of
Cryptococcus and to determine their population structure and geographic distribu-
tion. Molecular typing has the potential to (1) confirm the identification of clinical
isolates, (2) resolve the taxonomic status of members of the pathogenic Cryptococ-
cus species complex, (3) determine the source of cryptococcal infections in local
areas of high endemicity, (4) improve the accuracy of identifying subpopulations of
Cryptococcus in clinical specimens, (5) recognize strains with clinically important
phenotypes (e.g., virulence factors, resistance to antifungal drugs), (6) analyze the
genetics of recognized subpopulations of C. neoformans and C. gattii, (7) investi-
gate the evolution of pathogenic species of Cryptococcus, (8) validate the medical
relevance of well-characterized strains that are used for basic research, studies of
pathogenesis and comparative genomics, and the development of new antifungal
antibiotics and diagnostic tests, and (9) discover environmental reservoirs of Cryp-
tococcus, which may lead to public health recommendations to minimize exposure.
These overlapping advantages of molecular typing are summarized in Table 8.2,
and a few of them warrant explication.


http://www.mlst.net/databases/default.asp

8 Typing Species of Cryptococcus and Epidemiology of Cryptococcosis 175

Table 8.2 Utility of typing strains of the C. neoformans-C. gattii species complex

® Confirm phenotypic identification

® Resolve taxonomy

® Molecular epidemiology

® Improve the diagnosis of cryptococcosis

¢ Identify any genotype-phenotype associations to investigate pathogenicity;
® Investigate mechanisms of genotypic or phenotypic variation

® Validate strains for basic and applied research

® Determine the ecology of prevalent clinical genotypes

® Investigate the evolution of pathogenic species of Cryptococcus

8.2.11 Identification

Numerous molecular methods have been developed to type or identify pathogenic
microbes, including species and strains of Cryptococcus. Conventional methods of
identifying fungi utilize phenotypic differences in vegetative and reproductive
morphology, physiology, and the presence of structural macromolecules. Unlike
molds, yeasts exhibit less distinctive reproductive structures, and consequently,
biochemical tests are generally more useful than morphological criteria. These
phenotype-based methods are practical for the routine identification of medical
yeasts, and algorithms are designed to provide a rapid and presumptive, if not
definitive, identification. Species of Cryptococcus are nonpigmented and usually
produce mucoid colonies. In the clinical microbiology laboratory, the isolation of a
hyaline, encapsulated and spherical yeast that lacks pseudohyphae, is nonfermen-
tative and produces urease will be identified presumptively as a species of Crypto-
coccus. Although few of the many species of Cryptococcus are able to infect
mammals, two additional properties will identify the major pathogenic species. If
a clinical isolate also grows at 37°C and produces laccase, which is demonstrated by
the deposition of melanin in the cell walls after growth on an appropriate diphenolic
substrate, it is almost certainly Cryptococcus neoformans or C. gattii (or extremely
rarely, C. laurentii). The color reaction of the isolate on canavanine-glycine-
bromthymol blue (CGB) agar will distinguish most isolates of C. gattii (blue)
from C. neoformans (greenish yellow) (Kwon-Chung and Bennett 1992). This
information is sufficient to establish a diagnosis of cryptococcosis and initiate
appropriate therapy. The diagnosis can also be demonstrated or corroborated by
a positive test for the cryptococcal capsular antigen in the patient’s serum or
cerebrospinal fluid (see Chap.7).

However, not all strains of C. neoformans and C. gattii exhibit typical properties.
A clinical isolate may lack a capsule, and a small percentage of isolates do not give
the typical species-specific reaction on CGB agar. As noted above and in Table 8.2,
if the morphological or biochemical phenotypes of an isolate are atypical, molecu-
lar methods can be used to establish the identification. Furthermore, as molecular
strain typing becomes more discriminating, this approach may soon be able to
detect clinically relevant information, such as resistance to fluconazole, as well as
track the source of the infection.
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8.2.12 Pathogenesis and Phenotypic Strain Variation

C. neoformans and C. gattii are exogenous and acquired by inhalation of desiccated
yeast cells or basidiospores. When these infectious propagules reach the alveoli,
they become encapsulated yeasts and proliferate. This primary infection may
become latent or progress to active disease, often with dissemination to the skin,
reticuloendothelial tissues, and numerous other sites, but preferentially to the
central nervous system. The myriad clinical manifestations of cryptococcosis are
determined by interactions that involve the immune responses of the host and the
number of cells of the infecting strain and their virulence. These clinical differences
include variations in the histopathology, site(s) of dissemination, rate of progres-
sion, host immune responses, and response to treatment, as well as co-infections
and other predisposing conditions (Casadevall and Perfect 1999; Mitchell and
Perfect 1995). With regard to this dynamic engagement with the host, strain
variation in cryptococcal pathogenicity affects the clinical progression of disease.

Many determinants of pathogenicity have been identified, and isolates of Crypto-
coccus vary extensively in the expression of these phenotypes, which include the
serotype and properties known to affect the clinical outcome. Some attributes have
been proven essential, but not necessarily sufficient for pathogenicity, such as
encapsulation, growth at 37°C, and the production of laccase (Casadevall and Perfect
1999; Mitchell and Perfect 1995). Using well-characterized laboratory strains, spe-
cific gene disruption experiments have confirmed the importance of numerous genes
and signal transduction pathways, and undoubtedly many more pivotal genes and
genetic networks affecting virulence will be discovered (Perfect 2005).

Multiple experimental reports have documented variation in pathogenicity
among both clinical and environmental strains of C. neoformans (Louria 1960;
Fromtling et al. 1989; Kagaya et al. 1985; Kwon-Chung et al. 1992; Litvintseva and
Mitchell 2009;Clancy et al. 2006) and the expression of virulence phenotypes, such
as the size (Small et al. 1986; Bottone and Wormser 1986; Dykstra et al. 1977),
composition (Cherniak et al. 1993; Small et al. 1986) and the biological activity of
the capsule (Small and Mitchell 1989), the production of laccase (Kwon-Chung
et al. 1982; Jacobson and Tinnell 1993) and phospholipases (Chen et al. 1997),
susceptibility to antifungal drugs (Casadevall et al. 1993; Chin et al. 1989; Velez
et al. 1993; Iwata et al. 1990), and resistance to phagocytosis and phagocytic killing
mechanisms (Bolafnos and Mitchell 1989; Miller and Mitchell 1991; Kagaya et al.
1985; Xie et al. 1997). In addition, the phenotypes of individual strains are known
to change, and one mechanism involves switching (Goldman et al. 1998; Fries et al.
2002; Pietrella et al. 2003; Jain et al. 2006). Another may be the activity of
retrotransposons, which are manifold in C. neoformans (Litvintseva and Mitchell
2009;Keller et al. 2006; Loftus et al. 2005). A major goal of molecular typing and
phylogenetics is to discover genotypes that identify strains with enhanced viru-
lence, clinically relevant phenotypes and predictable patient outcomes. However,
consistent genotype-phenotype associations have not yet been defined for Crypto-
coccus strains.
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8.2.13 Elucidate the Epidemiology and Ecology
of Cryptococcus Species

Compared to cataloging phenotypic differences among strains, molecular markers
provide a more definitive and stable method to characterize strains. In general,
several categories of molecules have been utilized for the identification of medical
fungi and the diagnosis of mycotic infections. They include fungal antigens,
secreted enzymes and proteins, fungal byproducts and secondary metabolites, cell
wall mannoproteins and other compounds. For the pathogenic species of Crypto-
coccus, antibodies to the major epitopes of the predominant capsular polysaccha-
ride, glucuronoxylomannan (GXM), have been used to classify five serotypes of
C. neoformans and C. gattii, which are designated A, B, C, D or AD. Commercial
antisera that recognize all these serotypes of GXM have been developed for the
clinical, diagnostic detection and titration of cryptococcal GXM in serum, spinal
fluid and other body fluids (Hung et al. 2008; Stevens 2002). However, these
diagnostic tests do not distinguish the serotypes or species of Cryptococcus.

Similar to other systemic mycoses, cryptococcosis is often asymptomatic, at
least initially, although infected subjects may retain viable but dormant organisms
in quiescent lesions with the potential for subsequent reactivation and disease
(Mitchell 2004). With the endemic mycoses, asymptomatic infections can be
detected by the development of cell-mediated immune responses or antibodies to
the fungal antigens as well as histopathological evidence of infection. However,
there is limited serological and histopathological evidence to suggest that many
people are infected with Cryptococcus and only a subset develop serious disease.
Unlike the endemic mycoses, facile tests to detect exposure among the human
population are lacking. There are no commercial Cryptococcus-specific skin test
antigens with which to conduct inexpensive, large-scale testing to determine the
extent of specific immune responses and latent infection in the healthy human
populations. Furthermore, after a primary cryptococcal episode, the lungs usually
do not retain fibrotic or calcified lesion(s) that are visible on chest radiographs.
Nevertheless, from reviews of histopathological data (Baker and Haugen 1955) as
well as a few studies of specific antibodies to cryptococcal antigens (Davis et al.
2007; Goldman et al. 2001), it is likely that an undetermined portion of the
population develops latent cryptococcal infection, often in childhood.

Lacking definitive public health data on the prevalence of cryptococcosis,
widespread and rigorous genetic and phenotypic analyses of clinical and environ-
mental isolates of Cryptococcus will help define the global dynamics of these
species and regional pockets of endemicity. For example, environmental surveil-
lance studies have confirmed that strains of serotype A are much more prevalent in
pigeon guano collected in the southeast and east coast of the USA than the western
states (Littman and Borok 1968; Currie et al. 1994; Litvintseva et al. 2005a).
A large comparison of more than 800 clinical and environmental isolates revealed
that strains with certain AFLP genotypes are significantly more prevalent in patients
than the environment, and vice versa (Litvintseva et al. 2005a). Strain genotyping
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has been used to track the spread of an ongoing outbreak of VNII strains of C. gattii
that started in 1999 and has since expanded from Vancouver Island to mainland
British Columbia, Canada and the Pacific northwest of the USA (Kidd et al. 2004,
2005; Fraser et al. 2005). The outbreak strains are predominantly one of two MLST
genotypes of VNII, but a third MLST genotype recently emerged in the US state of
Oregon (Byrnes et al. 2009).

8.2.14 Population Genetics of Cryptococcus

Molecular markers can be used to determine the structure and mode(s) of reproduc-
tion of populations and subpopulations of C. neoformans and C. gattii. As with
other pathogenic microbes, it is useful to determine the life cycle, reproductive
options and population structure because these features propel the evolution of
Cryptococcus. This information has public health significance by predicting a
microorganism’s capacity to adapt quickly to changing environments, host species,
and antimicrobial antibiotics.

Many of the same molecular markers used to identify strains can be applied to
dissect these processes. Species of Cryptococcus normally reproduce vegetatively
by asexual, mitotic budding, which yields clonal populations. In the laboratory and
perhaps in nature, they are also capable of sexual reproduction. DNA-based mar-
kers can be used to analyze the extent of recombination and clonality within a
population of strains. The usual evidence supporting a clonal population structure
are (1) over-representation of one or more genotypes; (2) nonrandom segregation at
individual loci (e.g., deviation of genotypic frequencies from Hardy—Weinberg
expectations in diploids); and (3) absence of recombination between loci (linkage
disequilibrium). Phylogenetic criteria for clonality include evidence of phylogen-
etic structure among the individuals and congruence among multiple trees con-
structed from different datasets. Studies of serotype A have determined that most
populations are predominantly clonal, but localized samples exhibit evidence of
recombination (Litvintseva et al. 2003). Similar results have been reported for
C. gattii (Campbell and Carter 2006; Halliday and Carter 2003). C. neoformans is
also capable of same-sex mating (Lin et al. 2005), and this novel mechanism of
genetic exchange has been shown to occur in nature and affect pathogenicity and
population structure (Lin et al. 2008, 2009).

8.3 Ecology and Epidemiology of Cryptococcosis

Cryptococcosis is acquired by the inhalation of an exogenous species of Crypto-
coccus, and the incidence of cryptococcosis tends to be greater in geographical
areas with a relatively high prevalence of Crypfococcus in the environment.
Veterinary reports have confirmed that both species may infect other mammals,



8 Typing Species of Cryptococcus and Epidemiology of Cryptococcosis 179

including domestic pets (dogs, cats), livestock (alpacas) and wild animals (koala)
(Krockenberger et al. 2003; MacDougall et al. 2007; O’Brien et al. 2004). However,
pediatric cases are unaccountably rare (Othman et al. 2004; Sweeney et al. 2003;
Abadi et al. 1999).

8.3.1 C. neoformans

In patients and the natural world, both varieties of C. neoformans are globally
distributed, but serotype A is ubiquitous, and serotype D is more frequent in
Europe. Serotype A strains are responsible worldwide for most cases of cryptococ-
cosis and more than 95% of cases in patients with AIDS (Mitchell and Perfect 1995;
Casadevall and Perfect 1999). This cosmopolitan species occurs more frequently in
tropical to temperate regions, but it is less prevalent in northern Russia, Canada and
Scandinavia (Knudsen et al. 1997; Torfoss and Sandven 2005). A significant natural
reservoir for C. neoformans is avian habitats, especially pigeon roosting areas,
where the yeast is enriched by aged avian excreta. Birds may inadvertently spread
the yeast cells, but they are rarely infected because the avian body temperature
ranges from 41.5 to 43°C, which is too high to support the growth of Cryptococcus
(Emmons 1955; Littman and Borok 1968). Nevertheless, at least 26 avian cases of
cryptococcosis due to both species have been documented, but the temperature
tolerance of these strains was not reported (Malik et al. 2003). In many tropical and
semitropical climates, C. neoformans can be readily isolated from avian roosting
areas that are shielded from direct sun and ultraviolet light, and in this milieu, the
yeasts secrete urease and apparently thrive on urea and other nitrogenous substrates.
They also produce airborne yeast cells that are small enough to reach the alveoli if
inhaled (Swinne-Desgain 1975; Powell et al. 1972). Both Cryptococcus species
grow well on pigeon guano in the laboratory and become melaninized (Nielsen
et al. 2007; Nosanchuk et al. 1999), and C. neoformans can also produce potentially
infectious basidiospores (Nielsen et al. 2007).

The prevalence of C. neoformans in avian environments corresponds with the
endemic areas for cryptococcosis, and isolates with the same genotype have been
recovered from patients and pigeon guano (Litvintseva et al. 2005a; Franzot et al.
1997; Currie et al. 1994). Therefore, C. neoformans in avian habitats has been
considered a major source of human cryptococcosis. However, this consensus was
challenged by a recent report that pigeon isolates were less virulent for mice than
human isolates with the same AFLP and MLST genotypes (Litvintseva and Mitchell
2009). This observation may be an artifact of the infection model or a limitation of
the genotyping methods. However, it could also indicate that C. neoformans has
other significant reservoirs in nature. In recent years, there have been a growing
number of reported isolations of C. neoformans from a variety of trees in various
parts of the world, including Colombia (Granados and Castafieda 2006; Nishikawa
et al. 2003), Brazil (Reimao et al. 2007; Kobayashi et al. 2005; Reimao et al. 2007),
Thailand (Sriburee et al. 2004) and India (Randhawa et al. 2008; Gugnani et al. 2005;



180 T.G. Mitchell and A.P. Litvintseva

Grover et al. 2007). Thus, C. neoformans can be found in arboreal as well as avian
environs.

Over the past three decades, the incidence of cryptococcosis due to C. neoformans
has been increasing. Most cases occur in immunocompromised patients, and the
major risk factors include HIV/AIDS, hematological malignancies and treatment
with systemic corticosteroids. This global increase can be attributed to the advent of
AIDS and the growing population of patients with compromised host defenses,
especially those with cellular immunodeficiencies that often result from the admin-
istration of immunosuppressive or cytotoxic drugs to combat cancer or the rejection
of hematopoietic stem cell or solid organ transplants. Since the institution of highly
active antiretroviral therapy (HAART) for the treatment of HIV/AIDS, the inci-
dence of co-infection with C. neoformans and HIV has abated in the developed
nations (Antinori et al. 2009), but some of these patients may subsequently acquire
immune reconstitution inflammatory syndrome (Shelburne et al. 2005). However,
in Africa, Asia, and South America, the burden remains high because therapy is less
available and patients are usually not treated until the late stages of disease.
According to the latest data from the UN, there are approximately one million
new cases of cryptococcal meningitis annually, and the mortality is estimated to
exceed 50% within three months after diagnosis (Park et al. 2009). Both the
incidence and mortality are highest in sub-Saharan Africa.

The vast majority of these infections with C. neoformans are caused by the
cosmopolitan population of VNI strains, which are readily isolated from the
environment. Strains of VNII have apparently also infected people on every
continent but they are much less frequent, and there have been very few isolations
of VNII from the environment. To date, all the clinical cases with VNB strains have
occurred in sub-Saharan Africa or Brazil (Ngamskulrungroj et al. 2009; Litvintseva
et al. 2006). Strains of VNIV (serotype D) and VNIII (AD hybrids) have been
isolated globally from the environment and patients. Infections with these geno-
types are more prevalent than VNII or VNB, and more concentrated in Europe
(Lizarazo et al. 2007; Viviani et al. 2006). A rigorous clinical and epidemiological
analysis of 230 patients with cryptococcosis due to serotype A or D concluded that
the disease was significantly more severe in patients who were male, seropositive
for HIV, and infected with serotype A (Dromer et al. 2007).

Despite the strong association with HIV/AIDS and other immunocompromising,
underlying conditions, there are numerous reports of C. neoformans infections in
immunocompetent persons. In these “normal” hosts, pulmonary infection is more
common, but dissemination also occurs (Baddley et al. 2008; Othman et al. 2004;
Nadrous et al. 2003).

8.3.2 C. gattii

As mentioned earlier, C. gattii differs from C. neoformans in geographical distri-
bution, serotypes, ecology, clinical manifestations and several in vitro phenotypes.



8 Typing Species of Cryptococcus and Epidemiology of Cryptococcosis 181

The prevalence of C. gattii is more limited in patients and the environment.
In the environment, C. gattii has long been associated with trees, tree hollows and
decayed wood, and this species has been isolated from Fucalyptus camaldulensis
and other varieties of Eucalyptus as well as other species of trees in Australia and
elsewhere (Sorrell 2001). Eucalyptus trees have been sampled more than other
trees, but it is clear that C. gattii populates native trees wherever it becomes
established, and the tree species harboring C. gattii differ in Argentina, Brazil,
Canada, Colombia, India and the USA. Historically, C. gattii was thought to be
restricted to tropical areas of Australia, Asia, Africa and the Americas, but it
emerged this millennium in southwestern Canada and the northwestern USA
(Kidd et al. 2004; Fraser et al. 2005; Kidd et al. 2005;Byrnes et al. 2009). In
extensive environmental studies associated with this outbreak of C. gattii in North
America, the predominant clinical genotypes (VGIla and VGIIb) were isolated
from regional trees (Douglas fir, alder, red cedar, arbutus, Garry oak et al.), soil,
air, fresh and sea water, and fomites (shoes, auto tires) (Kidd et al. 2007a,b).

In both the environment and among patients, the geographical distribution of the
subpopulations of C. gattii varies considerably, and more detailed genotyping
surveys are needed to confirm and extend the current findings. Overall, VGI and
VGII are far more common than VGIII or VGIV. In Australia, VGI isolates of
serotype B are most prevalent in both clinical and environmental samples (Sorrell
et al. 1996), but in South America, VGII isolates of serotype B predominate
(Lizarazo et al. 2007; Escandon et al. 2006; Granados and Castafieda 2006; Trilles
et al. 2008; Nishikawa et al. 2003). Nearly all environmental isolates of C. gattii
have been serotype B (VGI or VGII). The ecology of serotype C remains a mystery,
although two isolates were recovered from almond trees in Colombia (Callejas et al.
1998).

Overall, most cases of C. gattii occur in apparently immunocompetent humans
and other mammals. However, there are many confirmed cases in AIDS patients
(Lindenberg et al. 2008; Bogaerts et al. 1999), including African patients with
AIDS and serotype C (Litvintseva et al. 2005b; Karstaedt et al. 2002).

8.4 Conclusions

Over the past two decades, there have been manifold studies of the phylogenetics
and population structure of these species, and a plethora of DNA markers have been
employed (Mitchell 2008). Quite recently, several laboratories involved in this
research have developed standard MLST markers for genotyping strains of
C. neoformans var. grubii, and a similar consensus is being developed for C. gattii.
This collective effort has defined several distinct genetic subpopulations of
C. neoformans and C. gattii, designated VNI-VNIV, VNB and VGI-VGIV, respec-
tively (Bovers et al. 2008; Campbell et al. 2005; Kidd et al. 2005; Kwon-Chung and
Varma 2006; Litvintseva et al. 2006; Meyer et al. 2003; Meyer et al. 2009;
Ngamskulrungroj et al. 2009; Xu et al. 2000; ). These methods are resolving the
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phylogeny of this species-complex. They enabled the discovery that the most
diverse isolates of C. neoformans var. grubii exist in sub-Saharan Africa (Litvint-
seva et al. 2003, 2006, 2007). In recent years, human and veterinary cases of
cryptococcosis due to C. gattii emerged on Vancouver Island and have spread to
mainland British Columbia and the northwestern USA (Kidd et al. 2004). This
major, ongoing outbreak has been tracked by genotyping environmental, clinical
and veterinary strains, and MLST markers are being used to determine the origin
and evolution of the responsible strains (Kidd et al. 2004, 2005;Byrnes et al. 2009).
Clearly, the genotyping methods are in place to investigate the next emergent
strains of Cryptococcus.
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Chapter 9
Environmental Stress-Sensing and Pathogenicity
in Cryptococcus neoformans

Man-Shun Fu, Rebecca A. Hall, and Fritz A. Miihlschlegel

9.1 Introduction

Cellular stress can be defined as the damage caused to macromolecular systems when
the cell is exposed to acute environmental changes, while a stress response is a
conserved mechanism of resistance to these damages (Kiiltz 2003). Cryptococcus
neoformans, like most pathogens, not only has to cope with substantial changes in its
natural environment, but must also respond and proliferate in a variety of conditions
found within the host. As with most pathogenic microbes therefore, appropriate
responses to stress are key elements for survival in the host. The stresses C. neoformans
encounters within its host include oxidative stress, nitrosative stress, osmotic shock,
high temperature, hypoxia, nutrient deprivation, changes in pH, low- calcium and iron
deprivation (Brown et al. 2007). Several signaling pathways mediated by the Hoglp,
protein kinase C (pkC) and calcineurin/calmodulin allow this fungus to sense and
respond to stress. However, the mechanisms underlying stress responses in C. neofor-
mans are not completely understood. Recent genomic and proteomic approaches have
allowed us to gain further understanding of the stress responses in C. neoformans. In
this chapter, the current knowledge on individual genes, pathways and transcription
factors which are essential for stress resistance in C. neoformans are discussed.

9.2 The Main Phenotypes Elaborating C. neoformans
Stress Responses

Although C. neoformans is able to survive in the mammalian host, where it causes
infection, it is naturally found in soil environments contaminated with bird excreta
(Hull and Heitman 2002; Bose et al. 2003). In order to adapt to both external and
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internal hostile environments, C. neoformans has evolved multiple mechanisms,
including capsule enlargement, melanin biosynthesis and biofilm formation, which
function in stress resistance.

9.2.1 Capsule Enlargement

The C. neoformans capsule is considered one of its main virulence factors. The
capsule is formed from two main polysaccharide components, glucuronoxylomannan
(GXM) and galactoxylomannan (GalXM), together with one minor component,
mannoprotein (Bose et al. 2003; Janbon 2004). The capsule is considered a virulence
factor as it not only protects the cell, by providing a physical barrier, but it also
interferes with normal phagocytosis by effector cells of the host’s immune system
(Bose et al. 2003; Janbon 2004). Moreover, in vitro assays suggest that the capsule
plays a role in resistance to oxidative stress. In fact, C. neoformans strains that
exhibit larger capsules can survive for longer periods when exposed to reactive
oxygen species (ROS) when compared to cells with smaller capsules. This resistance
is due to increased capsule polysaccharides and not higher catalase activity
(Zaragoza et al. 2008). The addition of purified capsular polysaccharides not only
protects C. neoformans with small capsules, but notably also protects other species
such as Saccharomyces cerevisiae against oxidative stress (Zaragoza et al. 2008).
The molecular mechanism of the capsular antioxidant mechanism is still unknown,
but it is thought that the polysaccharide scavenges oxygen-related oxidants
(Zaragoza et al. 2008). Therefore, capsule enlargement is suggested to be one of
the key mechanisms to enhance survival of C. neoformans in phagocytes, where the
production of ROS like hydrogen peroxide and nitric acid are essential to phagocy-
tosis. Furthermore, capsule enlargement can increase resistance to antimicrobial
peptides and the antifungal drug, Amphotericin B (Zaragoza et al. 2008). This
enhanced resistance may result from charge repulsion and/or steric hindrance
generated by high cross-linking of the polysaccharide fibers. However, it does not
have any effect against other antifungal drugs, such as voriconazole, posaconazole,
itraconazole and fluconazole (Zaragoza et al. 2008).

9.2.2 Biofilm Formation

Biofilms are complex aggregations of microorganisms that form on surfaces and are
held together by an extracellular matrix (Blankenship and Mitchell 2006). Crypto-
coccal biofilms are formed as a complex of yeast cells and polysaccharide matrix
on the surface of plastics after GXM shedding (Martinez and Casadevall 2005). The
organism’s ability to adhere to the prosthetic medical devices used during
the course of treatment of cryptococcal meningoencephalitis infections means
that, it is crucial to investigate the role of biofilm formation in C. neoformans.
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Biofilm formation can enhance resistance to several environmental stresses such as
oxidative stress, nitrosative stress, heat, cold and UV light. Metabolic activity and
cell viability of C. neoformans in biofilms and planktonic cells have been investi-
gated using XTT reduction and CFU assays. Individual cells in Cryptococcal
biofilms are less susceptible to relatively high (37°C) or low temperatures
(—20°C) (Martinez and Casadevall 2007). Moreover, cells in biofilms are more
resistant to UV irradiation than planktonic cells. Furthermore, these cells are more
resistant to oxidative stress when incubated with chemically generated oxygen-,
nitrogen- and chlorine derived oxidants. The exopolymeric matrix of the biofilm is
believed to provide a shield to resist the stress conditions and protect the organism
from environmental changes.

9.2.3 Melanin Formation

Melanin, a black or brown pigment, is considered another virulence factor of
C. neoformans. In 1982, Rhodes and colleagues demonstrated that C. neoformans
melanin mutants are less virulent in mice when compared to wild-type strains, thus
melanin is essential for the virulence of C. neoformans (Buchanan and Murphy
1998; Pukkila-Worley et al. 2005). Melanin is considered a free-radical scavenger
and protects C. neoformans against oxidants in vitro (Wang and Casadevall 1994).
C. neoformans cells which form melanin are more resistant to nitrogen- and
oxygen-derived oxidants than nonmelanized cells (Wang and Casadevall 1994).
Furthermore, melanin has been shown to be protective against microbiocidal
proteins and antibiotics. Therefore, melanin biosynthesis is of substantial interest
for pathogenesis studies of C. neoformans (Zhu and Williamson 2004).

9.3 The Genes Involved in the C. neoformans Stress Responses

The association of specific phenotypes to certain types of environmental stress, and
their involvement in pathogenicity has led researchers to identify the genes
involved in regulating the respective phenotype. This section will provide a brief
introduction to some of the most important genes which have been identified to
date. A summary of genes and their functions is shown in Table 1.

9.3.1 Oxidative and Nitrosative Stress Responses

C. neoformans encounters cells from the mammalian host innate immune system
immediately after penetrating the lung parenchyma, and entering the alveolar space
following inhalation (Giles et al. 2005). Phagocytosis is a major mechanism of the
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innate immune system and elicits reactive oxygen and/or nitrogen species to
remove the invading organism (Missall and Lodge 2005). In order to survive in
the host, C. neoformans has evolved an antioxidant defense system to protect the
pathogen against reactive species generated from host immune cells. This antioxi-
dant defense system is also utilized for aerobic growth and energy production from
oxidative phosphorylation (Giles et al. 2005; Missall and Lodge 2005).

9.3.1.1 Superoxide Dismutases

Superoxide dismutase enzymes are present in all organisms and protect the cells
against superoxide radicals by catalyzing their conversion to hydrogen peroxide
and oxygen. Superoxide dismutases are metalloenzymes, and normally form a
complex with metal ions such as iron, manganese, copper or zinc (Cox et al.
2003). Copper-zinc superoxide dismutase (Sodlp) is located in the cytoplasm of
eukaryotic cells. It is predicted that the gene SOD 1 encodes Sodlp in C. neoformans
(Cox et al. 2003). Deletion of SODI results in higher susceptibility of cells to ROS
in vitro. The sodl mutant strain is less virulent, but still pathogenic in the mouse
inhalational model (Cox et al. 2003). Moreover, the sod/ mutant is able to grow
within macrophages, suggesting that Sod1p is important for antioxidant resistance,
but not essential for pathogenesis in C. neoformans (Cox et al. 2003).

Manganese superoxide dismutase (Sod2p) is an essential component of the
mitochondrial antioxidant defense system in many eukaryotes. In fact, mitochon-
dria are the major source of endogenous ROS in the cell. Manganese superoxide
dismutase is located in the mitochondrial matrix, where its function is to detoxify
oxygen radicals. In contrast to the phenotypes of the sod! mutant described above,
C. neoformans sod2 mutants are significantly more susceptible to oxidative stress.
Furthermore, they are strongly attenuated in virulence in an inhalational mouse
model of systemic cryptococcosis (Giles et al. 2005). Besides, Sod2p is also
essential for growth at high temperature (37°C). These findings suggest that
Sod2p has more crucial roles than Sod1p in oxidative stress resistance and patho-
genesis of C. neoformans (Giles et al. 2005).

9.3.1.2 Glutathione Peroxidases

The glutathione-mediated antioxidant system is one of the most important antioxi-
dant mechanisms in all organisms. Glutathione peroxidases (Gpx) are the main
components of the glutathione system, which catalyze the reduction of hydrogen
peroxide to glutathione disulfide.

Two Gpx, Gpx1p and Gpx2p, have been identified in C. neoformans and show
different expression patterns (Missall et al. 2005a). Although, both GPX! and
GPX2 are highly expressed in response to ¢-butylhydroperoxide and cumene
hydroperoxide, only GPX2 is up-regulated upon hydrogen peroxide stresses.
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Therefore, there may be subtle differences in the functions of Gpx1P and Gpx2P.
Interestingly, however, both genes are repressed in response to nitric oxide stress,
suggesting that neither protein functions in this response. Deletion of GPX/p and
GPX2p confirms that the gene products are required for resistance to z-butylhydro-
peroxide and cumene hydroperoxide, but not superoxide, hydrogen peroxide or
nitric oxide (Missall et al. 2005a). Moreover, Gpx are important for resistance to
macrophage killing, but they are not essential for virulence in mouse models of
cryptococcosis (Missall et al. 2005a).

9.3.1.3 Thiol Peroxidase

Thiol peroxidase, a peroxide-removing enzyme, is another common enzymatic
antioxidant element in most organisms. Three thiol peroxidases, Tsalp, Tsa3p
and Tsadp, have been identified and characterized in C. neoformans. Tsalp and
Tsa3p are expressed differentially at 37°C, but both of them are induced in response
to hydrogen peroxide (Missall et al. 2004). Deletion of TSAI shows high sensitivity
to hydrogen peroxide, ¢-butylhydroperoxide and nitric oxide, moreover, Tsalp is
essential for virulence in the mouse infection model (Missall et al. 2004). In
contrast, both the tsa3 and tsa4 mutants are not sensitive to any of these oxidants.
However, the fsa3 mutant is slightly more resistant to #-butylhydroperoxide when
compared to wild type strains (Missall et al. 2004).

9.3.1.4 Thioredoxin

Thioredoxin is a component of the thioredoxin system which provides protection
against oxidative stress. Thioredoxin is also a cofactor for other essential enzymes
and is responsible for the reduction of protein disulphides (Missall and Lodge 2005;
Stewart et al. 1998). The disulphide reducing system in C. neoformans consists of
two small dithiol thioredoxin proteins and one thioredoxin reductase. Two thior-
edoxin genes, TRXI and TRX2, have been described in C. neoformans. Both these
genes are highly expressed when cells are exposed to oxidative and nitrosative
stresses, although, different expression patterns are shown in response to some
specific peroxides (Missall and Lodge 2005). The functional analysis of Trx1p and
Trx2p also indicates that these two enzymes contribute a different degree to various
stresses. Trx1p is more important for both oxidative, nitrosative stress responses
and growth of C. neoformans, while Trx2p contributes specifically to nitric oxide
resistance. Moreover, Trx1p is essential for survival in macrophages and virulence
of C. neoformans (Missall and Lodge 2005).

9.3.1.5 Laccase

Laccases are present in many organisms, and have broad biological functions,
such as lignification of cell walls in higher plants, detoxification of hostile toxic
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metabolites in fungal pathogens and pigmentation of insect cuticles (Mayer and
Staples 2002; Arakane et al. 2005). In C. neoformans, laccases are mainly respon-
sible for the production of melanin, which is an antioxidant, and thus contributes to
oxidative stress resistance (Sales et al. 1996; Zhu and Williamson 2004). Laccases
also contribute to melanin-dependent virulence in mouse models of fungal viru-
lence (Sales et al. 1996; Zhu and Williamson 2004).

Two laccases, encoded by LACI and LAC2, have been identified in C. neofor-
mans. These homologues share 72% amino acid sequence identity within the
conserved laccase copper-binding motifs (Zhu and Williamson 2004). Interestingly,
the promoter regions of these two gene copies have low similarity, suggesting
that these homologues may be differentially expressed in response to changing
environmental conditions (Zhu and Williamson 2004). Indeed, both genes are
induced upon oxidative stress and down-regulated in nitrosative stress (Missall
et al. 2005b). However, Laclp is shown to be more important for survival in the
oxidative environment of macrophages while Lac2p plays a dominant role against
nitrosative stress in strains lacking TSA/ (Missall et al. 2005b). These findings not
only underline the differences in functions between two laccases, but also the
crosstalk between the laccase and thioredoxin system. When the thioredoxin system
is absent, laccase acts as compensation mechanism to protect the cell from nitric
oxide stress.

9.3.1.6 Alternative Oxidases

An alternative oxidase system can be found in most eukaryotic organisms and is the
main component of the cyanide-resistant electron transport chain, catalyzing the
electron transfer from reduced ubiquinone to oxygen. The C. neoformans alterna-
tive oxidase encoding gene, AOX/, has been identified and provides an antioxidant
defense system within mitochondria (Akhter et al. 2003). In fact, the C. neoformans
aoxI mutant strain is more sensitive to 7-butylhydroperoxide, when compared to the
wild-type strain, but it is not temperature sensitive (Akhter et al. 2003). Moreover,
this strain shows growth defects in a macrophage-like cell line when stimulated
by interferon and lipopolysaccharide, which induces oxidative products (Akhter
et al. 2003). Like other antioxidant enzymes, Axolp is not only involved in the
protection against oxidative stresses, but also allows the cells to grow in activated
macrophages, and thus is important for the virulence of C. neoformans (Akhter
et al. 2003).

9.3.1.7 Flavohemoglobin Denitrosylase

Flavohemoglobin denitrosylase reduces nitric oxide and converts it to nitrate in
most organisms. The C. neoformans flavohemoglobin denitrosylase, Fhblp, is
essential for nitric oxide resistance (de Jesus-Berrios et al. 2003). Moreover,
deletion of FHBI results in growth defects of C. neoformans in response to nitric
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oxide stress and within macrophages (de Jesus-Berrios et al. 2003). Indeed an fhbl
mutant is avirulent, demonstrating that, Fhb1p contributes to the pathogenesis of C.
neoformans (de Jesus-Berrios et al. 2003).

9.3.2 High Temperature Resistance

The temperature of the human body (37°C) is substantially increased, when com-
pared to the temperature of C. neoformans’ natural environment. In fact, the ability
of C. neoformans to grow at mammalian body temperature is considered a key
virulence factor. The following section outlines some of the enzymes that function
during temperature stress in C. neoformans.

9.3.2.1 Trehalose (a-glucopyranosyl-a-p-glucopyranoside)

Trehalose is a disaccharide composed of two a-glucose molecules linked by an a,
a-1, 1-glucoside bond. Trehalose-6-phosphate is synthesized by trehalose-6-phos-
phate synthase, while trehalose-6-phosphate phosphatase can convert the trehalose-
6-phosphate to trehalose.

Trehalose is believed to play a general role in the resistance to stress. In
C. neoformans, the genes encoding trehalose-6-phosphate synthase (TPS/) and
trehalose-6-phosphate phosphatase (TPS2) have been isolated and characterized
(Petzold et al. 2006). Both genes are up-regulated at 37°C compared to 30°C, but
expression of TPS2 is less pronounced when compared to TPSI. However, both
TPSI and TPS2 are required for growth of C. neoformans at elevated temperatures
(37°C) (Petzold et al. 2006). Moreover, a tps/ mutant is avirulent in both the mouse
inhalational model and rabbit cryptococcal meningitis model (Petzold et al. 2006).
The precise mechanism of how trehalose increases C. neoformans tolerance to high
temperatures is still unknown. However, in Saccharomyces cerevisiae, trehalose
serves as a membrane protectant, and assists molecular chaperones in reactivating
denatured proteins (Crowe 2007). Therefore, trehalose might have similar functions
in C. neoformans, stabilizing protein and/or outer membrane structure during
growth at high-temperatures (Petzold et al. 2006).

9.3.2.2 Cyclophilin A

Cyclophilin A, one of the peptidyl-prolyl isomerases, catalyzes peptidyl-prolyl
isomerization to stabilize protein folding and assembly of multi-domain proteins
in many organisms (Wang and Heitman 2005). CPAI encodes one of the two
conserved cyclophilin A proteins in C. neoformans, and functions in tolerance to
high temperatures (39°C). In addition, Cpalp is important for virulence in the rabbit
model for cryptococcal meningitis (Wang et al. 2001). The underlying mechanism
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of how cyclophilin A protects C. neoformans at high temperature is still unknown.
Highly conserved C. neoformans cyclophilin A may have a similar chaperone-like
function to those of cyclophilins in other organisms, in order to stabilize protein
folding at high temperatures (Wang et al. 2001; Wang and Heitman 2005).

9.3.3 Iron Deprivation

Both capsule and melanin biosynthesis are regulated by iron levels (Tangen et al.
2007), thus iron acquisition is crucial for the virulence of C. neoformans. The
reduction of ferric iron to ferrous iron is the key process in iron acquisition and is
regulated by high- and low-affinity uptake systems (Nyhus et al. 1997; Jung et al.
2006). Siderophore is an iron carrier for iron chelating and uptake in some fungi
(Howard 1999; Lian et al. 2005). However, C. neoformans does not produce
siderophores, so iron uptake is mediated by cell surface ferric reductase and
secreted nonenzymatic reductants such as 3-hydroxyanthranilic acid (3HAA) and
melanin (Howard 1999; Jung et al. 2006; Nyhus et al. 1997; Tangen et al. 2007).
The iron-regulated gene SITI encodes a putative siderophore iron transporter and
is required for growth of C. neoformans in iron deprived environments. Notably,
the sit/ mutant also affects laccase activity, and thus influences melanin forma-
tion. Furthermore, the siz/ mutant displays organizational changes in the cell
wall and affects capsule biosynthesis. However, Sitlp is not required for the
virulence in C. neoformans (Tangen et al. 2007). The iron permease (FTRI) and
the multi-copper oxidase (FET3) form part of the high-affinity iron uptake
system, and are essential for growth of C. neoformans upon iron deprivation
(Lian et al. 2005).

9.3.4 Calcium Deprivation

Calcineurin activity (more detailed information will be shown in Sect. 9.4.1) is
required for the growth of C. neoformans at mammalian body temperature (37°C).
However, calcineurin is inactivated in low-cytosolic calcium environments such
as those normally found inside macrophages (Liu et al. 2006). Thus, the survival of
C. neoformans in the mammalian body, or within macrophages, requires Ca*-
channels for the uptake of external calcium (Liu et al. 2006). The Cchlp protein has
been characterized and is predicted to form a Ca®"-permeable channel, controlling
the entry of external calcium into C. neoformans (Liu et al. 2006). Deletion of
CCH1 shows that it is essential for calcium uptake and consequently for the growth
of C. neoformans under Ca®"-limiting conditions (Liu et al. 2006). Cchlp is also
found to play a role in Li* stress. However, infection studies with cchl mutants
suggest that Cchlp is not required for virulence of C. neoformans (Liu et al. 2000).



9 Environmental Stress-Sensing and Pathogenicity in Cryptococcus neoformans 199

9.4 Stress-Sensing and -Signaling Pathways in C. neoformans

9.4.1 Calmodulin/Calcineurin Calcium Mediated Signaling

Calcium ions are common second messengers in signal transduction pathways of all
organisms, and the calcium mediated signaling pathway is highly conserved among
fungi. In fungal pathogens, the calcium signal is required for virulence, stress
responses and resistance to antifungal drugs (Fig. 9.1 and Odom et al. 1997; Kraus
and Heitman 2003; Sanglard et al. 2003). The main components of this pathway
include calcium permeable channels, pumps and transporters to control the intracel-
lular calcium concentration. Calmodulin is a calcium sensor and calcineurin is a
downstream target of calmodulin. Calcineurin, a serine-threonine specific phospha-
tase, consists of a catalytic A subunit and a Ca*"-binding regulatory B subunit
(Fig. 9.2) (Kraus et al. 2005). Calcium binds to the four EF hands in calmodulin
resulting in a conformational change and release of free energy (Fig. 9.2) (Kraus
et al. 2005). The Ca*"/calmodulin complex then binds to the calmodulin-binding

Fludioxonil Osmotic [l Oxidative High Nitrosative [l Cell wall
stress stress Wtemperature ll  stress stress

Tcolp Tco2p ? Gpalp Ca%*
Ypdip
Caclp /] Calmodulin
Sskip l 7 Bekip l
PbT2p /\CAMP Mkk2p Calcineurin
Hog1p-@)
phosphataseL ;
Hog1p Mpk1p
/ / Oxidative and N
Stress Capsule and nitrosative stress
response [l melanin production resistance 37°c growth CeII wall |ntegr|ty

Fig. 9.1 Multiple environmental conditions activate the stress response pathways in C. neofor-
mans. Diversified histidine kinases in the Hoglp MAPK pathway allow sensing of a variety of
environmental signals. Under stressful conditions, Ssk1p is activated and in turn activates a Hog1p
specific phosphatase to dephosphorylate Hoglp into an active form. Under normal conditions,
Hoglp is constitutively phosphorylated by Pbs2p. This inactive form of Hoglp represses cAMP-
PKA pathway and negatively regulates capsule and melanin production. The calmodulin/calci-
neurin and PKC1 MAPK pathways independently contribute to stress resistance by promoting cell
wall integrity. On the other hand, Pkclp individually plays a crucial role in resistance to oxidative
and nitrosative stresses (shown in dotted arrow)
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Fig. 9.2 Calcineurin activation in C. neoformans. (a) Schematic diagram of the calcineurin
A subunit. The calcineurin A subunit contains a catalytic domain, a calcineurin B-binding domain,
a calmodulin-binding domain and an auto-inhibitory domain. (b) Activation of calcineurin: When
intracellular Ca>* increases, a Ca2+/calm0dulin complex is formed and binds to the calcineurin
heterodimer. The binding of calmodulin results in the dissociation of the auto-regulatory domain
from the catalytic site. The conformational change activates calcineurin

domain within the catalytic A subunit of calcineurin, resulting in a conformational
change of calcineurin and release of its active site from the auto-regulatory domain
(Fig. 9.2) (Kraus and Heitman 2003). Activated calcineurin is required for the
growth of C. neoformans at human body temperature (37°C) and cell wall stabiliza-
tion. Therefore, the calmodulin/calcineurin signaling pathway is crucial for the
virulence of C. neoformans (Kraus and Heitman 2003; Kraus et al. 2005).

9.4.2 The Hoglp MAPK Pathway

The mitogen-activated protein kinase (MAPK) pathway plays an essential role for
stress responses such as high temperature, UV, oxidative and osmotic stresses
(Fig. 9.1) (Bahn et al. 2007; Bahn 2008). The upstream signaling cascade of the
Hoglp-Pbs2p MAPK pathway is mediated in most fungi by a two-component
system initially discovered in bacteria. The fungal two-component-like system
actually consists of three components, a hybrid sensor histidine kinase (containing
the response regulator), a histidine-containing phosphotransfer (HPt) protein and a
response regulator. In response to external signals, the sensor, histidine kinase, is
able to auto-phosphorylate a histidine residue (in the histidine kinase domain) and
transfers the phosphate to the HPt protein (Posas et al. 1996; Bahn et al. 2006). The
response regulators then receive the signal from the histidine kinase through a series
of phosphorylations (Bahn et al. 2006, 2007).

So far, seven histidine kinases have been identified in C. neoformans and they
are thought to each be involved in the sensing of various environmental signals.
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Two of them, Tcolp and Tco2p, positively regulate the Hogl MAPK pathway
(Bahn et al. 2006). Tcolp is required for melanin formation and sexual reproduction
while Tco2p, is responsible for sensing oxidative and osmotic stresses (Bahn et al.
2006). The HPt protein Ypd1p, which is an orthologue of Ypdlp in S. cerevisiae, is
required for growth of C. neoformans (Bahn et al. 2006). Ssk1p has been identified
as a response regulator in C. neoformans and functions upstream of the
Hoglp-Pbs2p pathway (Bahn et al. 2006). However recent reports suggest that
Ssk1p may not be the only response regulator, as osmotic stress signals can bypass
Sskl1p and activate downstream components of the pathway (Bahn et al. 2006, 2007).

In S. cerevisiae and other fungi, Hoglp is only phosphorylated in response to
stress (Bahn et al. 2007). In contrast to this however, C. neoformans has developed
a unique Hoglp MARK pathway in which Hoglp is constitutively phosphorylated
(by Pbs2p MAPKK) in nonstressful conditions, but dephosphorylated under stressful
conditions (Bahn et al. 2006). This unique Hoglp phosphorylation pattern is only
observed in a majority of serotype A strains and some serotype D strains such
as the clinical isolate B-3501. Less virulent laboratory-generated serotype D
strains (e.g., JEC21 strain) have no constitutive Hoglp phosphorylation in normal
conditions (Bahn et al. 2005, 2007). Interestingly, strains with constitutively phos-
phorylated Hoglp display a higher tolerance to stress and show increased capsule
biosynthesis and melanin production, but also increased sensitivity to the antifungal
drug fludioxonil. Fludioxonil activates Hoglp by dephosphorylation and in turn
causes intracellular glycerol content accumulation, cell swelling, cytokinesis defects
and cell growth inhibition. (Bahn et al. 2006; Kojima et al. 2006).

9.4.3 The PKCI MAPK Signaling Pathway

Cell wall integrity is essential for fungal growth, stress survival and pathogenesis.
The PKCI-MAPK signaling pathway mediates cell wall integrity to maintain
growth when C. neoformans is exposed to several types of stress. The core
components involved in the S. cerevisiae PKCI pathway have been identified
(Gerik et al. 2005; Kraus et al. 2003). Phosphorylation of Pkclp is initiated when
membrane sensors detect cell wall stress. These signals are subsequently transmitted
in the pathway through serial phosphorylation of Pkc1p targets that include Bcklp,
Mkk1p, Mkk2p and Slt2p) (Gerik et al. 2005). Orthologues of these components
are also found in C. neoformans, including Pkclp, Bcklp (serine/threonine
MAPK kinase kinase), Mkk2p (threonine/tyrosine MAPK kinase), and Mpklp
MAPK (S. cerevisiae Slt2 orthologue) (Fig. 9.1) (Gerik et al. 2005). Bcklp and
Mkk2p are considered direct targets of Pkclp, based on the growth defects and
prominent cell wall phenotypes observed in the bck! and mkk2 mutants (Gerik et al.
2005). Mpklp is the final kinase of the PKC pathway and is required for cell
integrity in response to high temperature and antifungal drugs (Kraus et al. 2003).
However, the upstream stress sensors are still not known (Gerik et al. 2005). More
pronounced cell integrity defects and increased susceptibility to oxidative and
nitrosative stress is observed in pkc/ mutants, compared to deletion of other
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downstream targets. This finding suggests that PKC1 not only has arole in activating
the MAPK pathway, but also has alternative functions in oxidative and nitrosative
stress resistance (Gerik et al. 2008). Moreover, the multiple functions of Pkclp
suggest that the PKCI pathway is not always activated in a linear fashion (i.e., from
top to bottom). In S. cerevisiae, the proteins Lrglp, Sit4p, Rholp, Romlp and
Rom?2p are considered to be involved in the regulation of the PKCI pathway
(Gerik et al. 2008). Orthologues of these proteins can be found in C. neoformans,
butonly Lrglp and Ppglp (S. cerevisiae Sitdp orthologue) are thought to be involved
in the regulation of the PKC1I pathway (Gerik et al. 2005).

In C. neoformans the PKCI pathway can also interact with the calcineurin
pathway with respect to cell wall integrity. This relationship is supported by higher
sensitivity to caspofungin in the double mutant strain, that lacks both the calci-
neurin B regulatory subunit and the Mpk1p kinase, when compared to single mutant
of MPK1 or CNBI. Moreover, inhibition of calcineurin by the calcineurin inhibitor
FK506 results in phosphorylation of Mpk1p, and induction of its downstream target
in PKCI pathway (Kraus et al. 2003).

9.4.4 The cAMP Signaling Pathway

The cyclic adenosine 5’-monophosphate (cAMP)-protein kinase A (PKA) signaling
pathway is crucial for the regulation of melanin production and capsule formation in
C. neoformans. Most of the genes involved in this pathway have been identified and
characterized. A guanine nucleotide-binding o-subunit (Go protein) encoded by
GPAI acts upstream of cAMP (Fig. 9.1) (Alspaugh et al. 1997; Pukkila-worley and
Alspaugh 2004; Tolkacheva et al. 1994). Adenylyl cyclase (Caclp) is stimulated by
Gpalp and thereby leads to the generation of the intracellular secondary messenger,
cAMP (Alspaugh et al. 2002). The best-described downstream target of cCAMP is
protein kinase (PKA), which consists of a homodimer of two regulatory subunits
(Pkrlp) and two catalytic subunits (Pkalp and Pka2p) (D’Souza et al. 2001). Activa-
tion of PKA leads to the release of its regulatory subunits, which then phosphorylate
downstream targets in the pathway (D’Souza et al. 2001). Recent research has
revealed that stress response genes are up-regulated in the pkal mutant, indicating
that there is a relationship between stress and PKA signaling in C. neoformans.
Interestingly, the pkal mutant is more resistant to high temperature stress when
compared to controls (Pukkila-Worley and Alspaugh 2004; Hu et al. 2007).

9.5 The Main Transcription Factors Involved in the
C. neoformans Stress Responses

Generally, most signaling cascades activate specific transcription factors, which then
alter the transcriptional profile of the organism. The major transcription factors that
function in stress resistance and virulence in C. neoformans are discussed below.
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9.5.1 Nrglp

C. neoformans Nrglp functions downstream in the cAMP signaling pathway. Nrglp
has two H2-type zinc finger DNA-binding domains and contains a consensus se-
quence for PKA phosphorylation (Cramer et al. 2006). Orthologues of Nrglp exist in
S. cerevisiae (Nrglp/Nrg2p) and Candida albicans (Nrglp) (Cramer et al. 2006;
Murad et al. 2001; Vyas et al. 2005). In S. cerevisiae, Nrglp/Nrg2p acts as a
repressor, controlling the expression of numerous stress response genes (Vyas et al.
2005). C. albicans Nrglp is important for the down-regulation of hyphae-specific
genes (Braun et al. 2001; Murad et al. 2001). In C. neoformans, Nrglp is an inducer
of capsule biosynthesis and Nrglp-mediated capsule production is depended on PKA
phosphorylation (Cramer et al. 2006). Putative downstream targets of Nrglp have
been identified using whole-genome microarrays (Cramer et al. 2006). Most Nrglp
target genes are involved in carbohydrate metabolism, sugar transport and oxidative
stress responses. It is worth while noting that, UGD! (encoding a UDP-glucose
degydrogenase for capsule synthesis and cell wall integrity) is down-regulated in
the nrgl mutant (Cramer et al. 2006). Reduced capsule size in the nrg/ mutant might
therefore be a consequence of a change in carbohydrate metabolism.

9.5.2 Atflp and Yapdp

Two putative transcription factors, Atflp and Yap4p, have been identified in
C. neoformans as being involved in the regulation of thioredoxin in response to
either oxidative or nitrosative stress (Missall and Lodge 2005). Atflp, an ATF/
CREB-like transcription factor, is required for thioredoxin induction upon oxida-
tive stress, while Yap4p, an AP-1 like protein, is responsible for induction under
nitrosative stress (Missall and Lodge 2005).

9.5.3 Sknlp

In S. cerevisiae Skn7p is involved in the regulation of heat and oxidative stress
response genes, as well as genes relevant to cell wall biosynthesis (Coenjaerts et al.
2006). An orthologue of Skn7p has been identified in C. neoformans and contains a
similar heat shock factor DNA-binding domain and a receiver domain to that,
which is found in S. cerevisiae (Coenjaerts et al. 2006). In C. neoformans Skn7p
is essential for the response to oxidative stress and notably intracellular survival in
endothelium but not for survival in phagocytic cells such as neutrophils. However,
the downstream targets of Skn7p are still unknown (Coenjaerts et al. 2006).
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9.5.4 Ssalp

Ssalp a member of Hsp70 family, acts as a GC-rich, DNA-binding transcriptional
co-activator and is able to form a complex with heat shock transcription factors
(HSF) and TATA-binding proteins (Zhang et al. 2006). As there is no activation
domain in Ssalp, it is believed that the interaction between Ssalp and HSF can lead
to the conformational change of HSF (Zhang et al. 2006). Such conformational
changes can activate HSF and thereby, activate laccase by binding to its heat shock
element upon stress (Zhang et al. 2006). Moreover, the phenotype of the SSA/
deletion strain suggested that, Ssalp contributes to the virulence of C. neoformans
(Zhang et al. 2006).

9.5.5 Cirlp

CIRI encodes a transcription factor, which is required for iron regulation in
C. neoformans (Jung et al. 2006). Cirlp contains a cysteine-zinc domain and a
zinc finger motif which are found in other fungal ion-response GATA-type tran-
scription factors (Jung et al. 2006). Previous experimental findings show that, Cirlp
can control the expression of genes in iron transport, homeostasis functions,
calcium signaling, cAMP signaling, cell-wall integrity and virulence (Jung et al.
2006). Moreover, a cirl mutant leads to an increased sensitivity to iron and
phleomycin. Additionally, the strain is avirulent in an infection model suggesting
that Cirlp is important for iron regulation and pathogenesis of C. neoformans (Jung
et al. 2006).

9.6 Conclusion

Three main virulence factors, capsule and melanin production, and the ability to
grow at high temperatures protect C. neoformans against various stresses in host
cells. In addition, C. neoformans is able to form a biofilm to protect itself from
environmental changes. These multiple phenotypes demonstrate the importance of
stress responses in relation to pathogenesis in this fungus. Genomic and proteomic
approaches have paved the way forward to the discovery of the responsible signal-
ing cascades, the genes involved ,and the transcription profiles to specific stress
responses in C. neoformans. Some of these genes and pathways are conserved
among other fungal species including, S. cerevisiae and C. albicans. However,
C. neoformans has also evolved unique signaling mechanisms which function in
response to specific stresses, which may have all contributed to the fact that this
organism has become a successful pathogen.
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