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II Genetics and Biotechnology
1st and 2nd edition ed. by U. Kück

III Biochemistry and Molecular Biology
1st and 2nd edition ed. by R. Brambl and G. Marzluf

IV Environmental and Microbial Relationships
1st edition ed. by D. Wicklow and B. Söderström
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Series Preface

Mycology, the study of fungi, originated as a sub discipline of botany and was a
descriptive discipline, largely neglected as an experimental science until the early
years of this century. A seminal paper by Blakeslee in 1904 provided evidence for
self incompatibility, termed “heterothallism”, and stimulated interest in studies
related to the control of sexual reproduction in fungi by mating-type
specificities. Soon to follow was the demonstration that sexually reproducing
fungi exhibit Mendelian inheritance and that it was possible to conduct formal
genetic analysis with fungi. The names Burgeff, Kniep and Lindegren are all
associated with this early period of fungal genetics research.
These studies and the discovery of penicillin by Fleming, who shared a Nobel

Prize in 1945, provided further impetus for experimental research with fungi.
Thus began a period of interest in mutation induction and analysis of mutants
for biochemical traits. Such fundamental research, conducted largely with
Neurospora crassa, led to the one gene: one enzyme hypothesis and to a second
Nobel Prize for fungal research awarded to Beadle and Tatum in 1958. Fundamental
research in biochemical genetics was extended to other fungi, especially to
Saccharomyces cerevisiae, and by the mid-1960s fungal systems were much
favored for studies in eukaryotic molecular biology and were soon able to compete
with bacterial systems in the molecular arena.
The experimental achievements in research on the genetics and molecular

biology of fungi have benefitedmore generally studies in the related fields of fungal
biochemistry, plant pathology,medical mycology, and systematics. Today, there is
much interest in the genetic manipulation of fungi for applied research. This
current interest in biotechnical genetics has been augmented by the development
of DNA-mediated transformation systems in fungi and by an understanding of
gene expression and regulation at the molecular level. Applied research initiatives
involving fungi extend broadly to areas of interest not only to industry but to
agricultural and environmental sciences as well.
It is this burgeoning interest in fungi as experimental systems for applied as

well as basic research that has prompted publication of this series of books
under the title The Mycota. This title knowingly relegates fungi into a separate
realm, distinct from that of either plants, animals, or protozoa. For consistency
throughout this Series of Volumes the names adopted for major groups of fungi
(representative genera in parentheses) areas follows:

Pseudomycota

Division: Oomycota (Achlya, Phytophthora, Pythium)
Division: Hyphochytriomycota



Eumycota

Division: Chytridiomycota (Allomyces)
Division: Zygomycota (Mucor, Phycomyces, Blakeslea)
Division: Dikaryomycota
Subdivision: Ascomycotina

Class: Saccharomycetes (Saccharomyces, Schizosaccharomyces)
Class: Ascomycetes (Neurospora, Podospora, Aspergillus)

Subdivision: Basidiomycotina
Class: Heterobasidiomycetes (Ustilago, Tremella)
Class: Homobasidiomycetes (Schizophyllum, Coprinus)

We have made the decision to exclude from The Mycota the slime molds which,
although they have traditional and strong ties to mycology, truly represent
nonfungal forms insofar as they ingest nutrients by phagocytosis, lack a cell wall
during the assimilative phase, and clearly show affinities with certain protozoan
taxa.
The Series throughout will address three basic questions: what are the fungi,

what do they do, and what is their relevance to human affairs? Such a focused
and comprehensive treatment of the fungi is long overdue in the opinion of the
editors.
A volume devoted to systematics would ordinarily have been the first to

appear in this Series. However, the scope of such a volume, coupled with the
need to give serious and sustained consideration to any reclassification of major
fungal groups, has delayed early publication. We wish, however, to provide a
preamble on the nature of fungi, to acquaint readers who are unfamiliar with
fungi with certain characteristics that are representative of these organisms and
which make them attractive subjects for experimentation.
The fungi represent a heterogeneous assemblage of eukaryotic microorgan-

isms. Fungal metabolism is characteristically heterotrophic or assimilative for
organic carbon and some nonelemental source of nitrogen. Fungal cells
characteristically imbibe or absorb, rather than ingest, nutrients and they have
rigid cell walls. The vast majority of fungi are haploid organisms reproducing
either sexually or asexually through spores. The spore forms and details on their
method of production have been used to delineate most fungal taxa. Although
there is a multitude of spore forms, fungal spores are basically only of two types:
(i) asexual spores are formed following mitosis (mitospores) and culminate
vegetative growth, and (ii) sexual spores are formed following meiosis
(meiospores) and are borne in or upon specialized generative structures, the
latter frequently clustered in a fruit body. The vegetative forms of fungi are
either unicellular, yeasts are an example, or hyphal; the latter may be branched
to form an extensive mycelium.
Regardless of these details, it is the accessibility of spores, especially the direct

recovery of meiospores coupled with extended vegetative haploidy, that have
made fungi especially attractive as objects for experimental research.
The ability of fungi, especially the saprobic fungi, to absorb and grow on rather

simple and defined substrates and to convert these substances, not only into
essential metabolites but into important secondary metabolites, is also noteworthy.

viii Series Preface



The metabolic capacities of fungi have attracted much interest in natural
products chemistry and in the production of antibiotics and other bioactive
compounds. Fungi, especially yeasts, are important in fermentation processes.
Other fungi are important in the production of enzymes, citric acid and other
organic compounds as well as in the fermentation of foods.
Fungi have invaded every conceivable ecological niche. Saprobic forms

abound, especially in the decay of organic debris. Pathogenic forms exist with
both plant and animal hosts. Fungi even grow on other fungi. They are found in
aquatic as well as soil environments, and their spores may pollute the air. Some
are edible; others are poisonous. Many are variously associated with plants as
copartners in the formation of lichens and mycorrhizae, as symbiotic
endophytes or as overt pathogens. Association with animal systems varies;
examples include the predaceous fungi that trap nematodes, the microfungi that
grow in the anaerobic environment of the rumen, the many insect associated
fungi and the medically important pathogens afflicting humans. Yes, fungi are
ubiquitous and important.There are many fungi, conservative estimates are in
the order of 100,000 species, and there are many ways to study them, from
descriptive accounts of organisms found in nature to laboratory experimentation
at the cellular and molecular level. All such studies expand our knowledge of
fungi and of fungal processes and improve our ability to utilize and to control
fungi for the benefit of humankind.
We have invited leading research specialists in the field of mycology to

contribute to this Series. We are especially indebted and grateful for the initiative
and leadership shown by the Volume Editors in selecting topics and assembling
the experts. We have all been a bit ambitious in producing these Volumes on a
timely basis and there in lies the possibility of mistakes and oversights in this
first edition. We encourage the readership to draw our attention to any error,
omission or inconsistency in this Series in order that improvements can be made
in any subsequent edition.
Finally, we wish to acknowledge the willingness of Springer-Verlag to host this

project, which is envisioned to require more than 5 years of effort and the
publication of at least nine Volumes.

Bochum, Germany KARL ESSER

Auburn, AL, USA PAUL A. LEMKE

April 1994 Series Editors
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Addendum to the Series Preface

During the Fourth International Mycological Congress in Regensburg (1989)
while relaxing in a beer garden with Paul Lemke (USA), Dr. Czeschlik (Springer-
Verlag) discussed with us the possibility to publish a series about Fungi. We
both were at first somewhat reserved, but after a comprehensive discussion this
idea looked promising. We decided to name this new series The Mycota.
Then Paul Lemke and I created a program involving seven volumes covering a

wide area of Mycology. The first volume was presented in 1994 at the Fifth
International Mycological Congress in Vancover (Canada). The other volumes
followed step by step. After the early death of Paul Lemke (1995) I proceeded
alone as Series Editor. However for Vols. X-XII I received support by Joan
Bennett.
Since evidently the series was well accepted by the scientific community and

since the broad area of Fungi was not completely covered, it was decided to
proceed with eight more volumes. In addition, second editions of eleven volumes
were published and two more are in preparation.
I would like to thank Springer-Verlag, represented by Andrea Schlitzberger for

her support and cooperation.

Bochum, Germany KARL ESSER

August 2013



.



Volume Preface to the Second Edition

Books are old-fashioned. Books are never up-to-date, expensive and impractical.
And books don’t pay off for those who spend time and effort writing them. All
these thoughts are among the first reactions evoked when contacting friends and
colleagues to let them know you have accepted an offer to edit a book. Many of
these reactions are – to say the worst – entirely true. So why take the effort? A
very personal reason is that it was a book (and in fact a very old-fashioned,
entirely not up-to-date book) that started my fascination for fungal pathogens
when I was a young medical student starting to work on his M.D. thesis in 1997.
This book was the 2nd edition of Frank Odds’ outstanding compilation Candida
and Candidosis published in 1988. For me it turned out to be a treasure of
information and knowledge that guided me in exploring contemporary literature
and helped in understanding a larger context. The reminiscence of this book
made me happy and eager to try and put together an equally useful book when
Karl Esser asked me to take over editorial responsibility for vol. XII of The
Mycota, devoted to human fungal pathogens. Whereas the old edition of this
volume had been a collection of nuggets from mycological research, I decided
that the new edition should be an overview on basic principles in medical
mycology, introducing the concepts of fungal virulence for selected and major
fungal pathogens, emphasizing the importance of the host and especially the
hosts’ immune system for the development of fungal infection, and also
addressing clinical issues like diagnosis and therapy of fungal infections. Putting
together such a broad overview would not have been possible without the help of
many colleagues and friends from all over the world. All of them are outstanding
experts in their areas of expertise, who have guided and advanced medical
mycology in recent years. Several have teamed up to join ideas and thoughts in
their chapters. I want to thank all of them for their time and effort and their
enthusiasm in contributing to this project despite many other obligations. In
addition, my thanks go to Katrin Haupt and Silke Pfohl from my office for
helping me to put all the chapters together.

The new volume is divided into four parts or sections. In the first part, we
focus on fungal pathogens and introduce concepts of virulence for two model
pathogenic fungi: Aspergillus fumigatus, an environmental species causing
severe exogenous infections in immunocompromised patients, and Candida
albicans, a colonizer of the human body that can disseminate from its natural
habitat to cause invasive candidiasis. In addition, the tools of systems biology – a
new approach to understanding complex networks of interaction in mycological
research – are introduced. The second part is dedicated to the host, with a focus
on innate and adaptive mechanisms of antifungal immunity. Basic concepts in



innate and adaptive antifungal immunity that have seen a remarkable and still-
ongoing growth of knowledge in recent years are summarized. The major human
pathogen Cryptococcus neoformans is introduced in the context of its interaction
with macrophages, which is impressively multi-faceted and highly interesting. In
addition, we learn about mucosal immunity in Candida infections and the
pathogen–host interplay in mycoses caused by endemic fungal species. These
chapters are complemented by a survey on modern tools for imaging fungus–
host interactions, a field that has paved new ways to understanding infection
biology. The third part focuses on a clinical point of view on fungal infections
and introduces diagnostic principles, major patient collectives at risk and two
other major fungal pathogens – Pneumocystis jirovecii and the Mucoraceae.
Finally, in the last part, current approaches to treatment of fungal infection and
pharmacokinetics of antifungal drugs are summarized.

I do hope that this overview on medical mycology, which integrates basic
concepts with highly innovative up-to-date research, will stimulate the reader
and help to interest newcomers while at the same time surprising insiders. If this
works, then perhaps someday someone will do with a copy of this book what I
did back then with the copy of Frank Odds’ book, which is still in my bookshelf:
save it from being sorted out by the library. This would make me happy.

OLIVER KURZAI

Volume Editor

xiv Volume Preface to the Second Edition



Volume Preface to the First Edition

Paralleling the increasing prominence of fungi as agents of disease has been the
application of molecular genetic research on them. These studies have permitted
sophisticated analyses of the ecological and environmental role fungi play in
nature, the manner in which they cause disease, their interactions with the
immune system, and their responses to antifungal agents. For this volume, we
sought to recruit authors who were doing cutting-edge research with medically
important fungi in these four broad areas of interest. Several of the studies
summarized within the present volume contain extensions of earlier data
presented in a previous volume of The Mycota (Vol. VI, D.H. Howard and J.D.
Miller,Volume Editors). The emphasis in Volume VI, however, was on
biochemical interactions of fungi with their hosts, both human and animal.

Much of the research summarized here places the study of pathogenic fungi
squarely in the main stream of molecular biology. The basic and precise
approaches provided by molecular biological studies allow one to draw
conclusions at the genetic level that were not possible even a decade ago. While
molecular methods are critically needed for a basic understanding of these fungi
and the diseases they cause, there remain areas within the study of medically
important fungi where classical and descriptive methods continue to be applied
to great advantage in order to answer various basic questions. These include: (1)
advances in diagnostic methods for invasive Candida and Aspergillus infection,
(2) studies on the role melanin plays in pathogenesis, (3) all studies on the
recently reclassified unique organism Pneumocystis, and (4) studies on the role
of complement in disease. From the standpoint of opportunistic infections,
species of Candida and Aspergillus are clearly the most important. Thus, two
chapters are devoted to different aspects of infections caused by species of
Candida and several chapters review various aspects of infections caused by
species of Aspergillus.

In selecting topics for inclusion in Volume XII of The Mycota, we sought to
feature research on medically important fungi currently being conducted by
scientists at various international laboratories as well. To this end, outstanding
mycologists from Brazil, France, Germany, Italy, and Great Britain were recruited
as authors. The editors also recognize that the Mycota Series is devoted to all
organisms in the Kingdom Fungi and that medically important fungi occupy only
a small, although significant, niche. We have tried to provide the reader with a
sampling of the sophisticated research that is currently being conducted on



medically important fungi and to further stimulate interest in applying molecular
methods to the study of all fungi of interest in the realm of human and animal
mycotic diseases.

Boone, NO, USA JUDITH E. DOMER

St. Louis, MO,USA GEORGE S. KOBAYASHI

July 2003 Volume Editors
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I. The Commensal School: Commensal
and Pathogenic Attributes

Microbial infections are caused by bacteria, para-
sites or fungi that have distinct properties neces-
sary for colonisation, survival and replication on
or within their hosts, thereby causing damage
and disease. They may have been acquired from
the environment, from other hosts or from the
host’s ownmicrobiota. However, not all hosts are
equally susceptible to microbial infections and

even closely related fungal species can have very
different ecologies and relationships with their
hosts. Thus, although virulence is due to micro-
bial attributes, these attributes are only
expressed in a susceptible host (Casadevall and
Pirofski 2007). This susceptibility can be defined
by the host species, certain variants of a host
species, the immune status of a host or the nor-
mal microbial flora of the host.

Most human pathogenic fungi, for example
Aspergillus fumigatus, Cryptococcus neoformans,
Histoplasma capsulatum, Paracoccidioides brasi-
liensis, Penicillium marneffei and Coccidioides
immitis, are environmental fungi, which nor-
mally live outside the human body and can
cause exogenous infections. These fungi must
have gained their pathogenic potential in certain
environmental niches that resemble aspects of
the human body. In these “environmental viru-
lence schools” (Casadevall 2008), fungi must
have been adapted to host-like environments
during evolution and thus have acquired viru-
lence attributes.

However, not all fungal pathogens of man
come from the environment (or other non-
human hosts). In fact, the overwhelming propor-
tion of infections caused by fungi are caused by
organisms that are normally associated with
human hosts. These include Candida,Malassezia
and Pneumocystis species and many dermato-
phytes (e.g. Trichophyton rubrum). With analogy
to the environmental virulence schools, the viru-
lence potential of these endogenous fungi can be
explainedby training in the “commensal virulence
school” (Hube 2009). In the commensal environ-
ment, these fungi are constantly challenged by the
host and othermicrobial habitants of the host and
have evolved commensal factors, which can turn
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into virulence attributes once the conditions
favour infection. In this chapter, we will describe
some of the key commensal and virulence attri-
butes of the most common pathogenic yeast,
C. albicans.

II. Commensal Growth

During commensal growth on mucosal surfaces,
C. albicans has to get hold of the mucus or adhere
directly to epithelial cells (Fig. 1.1). Therefore, the
fungus must express adhesion factors. Although
yeast cells of C. albicans express adhesive proteins
on their surface (Zupancic and Cormack 2007),
someof themost dominant adhesins are known to
be associated specificallywith hyphalmorphology
in vitro. However, it is not clearwhether yeast cells
or hyphae or both are characteristic of commensal
colonisation. Because the expression of hyphal-
associated genes has been detected during asymp-
tomatic carriage, it is possible that commensal
cells include hyphae (Mochon et al. 2010; Naglik
et al. 2006, 2003). However, it has also been shown
that genes normally hyphal-associated can also be
expressed by yeast cells under certain conditions
(Andaluz et al. 2006; Fradin et al. 2005; Rosenbach
et al. 2010; Sosinska et al. 2008; White et al. 2007).

This includes the in vivo expression of certain
hyphal-associated genes by C. albicans yeast cells
colonising the murine gastrointestinal tract (after
removal of the bacterial flora), a niche where the
dominantmorphology has been shown to be yeast
cells (Rosenbach et al. 2010; White et al. 2007).

In the commensal phase, C. albicans co-exists
and interacts with bacteria of the microflora
(Piispanen and Hogan 2012). These probiotic
bacteria generally contribute to a balanced and
protective immunity and can produce molecules
such as fatty acids, thereby directly inhibiting
fungal growth, blocking epithelial binding sites
and competing for nutrients. Although nutrients
are relatively rich in the gut, they are quickly
absorbed by the microbial flora and epithelial
cells, forcing colonising C. albicans cells to use
nutrient acquisition mechanisms efficiently and
to be metabolically flexible. Changing conditions
(e.g. pH, osmolarity) in different host niches
probably require stress adaptation mechanisms
to be deployed for growth to be permissible. It
also seems feasible that commensal microbes,
such as C. albicans, have developed immune eva-
sion strategies to avoid recognition because the
trigger of immune responses or inflammation
would cause additional stress. Nevertheless, occa-
sionally invading hyphae may cause mild local

Fig. 1.1. Scanning electron micrograph of C. albicans
growing on oral epithelial cell layer, in yeast, hyphal
and pseudohyphal morphologies. Hyphae invade via

active penetration and induce endocytosis, indicated
by membrane ruffling (Zakikhany K, Holland G, Özel
M, Hube B, with permission)
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damage, thereby attracting phagocytes. These
transient confrontations with the immune system
may select for fungal attributes that enable fungal
cells to cope with situations beyond the commen-
sal environment. This may include the refine-
ment of transcriptional programs that prepare
invading cells for challenges associated with the
transition from commensalism to pathogenicity –
a phenomenon that can be described as “predic-
tive adaptation”. One of these programs is the
transition from yeast to hyphal growth and the
expression of hyphal-associated genes. These
genes encode adhesins, invasins, iron acquisition
factors, hydrolases, damaging factors and
enzymes that neutralise reactive oxygen species.

In the invasive phase, fungal hyphae, not
yeast cells, invade into and through epithelial
cell layers, damage their membranes and exploit
their cellular content as nutrients. At this stage,
fungal cells are recognised, the immune system is
activated and armed, and phagocytes (mono-
cytes, macrophages, dendritic cells, neutrophils)
are attracted, establishing a local battlefield. If
the fungus succeeds and invades into deeper
tissue or gains access to blood vessels via dam-
aged barriers, fungal cells may enter the blood
stream and escape through the endothelial layers
to colonise the major organs, causing life-

threatening systemic infections (Fig. 1.2). Attri-
butes that enable the fungus to invade, cause
damage, counteract the immune system, cope
with changing stresses, exploit host molecules
as nutrients, and colonise non-commensal
niches are true pathogenicity attributes and are
described in this chapter.

A. Nutrient Acquisition and
Metabolic Flexibility

During the transition from commensal growth to
pathogenicity, and during dissemination and
colonisation of the different host organs and
niches, the available local nutrients change dra-
matically. The fact thatC. albicans can proliferate
in all these niches indicates a high degree of
metabolic flexibility and suggests that several
host sources can be exploited as nutrients. Dur-
ing systemic infections, the fungus disseminates
via the bloodstream, which is relatively rich in
glucose (6–8 mM), the preferred carbon source
of C. albicans. However, circulating phagocytes,
in particular neutrophils and to a lesser extent
monocytes, efficiently phagocytose C. albicans.
Within the phagosome, the fungus is exposed to
a nutrient-starved environment and switches
from glycolysis to gluconeogenesis and activates

Fig. 1.2. Left: Cartoon of the various states of C. albicans
from commensalism on the epithelial surface to invasion
and pathogenicity due to insult via immunosuppression,
injury and introduction as a biofilm on foreign bodies.
Middle: Invasive properties of hyphae of C. albicans on
model epithelium from chick chorioallantoic membrane

(Gow NAR, with permission). Right: C. albicans inter-
epithelial invasion of hyphae through one oral epithelial
cell and invasion into an adjacent cell. Dark blue parts of
hyphae are intracellular and bright blue parts are extra-
cellular (Almeida R, Hube B, with permission)
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the glyoxylate cycle. In fact, key enzymes of
the glyoxylate cycle, such as isocitrate lyase
and citrate synthase seem to be required for
full virulence of C. albicans (Fradin et al. 2005;
Lorenz and Fink 2002; Miramón et al. 2012).
Single-cell profiling and global transcriptional
profiling (Barelle et al. 2006; Thewes et al. 2007;
Zakikhany et al. 2007) of hyphae invading epi-
thelial tissues or organs showed that genes
encoding for enzymes of both the glycolysis
and glyoxylate cycles are activated, possibly
reflecting different subpopulation of cells.
Secreted lipases (Lips) and phospholipases
B (PLBs) of C. albicans can degrade host lipids
and phospholipids to provide non-glucose car-
bon sources. Secreted aspartic proteases (Saps)
are able to hydrolyse host proteins, thereby
releasing peptides and amino acids that can
serve as a source of carbon and nitrogen. Indeed,
C. albicans can use all natural amino acids as
nitrogen sources (our unpublished data).

Interestingly, growth on carbon sources
available within the host other than glucose,
such as lactate or amino acids, can render
C. albicans more resistant to environmental
stresses and can increase its virulence potential
in vivo (Ene et al. 2012). A combination of carbon
sources, or alternatives to glucose and fructose
such as pyruvate, sorbitol, oleic acids and galac-
tose, increase resistance to osmotic stress. With
the exception of oleic acid, this corresponds to an
increase in kidney burden in systemically
infected mice (Ene et al. 2012). However, the
impact of carbon source on virulence depends
on the site of infection inmousemodels, e.g. cells
grown on oleic acid produce greater vaginal
infection and low systemic infection, although
systemic infection is enhanced by growth on
lactate and amino acids (Ene et al. 2012). Addi-
tionally, unlike the non-pathogenic Saccharomy-
ces cerevisiae, C. albicans is able to assimilate
lactate and oleic acid in the presence of glucose
(Sandai et al. 2012), allowingC. albicans to swiftly
adapt to an environment in which nutrient avail-
ability can change as quickly as a phagocyte can
engulf a cell. This metabolic flexibility and the
consequent protective benefits under stress give
C. albicans an advantage within various host
environments, under either commensal or path-
ogenic conditions.

B. Micronutrients

Iron is an essential element for both the host and
C. albicans. However, in the host, iron is almost
completely associated with host proteins, which
prevents not only iron-dependent production of
toxic free radicals, but also microbial growth
(“nutritional immunity”). Like other commen-
sals and many other pathogens, C. albicans has
developed several strategies for iron acquisition
within the host (Almeida et al. 2009). Although
C. albicans cannot produce siderophores, the
fungus can exploit iron from siderophores pro-
duced by other microbes, an iron acquisition
strategy that may be particularly useful in the
commensal stage. Siderophores and other iron
complexes are taken up by the Sit1/Arn1 trans-
porter (Heymann et al. 2002; Hu et al. 2002).

In addition to uptake of siderophores,
C. albicans can exploit iron from iron-containing
host proteins. For example, haemoglobin can be
used as an iron source during the pathogenic
stage. Haemoglobin iron utilisation may occur
predominantly via hyphae, which can bind to
erythrocytes (Moors et al. 1992). Following the
release of haemoglobin by an unknown mecha-
nism, specific receptors on the surface of
C. albicans such as RBT5, RBT51, WAP1/CSA1,
CSA2 and PGA7mediate uptake (Weissman and
Kornitzer 2004). This process also seems to be
hyphal-associated because the expression of
some haemoglobin receptors is co-regulated
with hyphal formation (Braun et al. 2000).
Once haemoglobin is internalised, it is hydro-
lysed or denatured and haem is released (Weiss-
man et al. 2008). A haem oxygenase (Santos
et al. 2003), encoded by HXM1, degrades haem
intracellularly (Pendrak et al. 2004). Another
host molecule that can serve as an iron source
for C. albicans, at least in vitro, is transferrin.
Although the transferrin receptor remains
unknown, it was shown that binding is neces-
sary for iron utilisation from transferrin (Knight
et al. 2005). Furthermore, C. albicans is able to
bind the main host iron storage protein ferritin
on the surface of hyphae via the hyphal-
associated adhesin and invasin Als (see below)
(Almeida et al. 2008). Following binding, the
iron content of ferritin must be released by a
mechanism that probably includes acidification.

6 A. Whittington et al.



In fact, C. albicans is only able to use ferritin
as an iron source under conditions that permit
acid production, suggesting that iron acquisi-
tion from ferritin by C. albicans is pH-mediated
(Almeida et al. 2008).

To utilise iron from transferrin, from ferritin or from the
environment, C. albicans uses the reductive pathway,
which consists of several ferric reductases, multicopper
oxidase(s) and iron permeases. The extracellular pH
greatly influences the availability of iron because neutral
and alkaline pH favours the oxidisation from the soluble
Fe2+ to the non-soluble Fe3+ ion. The RIM101 pathway of
C. albicans is required for an appropriate transcriptional
response to the environmental pH by coordinating the
upregulation of genes involved in the reductive pathway,
for example by upregulation of ferric reductases and the
ferritin receptor Als3 under alkaline conditions (Baek
et al. 2008; Liang et al. 2009; Nobile et al. 2008).

In addition to iron, further trace metals such
as zinc, manganese and copper are also essential
for growth and survival of C. albicans in the
commensal and pathogenic phases, suggesting
that nutritional immunity is a much more exten-
sive phenomenon than iron sequestration. Yet,
the mechanisms of acquisition of metals other
than iron are largely unknown. A novel mecha-
nism for zinc acquisition by C. albicans was
recently described (Citiulo et al. 2012) by which
the fungus secretes the zinc-binding pH-regulated
antigen 1 (Pra1). This binds extracellular zinc and
re-associates with a Pra1 receptor and zinc trans-
porter (Zrt1) on the cell surface. Because this
system resembles iron uptake via siderophores,
Pra1 was named a “zincophore”.

III. Stress Response

Whether in the pathogenic phase or commensal
phase of interaction with the host, C. albicans
faces a number of environmental and immune-
derived stresses. Each niche with which the fun-
gus is associated presents unique environmental
factors, from the varying pH of the gastrointes-
tinal and urogenital tracts (Brown et al. 2012) to
the osmotic pressures of the oral mucosa and
kidneys. A multifaceted and robust stress
response is crucial for commensal adaptation,
but also for virulence (Brown et al. 2012).

Many environmental and stress signals in
fungi are sensed via mitogen-activated protein
kinase (MAPK) pathways. As with numerous
classical signalling pathways, particularly MAPK
pathways, signals are propagated as a series of
phosphorylation events, each kinase phosphory-
lating the next in turn until transcription factors
are activated. Three such MAPK pathways are
activated in C. albicans, with each pathway distin-
guished by a specific kinase, Mkc1, Hog1 or Cek1
(Monge et al. 2006).

The Hog1 MAPK pathway is considered a core response
and is activated after many types of stresses (Monge et al.
2006), including oxidative and osmotic stresses. Hog1
also plays a role in morphogenesis, cell wall formation
and the response to thermal stress (Monge et al. 2006).
However,Hog1phosphorylation occurs at different times
post stress in response to osmotic, oxidative and nitro-
sative stresses, even responding to osmotic stress from
sodium chloride and sorbitol at distinct time points
(Kaloriti et al 2012). Activation of Hog1 in response to
osmotic stress leads to accumulation of glycerol within
the cell, which counters the loss of water due to chemical
gradients (Monge et al. 2006). Also responding to oxida-
tive and osmotic stress, the Mkc1 pathway is primarily
noted for cell wall salvage and biogenesis as well as
for maintaining cellular integrity (Monge et al. 2006;
Munro et al. 2007), whereas the Cek1 pathway mediates
filamentation and mating, and possibly responds to quo-
rum sensing molecules (Mayer et al. 2012; Monge et al.
2006). Cells without Cek1 are unable to form hyphae in
low-nitrogen media, although this can be overcome by
the presence of serum (Monge et al. 2006). As would be
anticipated, the ability to respond to the host battery of
stresses is crucial for the success of C. albicans as a
pathogen because deletion of the major stress response
components Mkc1, Hog1 or Cek1 results in attenuated
virulence in the mouse model (Alonso-Monge et al. 1999;
Csank et al. 1998; Diez-Orejas et al. 1997).

Within the host, further environmental stres-
sors are also produced by the immune system,
specifically phagocytic cells capable of producing
reactive oxygen species (ROS) and reactive nitro-
gen species (RNS). In its role as a pathogen,
C. albicans copes with both of these stresses with
a series of detoxifying enzymes. The oxidative
stress response to ROS such as hydroxyl radicals
and peroxide includes synthesis of antioxidants,
detoxifying enzymes such as catalase (Cta1) and
superoxide dismutases (Sod1-5), and repair of
damaged proteins (Brown et al. 2012; Hwang
et al. 2002; Martchenko et al. 2004; Wysong
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et al. 1998). C. albicans cells phagocytosed by
neutrophils are exposed to RNS, which may be
detoxified by flavohaemoglobin enzyme Yhb1
(Hromatka et al. 2005; Tillmann et al. 2011;
Miramón et al. 2012). Loss or deletion of some
of the enzymes that detoxify ROS and RNS
impacts virulence in animal models (Hromatka
et al. 2005; Hwang et al. 2002; Martchenko et al.
2004; Tillmann et al. 2011; Wysong et al. 1998).

Although much work has been done on
responses to osmotic, oxidative and nitrosative
stresses singly, within the host – and particularly
when in contact with host phagocytic cells – it is
usual for several stresses to confront C. albicans
simultaneously. It has been found that a combi-
nation of stresses similar to those encountered
in vivo by C. albicans can efficiently kill the fun-
gus, despite intact stress response pathways
(Kaloriti et al. 2012). The activation of the individ-
ual stress response and salvage pathways under
combinatorial stress has not yet been described.

C. albicans shows a great deal of flexibility
when confronted with the broad range of pH
found in host tissues. Under conditions of acidic
pH and in the presence of exogenous amino
acids, C. albicans is able to rapidly raise extra-
cellular pH through export of ammonia, auto-
inducing filamentation (Vylkova et al. 2011).
Alkaline pH is a known inducer of filamentation
in C. albicans, and this is dependent upon
Rim101. Cells deprived of Rim101 are unable
to form hyphae in alkaline pH (Davis et al.
2000). Both the ability to filament in alkaline
pH and the alkalinisation of extracellular spaces
provide the fungus with the means to escape
from phagolysosomes.

Heat shock proteins (Hsp) prevent protein
unfolding and aggregation by acting as chaper-
ones, and the heat shock response is a conserved
response to high temperature and oxidative
stress (Lindquist 1992). Currently, six major
and six small heat shock proteins have been
identified in C. albicans, with functions in ther-
mal tolerance, virulence, drug resistance and
biofilm formation (Mayer et al. 2013). Hsp90
facilitates thermal tolerance via the Hog1,
Cek1 and Mkc1 pathways (Leach et al. 2012)
and regulates temperature-dependent morpho-
logical changes (Shapiro and Cowen 2010).

The small heat shock protein Hsp21 mediates
both stress adaptation and virulence via phos-
phorylation of Cek1 (Mayer et al. 2012). Heat
stress also results in accumulation of trehalose,
the function of which has not been fully eluci-
dated (Brown et al. 2012).

IV. Structure and Function
of the Cell Wall in the Host

The cell wall of C. albicans is composed almost
exclusively of molecules that are absent from the
human body and is therefore a key target for
immune recognition (Netea et al. 2008; Romani
2011). The cell wall is also essential for viability
and one sixth of the total genome is invested in its
biosynthesis and maintenance. The cell wall is
highly dynamic and the changing nature of the
cell surface presents challenges for the detection
and surveillance of the fungus. This is important
in terms of commensalism and pathogenicity
because it is the molecules of the cell wall that
activate immune recognition. Over-activation of
pro-inflammatory immune responses can be a
major cause of tissue damage.

The wall exists in two readily distinguished
layers: an outer layer that is enriched with highly
glycosylated glycoproteins, many of which are
expressed in a morphology-dependent fashion.
Many proteins are found predominantly in the
yeast or hyphal growth phase andhyphae-specific
cell wall proteins play roles as adhesins and inva-
sins and in modulating the immune responses
(Liu and Filler 2011; Luo et al. 2010). There is
less mannan and substantially more chitin in the
hyphal wall. Cell wall mannan comprises short
O-linked linear a-1,2 mannan; highly branched
N-mannan comprises an a-1,6mannan backbone
and side chains composed of a-1,2 mannose and
a-1,3 mannose residues, with b-1,2 mannose
attached to the acid-stable and phosphodiester
acid-labile side chains. Both N-mannan and
O-mannan may also contain phosphomannosy-
lated side chains. Mannan chemistry defines
many of the Candida serotypes, further underly-
ing the heterogeneity that exists in mannan
structure (Suzuki 2002). C. albicans O-mannans
consist of 1–5 mannose sugars that are almost
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exclusively a-1,2 linked. The phosphomannan is
exclusively b-1,2mannose, which is a linkage that
is not present in many other yeast species.

The inner cell wall represents the skeletal
layer and is composed predominantly of two
robust polysaccharides, b-1,3 glucan and lesser
amounts of chitin, that confer strength and cell
shape (Fig. 1.1). In budding yeast cells, a scar is
left on themother cell after separation of the bud
and, at this site, components that constitute the
inner layers of the cell wall, such as chitin and
b-1,3 glucan,may become exposed at the surface
(Gantner et al. 2005).

Therefore, although the basic components of
the cell wall of C. albicans are similar in its yeast
and filamentous forms, the signature of proteins
and amounts of individual pathogen-associated
molecular patterns (PAMPs) presented to
immune cells differs substantially in these dif-
ferent cell types. In addition, the carbon source
for growth (see above) and the growth condi-
tions result in substantial remodelling of the cell
wall, even if the morphology of the cell is not
affected (Gow et al. 2002).

V. Morphology

The threemajor tissue-associatedmorphologies
of C. albicans are the spheroid yeast cell and the
broadly filamentous hyphae and pseudohyphae
(Fig. 1.1) (Sudbery et al. 2004). Although the
strict function of each morphological form
within the host is up for debate, yeast cells are
presumed to disseminate more readily through
the host whereas hyphae exhibit more invasive
tendencies (Gow et al. 2002; Sudbery et al. 2004).
However, it must be kept inmind that yeast cells
are the invasive form inother fungal pathogens –
including all those dimorphic fungi that have an
environmental hyphal phase. Less well charac-
terised is the impact of the pseudohyphal form
on the ability of C. albicans to cause disease or
establish a commensal state within the host.
Certainly, all three forms (yeast, pseudohyphal
and hyphal) are found in clinical specimens as
well as in animal models of infection.

Although it is clear that the majority of clini-
cally relevant Candida species predominate in the

yeast form (Thompson et al. 2011), the specific
ability of C. albicans to form both yeast and
hyphal cells in vivo seems to be an important
attribute in the repertoire of virulence factors in
this organism. The capacity to undergo reversible
yeast–hyphae morphogenesis is linked to the vir-
ulence of C. albicans (Gow et al. 2002; Lo et al.
1997; Sudbery 2011). A wide range of studies have
shown that mutants that are affected in the mech-
anism that regulates the yeast–hyphae and
hyphae–yeast transition are less virulent in animal
models thanwild-typeC. albicans strains (Lo et al.
1997; Saville et al. 2003). The dependence on the
ability to switch to the hyphal form for virulence is
evident in every commonly used animal model of
C. albicans infection, both vertebrate and inverte-
brate (Brothers et al. 2011; Davis et al. 2011; Lo
et al. 1997; Pukkila-Worley et al. 2009).

To date, numerous genes involved in the morphological
switch from yeast to hyphae have been characterised and
studied in detail, though very few are noted for their
contribution to commensalism. The expression and activ-
ity of transcription factors Efg1 and Efh1, in particular,
are considered modulators of the commensal state within
the gut (Pierce and Kumamoto 2012; Pierce et al. 2013;
White et al. 2007). It was found that when colonising the
gut of mice, C. albicans remained primarily in the yeast
form (White et al. 2007), and that the absence of Efg1
promoted high early colonisation in healthy and athymic
mice (Pierce and Kumamoto 2012). It may therefore be
inferred that C. albicans with low Efg1 levels are the most
likely commensal form, even in immunocompromised
hosts, unless and until an environmental shift promotes
more pathogenic phenotypes.

Specimens from humans and experimental
animals show that C. albicans hyphae dominate
at the primary site of infiltration of epithelial
cell layers and tissues, whereas yeast cells are
generally found either on the epithelial cell sur-
face or emerging from penetrating hyphae that
are infiltrating tissue (Fig. 1.2, middle) (Ray and
Payne 1988; Scherwitz 1982). Furthermore, it is
proposed that there is a threshold for the
amount of C. albicans that is tolerated. There-
fore, the host immune defences have to keep the
fungal burden below the threshold and have to
distinguish a non-pathogenic C. albicans from
an invasive and potentially life-threatening
C. albicans in order to keep homeostasis
(Moyes et al. 2010).
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As detailed below, much recent progress
has been made on the pattern recognition of
C. albicans. However,much less is known regard-
ing the differential recognition between the two
main morphogenetic forms of C. albicans, yeasts
and hyphae. Because this fungus reversibly tran-
sits between these forms during the progression
of an infection, yeast–hyphal morphogenesis
is likely to have a major effect on spatial and
temporal aspects of the immune response.

VI. Adhesion, Invasion and Damage:
Interaction with Epithelial Cells

Attachment of C. albicans to its host is a property
that is required during both the commensal and
the pathogenic phase. Adhesion is mediated by
physical surface attributes such as hydrophobicity
and specialised surface proteins, the adhesins.
These proteins mediate adhesion to host cells,
other Candida cells, other microbes or abiotic
surfaces (e.g. catheters). The large number and
variety of adhesins enables C. albicans to colonise
several host niches. Adhesins are often glycosyl-
phosphatidylinositol (GPI)-proteins or GPI-
anchored proteins, which are exposed at the cell
surface (Zordan and Cormack 2012). One of the
best-studied group of C. albicans adhesins are the
agglutinin-like sequence (Als) proteins, which
form a family consisting of eight GPI-linked gly-
coproteins (Als1–Als7 and Als9) (Hoyer 2001).
EachAls protein has three characteristic domains:
a conservedN-terminal domain, a central domain
with short tandemly repeated copies and variable
length, and a C-terminal domain that varies in
both sequence and length.

The hyphae-associated adhesin Als3 seems to
play a key role for epithelial adhesion (Wächtler
et al. 2012, 2011a) and the ALS3 gene is expressed
in vitro and in vivo during infection of oral
epithelial cells and during vaginal infection
(Cheng et al. 2005; Naglik et al. 2011; Wächtler
et al. 2011a; Zakikhany et al. 2007). Another GPI-
linked adhesin of C. albicans expressed during
filamentation is Hwp1 (Staab et al. 1999). Hwp1
contributes to adherence to epithelial cells and is
required for full virulence in vivo (Sundstrom
et al. 2002a, b). Further GPI-linked adhesins are

Eap1, Iff4 and Ecm33, the putative b-glucanase
Mp65, the b-1,3 glucanosyl transferase Phr1 and
the integrin-like surface protein Int1 (Naglik et al.
2011; Zhu and Filler 2010).

Following adhesion, C. albicans hyphae are
able to invade epithelial cells via two different
routes: induced endocytosis and active pene-
tration (Dalle et al. 2010; Wächtler et al. 2011a;
Zakikhany et al. 2007; Zhu and Filler 2010).
Induced endocytosis is a host-driven process
triggered by hyphae-associated invasins, in
particular the adhesin and ferritin binding
Als3, and Ssa1, a cell-surface-associated heat
shock protein (Phan et al. 2005; Sun et al.
2010). These hyphae-associated invasins bind
to epithelial ligands (e.g. E-cadherin) and
thereby cause endocytosis of hyphae into the
host cell. These processes have been described
for oral and vaginal epithelial cells and endo-
thelial cells, but not for intestinal cells (Caco-
2 cell line). Even killed hyphae are endocytosed;
therefore, induced endocytosis does not require
fungal activities.

Active penetration directly into host cells or
between host cells (Fig. 1.2, right) is an entirely
fungal-driven process that requires viable
C. albicans hyphae, fungal turgor, normal vacu-
ole formation, cell wall integrity, hyphae exten-
sion and other physical forces (Dalle et al. 2010;
Wächtler et al. 2011a). Hyphal growth of C. albi-
cans along host surfaces is guided via contact
sensing (thigmotropism) (Brand andGow 2009).
In addition, fungal growth and morphology
is influenced by quorum sensing mechanisms
within populations of C. albicans (Singh and
Del Poeta 2011).

Although invasion is mostly considered a pathogenic pro-
cess, it is possible that even commensalC. albicans hyphae
moderately invade epithelial cells, thereby stabilising their
attachment to proliferating epithelia. In fact, moderate
invasion of viable hyphae and invasion of killed hyphae
via induced endocytosis does not cause damage, cytokine
production and attraction of neutrophils (Jacobsen et al.
2012; Wächtler et al. 2011b; Zhu and Filler 2010; our
unpublished observation). However, locally, commensal
invasion may cause counter-activities of the host and
elimination of fungal hyphae that penetrate into deeper
layers. Such continuous interactions may select for fungal
immune evasion attributes (the commensal school), but
may also prime the host for specific antifungal activities.
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Immunological data obtained from sera of healthy indivi-
duals indicate that such continuous interactions between
C. albicans and the host are likely to be common (Hube
2004; Mochon et al. 2010).

Although occasional, moderate invasion
does not cause damage and may occur in the
commensal phase, the cause of host damage is a
key characteristic of pathogenesis and disease.
Damage caused by C. albicans occurs when
hyphae invade through epithelial cells and deep
into epithelial layers (interepithelial invasion). It
is still unknown which fungal factors cause host
damage, but secretion of hydrolases, hyphae-
associated damaging factors and hyphal exten-
sion (Wächtler et al. 2011a; Zhu and Filler 2010)
seem to contribute to damage of host tissue.
However, tissue damage and disease occurs not
only by direct fungal activities, but may also be
the result of an overreaction of the immune sys-
tem, e.g. massive infiltration of neutrophils,
which release toxic agents and damage epithelial
cells, a hallmark of vaginal infections (Casadevall
and Pirofski 2003; Yano et al. 2010). Further-
more, an inappropriate and unbalanced systemic
response during invasive candidiasis may cause
life-threatening sepsis. Therefore, immune
responses to invading hyphae may not only be
beneficial, but may also be a part of the disease
process.

VII. Interaction with Phagocytes

Candida cells are phagocytosed by various cell
types of the innate immune system, including
macrophages, neutrophils and dendritic cells, as
well as inducing their own phagocytosis by cells of
the endothelium, as discussed above. Phagocyto-
sis is known to be critically dependent on C.
albicans cell wall composition, on yeast–hyphae
morphogenesis and on the immune cell type
and state of activation (Gow et al. 2002;McKen-
zie et al. 2010). For example, the glycosylation
status of the C. albicans cell wall influences
the rate of macrophage and neutrophil phago-
cytosis. Mutants deficient in cell wall phospho-
mannan (mnn4D, pmr1D and mnt3D/mnt5D)
are taken up by macrophages more slowly,
whereas some O-linked and N-linked mannan

mutants (including mns1D and mnt1D/mnt2 D)
are taken upmore rapidly (McKenzie et al. 2010).
Cell wall N-linked mannan has been shown to be
important for uptake into neutrophils (Sheth
et al. 2011). Experiments in which phagocytes
were present with alternative target yeast cells
demonstrated that genus, species and morphol-
ogy of the Candida cells were all-important fac-
tors indetermining the efficiency of phagocytosis
(Keppler-Ross et al. 2010). For example, C. glab-
rata and S. cerevisiae were more efficiently taken
up by J774 macrophage cells than C. albicans,
and C. albicans yeast cells were more efficiently
phagocytosed than hyphae (Keppler-Ross et al.
2010). Macrophages also engulfed viable and
UV-killed C. albicans more efficiently than
glycosylation and morphology-locked mutants.
Recent work also showed that phagocytosis effi-
ciency was affected by hyphal length and the
orientation and contact of the hyphae relative to
the macrophages (Lewis et al. 2012). As first
reported in C. neoformans, C. albicans can also
promote its own non-lytic expulsion (vomitosis)
from within the phagosome of macrophages
(Bain et al. 2012).

Multiple groups have shown that C. albicans
hypha formation within the phagolysosome of
macrophages can lead to rupture and killing of
the phagocyte (Lo et al. 1997; McKenzie et al.
2010). Mutants that are locked in the yeast form
do not cause macrophage disruption. In the
zebrafish model of infection it has been shown
using in vivo imaging techniques that macro-
phages are better able to kill germ tube competent
strains of C. albicans, but that the macrophages
were ruptured by hyphae extension when the
phagocytes were cultured and exposed to the fun-
gus in vitro (Brothers et al. 2011). Therefore, there
is evidence that the cell wall and morphogenesis
are important for the interactionswith phagocytes
of the innate immune system, although the nature
of these interactions may differ according to the
conditions of the experimental set-up.

VIII. Host Recognition of the Cell Wall

The immune response toCandida starts by recog-
nition of the cell wall – but this is a moving target.
The wall properties and composition depends on
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the available carbon source (Ene et al. 2012),
hypoxia and morphogenesis. The initial interac-
tions with the wall trigger a series of events that
ultimately lead to phagocytosis, signalling
immune cell recruitment and modulation of
subsequent specific responses delivered by T
cells and B cells through their interaction with
antigen-presenting cells (especially dendritic
cells; DC) (Hoebe et al. 2004).

Innate recognition of C. albicans is achieved
by the pattern recognition receptors (PRRs),
which bind to defined chemical moieties called
PAMPs on the cell surface and in the cytoplasm
and endosomes of lymphocytes. The PRR classes
include Toll-like receptors (TLR) and C-type lec-
tin receptors (LRs), which are mainly membrane-
bound receptors whereas NOD-like receptors
(NLRs) and RiG-I-receptors are intracellular.
TLRs (TLR2, TLR4, TLR6 and TLR9) and LRs
(e.g., macrophage mannose receptor, dectin-1,
dectin-2, mincle and DC-SIGN) contribute to the
recognition of fungal pathogens. These receptors
have an extracellular pathogen-recognition
domain and intracellular signalling domains that
ultimately lead to activation of transcription fac-
tors that induce the expression of cytokines and
other molecules required for the innate immune
response. Some PRRs, such as dectin-1 and the
MR are also phagocytic receptors that are required
for the uptake of the pathogen and delivery into
the phagosome (see also chapter “Receptor–
Ligand Interactions in Fungal Infections”).

The PAMP repertoire of a fungus represents
its immunological signature and is recognised
by the above PRRs. PAMPs are predominantly
cell wall components and all of the major cell
wall components of the Candida cell wall play
some role in immune recognition. Recognition
leads to phagocytosis, signalling, secretion of
cytokines and chemokines, and ultimately the
initiation of the adaptive immune response
through the activation of various T cell subsets.
Some cell wall PAMPs are exposed on the sur-
face and immediately engage with PRRs, while
others, such as the b-glucans and chitin, are
initially masked by the outer mannan layers
and presumably only influence the immune
response as they become exposed as the cell
wall is degraded or altered as a consequence of
antibiotic exposure (Gow et al. 2011, 2007).

All of the cell wall components are relevant to the recogni-
tion and immune response to C. albicans. The outer cell
wall mannan-rich layer represents the PAMPs for a wide
range of PRRs and results in the initial inflammatory
response. O-linked mannans are recognised by TLR4
whereas the N-linked mannan binds a range of C-type
lectins including the mannose receptor, mincle, dectin-
2 and DC-SIGN. b-1,2 mannan in the acid-stable and
acid-labile N-mannan and in phospholipomannan is
recognised by galectin-3 and TLR2 (Gow et al. 2011;
Netea et al. 2008; Romani 2011; van de Veerdonk et al.
2008). The mannan acts as a shield that initially prevents
underlying b-1,3 glucan from engaging with dectin-1
(Wheeler and Fink 2006), although b-1,3 glucan is natu-
rally exposed at bud scars of yeast cells and can be revealed
when the fungus is exposed to cell wall disrupting agents
such as echinocandin antibiotics. b-1,6 Glucan, which is a
linker molecule that connects the cell wall proteins to the
glucan–chitin skeleton, acts as an opsonic receptor pro-
moting phagocytosis by neutrophils (Rubin-Bejerano et al.
2007). Chitin dampens the proinflammatory response
(Mora-Montes et al. 2011) and lowmolecular weight chitin
engages with the internal NOD2 and TLR9 PRRs, leading
to interleukin (IL)-10 secretion (Wagener and Gow, per-
sonal communication). Chitin is likely to be the last of the
cell wall PAMPs to be exposed, and this may only occur
after extensive cell wall damage and loss of fungal viability.
The anti-inflammatory action of chitinmay therefore help
to mitigate inflammatory-mediated damage to the host
due to the other pro-inflammatory molecules in the cell
wall. Thus, b-1,3 glucan and chitin have opposite pro- and
anti-inflammatory roles.

IX. Discrimination of Yeast
and Hyphal Cells

The host defence mechanism of epithelial cells
is triggered by certain danger signals that
include an increase in yeast cell numbers on
epithelial surfaces and the presence of tissue-
infiltrating hyphae. Epithelial cells were shown
recently to be able to discriminate between the
yeast cells, which can regarded as non-harmful
commensals, and invading hyphae (Moyes et al.
2010). The induction of a first phase of c-Jun
and c-Fos MAPK activation was followed by a
second, hyphae-specific phase of c-Fos and
MKP1 activation through p38 and ERK1/ERK2
kinase pathways. These phases are required for
induction of cytokine secretion by epithelial
cells. Upregulation of TLR4 expression in
C. albicans-infected human oral epithelium
was reported to be correlated with protection
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against C. albicans tissue invasion (Weindl
et al. 2007), but TLR4 was not implicated in
the activation of these MAPK pathways. TLR2,
dectin-1 or mannose receptor were again not
required for this biphasic activation of epithelial
cells. Addition of neutrophils to the Candida-
infected tissues of an oral epithelium model
upregulated epithelial TLR4 expression, and
cathelicidin (LL-37) secretion, which correlated
with tissue protection (Weindl et al. 2011). It is
still not known what repertoires of PRRs are
required for recognition of hyphae and pseudo-
hyphae during tissue invasion by C. albicans.

It is clear that the morphogenetic plasticity
of C. albicans, comprising growth as yeast cells,
pseudohyphae and hyphae, presents a moving
target with respect to immune surveillance and
recognition. Several studies have shown that
the PAMPs present in these cell types induce
substantially different immune responses. For
example, unlike hyphae, yeast cells do not
induce IL-12 production in DCs, but do induce
IL-4 secretion (D’ Ostiani et al. 2000). Hyphae
do not induce the Th1- cytokine interferon-g
(IFN-g), perhaps due to the lack of recognition
by TLR4 (Van der Graaf et al. 2005).

It is not yet known what differences in the cell wall
PAMPs account for such differences in cytokine stimu-
lation by myeloid cells. Hyphae also do not produce
bud scars and so b-glucan exposure is less on hyphae
than on yeast cells (Gantner et al. 2005). The mannan
fibrils of hyphae are shorter and less abundant than in
yeast cells, but the permeability of the mannan layer of
hyphae is less than in yeast cells (Cheng et al. 2011). It
has also been suggested that differences in the mannan
biochemical structure in yeast and hyphal cells
accounts for differential recognition of mannans from
hyphae and yeasts by dectin-2 (Bi et al. 2010). The
precise nature of such changes in mannan is not yet
clear (Kruppa et al. 2011; Shibata et al. 2007).

Mucosal defence is critically dependent on
Th17 function and it now seems clear that Th17
activation responds differentially to colonising
yeast cells and invading hyphae (Cheng et al.
2011). The Th17 response requires cytokines
that include IL-23, IL-1, IL-6 and TGFb
(Acosta-Rodriguez et al. 2007a, b; van de Veer-
donk et al. 2010). No difference in IL-23 and IL-6
production was found in macrophages exposed
to yeasts and hyphae, and only hyphae induced

IL-1b production by macrophages (Joly et al.
2009), which is required for induction of the
Th17 responses mediated by the NLRP3 inflam-
masome (Cheng et al. 2011).

Monomorphic yeast-locked C. albicans
mutants did not activate the NLRP3 inflamma-
some or the secretion of IL-1b by macrophages
(Joly et al. 2009). This response also required the
dectin-1 pathway for the induction of pro-IL-1b
production, which requires cleavage into IL-1b
(Van de Veerdonk et al. 2009) by the caspase-1
protease. This suggests that the germination of C.
albicans yeasts into hyphae triggers activation of
the NLRP3 inflammasome in macrophages, lead-
ing in turn to the activation of caspase-1. The
transcription of pro-IL-1b depends on the activa-
tion of PRRs such as dectin-1, TLR2 and MR.
However, when epithelia are colonised without
the presence of invading hyphae, caspase-1 is
not activated and therefore pro-IL-1b is not pro-
cessed into its active form IL-1b. When macro-
phages engage C. albicans hyphae, caspase-1 is
activated and bioactive IL-1b is produced, lead-
ing to the production of cytokines IL-17 and IL-
22 and the induction of a protective Th17
response and neutrophil recruitment to that site
(Ouyang et al. 2008). IL-22 also results in defensin
production from epithelial cells (Eyerich et al.
2011), which contributes to the killing of invading
hyphae. It is also possible that ATP that is
released from damaged epithelial cells (Piccini
et al. 2008) helps induce Th17 cell differentiation
(Atarashi et al. 2008). Therefore, the production
of hyphae acts as an alarm signal that activates a
mucosal Th17 response that ultimately helps pre-
vent tissue invasion and retains C. albicans in the
commensal state.

X. Conclusions

C. albicans does not cause disease inmost people
most of the time, suggesting that it is adapted for
life as a commensal. The evolutionary forces that
have sculpted the genome of this fungus may
have resulted in a gene set that enables the fungus
to be retained in a commensal state on the
mucosa when the immune system is vigorous
and intact, and simultaneously to flourish and
cause superficial and systemic disease under
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conditions when immune surveillance is com-
promised. The roles of specific genes in this fun-
gus are therefore context-dependent, meaning
that the interpretation of knockout mutants of
potential commensal or virulence-associated
genes is complex. Nonetheless, it is clear that C.
albicans is characterised by its metabolic and
nutritional versatility and its ability to induce a
wide variety of immune responses. This flexible
phenotype is presumed to account for its preva-
lence, wide distribution and complex immune
pathology, and makes it a remarkable and
fascinating model system for studies of host–
pathogen interactions.
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I. Introduction

Most moulds propagate and disseminate via
release of airborne spores, but none surpass
the capacity of Aspergillus fumigatus to cause
human disease. A. fumigatus is a filamentous
fungus that is capable of saprophytic growth in
the natural environment and parasitic growth
in susceptible human and animal hosts. How
does the transition from saprophytic soil-
dweller to life-threatening pathogen come
about? As the quest for A. fumigatus virulence
factors continues apace, our understanding of
the pathogenic qualities expressed by this “acci-
dental pathogen” has reached a new, higher
order appreciation of the host–pathogen inter-
action and how this fragile interrelationship
might be tipped towards or against initiation
or resolution of disease.

A. fumigatus has the ability, more than any
other airborne fungal pathogen, to radically alter
the trade-off between parasitic growth rate and
host response in favour of fungal dominance. In
this chapter, wewill examine the pivotal processes
occurring after spore (or conidia) inhalation and
incorporate them into a three-step cause-and-
effect framework, comprising a comprehensive
overview of the host and pathogen factors that
drive disease.

The genus Aspergillus includes several hun-
dred species of filamentous, ascomycetous mould
fungi, whichdisseminate via spore release (Bennet
2010; Baker and Bennet 2008). Ubiquitous on
Earth, and occurring with a worldwide distribu-
tion, it is likely that all of these species contribute
to recycling of planetary carbon and nitrogen via
degradation of organic matter. Several species
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have evengreater significance tomankind, serving
as conventional workhorses of food production
or genetic study, or agents of devastating disease
in plants and animals (Bennet 2010; Baker and
Bennet 2008). A. fumigatus exerts, via a range of
infectious and inflammatory diseases, a huge toll
upon public health (Brown et al. 2012) and is the
most significantmould pathogenof humanbeings
(Latge 1999). Efforts to define the molecular basis
of A. fumigatus pathogenicity have been ongoing
for several decades and are continuing in the
post-genomic era. Multiple excellent reviews
have recently catalogued studies addressing
A. fumigatus attributes required for pathogenicity
and the host factors predisposing to disease
(Dagenais and Keller 2009; Hohl and Feldmesser
2007; Askew 2008; Abad et al. 2010). These works,
combined with an ever-increasing understanding
of immune responses to infectiousmicrobes, have
revealed the intricacy of the A. fumigatus host–
pathogen interaction and motivated the scientific
community to reach a consensus on the huge
significance of host factors in driving disease
(Romani 2011). Although it is clear that this path-
ogen can utilise efficiently the nutrients provided
by the mammalian niche and will do so in the
absence of an adequate immune challenge, it is
also clear that A. fumigatus draws upon multiple
physiological traits, operative at distinct stages of
the host–pathogen interaction, to exploit the
weakened host and accomplish longevity in the
host environment. Recent research has identi-
fied highly significant events that occur during
the establishment of disease and contribute
to the outcome of the host–pathogen interaction
at the level of the whole animal.

II. Aspergillus fumigatus: A Three-Step
Transition from Saprotroph
to Pathogen

There are many host and pathogen factors that
can drive initiation and establishment of human
Aspergillus-related disease. To fully understand
the pathogenic potential of A. fumigatus one
must integrate a plethora of experimental and
clinical data to compile a working model of
the host–pathogen interaction. Currently, it
remains difficult to assign relative measures of

significance to many of these factors, and a
more quantitative understanding will be required
if immunomodulatory interventions are to be
effectively implemented. Progress towards this
aim will also permit a more standardised
approach to the study of the host–pathogen inter-
action and place our understanding of it within a
context having relevance to all types of Aspergil-
lus-related disease.

To construct a fully panoramic view of the
pathogenic status of A. fumigatus the progression
from saprotroph to pathogen is here considered as
a series of three temporally distinct stages of the
host–pathogen interaction: (1) primary encoun-
ter, (2) persistence and (3) permanence (Fig. 2.1).
Crucially, for the transition from saprotroph to
pathogen to be realised all three stages must be
completed thereby leading to a permanent alter-
ation of host homeostasis. Within this framework,
the activities of both host and pathogen can be
readily incorporated as causes of disease (Fig. 2.1)
and events that impact the outcome of infection
are readily identifiable. In this chapter, the extent
to which each of these activities impacts upon
disease will be assessed within the context of the
available experimental evidence.

III. Primary Encounter

A. Spore Size, Abundance and Human
Exposure

A. fumigatus spores are a common component of
the airborne microflora and are usually more
abundant in outdoor, rather than indoor, air sam-
ples (Torpy et al. 2012). Despite seasonal varia-
tions in spore abundance, the estimated number
of viable A. fumigatus colony forming units per
square metre (CFU/m2) rarely exceeds 100, so A.
fumigatus spores are certainly not themost abun-
dant of those we normally breathe. Aspergillus
spp. are, however, the fungi most often cultured
from the lungs of chronically ill humans (Lass-
Florl et al. 1999) and since Cladosporium spores
greatly outnumber those of A. fumigatus in out-
door air (O’Gorman and Fuller 2008) the spec-
trum of disease-causing fungi is not reflected by
the results of air surveys. Clearly therefore, some
mould spores enjoy a positive advantage in
the host.
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A. fumigatus sporulates abundantly, pro-
ducing green pigmented, uninucleate, mitotic
spores of approximately 2 mm diameter
extruded as chains from aerial hyphae posi-
tioned high above the vegetative mycelial mass
(Fig. 2.2a). This organisation of newly generated
spores ensures efficient dispersal of spores in air
currents, wherein A. fumigatus spores remain
buoyant and viable for long periods of time.
Spore dispersal is influenced by air mass move-
ment, turbulence and thermal convection, with
physical characteristics such as size, shape, den-
sity and surface texture exacting comparatively
minor effects. Terminal velocity (or fall speed) is
the dominant physical property, and actinomy-
cete spores (approximating 2 mm diameter) are
estimated to fall very slowly at approximately
40 mm/s (Lacey and West 2007). According to
the scheme proposed by Lacey and West
(2007), their extremely small size promotes the
deepest possible penetration of the respiratory
tree (Fig. 2.2b).

Stored products, including hay, straw, grain, wood
chips and composts, represent sources of A. fumigatus
spores that can be aerosolised by human activities.
Incredibly, the immediate vicinity of combine harvest-
ers has been found to contain 200 million fungal spores
per cubic metre, a concentration capable of eliciting an
immediate hypersensitivity reaction (O’Gorman 2011).
The potential for exposure to airborne A. fumigatus
spores is heightened in the immediate vicinity of refuse
dumps and landfill sites, and associated hazards to
respiratory health have been formally assessed by
Swan et al. (2013). In a recent review of the risk
posed by A. fumigatus spores O’Gorman (2011) cites
guidelines issued by the UK Environment Agency in
2009 that state that total emissions of bacterial and
fungal spores from compost facilities not exceeding
103 CFU/m3 are within “acceptable levels”. Potential
environmental reservoirs governing everyday expo-
sures include dust, bedding, water supplies, air
handling systems, fresh and dried flowers, the soil of
ornamental plants, certain foods including tea,
biscuits, fruits and spices, particularly pepper, and the
smoking of tobacco and marijuana. Activities such as
grass cutting, digging, potting plants, building works
and household cleaning also aerosolise A. fumigatus
conidia (O’Gorman 2011).
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Fig. 2.1. Saprotroph to pathogen: a three-step cause-
and-effect framework. Diseases caused by A. fumigatus
arise as a result of both pathogen and host activities, and
the transition from saprotroph to pathogen can be consid-
ered as occurring in three stages: primary encounter,

persistence and permanence. A quantitative understand-
ing of the contributions made by each factor is currently
lacking; however, factors that can alter the outcome of the
host–pathogen interaction, at the level of the whole animal
host, are indicated in italicised, underlined text

Aspergillus fumigatus: Saprotroph to Pathogen 21



VEGETATIVE 
HYPHA

AERIAL
HYPHA

CONIDIA

RODLET LAYER

CELL WALL

MELANIN
2 μm

Par�cle sizes
4 – 10 μm

Par�cle sizes
< 4 μm

Par�cle sizes
> 10 μm

ALVEOLI

BRONCHIOLE

TRACHEA

a

b

Fig. 2.2. Organisation of A. fumigatus colonies, conidial
structure and airway penetration by particle size. (a) A.
fumigatus is a prolific spore producer, generating
thousands of uninucleate mitotic spores (conidia) per

aerial hypha. Mitotic spores, approximately 2 mm in
size, are extruded from aerial hyphae and become air-
borne. (b) A. fumigatus spores are small enough to
achieve deepest possible penetration of the human airway
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Although initiation of hypersensitivity reac-
tions can be elicited by massive exposures to
A. fumigatus spores, infections of immuno-
compromised hosts are probably initiated by
single or repeated exposures to far fewer fungal
spores. The true relationship between Aspergillus
concentration in the air and the probability
of invasive aspergillosis is not quantitatively
known, and the circumstances surrounding
initiation of infection pose important unan-
swered questions. It is not certain whether
prior carriage of, or repeated exposure to,
A. fumigatus spores primes the host for
subsequent infection. Some have surmised
that large inocula of fungal spores may over-
whelm an otherwise adequately functioning
immune system (Hope et al. 2005) whereas
others have sought correlations between fungal
colonisation and subsequent invasive aspergil-
loses (IA) (Einsele et al. 1998).

Leleu and co-workers (Leleu et al. 2013)
used a combination of Bayesian modelling and
in vivo experiments to determine the relation-
ship between spore exposure and occurrence of
IA. This study determined that in immunosup-
pressed (neutropenic) mice, exposed by aerosol
to A. fumigatus spores, the median exposure
dose required to achieve fatal infection of 50%
of mice is 1.8–3.2�104 A. fumigatus spores.
Animals exposed to lower doses were unlikely
to contract infections causing death within
6 days of spore exposure. The authors acknowl-
edge that a single exposure to~104 spores is
unlikely to occur in humans, where a cumula-
tive dose over time is more likely. However, for
patients with prolonged neutropenia or under-
going other immunosuppressive therapies, a
significant cumulative infective exposure
could be reached within a few hours or days.
This study established, for the first time, a
direct correlation between aerosol spore bur-
dens and the probability of mammalian infec-
tion; however, the relevance of these data to
human disease remains speculative because of
the marked differences in the exposure condi-
tions and in the respiratory system of mice and
humans.

B. Physiological Traits That Favour
Pathogenicity

The primary route of infection with Aspergillus is
via the inhalation of airborne conidia, which are
deposited in the bronchioles or alveolar spaces
(Fig. 2.2b). The average size of A. fumigatus con-
idia (2–3 mm) is ideal for infiltrating deep into
the alveoli, whereas larger particles, including the
conidia of human pathogens such asA. flavus and
A. niger, could be removed more easily by muco-
ciliary clearance of the upper respiratory tract.
Evaluation of parameters influencing the germi-
nation of Aspergillus conidia revealed significant
differences in germination between differing
pathogenic species, whereby A. fumigatus germi-
natesmuchmore efficiently and in a shorter time
frame than Aspergillus flavus or Aspergillus niger
(Araujo and Rodrigues 2004). Following 12 h of
incubation in a nutritive medium, the average
germination rate of A. niger strains was about
36.5%. A similar rate was obtained more quickly
in A. flavus (8 h) and A. fumigatus (5.5 h). At
ambient temperatures of up to 30�C, germination
rates were similar for all three species; however, at
higher temperatures germination of A. flavus
decreased by 45%, and in the case of A. niger no
germination was possible for 24 h. Thus, among
pathogenic Aspergilli,A. fumigatus appears better
equipped for initiating growth in the mammalian
host.

The importance of thermotolerance for colonisation and
infection of mammals is supported by the attenuation of
virulence in amutant lacking the cgrA geneproduct, which
is involved in ribosome biogenesis. DcgrA mutants grow
normally at 25�C and are fully virulent in a Drosophila
insect model (25�C) of infection, but grow slower than the
wild-type progenitor isolate at 37�C and are attenuated for
virulence in mice (Bhabhra et al. 2004).

C. Host Susceptibility: How Does Immunity
Fail the Host?

The potency of A. fumigatus as a pathogen and
source of antigens is evidenced by the spectrumof
diseases it causes in humans (Fig. 2.3). For exam-
ple, in severely immunocompromised hosts
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inhaled spores remain largely unchallenged by
innate immune defences and tissue-invasive dis-
easepredominates.However, in atopic individuals
an over-exuberant response to spore and/or
hyphal antigens can prompt life-threatening
allergy or chronic pulmonary inflammation
(Zmeili and Soubani 2007). Thus, the problem
posed by A. fumigatus extends beyond the mere
ability to proliferate within the host environment.
The disparate outcomes resulting from spore
inhalation in immunologically distinct host set-
tings demonstrate the crucial contribution made
by the host environment to progression of disease.
In humans,Aspergillosis can be broadly grouped
into threemajor categories: invasive aspergillosis
(IA; with or without angioinvasion), chronic pul-
monary aspergillosis (CPA; including aspergil-
loma) and allergic bronchopulmonary
aspergillosis (ABPA; Fig. 2.3).

D. Invasive Aspergillosis

In an authoritative review of the clinical presen-
tations, risk factors and diagnosis of invasive
aspergillosis, Hope and Denning (Hope et al.
2005) described an entire spectrum of distinct
IA syndromes having differing pathophysiologi-
cal profiles. For simplicity we here consider IA to
include aspergillosis of both the angioinvasive
and non-angioinvasive types, among which inva-
sive pulmonary aspergillosis (IPA) is the com-
monest manifestation. Zmeili and Soubani
(2007) defined seven major risk factors for IA:
(i) prolonged neutropenia or neutrophil dysfunc-
tion (e.g., as seen in chronic granulomatous dis-
ease, CGD), (ii) organ or stem cell transplantation
(highest risk is with lung and haematopoietic
stem cell transplantation, HSCT), (iii) prolonged
(>3 weeks) and high-dose corticosteroid therapy,
(iv) haematological malignancy (risk is higher
with leukaemia), (v) chemotherapy and (vi)
advanced AIDS.

In humans, profound neutropenia (<100
neutrophils/mL) lasting more than 10–15 days
is the major risk factor for invasive mould infec-
tions (Portugal et al. 2009) and this provides the
major basis for assuming that neutrophils provide
the most important defence to the human host.
Hope and Denning (Hope et al. 2005) distinguish

a

b
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Fig. 2.3. Outcomes of A. fumigatus spore inhalation in
humans. (a) Allergic bronchopulmonary aspergillosis
(ABPA). Patienthas longstandingABPAwith central bron-
chiectasis (white arrow). Total IgE is 500 times higher than
normal at 5,000 versus 100 IU/ml. Patient has undergone
itraconazole therapy for 7 years with stability and no
exacerbations (b) Invasive pulmonary aspergillosis
(IPA). Heart transplant recipient with a recent episode of
rejection requiring pulse corticosteroids in high dose, pre-
senting with chest complaints and headache. A cavitary
lesion is apparent (white arrow), and patient also had
multiple abscesses in the brain (c) Chronic pulmonary
aspergillosis (CPA). A 65-year-old patient with rheuma-
toid arthritis and rheumatoid lung disease who gradually
deteriorated, with weight loss and severe breathlessness
over severalmonths. A cavity is evident (white arrow) that
shows early signs of aspergilloma (fungus ball)
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between angioinvasive and non-angioinvasive
aspergilloses on the basis of both clinical presen-
tation, and predisposing risk factors whereby
angioinvasive disease occurs exclusively in the
neutropenic setting and is characterised by vas-
cular invasion by hyphal elements, coagulative
necrosis and haemorrhagic infarction. In con-
trast, non-angioinvasive disease lacks any evi-
dence of vascular invasion but is characterised
by any, all or some of: pyogranulomatous inflam-
matory infiltrate, inflammatory necrosis or cavi-
tation and occurs in multiple non-neutropenic
clinical settings, most significantly following cor-
ticosteroid therapy, non-neutropenic HSCT,
graft-versus-host disease (GVHD), HIV/AIDS,
CGD and solid organ transplantation. Murine
models approximating the progression of
angioinvasive, non-angioinvasive, CGD bone
marrow and solid organ transplantation have
provided a useful proxy for the study of the
host–pathogen interaction as in all instances the
major features of disease progression can be repli-
cated (Clemons and Stevens 2005; Lewis and
Wiederhold 2005; Balloy et al. 2005; Pollock
et al. 1995). Themajor drawback ofmurine exper-
imentation is the large infectious inocula that are
routinely employed to achieve measurable read-
outs of disease progression. Future advances in
bioimaging and mathematical modelling will
permit the detailed study of diseases resulting
from lower inocula.

E. Chronic Pulmonary Aspergillosis

Chronic forms of pulmonary aspergillosis are dis-
tinguishable from IA by the timescale of disease
progression (Hope et al. 2005). In contrast to IPA,
CPAs run a slowly progressive course over weeks
to months and include several syndromes, vari-
ously characterised by slowly progressive cavitary
lung disease, chronic respiratory symptoms and
the presence of precipitating antibodies to Asper-
gillus spp. Hope and Denning (Hope et al. 2005)
noted that chronic necrotising pulmonary asper-
gillosis (CPNA) may present with direct invasion
of pulmonary parenchyma by hyphal elements
but for the most part no clear evidence of paren-
chymal invasion can be secured, despite progres-
sive tissue damage. Prior structural lung disease

appears to be a crucial factor and defects in
systemic immunity may also be important.
The precise mechanism of new cavity formation
remains unclear, and where cavities are present
they may or may not contain fungus balls. The
presence, or not, of an aspergilloma provides
the basis upon which the distinction between
aspergilloma (fungus ball) and CPA (cavitating
disease) is made. Aspergillus tracheobronchitis
is a further variant of CPA, occurring frequently
in solid organ transplantations that incorporate
calcineurin inhibition regimens. Tracheobron-
chitis occurs higher in the respiratory tree and
involves profuse, but superficial inflammation
with a mucus exudate. The depth of infection
ranges from no, to extensive, involvement of
the bronchial wall (Herbst et al. 2013; Zmeili
and Soubani 2007).

F. Allergic Bronchopulmonary Aspergillosis

Allergic bronchopulmonary aspergillosis (ABPA)
is an immunological disorder caused by hyper-
sensitivity to Aspergillus fumigatus and occurs
predominantly in people with asthma or cystic
fibrosis (Patterson and Strek 2010; Zmeili
and Soubani 2007). Sensitisation to Aspergillus
prompts activation of T helper 2 lymphocytes,
which play a key role in recruiting eosinophils
and other inflammatory mediators. Clinical pre-
sentations therefore include granulomatous
inflammation consisting of histiocytes, lympho-
cytes andeosinophils. Local inflammation results
in mucus production, airway hyperreactivity
and, ultimately, bronchiectasis in which fungal
hyphae may be seen, but without evidence of
tissue invasion. Early diagnosis and treatment is
likely to prevent disease progression, parenchy-
mal damage and loss of lung function. To this
end,ABPA is definedby a combination of clinical
and laboratory criteria that include asthma,
serum eosinophilia, elevated total IgE, pulmo-
nary opacity, bronchiectasis and sensitisation to
A. fumigatus antigens by skin testing. Treatment
with corticosteroids can be effective but may be
required indefinitely. The incidence of ABPA in
patients with asthma is approximately 2%, and
1–15% of cystic fibrosis sufferers develop ABPA
(Sorci et al. 2011;Agarwal 2009; Eaton et al. 2000).
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G. Aspergillosis in Animals

Aspergillosis is relatively uncommon in other
mammals, but dogs, horses, cows and dolphins
are susceptible andbirds are particularly suscep-
tible to infection. Avian aspergillosis affects both
immunocompetent and immunosuppressed
birds, in particular turkeys, penguins, raptors
and waterfowl. Immunosuppression caused by
forced production or physical exertion can pre-
dispose to infection. As in humans, A. fumigatus
is the major pathogen (Tell 2005).

H. Spore Composition

A. fumigatus spores are the particles with high-
est relevance to the primary encounter between
host and pathogen. Dependent upon the
immunosuppressive regimen adopted, germi-
nation ofA. fumigatus spores in murine airways
can take as little as 6–8 h (severely neutropenic
hosts) or more than 24 h (corticosteroid-treated
hosts) (Balloy et al. 2005). Spores can therefore
enter into extended interactions with host cells
prior to germination or elimination. This is a
key consideration in the study of the Aspergillus
host–pathogen interaction because (a) the anti-
genic identity of spores, swollen conidia and
hyphae differs considerably and (b) in contrast
to Candida albicans, which conditionally
undergoes filamentation in response to relevant
stimuli, A. fumigatus is obliged to undergo the
morphogenetic transition from uninucleate
single cells to multinucleate hyphae during
vegetative growth. During IA, this transition
might be rapid or slow, but it will always occur.

Concordant with a role for adhesion to host
cells during initiation of mammalian infection,
histological analysis of murine lung tissue at
early time-points of experimental murine
aspergillosis reveals the apparent adherence of
spores to alveolar and bronchial epithelial cells.
The molecular basis for such adhesion has been
probed via in vitro experimentation, revealing
that spores of A. fumigatus specifically bind to
extracellular matrix (ECM) components of
A549 epithelial cells. They also bind specifically
to fibrinogen, fibronectin, laminin, type I colla-
gen, and type IV collagen. Pre-incubation of

spores with an Arg-Gly-Asp tripeptide inhibits
binding to fibronectin and type I collagen by
50% (Tronchin et al. 1997; Bouchara et al. 1997;
Penalver et al. 1996; Gil et al. 1996). Both car-
bohydrate and protein molecules on the conid-
ial surface are involved in binding to host
proteins (Sheppard 2011).

The outermost cell-wall layer of the A. fumi-
gatus conidium is adorned with a mesh of inter-
woven rodlet proteins (Fig. 2.2a), including
an immunoprotective rodlet protein RodA,
which confers conidial hydrophobicity. A rodlet-
lacking A. fumigatusmutant, DrodA, (Thau et al.
1994) is defective in adherence to collagen and
albumin, but retains the capacity to bind host
cells (both in vivo and in vitro) and is fully viru-
lent. In a modified murine model of pulmonary
aspergillosis, using milder immunosuppressive
drug regimens, Shibuya and colleagues (Shibuya
et al. 1999) studied the inflammatory response to
infectionswithA. fumigatuswild-type andDrodA
conidia. In comparison to mice infected with the
wild-type isolate, pulmonary lesions induced by
the rodletlessmutant were limited and inflamma-
tory responses were weak. The mechanistic basis
of this pathogenic phenotype was proposed as
being due to RodA-mediated depletion of neutro-
phils and macrophages during the early stages of
infection. However, although this hypothesis has
not formally been disproved in whole animal
studies, it is now clear that the RodA hydropho-
bin acts by exerting an immunoprotective bar-
rier to recognition by host cells (Aimanianda
et al. 2009).

Early observations of the outermost conidial
surfaces, conducted via electron microscopy,
determined that spore swelling and germination
lead to alterations in surface characteristics and
adherence ofA. fumigatus conidia. Furthermore,
the cell wall was noted to undergo reorganisation
during swelling and germination (Tronchin et al.
1995). The ultrastructural appearance of the
conidial cell wall differs significantly from that
of hyphal cells (Bernard and Latge 2001)
whereby the conidial cell wall is composed of a
dense pigmented outer layer (containing mela-
nin) and a translucent inner layer (Fig. 2.2a).
Wasylnka and colleagues (Wasylnka et al. 2001)
showed that A. fumigatus conidia bind signifi-
cantly better than those of other Aspergillus
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species to intact lung cell basal lamina and, seek-
ing the mechanism of this binding, found that
neither desialylation nor complete deglycosyla-
tion of fibronectin decreased the binding of
A. fumigatus conidia. This suggested that fibro-
nectin binding was not oligosaccharide-
mediated, a finding that was further supported
by binding of A. fumigatus spores to a nonglyco-
sylated 40 kDa fragment of fibronectin contain-
ing the glycosaminoglycan (GAG)-binding
domain. Because binding could be inhibited by
negatively charged carbohydrates, the authors
proposed a novel mechanism of conidial attach-
ment whereby adherence to fibronectin (and
other basal lamina proteins) might be mediated
via negatively charged carbohydrates on the
conidial surface. In another study, the same
authors demonstrated that surface-localised
sialic acids, at an estimated density of 7�105

sialic acid residues per conidium,mediatedadhe-
sion of conidia to the positively charged polymer
poly(L-lysine) (Wasylnka and Moore 2000).
Thus, sialic acids on the conidial wall may be
involved in adhesion to fibronectin as such bind-
ing is strongly inhibited in the presence of a
sialylated glycoprotein. Sialic acids are terminal
components of many glycoproteins and glycoli-
pids, contributing to the structural properties of
these molecules and regulating cellular and
molecular interactions (Kelm and Schauer
1997). Sialic acid residues can act as, or to
mask, recognition sites such as subterminal car-
bohydrate structures or proteins. Although the
role of such residues in mediating the binding of
pathogens to host cells has been documented
over many years, the identity of the A. fumigatus
sialic acid-presenting moiety is unknown.

Levdansky and colleagues (Sharon et al. 2011) performed
amolecular genetic analysis of conidial cell wall integrity,
initially focusing upon the cell wall-associated protein
CspA, originally identified as one of four putatively
GPI-anchored cell wall proteins whose gene sequences
contained different numbers of DNA repeats in different
patient isolates. The predicted cpaA translation product
includes a long serine-threonine-proline-rich N-terminal
region, followed by a variably (18–47 repeats) large six-
amino-acid serine-proline [P-G-Q-P-S-(A/V)]-rich tan-
dem repeat region having significant homology to the
repeat domains found in mammalian type XXI collagen.

A myc-tagged cspA-encoded protein was detectable in
hydrofluoric acid extracts of conidial cell walls, suggest-
ing covalent linkage of CspA to cell wall glucan via a GPI
anchor. Further, discrepancy between predicted and
actual sizes of the protein suggests heavy glycosylation.
Immunofluorescence microscopy revealed a hyphal-
specific expression profile (6–12 h post-germination).
However, western blotting revealed an abundance of the
protein in dormant and swollen conidia. Taken together,
these observations suggest that CspA is located below the
cell wall surface and becomes unmasked as germination
proceeds. In support of this theory, sonication of conidia,
intended to remove the outer hydrophobin layer, signifi-
cantly heightened surface exposure of CspA. In combina-
tion with deletions of genes encoding the GPI-anchored
cell wall proteins ecm33 or gel2, cpsA deletion additively
affects conidal adhesion to culture-derived ECM, and
leads to morphological abnormality of the conidial cell
wall, which exhibits defective layering of melanin-rich
and carbohydrate-rich domains, and high levels of
exposed chitin, mannose and glucan. Although these
structural reorganisations of the cell wall could be corre-
latedwith increased internalisationof the doublemutants
by human monocyte-derived macrophages, and height-
ened susceptibility to hyphal damage mediated by poly-
morphonuclear monocytes, virulence was unaltered in
neutropenic mice.

I. Immunological Tolerance of Inhaled
Aspergillus fumigatus Spores

Hyperinflammatory responses to inhaled spores
occur in patients and mice suffering from CGD
(Song et al. 2011; Patterson and Strek 2010) or
ABPA (Patterson and Strek 2010). Clearly then,
A. fumigatus spores are potently capable of evok-
ing immune responses in the mammalian host
and, given the frequency with which A. fumigatus
spores enter the human pulmonary tract, mam-
malian immunity has evolved to cope with this
omnipotent challenge. In 2009, Aimanianda and
co-workers (Aimanianda et al. 2009), in attempt-
ing to dissect the reasons for the immunologically
inert nature of the dormant conidia, made some
findings that could explain this phenomenon.
Analysis of a hydrofluoric acid extract derived
fromA. fumigatus conidia identified three protein
species, the molecular weights of which (32, 16
and 14.5 kDa) corresponded, respectively, to the
dimeric form of the native RodA protein, native
RodA and partially degraded or processed
RodA. Crucially, RodAwas undetectable in fungal
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culture supernatant following conidial germina-
tion, indicating that the RodA rodlet layer, cova-
lently bound to the cell wall of dormant conidia
(Figs. 2.2 and 2.4), was shed upon spore germina-
tion. RodA extracted directly from A. fumigatus
condia was found to be immunologically inert.
This is in contrast to germinating conidia, which
prompt, in dendritic cells, significant expression
of co-stimulatory molecules (CD80, CD86, CD40
and CD83) and the antigen-presenting molecule
human leukocyte antigen DR (HLA-DR), and
secretion of pro- and inflammatory and anti-
inflammatory cytokines. The removal of RodA,
either chemically (using hydrofluoric acid),
genetically (DrodA mutant) or biologically (ger-
mination) resulted in immune activation. Thus,
the hydrophobic rodlet layer on the A. fumigatus
conidial cell surface acts as an “immunological
silencer”. A similar effect was documented in
murine alveolar macrophages where inflamma-
tory cytokines, chemokines and reactive oxygen
intermediates (produced in response to hydro-
fluoric acid-treated conidia, DrodA dormant con-
idia and germinated conidia) were undetectable
in macrophages exposed to dormant conidia or
RodA protein. The authors concluded that the
surface rodlet layer of the conidial cell wall makes
A. fumigatus conidia inert to both innate and
adaptive immunity. Evidence first documented
by Hohl et al. (2005) revealed a further layer of

immunomodulatory control, manifested by the
gradual exposure of cell surface b-glucan during
swelling and germination of A. fumigatus spores
(see subsequent discussions).

IV. Persistence

A. Spore Germination

In environments conducive to germination,
A. fumigatus spores become metabolically active
and increase in size, eventually germinating to
produce tip-extending elongated cells called
hyphae, a hallmark characteristic of filamentous
fungi. In most fungi, conidial germination is
governed by moisture, oxygen and nutrients
and, when dormancy is broken, A. fumigatus
conidia begin nuclear division andmorphological
development (Momany and Taylor 2000). This
morphological transition multiply impacts upon
A. fumigatus pathogenicity (Fig. 2.4), from shed-
ding of the RodA hydrophobic layer (Aimanianda
et al. 2009) to gradual exposure of pathogen-
associated molecular pattern molecules (PAMPs)
and activation of immune responses (Hohl et al.
2005) and invasion of the host epithelium (Kamai
et al. 2009).

Recognising that morphological landmarks
coincide with specific events in the S. cerevisiae
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Fig. 2.4. First encounter, immune evasion and fungal
persistence in the host. A. fumigatus spores, both rest-
ing and swollen, can prompt inflammatory responses in
epithelial cells (ECs). ECs internalise both resting and
swollen spores, eliciting differential responses to each

morphotype. A. fumigatus spores are adorned with a
layer of proteinaceous rodlets, which are shed upon
swelling to reveal cell-wall-associated polysaccharides,
some of which act as pathogen-associated molecular
patterns.Orange pentagons represent b-glucanmoieties
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cell cycle, Momany and Taylor (2000) sought
similar landmarks in the transition of A. fumiga-
tus and Aspergillus nidulans from conidia to
hyphae. To score A. fumigatus cells for mitotic
and morphological events, Hoechst 33258 and
calcofluor white, respectively, were used to stain
fungal cells. Following inoculation into rich
medium, the first nuclear division inA. fumigatus
occurs after a lag of just over 4 h, with subsequent
nuclear divisions every 45 min. This represents a
significantly faster rate of nuclear duplication
than that observed in A. nidulans, where nuclei
divide once per hour. Initially spherical, conidia
of both A. fumigatus and A. nidulans assume a
pear-type shape that indicates that an axis of
polarity has been established. This event often
(22%) happened prior to the first nuclear division
in A. fumigatus cells, which also differs signifi-
cantly from the less pathogenicA. nidulanswhere
only 12% were polarised after the first mitosis. A
further important difference between the mor-
phogenetic transitions of these two species
included a reduction in second germ tube emer-
gence in A. fumigatus (19% versus 98%) after the
fifthmitosis. The authors proposed that by direct-
ing growth primarily in one direction, the lower
percentage of second germ tubes allows A. fumi-
gatus to scavenge nutrients more efficiently in the
host.

Dague and colleagues (2008) used real-time
atomic force microscopy with a temperature-
controlled 37�C stage to probe the structural and
Physiochemical dynamics of single A. fumigatus
conidia during germination. By capturing images
of the same cell after 20, 60 and 120 min, signifi-
cant swelling could be quantified. Ultrastructural
alterations were imaged via high-resolution
images of the spore surface (Fig. 2.2a). At early
germination times, the spore surface was
observed to be covered with an array of 10 nm
diameter rodlets. Notably, dramatic changes in
cell surface structure were observed after 2 h of
germination, corresponding to the swelling of the
conidium. At this point the rodlet layer was found
to alter into a layer of amorphous material,
thereby buttressing the hypothesis that significant
remodelling of the cell surface, including shed-
ding of RodA (Aimanianda et al. 2009), represents
a significant restructuring event during spore ger-
mination.

From amolecular perspective, the regulatory
mechanisms that govern conidial germination in
A. fumigatus have not been fully described, and
much is extrapolated from studies in the model
ascomyceteA. nidulans. However, the number of
gene products that have been demonstrated as
important for conidial germination is rapidly
growing, and a plethora of functional categorisa-
tions have been implicated, from calcineurin-
mediated signalling (da Silva Ferreira et al.
2007; Steinbach et al. 2006) to MAPK signalling
(Liebmann et al. 2004; Xue et al. 2004; Zhao et al.
2006) and glucose metabolism (Fleck and Brock
2010). An integrated and hierarchical under-
standing of the process will gradually emerge
once functional genomics approaches reveal the
entire cohort of gene products involved.

Fortwendel et al. (2006) recently established
the mechanism by which a membrane-associated
Ras GTPase switch, RasA, governs morphological
transitions in A. fumigatus. Ras-GTPases regulate
a multiplicity of cellular processes in a highly
precise spatial and temporal manner, command-
ing control over differential pathway activation,
which is governed in part by post-translational
modification and consequent modulation of
subcellular localisation. Deletion of RasA in
A. fumigatus causes delayed germination and
subsequent formation of wide, blunted hyphae
that continually switch polarised growth axes.

A functional RasA-GFP translational fusion was used to
interrogate the correlation between RasA localisation and
morphogenesis. RasA was found to localise at the cell
periphery of emerging germ tubes and the outer edge of
hyphae, consistentwith a plasmamembrane associationof
the protein during polarised hyphal growth. Incubation
of fungal cultures with a nonreversible inhibitor of protein
palmitoylation inhibited hyphal growth in a dose-
dependent manner and prompted aberrant localisation
of GFP-RasA to internal foci. Taken together, these obser-
vations suggested that palmitoylation might be important
for proper RasA localisation and polarised hyphal growth.
The targeted double mutation (RasAC206/207S) of a con-
served RasA palmitoylation motif prevented full comple-
mentation of the RasA hyphal growth blockade and
resulted in a dramatic reduction of GFP signal at the
plasma membrane. GFP-RasAC206/207S was mislocalised
from the hyphal periphery and septa to the cytosol and
internal patches, presumably to compartments of the
endomembrane system. Both a RasA null mutant and the
GFP-RasAC206/207S mutant displayed low germination
rates and formed stunted, highly branched germlings
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during early phases of hyphal growth and displayed
heightened sensitivity to cell wall damaging agents and
aberrant deposition of b-glucan. To determine the con-
tribution of plasma membrane localisation of RasA to
A. fumigatus virulence, theDrasA and GFP-RasAC206/207S

mutants were compared to the wild-type strain in a
murine model of invasive aspergillosis. Virulence of
both the DrasA and GFP-RasAC206/207S mutants was
significantly attenuated (P<0.0001), with infected mice
displaying 25% and 20% mortality at 15 days postinocu-
lation, respectively. Appropriate RasA localisation to the
plasma membrane is therefore essential for full virulence
in A. fumigatus.

Several groups have applied functional geno-
mics techniques to the study of the conidial to
hyphal transition in A. fumigatus. Lamarre and
colleagues (2008) adopted a transcriptomic
approach to analyse the exit ofA. fumigatus spores
from dormancy, identifying a shift from fermen-
tative to respiratory metabolism and immediate
protein synthesis upon breaking dormancy. In
the first 30minutes of incubation in YPDmedium
at 37�C,modulation of expression of 787 genes (of
apossible 3,000)was observed in freshlyharvested
conidia. Downregulated genes encoded functions
involved in fermentative metabolism and oxido-
reductase activity whereas upregulated genes
indicated a heightened emphasis upon RNA and
phosphorus metabolism, amino acid and protein
biosynthesis and protein complex assembly. Con-
cordant with the predicted timing of mitosis in
germinating spores, the authors found no evi-
dence of upregulation of DNA processing/replica-
tion or cell cycle regulation. Additionally,
expression of multiple genes involved in amino
acid biosynthesis were upregulated during the
first 30 minutes of the study, perhaps reflecting
the rapid depletion of a pre-existing pool of free
amino acids. This trend was supported by
observed upregulation of genes in other pathways
leading to amino acid biosynthesis, including glu-
tamate dehydrogenase and glutamate synthase,
NADPH isocitrate and succinate dehydrogenase.
Downregulation of 28 mitochondrial genes, along
with genes encoding alcohol dehydrogenases, lac-
tate dehydrogenase, pyruvate decarboxylase and
phosphoenol pyruvate synthase suggested a shift
from a fermentative metabolism when the coni-
dium is in a dormant stage to a respirative meta-
bolism as soon as the germination process has
started. Combining microarray and quantitative

proteomic data, Cagas et al. (2011) were also able
to identify a trend towards protein biosynthesis in
time-series analyses of germinating conidia, dur-
ing 0–16 hours of growth. A further quantitative
proteomic analysis performed by Suh et al. (2012)
identified an abundance of small, lineage-specific
proteins amongst the conidial proteome. Teutsch-
bein and colleagues (2010) applied two-
dimensional polyacrylamide gel electrophoresis
to establish a reference map of conidial proteins,
identifying 449 different proteins, 57 of which
weremore abundant in conidia relative tomycelia.
These included enzymes involved in detoxifica-
tion of reactive oxygen intermediates, pigment
biosynthesis and conidial rodlet layer formation.
In agreement with the transcriptional analyses of
Lamarre et al. (2008), pyruvate decarboxylase and
alcohol dehydrogenase were detectable in dor-
mant conidia, further supporting the notion that
alcoholic fermentation plays a role during dor-
mancy or early germination.

These studies set the scene for analysing dif-
ferences betweengerminationundergone in vitro
and germination occurring during mammalian
infection. Although the technologies to analyse
the infecting fungal proteome thus far elude us,
the transcriptional data from murine infections
are already under analysis as part of our research
programme.

B. Thermotolerance

The ability to thrive at 37�C is characteristic of
all human pathogens and distinguishes A. fumi-
gatus from most other environmental moulds.
Relative to other Aspergillus spp., A. fumigatus
has a natural propensity for thermotolerance,
and in being capable of growth at temperatures
that approach the upper limit for all eukaryotes,
approximates an extremophilic mode of growth
in the human host (Bhabhra and Askew 2005;
Bhabhra et al. 2004). An intuitive hypothesis is
that mutants that fail to grow at 37�C will be
attenuated for virulence. This holds true in at
least once case as A. fumigatus mutants lacking
the cgrA gene product are attenuated for viru-
lence. CgrA is required for the synthesis of
ribosomes during conidial germination and
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has a distinct nucleolar localisation in A. fumi-
gatus.

Mutants deficient in trehalose biosynthesis
also demonstrate thermosensitive phenotypes in
A. fumigatus (Al-Bader et al. 2010). Contingent
with a role in stress tolerance, the trehalose con-
tent of A. fumigatus hyphae becomes elevated in
response to heat shock and two genes, tpsA and
tpsB, whose expression can be correlated with
heightened trehalose content, serve partially
redundant roles in trehalose accumulation during
development and heat shock. A DtpsAB double
mutant is devoid of trehalose and exhibits
delayed (by 2–3 h) germination at 37�C and is
nonviable at 50�C. However, virulence of the
double mutant was unabated in a murine model
of aspergillosis. Trehalose is regarded as an
important source of energy during fungal devel-
opment and acts to heighten stress tolerance by
preventing the aggregation of denatured proteins.
Being absent from mammalian cells it is of obvi-
ous therapeutic interest. It is intriguing that,
despite the prevailing belief that rapidity of
spore germination at 37�C provides a competitive
advantage for A. fumigatus in the face of the host
environment (Araujo and Rodrigues 2004), a
mutant such as the DtpsAB double mutant does
not suffer any deficit in the diseased mammalian
host. A plausible explanation put forward for this
involves aberrancy of cell wall biosynthesis in the
double mutant, which might exacerbate the
immune response sufficiently to worsen disease
outcome.

C. Adhesion

Adhesion is postulated, but not yet formally
proven, to be crucial for A. fumigatus virulence;
however, significant correlations between the
capacity to adhere to host proteins in vitro and
the ability to cause mammalian disease have
been documented (Sheppard 2011). The polysac-
charide galactosaminogalactan (GAG), discov-
ered in both cell wall extracts and culture media
(Fontaine et al. 2000), is a polymer of galactopyr-
anose linked to N-acetylgalactosamine. GAG is
implicated as an important component of the
A. fumigatus extracellular matrix, as evidenced
by analyses of human biopsy material (Muller

et al. 2011). In independent studies seeking
genes that govern biofilm formation and
adherence Gravelat et al. (2010) identified a
regulatory gene, medA, that acts to modulate
GAG synthesis. Transcriptomic analyses identi-
fied the genetic locus that directs GAG biosyn-
thesis as a cluster of genes on chromosome 3.
MedA was found to mediate biofilm formation
and adherence to several substrates including
fibronectin and pulmonary epithelial cells, and
aDmedAmutant was attenuated for virulence in
a murine model of disease. GAG-deficient
strains also exhibited a reduction in their ability
to injure and stimulate pulmonary epithelial
cells in vitro.

D. Host-Mediated Fungal Clearance and
Immune Evasion by Aspergillus fumigatus

In the immune-competent host, the respiratory
epitheliumand alveolarmacrophages present the
first host interface encountered by the fungal
pathogen (Fig. 2.4). Alveolar macrophages are
potent inactivators of A. fumigatus spores
in vitro and, following spore recognition and
internalisation, they efficiently kill ungerminated
spores.

In human and murine pulmonary macro-
phages, acidification of A. fumigatus phagolyso-
somes and phagocyte oxidase-derived reactive
oxygen intermediates (ROIs) are requisite for
killing of A. fumigatus spores (Ibrahim-Granet
et al. 2003; Philippe et al. 2003). Obligatory
morphological transitions undertaken by the
invading pathogen ensure that invasive, but
not dormant, fungal elements act as immuno-
stimulants for macrophages, a phenomenon
that is governed by the stage-specific cell surface
exposure of cell wall b-glucans (Fig. 2.4).

Macrophages secrete tumour necrosis
factor-a (TNF-a) and macrophage inflammatory
protein-2 (MIP-2) in response to metabolically
active, but not heat-killed spores (Hohl et al.
2005). Swollen spores, live or dead, recruit macro-
phages and neutrophils to themurine lung follow-
ing intratracheal infection (Hohl et al. 2005).

Unlike macrophages, neutrophils kill both
conidia and hyphae, the latter probably being
simply too large to be phagocytosed prior to
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killing. Human (McCormick et al. 2010) and
murine (Bonnett et al. 2006) neutrophils inhibit
germination of A. fumigatus conidia, and
delayed polymorphonuclear neutrophil (PMN)
recruitment leads to conidial germination in
murine lungs (Bonnett et al. 2006). Phagocytic
uptake of conidia by human neutrophils is cru-
cial for the observed inhibition of germination
(McCormick et al. 2010). Neutrophil extracellu-
lar traps (NETs) limit hyphal growth in vitro
but have minimal, if any, direct capacity for
killing hyphae (McCormick et al. 2010); how-
ever, the soluble pattern recognition receptor
(PRR) PTX3, which is nonredundant in whole
animals for defence against A. fumigatus infec-
tion, is localised in specific PMN granules and
is secreted in response to exposure to A. fumi-
gatus spores (Jaillon et al. 2007). Neutrophils
release ROIs onto A. fumigatus hyphae in a
NADPH oxidase-dependent manner, requiring
the class IA phosphatidylinositol 3-kinases
PI3Kb and PI3Kd, which have also been found
to regulate the spreading of neutrophils over
the hyphal surface. b2-Integrins play a major
role in the activation of the NADPH oxidase in
response to hyphae, whereas dectin-1 has only
a minor, redundant role. Neutrophil recruit-
ment in immunocompetent mice requires
CXCR2, neutralisation of which leads to
marked impairment of neutrophil influx and
severe IA with nearly 100%mortality. Similarly,
CXCR2-deficient animals challenged with intra-
pulmonary conidia suffer impaired recruitment
of neutrophils to the lungs, permitting conidial
germination. Pulmonary dendritic cells phago-
cytose conidia and hyphae via distinct recep-
tors and orchestrate differential cytokine
responses to each fungal morphology to
instruct local and peripheral Th1-type inflam-
matory responses (Bozza et al. 2002, 2003).
Release of cytokines by fungus-stimulated den-
dritic cell (DC) subsets recruits and activates
other immune cells, thereby boosting innate
responses and helping to initiate adaptive
immunity. Pulmonary DCs transport Aspergil-
lus conidia or hyphae to the draining lymph
nodes and spleens and mount differential
responses to the two distinct morphological
forms of the fungus. Whereas TNF-a is pro-
duced in response to either form, IL-12p70 is

produced upon exposure to conidia, but not to
hyphae, and IL-4 and IL-10 production is
prompted by phagocytosis of hyphae, but not
conidia.

Plasmacytoid DCs (pDCs), comprising 0.2–
0.8% of the total peripheral blood mononuclear
cells (PBMCs) link innate to adaptive immunity
by secreting cytokines such as IFN-a and TNF-
a and by differentiating into mature pDCs with
upregulated major histocompatibility com-
plexes (MHC) and co-stimulatory molecules
capable of priming naive T cells. Pulmonary
DCs are required for effective antifungal
defences in vivo, as mice depleted of pDCs are
hypersusceptible to invasive aspergillosis
(Ramirez-Ortiz et al. 2011).

Natural killer (NK) cells are directly cyto-
toxic to A. fumigatus spores and hyphae and
germinated A. fumigatus morphologies are
highly immunogenic, able to induce a Th1-like
response and capable of upregulating cytokines
such as IFN-g and TNF-a. NK cells do not
mediate anti-Aspergillus cytotoxicity through
degranulation of their cytotoxic proteins (per-
forin, granzymes, granulysine), but via IFN-g,
which directly damages A. fumigatus, attribut-
ing new properties to both human NK cells and
IFN-g and suggesting them as possible thera-
peutic tools against IA.

In addition to the RodA hydrophobin,
which prevents inhaled fungal spores from
immediately initiating inflammatory responses
in the host (Aimanianda et al. 2009), a further
layer of immunomodulatory control, documen-
ted simultaneously by Hohl et al. (2005) and
Steele et al. (2005), was revealed. This phenom-
enon is manifested by the gradual exposure of
cell surface b-glucan during swelling and ger-
mination of A. fumigatus spores (Fig. 2.4). In
contrast to dormant spores, germinating con-
idia induce neutrophil recruitment to the air-
ways and TNF-a/MIP-2 secretion by alveolar
macrophages, with fungal b-glucans acting as
the inflammatory trigger via their stage-
specific exposure on the surface of germinat-
ing conidia. Dectin-1, the innate immune
receptor that mediates this immune response
is recruited in vivo to alveolar macrophage
phagosomes that have internalised conidia
with exposed b-glucans.
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E. Interactions of Spores with Epithelial Cells:
Reservoirs for Fungal Persistence?

Airway epithelial cells (ECs) are central partici-
pants in innate and adaptive immune responses
as well as in mucosal inflammation and allergy.
At present, the contribution of epithelial cell
activities to defence against A. fumigatus is
unknown, but this is a highly active area of
current research (Osherov 2012) and present
theories implicate both immunomodulatory
and directly antimicrobial roles of epithelial
cells in anti-Aspergillus defence (Osherov
2012). Additionally, not conversely. The ability
of ECs to internalise and kill A. fumigatus
spores has prompted the suggestion that epi-
thelial cells might provide a reservoir in which
dormant A. fumigatus spores escape clearance
by innate immune cells.

Using electron microscopy, Paris et al.
(1997) were the first to show that epithelial
cells (of rabbit tracheal, rat alveolar and
human umbilical cord origins) internalise
A. fumigatus conidia. These observations were
replicated in several subsequent studies
(Wasylnka and Moore 2002, 2003). Germinat-
ing, but not resting, conidia were found to
induce production of interleukin (IL)-8 (Balloy
et al. 2008) in human bronchial epithelial cells
(HBECs). IL-8 production was found to be gov-
erned by phosphatidylinositol 3-kinase, p38
MAPK and ERK1/2 but was independent of
the TLR-MyD88 pathway. However, integrity
of the MyD88 pathway was found to be required
for A. fumigatus-mediated NF-kB activation,
suggesting that two independent signalling
pathways become activated in respiratory epi-
thelial cells by A. fumigatus.

Resting conidia are also recognised by, and
stimulate, differentiated HBECs in an
internalisation-dependent manner, resulting in
the activation of the interferon (IFN)-b signal-
ling pathway (Beisswenger et al. 2012). Conida-
derived double-stranded RNA was found to be
responsible for IFN-b and IP-10 expression
when it was transfected into HBECs, but not
when RNA was added directly to the culture
medium. This supports the theory that interna-

lisation and degradation of A. fumigatus spores
leads to RNA release and IFN-b signalling. The
observation that these responses to A. fumiga-
tus challenge require internalisation of spores
was substantiated by inhibition of endocytosis
using cytochalasin D, which prompted the
dose-dependent reduction of IFN-b and IP-10
expression.

In the epithelial cell line A549, and primary
respiratory epithelial cells, internalised conidia
are directed into the endosomal–lysosomal
compartment where they are acidified and
some are killed (Wasylnka and Moore 2003).
Internalisation of conidia by type II pneumo-
cytes such as A549 cells may be important in
the development of aspergillosis in vivo
because sequestration by these cells could
allow conidia to evade the immune response
of the host.

F. Melanin

A. fumigatus produces at least two types of mel-
anin, pyomelanin and dihydroxynaphthalene
(DHN)-melanin (Heinekamp et al. 2012), the
latter being a crucial contributor to fungal resil-
ience in the host environment. Detailed molecu-
lar genetic studies, (reviewed by Heinekamp
et al. 2012), employing a variety of mutants in
DHN biosynthesis have documented the contri-
bution of DHN-melanin to intracellular traf-
ficking of A. fumigatus in phagocytic cells and
also to mammalian virulence.

The phagocytosis and intracellular degrada-
tion of conidia by phagocytic cells contributes
to fungal and proinflammatory responses, thus
making a dual contribution to essential host
defences. Following phagocytosis, the intracel-
lular fusion of conidia-containing phagosomes
with lysosomes is a crucial step in microbial
killing because the resulting phagolysosome
provides an acidic environment conducive to
antimicrobial activities, including degrading
enzymes. Conidia of the A. fumigatus pksP
mutant, which lack DHN-melanin, produce
smooth white conidia and have a much higher
propensity than wild-type spores to localise
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in phagolysosomes (Thywissen et al. 2011).
DHN-melanin probably provides a further
morphotype-specific example of the host-
modulating potential of A. fumigatus particles
because resting or fixed conidia showed stron-
ger inhibition of phagolysosome acidification
than swollen conidia.

V. Permanence

A. Fungal Stress Tolerance and Nutrient
Acquisition

To identify fungal attributes preferentially
employed during adaptation to the host
niche, McDonagh et al. (2008) compared the
transcriptomes of developmentally matched
A. fumigatus isolates following laboratory cul-
ture or initiation of infection in the neutropenic
murine lung. This analysis unveiled a remark-
able level of co-ordinated gene expression dur-
ing mammalian pathogenesis, including
hallmarks of growth in alkaline, iron-limited
and nutrient-limiting environments. A mini-
mum of 11 siderophore biosynthesis/transport
genes were identified as having heightened rel-
evance during growth in the murine lung, as
well as 13 amino acid permease genes and the
general amino acid permease, Gap1. The func-
tional categories of ergosterol biosynthesis,
heme biosynthesis and aerobic respiration
were significant among genes underrepresented
during infection, relative to laboratory culture,
as well as multiple functional categories repre-
senting ribosome biogenesis and assembly, and
protein biosynthesis and processing. This may
reflect the poor nutritional value of murine
lung relative to YPD medium. A further
intriguing aspect of the host adapting tran-
scriptome was the co-ordinated expression of
multiple groups of physically clustered genes,
including genes known to direct biosynthesis of
siderophores, and two known secondary meta-
bolites, pseurotin and gliotoxin. These insights
have been borne out by a plethora of subsequent
studies addressing the role of stress tolerance
and nutrient acquisition, a selection of which
are discussed below.

B. Iron

Iron is an essential nutrient, the acquisition of
which is exquisitely regulated in A. fumigatus to
guard against the toxic effects of an excess of this
element [recently reviewed by Haas (2012)]. This
requires the co-ordinated activities of two tran-
scription factors, SreA and HapX. When iron is
in sufficient supply, SreA represses iron uptake
to exclude toxic effects. When iron is limiting for
growth, HapX acts to repress iron-consuming
pathways such as heme biosynthesis. With
respect to mammalian virulence, iron acquisi-
tion is a greater concern for the infecting fungus
because deficiency in HapX, but not in SreA,
attenuates virulence of A. fumigatus in a
murine model of aspergillosis (Schrettl et al.
2008, 2010). In a series of eloquent molecular
genetic analyses, Haas and colleagues have, to
date, identified and characterised 24 genes
involved in iron homeostasis in A. fumigatus
and/or A. nidulans. In 10 out of 19 described
A. fumigatus genes, knockout mutants proved to
be attenuated for murine virulence. When it
comes to iron acquisition, A. fumigatus differs
somewhat from A. nidulans in possessing an
additional capacity for high-affinity iron uptake
by reductive iron assimilation (RIA); however,
both organisms produce low molecular weight
chaperones called siderophores to assist with
high-affinity iron uptake. The first committed
step in the biosynthesis of siderophores, and in
A. fumigatus for RIA, is the hydroxylation of
ornithine catalysed by the ornithine monooxy-
genase SidA. Subsequently, the pathways for
biosynthesis of extra and intracellular sidero-
phores split but, crucially, in the absence of
sidA both RIA and siderophore biosynthesis
are abolished. This has catastrophic conse-
quences for A. fumigatus survival in the host,
and a SidA null mutant is completely attenuated
for virulence in neutropenic mice (Schrettl et al.
2004).

C. Hypoxia

Hypoxia ranks high amongst abiotic stimuli
and varies greatly between the natural and
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other environments colonised by A. fumigatus.
Variations in ambient oxygen concentrations
from 21% (atmospheric) through 14% (alveo-
lar) and 4% (human tissues) to 1.5% (compost)
are predicted as being well within the repertoire
of manageable stresses imposed upon the activ-
ities of this ubiquitous organism. In A. fumiga-
tus, the sterol-regulatory element binding
protein (SREBP) transcription factor governs
growth in hypoxic conditions and mammalian
virulence (Willger et al. 2008) but is not
required for oxidative stress resistance and
resistance to macrophage killing. Seeking to
verify the direct involvement of hypoxic micro-
environments upon observed attenuation of
SREB functionality, Grahl et al. (2011) used
1H-NMR metabolomics to forage for ethanol
production in the lungs of mice infected with
A. fumigatus, thus confirming, via a surrogate
marker of fungal anaerobic respiration, that
oxygen-depleted microenvironments occur
during murine infection. The additional use
of a chemical hypoxia reporter, pimonidazole
hydrochloride, confirmed via histopathologi-
cal investigations that hypoxia could be
observed during A. fumigatus infection of neu-
tropenic, X-CGD and corticosteroid-treated
mice. Relative to mice infected with a wild-
type isolate, animals infected with an alcohol
dehydrogenase-deficient mutant suffered
heightened inflammation and a reduction in
fungal burden. In conclusion, therefore, envi-
ronmental conditions encountered by A. fumi-
gatus in the mammalian host probably alter
fungal metabolism in a manner conducive to
effecting local modulation of the host immune
response.

D. Invasive Growth and Tissue Damage

It has long been assumed that fungal proteases
support the degradation of host lung tissue dur-
ing invasive aspergillosis. However, due to the
assumed redundancy of multiple such functions
in A. fumigatus, no mutant lacking a single
protease-encoding gene has ever demonstrated
attenuation of virulence in murine aspergillosis.
The assimilation of proteinaceous substrates is

an essential facet of the fungal lifestyle and mul-
tiple studies here, and elsewhere (Lamarre et al.
2008; Latge 1999; Abad et al. 2010; Dagenais and
Keller 2009; Krappmann et al. 2004; Oliver et al.
2012; McDonagh et al. 2008) documented have
identified a clear requirement for amino acid
acquisition/biosynthesis during germinative
growth in vitro and during murine virulence.
Two research groups (Sharon et al. 2009; Krapp-
mann et al. 2004) simultaneously assessed the
importance of extracellular proteases during
in vitro growth and virulence by assessing the
impact of PrtT (a transcriptional regulator that
acts to modulate the expression of secreted pro-
teases) on utilisation of alternative nitrogen
sources and in murine models of invasive asper-
gillosis. The DprtT strain proved unable to grow
on bovine serum albumin as the sole nitrogen
source, and in a number of other assays for
proteinaceous activity the mutant fared less
well than the wild-type progenitor. Concordant
with the phenotypic assays, transcriptomic ana-
lyses identified that the mutant was defective
in expressing six extracellular proteases; how-
ever, both groups, using three independent
approaches to virulence analysis, concluded
that the mutant is fully virulent. Although it is
tempting to conclude that the ability to degrade
extracellular protein is dispensable for viru-
lence, Sharon et al. (2009) duly noted that still
other secreted proteases might be crucial during
A. fumigatus lung infection. Indeed, of the pro-
teases upregulated in the transcriptome study of
McDonagh et al. (2008), an abundance of tran-
scripts for the secreted proteases MEP, Dpp4,
Dpp5, AFUA_6G10250 and AFUA_3G07850 was
uncovered. Of these, only MEP and Dpp4 exhib-
ited reduced transcription in the DprtT mutant.

Study of PrtT gathered further relevance when the
effects of the gene deletion on infection of epithelial
cells was investigated. Previous studies had shown that
A. fumigatus proteases disrupt A549 cell actin fibres
and focal adhesions, leading to cell detachment and
death. In a further study, culture filtrates derived from
the DprtTmutant were shown to cause significantly less
A549 cell detachment and cell death (Sharon et al.
2011). Comparing the A549 transcriptional and cell
signalling responses activated in the presence of
A. fumigatus wild-type and DprtT conidia and culture
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filtrates, differential phosphorylation, and therefore
activation, of JNK and ERK1/2 was observed in
response to challenge with the two isolates. Inhibition
of JNK or ERK1/2 kinase activity substantially
decreased CF-induced cell damage, including cell peel-
ing, actin-cytoskeleton damage, reduced metabolic
activity and necrotic death. Because deletion of PrtT
results primarily in the loss of secreted protease activ-
ity, it is likely that protease activity may be responsible
for the subsequent MAPK activation in the treated A549
cells. Inhibition of this effect might provide a route to
protecting the host against fungus-mediated damage
and resultant inflammation.

E. Mycotoxins

Like other filamentous fungi, A. fumigatus pro-
duces multiple small molecule compounds bio-
synthesised by secondary metabolism. The
demonstration that a wide domain regulator
of secondary metabolism gene expression,
LaeA, is required for fungal virulence affirms
the potential importance of secondary metab-
olite “cocktails” produced in the lung of the
infected host. Furthermore, a LaeA regulatory
signature, characterised by transcriptomic
analysis of a LaeA null mutant (Perrin et al.
2007) was found to be significantly similar to
that derived from analyses of fungal infection,
performed by McDonagh et al. (2008), and indi-
cates that the selective expression of a subset of
secondary metabolite loci might facilitate initi-
ation of mammalian infection. In the post-
genomic era, interest in secondary metabolism
has become refuelled as bioinformatic scrutiny
of the genome sequence has revealed interspe-
cies variation in secondary metabolism genes,
offering a plausible explanation for differential
virulence amongst Aspergillus spp. (Khaldi
et al. 2010; Nierman et al. 2005; Machida et al.
2005; Galagan et al. 2005).

At the time of its discovery, the DHN-
melanin gene cluster was the largest cluster of
fungal biosynthetic genes to be reported. Gene
deletionmutants lacking any of six open reading
frames, including those encoding a polyketide
synthase, scytalone dehydratase and HN reduc-
tase, lacked the typical blue-green spore pig-
mentation characteristic of A. fumigatus and
regulation of gene expression was observed
to be developmentally linked to sporulation

(Tsai et al. 1999). As discussed earlier in this
chapter, conidial pigment biosynthesis in
A. fumigatus appears to be an important viru-
lence factor in the establishment of infection.

The right subtelomere of A. fumigatus
chromosome 3 contains two predicted (Perrin
et al. 2007) secondary metabolism gene clus-
ters, Afu3g15200-Afu3g15340 and Afu3g14560-
Afu3g14760, whose biosynthetic products are
unknown. The former of the two gene clusters
contains a polyketide synthase encoding the
gene designated pes3, which has recently been
shown to affect murine virulence and insect
virulence (O’Hanlon et al. 2011). A Pes3 null
mutant was found to be increased for fungal
burden in corticosteroid-treated mice at 5 days
post-infection, a phenotype that was accompa-
nied by a more rapid germination of spores
within murine lung tissues and a reduction in
proinflammatory cytokine release, relative to
wild type, from macrophages exposed to
Dpes3 mutants in vitro. Subtelomeres 4 (left
and right arms), 5 (left) and 7 (left) collectively
accommodate five predicted (Perrin et al. 2007)
secondary metabolism gene clusters, the bio-
synthetic products of which are currently
unknown.

Subtelomere 8 (left) is exceptional because
it encodes genes for predominantly secondary
metabolism (n¼61), including multiple polyke-
tide synthase-encoding genes (Afu8g00370 and
Afu8g00890), a hybrid polyketide synthase/
NRPS-encoding gene (Afu8g00540) and a fur-
ther NRPS (Afu8g00170). Sheppard and collea-
gues noted the presence of genes in this region
that are known to be required for sterigmato-
cystin/aflatoxin biosynthesis, as well as genes
required for ergot alkaloid synthesis (Sheppard
et al. 2005). Intriguingly, this combination of
secondary metabolism genes is not found in
otherAspergillus species. Previous gene deletion
studies by Turner and colleagues have defined
the biosynthetic products of some subclusters
within this supercluster on chromosome 8,
including the pseurotin A gene cluster (Maiya
et al. 2007) and the fumitremorgin gene cluster
(Maiya et al. 2006). Work in my laboratory is
currently addressing the role of such metabo-
lites in murine virulence. Indications to date
are that loss of at least one of the metabolites
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whose biosynthesis is directed by genes resident
in the chromosome 8 supercluster can impact
virulence at whole animal level (Bignell, unpub-
lished observations). However, our recent ana-
lyses indicate only a partial requirement for
these metabolites during infection, as strain-
dependent variability is observed when similar
mutants are constructed in different genetic
backgrounds. Thus, further characterisation is
required before firm conclusions on the role of
the metabolites encoded by genes in this region
can be conclusively ascertained. A further cru-
cial point is that the combinatorial activity of A.
fumigatus secondary metabolites is a possibility
thus far unexplored. It is highly feasible that
certain secondary metabolites act in concert to
disable residual host immune defences. The
construction of mutants lacking multiple bio-
synthetic properties is therefore required to
address this important question.

The chemical structures of a large number
of metabolites have been well characterised,
e.g. gliotoxin, which impacts virulence of
A. fumigatus in corticosteroid, but not neutro-
penic mice (Sugui et al. 2007; Cramer et al. 2006;
Bok et al. 2006; Kupfahl et al. 2006; Spikes et al.
2008) Thus far, gliotoxin, which has multiple
toxic and inhibitory effects upon host cells is
the only toxic secondary metabolite to have
been isolated from the sera of rodents and
patients suffering from invasive aspergillosis.

Until recently, few data on the identity of other toxic
metabolites have been forthcoming and no attempt had
been made to evaluate the toxicity of these metabolites
on the respiratory tract. To address this, Gauthier and
co-workers (Gauthier et al. 2012) extracted metabolites
from the spores of A. fumigatus and evaluated their
cytotoxic activity towards A549 epithelial cells using
an MTT assay. The composition of each fraction
regarding other secondary metabolites produced by
Aspergillus fumigatus was determined by LC-MS analy-
sis. The most toxic fractions were those containing all
of the metabolite compounds. Sequential analyses of
toxic fractions, by a deductive process, identified toxic-
ity in several fractions that could be attributed to try-
pacidin and other fractions containing trypacidin
precursor compounds. Of all fractions tested, viability
of A549 cells exposed to spore extracts ranged from
92.5% (vehicle) to 0.2%. The use of cell lysis assays
demonstrated that 50 mm trypacidin reduced cell via-
bility by nearly 100% and triggered 85% cell lysis

whereas the other metabolites showed only slight or
no toxicity at this concentration. The question remains
whether trypacidin could be toxic to epithelial and
other cells in vivo.

F. Inflammation

Our advancing understanding of host–fungus
interactions has revealed that fungal elements
pose a potent antigenic stimulus (Romani
2011). For A. fumigatus, resting and germinat-
ing conidia and hyphae are recognised by host
PRRs on epithelial cells and, in various cell
types, induce the production of cytokines and
chemokines such as IL-6, TNF-a, IL-8 and IFN-
b. Importantly, amelioration of this inflamma-
tory response can be achieved via corticoste-
roid administration, providing support for the
importance of epithelial cells in directing host
responses and resolution of infection. Macro-
phages activate at least two receptor-mediated
signalling pathways in response to A. fumiga-
tus. Proinflammatory cytokine production fol-
lowing challenge of peritoneal macrophages
from TLR2 and TLR4 knockout mice revealed
that TLR4 plays an important role in TNF-a,
IL-1a and IL1-b production in response to con-
idia but that the stimulus for such production
during spore-to-hyphal conversions is lost.
TLR2, on the other hand, is required for
responses of both conidia and hyphae (Gersuk
et al. 2006; Netea et al. 2003).

Dectin-1, an innate immune receptor that
recognises fungal b-glucans, associates with
inhaled A. fumigatus conidia in a b-glucan-
dependent manner (Hohl et al. 2005) and the
production of TNF-a, IL-1a, IL-1b, IL-6,
CXCL2/MIP-2, CCL3/ MIP-1a, granulocyte-
colony stimulating factor (G-CSF), and granu-
locyte monocyte-CSF (GM-CSF), in response to
live A. fumigatus is dectin-1 dependent (Steele
et al. 2005). This complex inflammatory milieu
requires precise regulation in order to ensure
protection against host damage. Most likely, for
the A. fumigatus host–pathogen interaction,
deregulation of immune responses contribute
as much to host damage as do pathogen-
associated pathogenicity factors.
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In seeking a unifying framework within which to study
diseases caused by A. fumigatus, this working model
can be applied to all types of disease caused by this
mould. Allergic bronchopulmonary aspergillosis
(ABPA) is a good case in point; in this disease host
activities are probably more important than pathogen
activities in driving host damage since allergic inflam-
mation leads to infiltration of inflammatory cells and
injury and detachment of the epithelium. ABPA occurs
predominantly in asthmatic or cystic fibrosis (CF)
patients and up to 15% of CF patients mount an allergic
response, which is associated with exaggerated Th2
responses to the organism (Patterson and Strek 2010;
Eaton et al. 2000). In a study assessing ABPA in CF
patients, the binding and internalisation of A. fumiga-
tus spores by epithelial cells was monitored in normal
andmutated epithelial cells derived from both mice and
cell lines (Chaudhary et al. 2012). Cell lines and murine
tracheal epithelial cells (MTECS) that harbour defects
in the cystic fibrosis transmembrane conductance reg-
ulator (CFTR) were found to bind, internalise and kill
conidia less well than control cells. Histological analysis
of murine infections (wild-type and CFTR null mice)
clearly showed invasion of the lung parenchyma at 24 h
in the absence of the CFTR channel. Proinflammatory
mediators were measured after MTEC exposure to inac-
tivated conidia and hyphal cells. Compared to wild-type
MTEC, unstimulated CFTR null cells demonstrated an
overall decreased production of MIP-2, IL-6 and IP-10.
These analyses demonstrated a defective uptake of A.
fumigatus conidia as well as aberrant inflammatory and
apoptotic responses to different forms of A. fumigatus,
thus contributing to altered pulmonary inflammation
in the setting of CF, at least in part associated with
ineffective epithelial cell clearance of conidia and
subsequent aberrant inflammatory responses to germi-
nated A. fumigatus morphotypes.

G. Perspectives

A unified model of the A. fumigatus host–
pathogen interaction is required to understand
the basis of diseases caused by this pathogen.
The outcome of disease can be equally impacted
by host and pathogen activities, and this must
be accommodated into the design of novel ther-
apeutic strategies. Although the administration
of harsh antifungal agents is the mainstay of the
current antifungal arsenal, it is likely that mod-
eration of the host immune response might be
equally effective and potentially less damaging
to the host. A quantitative understanding of the
host–pathogen interaction and the impact of
antifungal drugs upon host homeostasis will be

a necessary prerequisite to confidently apply the
next generation of interventative strategies.
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I. Introduction: Fungi as Model
Organisms for SysBio Studies

Systems Biology (SysBio) is an overarching
term used to describe a collection of methods
that attempt to understand biological systems in
a quantitative fashion, primarily using experi-
mental data to formulate mathematical models
that enable the prediction of the future behavior
of a system or emergent properties in response
to environmental stimuli. A “system” in this
context can be defined as any group of interact-
ing biological components that either directly or
indirectly perform a specific and measurable
function; it can include a small or large number
of components. For example, a protein complex,
a regulatory pathway, an organ, a cell or the
entire organism could all be systems in different
experimental contexts. This field is a recent
addition to the scientific community. Although
its exact origins are difficult to pinpoint, many
ascribe its beginnings to the late 1960s when the
first attempts to investigate metabolic pathways
in bacterial cells were performed (von Berta-
lanffy 1969). The formulation of the metabolic
control theory (MCT) by the groups of Kacser
and Burns (1973) and Heinrich and Rapoport
(1974) marks the birth of SysBio. MCT mathe-
matically describes metabolic flux as an inher-
ent system property, and that the flux control
through different reactions is shared within the
system, influencing one another.

“Scientific fields, like species, arise by
descent with modification” (Kirschner 2005),
and tellingly, to date, a consensus definition of
what SysBio concretely means is intensely
debated. Nevertheless, SysBio has some key
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characteristics that differentiate it from classical
reductionist-driven biological studies. Histori-
cally, scientific experiments have taken a reduc-
tionist approach, investigating a single gene
under a single condition. However, biological
systems are dynamic and nonlinear in nature,
making the reductionist approach often unsuit-
able for investigating the behavior of a gene of
interest. A primary goal of SysBio is to under-
stand the wiring and connectivity in biological
networks that define genotype–phenotype rela-
tions (Kohl et al. 2010). A “systems approach,”
sometimes referred to as the “desk–bench–desk
loop” (Mustacchi et al. 2006), combines compu-
tational and experimental tools to formulate a
model based on prior knowledge of the system
(i.e., from published literature, databases, and
genome-wide data sets). This model is then
tested under laboratory conditions and analyzed
for biological insights that would have been oth-
erwise difficult to gain without an interdisciplin-
ary approach (Fig. 3.1). The recent introduction
of whole-genome sequencing and genome-wide
experimental platforms such as RNA sequencing
(RNA-seq), metabolomics, microarray, and mass
spectrometry (MS), among several others, form
the core “omics-based” methodologies for data
generation that drive SysBio studies.

The integration of data from these various
technologies into SysBio models has remained a
formidable challenge. Hence, SysBio approaches
have been classified as “top-down,” “bottom-up,”
or “middle-out” (Bray 2003; O’Malley and Dupre
2005; Bruggeman and Westerhoff 2007; Petrano-
vic andNielsen 2008). A top-down approach aims
at extracting principles from experimental data
representing molecular properties of the studied
system. A top-down approach focuses on the
comparison of genome-wide data sets, such
as transcriptome and proteome, to formulate a
focused and testable biological hypothesis. A
bottom-up approach uses the knowledge of
molecular properties of the system components
to predict the behavior of the system as a whole.
In short, the bottom-up approach connects smal-
ler entities to predict, identify, and simulate the
behavior of a bigger system. A bottom-up
approach usually starts with prior knowledge of
a specific gene, and a model is then generated
based on these data to investigate the system as

a whole. Amiddle-out approach describes a pro-
cess of starting at the level for which the best
information for the process of interest is avail-
able, and then combining higher and lower levels
of structural and functional information, essen-
tially breaking out of a more strict top-down and
bottom-up loop in order to validate the hypothe-
sis at the current state of biological understanding
(Brenner et al. 2001). Regardless of the approach
used, SysBio strategies differentiate themselves
from more classical biological methods by con-
sciously taking into consideration different levels
and dynamics of biological data (DNA, RNA,
protein) simultaneously.

Fungal SysBio was ushered in with the com-
pletion of the Saccharomyces cerevisiae genome
sequence, the first completely sequenced
eukaryotic genome (Goffeau et al. 1996). Since
then, the genomes of many of the most com-
mon fungal pathogens including, but not
limited to, Candida albicans, Aspergillus fumi-
gatus, and Cryptococcus neoformans, have
become available (Loftus et al. 2005; Nierman
et al. 2005; van het Hoog et al. 2007).
Community-wide initiatives such as the Fungal
Genome Initiative (Cuomo and Birren 2010)
and the 1,000 Fungal Genomes Project (http://
1000.fungalgenomes.org/) have been useful
tools for studying the evolution of fungal viru-
lence. The discovery of key genes positively and
negatively regulated during the infection pro-
cess, and understanding the function of their
products, will drive the design of new strategies
to combat fungal pathogens.

In this chapter, we provide a comprehen-
sive overview of recent SysBio methods suitable
for study of fungal virulence, including genome
sequencing, -omics technologies, and bioinfor-
matics tools, with an emphasis on computa-
tional and modeling-based approaches. We
focus on the genera Candida and Saccharomy-
ces; the latter stands out as a “workhorse” of
fungal SysBio in which many of the methods
described herein were originally established or
tested (Mustacchi et al. 2006; Santamaria et al.
2011). These approaches are used to identify
molecular wiring and dynamics in biological
networks, with the goal of identifying their
biological function and eventually identifying
novel therapeutic options. We describe the

46 L. Tierney et al.

http://1000.fungalgenomes.org/
http://1000.fungalgenomes.org/


Observation

Hypothesis

Condition 1

Transcriptomics
Proteomics

Metabolomics
Epigenomics

PubMed
Array Express

Candida Database
Proteopathogen database

Boolean models
Petri Nets models

Ordinary Differential Equations
Flux Balance Analysis
Stochastic Modeling

Game Theory

Molecular Biology methods
qPCR

Western Blot
Northern Blot
Southern Blot

Condition 2

Qualitative Data Quantitative Data

Public DatabasesModel Refeinment Experimental Verification

Computational Modeling

Data Visualization

in vitro in vivo

Fig. 3.1. The “bench–desk–bench” loop of SysBio. A
typical SysBio workflow. Based on an observation, such
as a difference in yeast colony size and phenotype under
two different conditions, a hypothesis is formed based
on the experimental results and further supported by
prior knowledge in published literature. This hypothesis
can be addressed using a number of qualitative and
quantitative methods, the results of which are deposited

in publically available databases. With these data, mod-
eling approaches attempt to mimic, predict, and visua-
lize data. Once modeled, experimental verification and
refinement of the model, creates the bench–desk–bench
loop, where iterative cycles of prediction and verifica-
tion are undertaken until the model and experiment
validation are representative of one another
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applicability of each method to specific experi-
mental questions using numerous case exam-
ples and critically discuss some of the current
pitfalls in the analysis of SysBio data sets.

II. High-Throughput and –Omics-
Based Methods for Studying
Fungal Virulence

SysBio approaches, especially top-down ana-
lyses, incorporate genome-wide data sets such
as comparative genomics, transcriptomics, and
proteomics data. These approaches fit into the
category of “–omics” or “–ome” studies, which
attempt to analyze a genome-wide response to a
specific condition. –Omics studies represent an
important shift in the way biological data is both
produced and interpreted, complementing tra-
ditional hypothesis-driven research (Weinstein
2001). In order to understand SysBio as a whole,
it is important to understand the types of data
sets that it utilizes to address a given question.
Several important methods have established
themselves in this field over the past decade
and have been used extensively to investigate
fungal virulence. For clarity, we have divided
these methods into qualitative and quantitative
approaches. We address some of the most
popular methods used at different levels of
biological understanding, including DNA,
RNA, and protein, as well as epigenetic modifi-
cations and validation methods, and examine
the key contributions they have made to the
understanding of fungal virulence.

A. Genomics

The initial genomic sequencing of S. cerevisiae
was a monumental international collaboration
that included some 600 scientists worldwide
(Goffeau et al. 1996).

This sequencing was performed using a series of hybrid
plasmids, called “cosmids.” Cosmids had the advantage
that a much longer DNA sequence stretches could be
incorporated than using normal plasmids, and at the
same time longer DNA stretches could be sequenced to
build up the genomic library. Sequencing polymerase

chain reaction (PCR) fragments then filled the remain-
ing gaps between sequence stretches of the assembled
genomic library to complete the genome (Dujon 1993).
The Candida Genome Sequencing project began
directly after the S. cerevisiae sequencing in 1996, end-
ing in 2004 with the C. albicans genome assembly
known as Assembly 19 (Jones et al. 2004). This genome
assembly was divided into 412 contigs (consensus
stretches of DNA that are assembled to form the scaf-
fold of the genome assembly) and sequenced with a
shotgun-based sequencing strategy. In order to obtain
a more complete view of the diploid sequence, Assem-
bly 21 was created using a fosmid library, which is
conceptually similar to a cosmid library, except that it
is based instead on a bacterial F-plasmid and is more
stable than a cosmid because of its low copy number
(Hall 2004). These early sequencing projects took years
because of the low throughput.

Today, genome and transcriptome sequenc-
ing has become routine, with ever-increasing
stability, coverage (several fungal genomes can
now be sequenced in a couple of days), and
bioinformatics assembly tools publically avail-
able. As DNA sequencing technologies have
become more efficient, there has been a surge
in the number of sequenced genomes, with over
150 fungi sequenced so far (Marcet-Houben
and Gabaldon 2009). These sequences facilitate
functional and comparative genomics studies.
Functional genomics aims to understand rela-
tionships between genotype and phenotype.
Comparative genomics attempts to identify
genes or genetic rearrangements between closely
related species based on their DNA sequence; in
the case of fungal pathogens, this often includes
a highly virulent species compared to a signifi-
cantly less or even avirulent species. This is done
in order to identify genetic transitions that
might explain the evolutionary divergence of
pathogens or the identification of novel viru-
lence factors.

Comparative genomics studies use two main techni-
ques: comparative whole genome sequencing or
hybridization-based microarrays. Comparative whole
genome sequencing literally attempts to identify
genetic elements present in one species and absent in
another based on the genome sequence; this is done by
overlapping the genome sequences and identifying
outlier sequence stretches that do not match between
them. Comparative genomic hybridization (CGH)
arrays identify genome-wide variation in gene copy
number. CGH experiments assume that the binding
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ratio of the experimental sample to the control is pro-
portional to the sequencing concentration in the sam-
ples. These methods provided significant insight into
the evolution of pathogenicity for many fungal species.
For example, early comparative studies of fungi iden-
tified a strong sequence homolog among 228 genes in
S. cerevisiae, Schizosaccharomyces pombe, Aspergillus
niger, Magnaporthe grisea, C. albicans and Neurospora
crassa genomes for which no homology was found in
the human or mouse genomes, representing potential
targets for pan-fungal treatment (Braun et al. 2005).

Numerous studies have investigated the
evolution of pathogenicity within a single fun-
gal clade. For example, in the Candida clade,
eight genomes were sequenced, including the
C. albicansWO-1 strain (which is characterized
for white-opaque switching and is associated
with specificity to host tissues), along with the
de novo sequencing of C. tropicalis and C. para-
psilosis, Lodderomyces elongisporus, C. guillier-
mondii and C. lusitaniae, many of which are
now classified as emerging fungal pathogens
(Butler et al. 2009). These strains were com-
pared to the previously sequenced genomes of
C. albicans clinical isolate SC5314, the marine
yeast Debaryomyces hansenii, and species from
the Saccharomyces clade. Some 21 gene families
emerged that were enriched in pathogenic spe-
cies as compared to nonpathogenic fungi. A
related study investigated the closest known
relative of C. albicans, C. dubliniensis, which,
despite its similarities, is significantly less viru-
lent than C. albicans. Comparative sequence
analysis has identified almost 200 species-
specific genes in C. albicans, including the
absence of the key C. albicans invasion gene
ALS3 in C. dubliniensis, and members of the
aspartyl proteinase family SAP4 and SAP5
(Jackson et al. 2009). ALS3 is among the most
important virulence factors in C. albicans. It is a
cell surface protein that plays a major role in
adhesion to host cells and in maintenance of
infection (Hoyer 2001; Hoyer et al. 2008). Nota-
bly, numerous translocations were identified in
C. dubliniensis, especially in the SAP family,
which is known to play a role in Candida path-
ogenesis. Comparative genomics has even lent
itself to the investigation of genetic variations at
chromosome level, using a single C. albicans
isolate that had been passaged multiple times

in an in vivo model organism using CGH
(Forche et al. 2009), showing the environmental
impact on the host strain evolution. Together,
these studies collectively demonstrate that even
closely related species have significantly
diverged at their genomic levels, suggesting
mechanisms for the evolution of fungal viru-
lence factors.

A number of resources for fungal genomics
research have recently been made available.
Large genome databases, including the Broad
Institute (http://www.broad.mit.edu/annotation/
fgi/), the Sanger Center (http://www.sanger.ac.
uk/Projects/Fungi/), the Institute for Genomic
Research (http://www.tigr.org/tdb/fungal/), and
the National Center for Biotechnology Infor-
mation (http://www.ncbi.nlm.nih.gov/genomes/
FUNGI/funtab.html), are all publically available.

B. Transcriptomics

Looking at the DNA level, one can investigate
how the information stored in the genetic code
is translated into protein molecules; however, it
does not provide information on the diverse
molecules actually produced in the cell nor-
mally or in response to different environmental
conditions. This takes place at the RNA level by
looking at the complete set of RNA species
produced in a given population of cells at a
specific time. This field is referred to as tran-
scriptomics.

There are two main methods to investigate
transcriptional dynamics, also known as
expression profiling. These include genome-
wide microarrays and, more recently, next-
generation sequencing (NGS) technologies,
most notably, RNA-seq. Microarray experi-
ments employ special microarray chips carry-
ing printed copies of the entire genome and are
used for assessing the relative differences in
gene expression between a control sample and
a treated sample. A microarray chip is, in prin-
ciple, able to measure the relative changes in
expression levels of all known genes simulta-
neously. Southern blotting was the inspiration
for the microarray technology (Maskos and
Southern 1992). Southern blotting involves the
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hybridization of a DNA probe to a specific DNA
fragment on a solid substrate. Microarrays use
the same principle but cover a genome-wide
scale rather than single genes. The chip itself
is made up of probes, corresponding to short
DNA stretches for all genes in the genome.
Depending on the specific experimental ques-
tion, there may be multiple probes for each
gene of interest and the number of spotted
probes is often well into the thousands. In a
typical microarray experiment, RNA is col-
lected from an organism of interest, transcribed
into cDNA (the sample is also referred to as the
“target”), and hybridized to the chip where the
target forms hydrogen bonds with the probes.
In order to determine the relative abundance of
the transcripts, the chip is then scanned with
the hybridized sample. In theory, if a gene is
expressed in the organism, it will have hybri-
dized to the probe on the chip. The abundance
of a gene product is then measured by the
detection of chemiluminescent-labeled targets.
Based on the intensity of the target–probe
hybridization, the relative abundance of the
RNA produced by the organism in response to
a condition can be measured. Because micro-
array technology is chip-based, its ability to
detect a specific gene or transcript is limited
to the original spotting on the chip itself. This
is especially important to keep in mind for
certain organisms, where only incomplete
genomic sequences are available, leading to
low quality annotations and unknown alterna-
tive spliced products, which would remain
undetected if not already taken into account
in the original design of the microarray.

The first genome-wide array was developed for S. cere-
visiae in 1997 (Lashkari et al. 1997). Since then, micro-
arrays for fungi have evolved into high-density tiling
arrays (Sellam et al. 2010) and splicing-sensitive exon-
junction arrays (Inada and Pleiss 2010), among many
others. Microarray technology has been extensively
used to investigate global changes in gene expression
in response to changing environmental conditions and
genetic knockouts. It has also been used in conjunction
with immune cell and animal models at different infec-
tions stages in vitro and in vivo to investigate different
infection stages. For example, the transcriptional
response of both S. cerevisiae and Candida glabrata to
antifungal agents and other chemical stress agents
in vitro was profiled (Lelandais et al. 2008). To identify

pathogen-specific responses on the side of C. glabrata,
the authors compared the transcriptional profile of
both species after treatment. Surprisingly, they found
a high conservation among the regulated genes during
infection, and a subpopulation of genes that were
pathogen-specific. Further, in vitro infection experi-
ments of human blood cells with C. albicans identified
a number of differentially expressed genes, which may
be important in the survival of Candida during blood-
stream infections (Fradin et al. 2003). Transcriptional
profiling has been used to identify effects of phagocyto-
sis of C. albicans by immune cells, including neutro-
phils (Rubin-Bejerano et al. 2003) and macrophages
(Lorenz et al. 2004). These studies identified the extent
of the amino-acid-deficient environment within the
phagosome, and characterized the dynamic starvation
response of Candida over the time course of infection.
The first dual transcriptional profiling using microar-
rays for a host and pathogen interaction was also per-
formed with conidia of A. fumigatus during infection of
human airway epithelial cells. This work confirmed the
upregulation of inflammatory interleukin (IL)-6 and
the immune response to conidia, as well as pathways
whose activation had previously only been investigated
from either the host or pathogen perspective alone
(Oosthuizen et al. 2011).

Transcription profiling using RNA-seq is
conceptually similar to microarray, insofar as
the end result of the experiment is often a list
of differently expressed genes. However, the
sample is sequenced using a parallel sequencing
approach referred to as next-generation sequenc-
ing (NGS) instead of using hybridization-based
methods. Based on Sanger sequencing methods,
high-throughput technology began with tag-
based methods that were developed so that
multiple sequencing reactions could be run in
parallel. These included serial analysis of gene
expression (SAGE) (Velculescu et al. 1995), cap
analysis of gene expression (CAGE) (Kodzius
et al. 2006) and massive parallel signature
sequencing (MPSS) (Reinartz et al. 2002). In
order to increase the scale of reactions taking
place, a number of novel sequencing strategies
and commercially available platforms have been
developed. These included Roche/454, Illumina/
Solexa, Life/APGHelicos BioSciences, and Pacific
Biosciences. Each system has pros and cons,
depending on the biological application (Metzker
2010).

In a typical RNA-seq experiment, cDNA is first frag-
mented; these templates are then attached to a substrate
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(which will vary with the technology used) with the aid
of adaptor sequences. The immobilization of the tem-
plate samples gives the advantage of allowing billions of
simultaneous sequencing reactions, differentiating
itself from first generation sequencing technology in
terms of capacity and cost (Metzker 2010). Templates
can be sequenced either from one end (single-end
sequencing) or both ends (paired-end sequencing).
The resulting sequencing reads can vary in length,
depending on the technology used, from less than
30 bp to over 300 bp (Wang et al. 2009; Metzker
2010). Reads are then mapped back to the reference
genome to determine gene expression and, when com-
pared to other samples, differential gene expression.

RNA-seq has rapidly gained in broad popu-
larity over the past few years, especially because
of its ability to sequence to a high depth and also
because it detects low abundance transcripts,
offering a more complete view of the transcrip-
tional profile of an organism than microarrays.

The sequencing technology has significant
advantages over microarray, especially for non-
model organism species, as the detection of
expressed genes is not dependent on having a
priori knowledge of the gene investigated.
Moreover, RNA-seq does not have intrinsic lim-
itations to the dynamic range of detection
(Royce et al. 2007). RNA-seq has been especially
important in the detection of novel noncoding
RNA species and small RNAs, as well as for
de novo annotation (Wang et al. 2009). Under
in vitro conditions, a de novo annotation of the
C. albicans transcriptome under nine different
environmental conditions was recently per-
formed and was able to identify over 600 novel
transcriptionally active regions and introns from
a total of 177 million uniquely mapped reads
(Bruno et al. 2010). Similarly, with A. fumigatus,
RNA-seq was used to investigate planktonic
and biofilm growth to identify differences in
pathological and morphological characteristics
in these two stages. Numerous biofilm-specific
genes were identified as being regulated, repre-
senting targets for biofilm development.

Most recently, the first dual-species RNA-seq
approach, sequencing RNA mixture comprising
both host and fungal pathogen transcriptomes
over a time course of infection, has been accom-
plished. Furthermore, this study predicted, using
mathematical approaches, and experimentally

verified novel host–pathogen regulatory net-
works implicated in the interaction. The use of
a combination of sequence analysis and network
inference enabled this dual-systems approach
(Tierney et al. 2012). This study presents the
first adaptation of network inference to model
host–pathogen interactions, validating the use of
network inference for the analysis of multiple
species data sets.

1. Clustering Gene Expression Data Sets

The most common output of transcriptomics is
a list of differentially expressed genes in one
condition versus a control condition. Differen-
tial gene expression analysis begins with a test-
ing for the statistical significance of the variation
within the sample. Statistical approaches for
determining differential expression have been
extensively reviewed elsewhere (Cui and
Churchill 2003), as have a number of freely
available tools to aid in statistical analysis for
both microarray (Steinhoff and Vingron 2006)
and RNA-seq data sets (Sun and Zhu 2012). This
method reduces a genome-wide comparison
down to only those genes significantly affected
under a specific condition. Convenient analysis
pipelines, especially for RNA-seq data, have
been recently created to help non-computational
biologists in the analysis of sequencing from the
raw data file to a list of differentially expressed
genes (Oshlack et al. 2010; Garber et al. 2011).
High-dimensionality data such as microarray or
RNA-seq samples complicate data analysis due
to the inequality of variables measured com-
pared to the sample number. Because the list of
differentially expressed genes can still be on an
order of magnitude of several hundred genes,
additional methods to reduce complexity are
often necessary.

Partitioning expression data into sub-
groups of genes, called clusters, facilitates data
visualization and interpretation underlying a
biological process of interest. Depending on
the approach used, the groupings can then be
visualized by scatter plots, histograms, dendro-
grams, or heat maps. Genes are clustered into
specific categories, which can be functional,
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structural, temporal, or a combination of the
above. A number of clustering approaches have
been developed, including principle compo-
nent analysis (PCA), hierarchical clustering,
fuzzy clustering, biclustering, and mutual
information analysis, each of which tackle dif-
ferent potential bias aspects of the data set
(Eisen et al. 1998; Kerr et al. 2008).

PCA identifies data trends within samples,
called principal components, such that very
large data sets can be graphically represented
using a smaller number of dimensions (Ringner
2008). This technique is especially useful for
visually identifying batch effects or noise
between samples, which may otherwise nega-
tively affect downstream analysis.

Hierarchical clustering aims to create a
hierarchy of gene groups, whereby relation-
ships among genes are represented by a den-
drogram. The shorter the length of dendrogram
branches between objects, the more closely
related the gene expression patterns are. These
differences are assessed by pair-wise similarity
functions. In this way, the method builds a
hierarchy of gene groups by progressively
merging clusters (Eisen et al. 1998). One of the
major limitations of hierarchical clustering is
that the decision-making for gene assignments
is focused locally, without considering the data
set as a whole, which can affect downstream
interpretation (Tamayo et al. 1999).

Fuzzy clustering (also referred to as soft
clustering) was developed to partially counter-
act the local bias of hierarchical clustering
approaches. Fuzzy clustering allows for data
elements to simultaneously belong to multiple
groups with respect to a given criteria. Each
data element has a “degree of belonging” to a
cluster, instead of being assigned to an individ-
ual cluster and this degree represents how close
the fit is in multiple clusters (Dembele and
Kastner 2003; Fu and Medico 2007). This is in
contrast to hard clustering, where data ele-
ments only are allowed to belong to one group.

Some of the newest clustering approaches
have attempted to incorporate prior biological
knowledge into the clustering algorithm. This
has been attempted with a form of biclustering
(Madeira and Oliveira 2004), a matrix-based
clustering approach that includes both genes

and conditions in the algorithm. One example
algorithm, called cMonkey, was used to identify
and cluster sequence motifs in Helicobacter
pylori, S. cerevisiae, and Escherichia coli based
on microarray data sets (Reiss et al. 2006). A
similar clustering approach that incorporates
prior knowledge, called mutual information
analysis, has also been shown to identify tran-
scriptional interactions with a high fidelity in
mammalian cells (Margolin et al. 2006). Finally,
a number of standardized tools and analysis
techniques are already publically available
(Table 3.1) to facilitate transcriptional data
analysis. To date, they have been able to pro-
vide detailed views of changing transcriptional
landscapes in response to different environ-
mental conditions on a functional level, and
have been highly beneficial for the identifica-
tion and prediction of virulence factors in
fungi.

C. Proteomics

The term “proteome” was coined in 1996 to
describe the complete set of proteins that is
synthesized by a cell (Wilkins et al. 1996). The
proteome provides the highest level of functional
information of a cell, revealing the end product
of the transcription and downstream transcrip-
tional processing. The use of proteomics data
sets is also becoming a popular approach for
studying proteins involved in virulence.

The major areas in proteomics research
include identification of proteins and their
posttranslational modifications as well as
protein–protein interactions.

These areas are investigated using two main methods,
traditional two-dimensional polyacrylamide gel elec-
trophoresis (2D-PAGE) and, increasingly, mass spec-
trometry (MS). In 2D-PAGE, protein samples are
resolved by two intrinsic properties: first in one dimen-
sion on an SDS gel, and then in the second dimension,
at a 90� rotation (O’Farrell 1975); These properties can
include their isoelectric point, protein complex mass in
the native state, and protein mass. The properties cho-
sen will depend on the specific experiment. Proteins are
then visualized by staining of gels, often using silver,
Coomassie Blue or Ponceau S staining techniques. Once
visible, spots can then be picked out by hand or more
often using automated detection software based on
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their location on the gel. The identified spots are then
excised, proteolytically digested, and then subjected to
MS analysis. Briefly, MS measures the mass-to-charge
ratio of charged particles such as peptides, and this
information can then be used to identify the composi-
tion of the peptide and the gene it is derived from.
Experimentally, MS samples are first vaporized and
then ionized using an electron beam. The produced
ions are then detected by the mass analyzer, which
sorts the ions by their masses, and then processed
into mass spectra where the detector measures the
quality and quantity of the ions present. Variations of
MS, including liquid chromatography tandem MS
(LC-MS/MS) (Yates et al. 1999) and gel-free proteomics
techniques (2012; Stastna and Van Eyk 2012) are also
widely used approaches. These facilitate the analysis of
proteins that are not easily separated in 2D gels due to
their high hydrophobicity or high molecular weight, as
in the case of many integral membrane proteins
(Aebersold and Mann 2003; de Godoy et al. 2008).
MS/MS involves additional rounds of ionization; how-
ever, the reproducibility between technical replicates of
a sample remains in the range of 35–60% overlap (Tabb
et al. 2010). Unfortunately, absolute protein quantifica-
tion remains out of reach at the moment (Peng et al.
2012). Major hurdles remain to improve the reproduc-
ibility and standardization of the MS-based methods
(Kniemeyer et al. 2011). Nonetheless, since 1996, the
percentage of protein-coding genes in S. cerevisiae for
which some biological function has been identified has
increased to over 80%, greater than for any other
sequenced eukaryotic genome (Botstein and Fink
2011). Proteomics studies have been highly beneficial
in achieving this.

Proteomics approaches have led to the iden-
tification of a number of fungal virulence factors.
Using an in vitro approach, the proteome of
C. albicans yeast-form cells in the exponential
or stationary growth phase was investigated in
response to nutrient limitation using 2D-PAGE.
The authors aimed to identifymetabolic response
patterns in these two cell types that might confer
a tolerance phenotype (Kusch et al. 2008) similar
to that observed in S. cerevisiae in response to
stress (Herman 2002). They observed that the
stationary phase cells upregulated a number of
proteins, including those involved in the defense
against reactive oxygen species and heat stress,
as compared to exponentially growing cells.
The ability to undergo morphological transitions
between yeast and hyphal cells is an important
virulence trait of many but not all Candida spp.
This is especially important as the cell wall itself
is always subjected to recognition by the host

cell surface and is thus exposed to immune
recognition.

For example, a number of proteins are expressed in the
yeast or hyphal stage only, suggesting a potential mech-
anism for secretion of cytosolic proteins, which may
contribute its overall virulence in these different mor-
phological states (Ebanks et al. 2006). These data
further support the idea that the regulation of Hsp90,
an essential chaperone protein that is activated in
response to stress, is posttranscriptional in hyphal cells.

Additional variations of MS, such as matrix-
assisted laser desorption/ionization time-of-
flight (MALDI-TOF) MS has been shown to be
a useful tool in drug susceptibility screening of
C. albicans to fluconazole (Marinach et al. 2009).
A complete map of the yeast proteome using
MS has most recently been completed, using a
combination approach of high-throughput pep-
tide synthesis in conjunction with MS for the
S. cerevisiae proteome. This study provides
insight into the evolution of yeast proteins and
protein complexes (Picotti et al. 2013).

For A. fumigatus, the conidia mediates the
initial contact with the immune system of the
host and therefore is an interesting target for
proteomics studies looking for fungal virulence
factors and posttranscriptional responses upon
host recognition. For example, comparison of
the proteome profiles of A. fumigatus conidia
and mycelial cells revealed some 50 conidia-
specific proteins (Teutschbein et al. 2010).
Interestingly, the data suggested that many pro-
teins that are not needed during the resting
stage are stored, perhaps for a rapid response
to the activation of metabolic processes or in
response to recognition by the immune system.

In vitro co-culture approaches with immune
cells have also been influential in investigating
differential protein expression in response to
infection conditions. Using a time course of
interaction between C. albicans and macro-
phages, a combination of proteomics and tran-
scriptomics techniques highlighting specific
pathways related to the virulence of Candida
spp, including the regulation of apoptosis
(Fernandez-Arenas et al. 2004; Fernandez-Arenas
et al. 2007), was performed. The authors used a
C. albicans strain of attenuated virulence, in
which the kinase HOG1, important for the
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oxidative stress response, was absent. They were
able to identify several novel C. albicans antigens
and further characterized the protective anti-
body response of mice against C. albicans infec-
tion. The use of proteomics methods, in general,
has been useful in validating transcriptional data
sets. However, they also revealed a number of
discrepancies between the transcriptome and
the proteome, which remains an active area of
research in the validation of fungal virulence
factors. Finally, many resources have recently
become available, including the Proteopathogen
Database for studying host–pathogen interac-
tions (http://proteopathogen.dacya.ucm.es) with
C. albicans, Compluyeast (http://compluyeast2d
page.dacya.ucm.es/cgi-bin/2d/2d.cgi), which cat-
alogues 2D-PAGE data sets from C. albicans,
Mus musculus, and S. cerevisiae for comparative
proteomics.

E. Metabolomics

Metabolites are the products of metabolism or
reaction intermediates and are usually small
molecules serving a number of functions within
the cell, including signaling and inhibition or
stimulation of enzymes, among a number of
other functions. As reaction intermediates,meta-
bolites provide the “missing-link” between
DNA, RNA, and protein interactions within a
cell. One of the major themes of metabolomics
is to investigate the influence of metabolites on
cellular phenotypes. The metabolome is com-
posed of intracellular metabolites and the exo-
metabolome, also referred to as the secretome,
which contains all small molecules secreted
from a cell. It has been estimated that over 70%
of metabolites participate in more than two
biological reactions, and therefore represent
interesting molecules for SysBio approaches
(Nielsen 2003). Furthermore, from an evolution-
ary perspective, it is expected that a number of
the filamentous fungi share their primary metab-
olism with their yeast ancestor S. cerevisiae, sug-
gesting a broad applicability of the metabolomics
research in the fungal research community.
In fungal cells, there is an estimated number of
more than 1,000 metabolites in the steady state
(Smedsgaard and Nielsen 2005), some of which

are extremely short-lived or of low abundance,
making their quantification a formidable chal-
lenge.

A number of methods are in use to identify metabolite
profiles in cells. The most common are nuclear mag-
netic resonance (NMR) spectroscopy, MS (see Sect. II.C)
as well as metabolic labeling with radioactive isotopes
(Niittylae et al. 2009; Zamboni and Sauer 2009). Another
method for investigation of metabolomics is gas chro-
matography coupled to mass spectrometry (GC-MS).
GC-MS utilizes GC with detection by MS. GC is used
in analytical chemistry to separate and identify mole-
cules based on their migration within a capillary system.
The sample is vaporized and travels through the capil-
lary using an inert carrier gas. The time it takes for each
molecule to elute from the column will vary according
to its molecular properties and therefore can be used to
identify compounds. Combining this elution with MS
gives a highly detailed description of the molecule. High
performance liquid chromatography (HPLC) is often
used in combination with MS (HPLC-MS). HPLC is a
chromatographic purification technique using a high-
pressured capillary tube system, allowing for the fine
separation of molecules. These methods, among others,
provide a comprehensive way to identify the structure
of metabolites on a genome-wide scale.

The identification and function of metabo-
lites is highly relevant for a better understand-
ing of fungal virulence. Fungi, more so than
other pathogenic species, are notoriously
known for the diversity of metabolites produced
in response to host immune defense, and are
thus useful organisms for studying metabolic
diversity (Jewett et al. 2006). Notably, about a
dozen A. fumigatus secondary metabolites have
been implicated in niche adaptation and viru-
lence (Galagan et al. 2005). To date, significant
progress has only been made in metabolic
profiling of fungi such as S. cerevisiae. The first
metabolic network reconstruction of S. cerevi-
siae used an extensive data-mining approach of
previous literature in combination with mathe-
matical techniques to identify approximately
600 metabolites (Forster et al. 2003). Shortly
thereafter, GC-MS methods were able to verify
the presence of approximately 100 of these
metabolites under standard laboratory growth
conditions (Villas-Boas et al. 2005). Metabolic
flux in over 30 S. cerevisiae mutants demon-
strated robustness and inherent redundancies
built into yeast metabolism (Blank et al. 2005).
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In C. albicans, LC-tandem MS was used to pro-
file the regulation of the secretome under stan-
dard laboratory conditions (Sorgo et al. 2010)
and in response to the antifungal agent flucona-
zole (Sorgo et al. 2011), identifying numerous
immunogenic peptides as novel vaccine candi-
dates for antifungal therapy. Recently, the meta-
bolome of A. fumigatus was investigated using
1H-NMR metabolomics under infection condi-
tions (Grahl et al. 2011). Using this technique,
the authors detected ethanol in the lungs in a
murine model of invasive pulmonary aspergil-
losis, suggesting a role for fungal alcohol dehy-
drogenase in pathogenesis (Grahl et al. 2011).
1H-NMR metabolomics also enabled the identi-
fication of pneumococcal or cryptococcal men-
ingitis without prior sample culture, which if
implemented in a clinical setting would speed
up the time it takes for patients to be diagnosed
(Himmelreich et al. 2009).

F. Epigenomics

Among the biologically relevant –omics
approaches, the most recent addition, epige-
nomics, has entered center stage. The epigenome
describes the global epigenetic modifications
that take place within a cell. Epigenetic modifica-
tions take place on the DNA, histones, and
chromatin in its various functional states. They
use numerous posttranslational modifications,
including, but not limited to, the addition of
single or multiple methyl residues, ubiquitina-
tion, acetylation, phosphorylation, or adenylation
just to name themost commonmodifications [for
review see (Hnisz et al. 2011)]. Most importantly,
many modifications are reversible, providing an
additional and even heritable level of cellular
regulation.

The most common methods for investiga-
tion of the epigenetic landscape are studies on
the variation of chromatin states using chroma-
tin immunoprecipitation (ChIP).

Combinations of ChIP with microarray technology,
known as ChIP-Chip or ChIP-on-Chip, and a similar
combination of ChIP with NGS technology, termed
ChIP-seq, have been recently introduced. ChIP identi-
fies transient in vivo protein–DNA complexes by

crosslinking DNA and associated proteins within a cell
lysate. The DNA is then fragmented either by sonication
or nuclease digestion. The proteins of interest are then
selected using an antibody, precipitated, purified, and
the associated DNA is either sequenced or placed on a
microarray, depending on the technology used.

ChIP-Chip has been used to investigate
genome-wide changes in patterns of histone
methylation in the fission yeast S. pombe. A
complex composed of two proteins, Swm1 and
Swm2, mediates demethylation of lysine 9 in
histone H3 (H3K9) (Opel et al. 2007). Epige-
netic regulation via this complex, in concert
with additional histone deacetylases and chro-
matin remodelers, is a major factor in the tran-
scriptional regulation of S. pombe (Opel et al.
2007). In C. albicans, Nobile and colleagues
identified the transcriptional network for
controlling biofilm formation using a combina-
tion of ChIP-Chip and in vivo animal models.
The six identified core transcriptional regula-
tors, regulating over 1,000 target genes, provide
insight into biofilm formation during host
infection (Nobile et al. 2012). In yeast, ChIP-
Chip was used to investigate histone and gene
deletion mutants during environmental stress,
highlighting the importance of epigenetic regu-
lation in this process (Weiner et al. 2012).

In C. neoformans, the size of the capsule
increases under infection conditions and is a
well-established virulence factor of the species.
The direct targets of Ada2 in C. neoformanswere
recently investigated using ChIP-seq (Haynes
et al. 2011). Ada2 is a member of the Spt-Ada-
Gcn5 acetyltransferase (SAGA) complex, which
regulates transcription by histone acetylation.
The authors identified a relationship between
the function of Ada2 and capsule size, linking
this epigenetic modification and its targets to
the overall virulence of the species (Haynes
et al. 2011). Most recently, in C. albicans, a role
of chromatin-modifying enzymes in the inhibi-
tion of the yeast-to-hyphal transition was dis-
covered using a combined approach of ChIP-seq
and RNA-seq. The authors identified a role for
the histone deacetylase Set3/Hos2 complex
(Set3C) as a transcriptional cofactor of meta-
bolic and morphogenesis-related gene expres-
sion. They found that the acetylation status of
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C. albicans chromatin influences transcription
kinetics at target genes, showing that the epige-
netic regulation supersedes a core transcrip-
tional factor circuit involved in morphogenesis,
a circuit that might be shared among other fun-
gal pathogens (Hnisz et al. 2012).

G. Data Mining Approaches and Genome-Wide
Fungal Resources

1. Databases

High-throughput molecular biology techniques
have enormously increased the sheer volume of
data generated and the need for proper data
storage has never been higher (Kersey and
Apweiler 2006). The value of this biological
information is dependent on the ability of
researchers to access and extract the informa-
tion in a quick and reliable format, but also
requires high-level curation.

Databases classify, organize, and systema-
tize information. The maintenance of databases
is essential in disseminating biological data to
the community. The early development of two
excellent databases for S. cerevisiae, the Saccha-
romyces Genome Database (www.yeastgenome.
org/) and the Yeast Proteome Database (http://
www.proteome.com/YPDhome.html) led to the
rapid use of S. cerevisiae as a functional geno-
mics tool and model organism (Botstein and
Fink 2011). Despite their importance, maintain-
ing high-quality, reliable databases is a constant
struggle (Baker 2012), partly because of inherent
high costs required for the curation of ever-
changing biological data sets. Systems biologists
extensively use databases for retrieval of prior
knowledge, both qualitative and quantitative, on
the biological question to increase the strength
predictability, and identifiability models.

Major database initiatives include PubMed (http://
www.ncbi.nlm.nih.gov/pubmed/), Kyoto Encyclopedia
of Genes and Genomes (KEGG) (http://www.genome.
jp/kegg/), and Gene Ontology (GO) http://www.geneon-
tology.org, all of which have established themselves as
staple websites for researcher. Specialized databases are
also becoming increasingly popular, such as the data-
base of virulence factors in fungal pathogens (http://
sysbio.unl.edu/DFVF/), which enable inclusion of more

in-depth information about a specific topic that may
not be sufficiently covered in larger databases.

An additional benefit to including scientific
data into databases is the ability to standardize
the reporting format, facilitating both the inte-
gration of distinct data sets from different
laboratories and the development of analysis
tools. Standardization has been greatly aided
with the push for minimum reporting guide-
lines for biological and biomedical information
(Taylor et al. 2008) (http://mibbi.sourceforge.
net/). Reporting guidelines now exist for all
major –omics methodologies (Table 3.1) and
there has been a general push from the scien-
tific community to adhere to and popularize
these standards for biological information.

2. Strain Collections

Genome-wide profiling at the RNA and pro-
tein level has been greatly aided by publically
available strain libraries in the form of loss-
of-function (deletions) and gain-of-function
(overexpression) collections. They have provided
an efficient screening tool for scientists world-
wide to investigate transcriptional and posttran-
scriptional changes in response to external
stimuli, such as drug treatment and environmen-
tal variation, or exposure to host immune surveil-
lance. Specifically for fungi, they have increased
the throughput of virulence factor screening.

Of all fungi, S. cerevisiae has contributed the
most number of strain collections. Starting with
the yeast knockout (YKO) strain collection, this
set methodologically deletes open reading
frames (ORFs) by substituting the gene of inter-
est with a selectable drug-resistance cassette,
allowing for the systematic screening of the
effects of gene loss (Winzeler et al. 1999;
Giaever et al. 2002). More than 20,000 strains
are currently available from the Saccharomyces
GenomeDeletionProject (http://www-sequence.
stanford.edu/group/yeast_deletion_project/),
including both homozygous and heterozy-
gous diploid deletions,MATa andMATa hap-
loids, green fluorescent protein (GFP)-tagged
(Huh et al. 2003), even essential temperature-
sensitive collections (Li et al. 2004, 2011;
Yan et al. 2008).
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To investigate the posttranscriptional regu-
lation of a gene and the number of protein
complexes in the S. cerevisiae by proteomics, a
Tandem Affinity Purification (TAP) collection
was created in which each ORF is tagged with a
high-affinity epitope expressing the protein at
its native locus (Ghaemmaghami et al. 2003).
To investigate protein–protein interactions
with S. cerevisiae, a yeast two-hybrid collection
was created, where hybrid proteins were
derived from over 6,000 transformations and a
Gal4 transcription–activation domain vector
was inserted to create a hybrid protein for
each ORF (Uetz et al. 2000). Data sets generated
using this collection have also been made pub-
lically available (http://portal.curagen.com/).
Several overexpression libraries for S. cerevisiae
are also available, including a yeast GAL-GST
library of over 5,000 strains, containing induc-
ible overexpressed tagged ORFs from the GAL1
promoter, covering over 80% of the genome
(Sopko et al. 2006). Additionally, the overex-
pression transformable plasmid based library
of S. cerevisiae has been created, including
over 13,000 entries with over 95% functional
coverage of the genome (Jones et al. 2008).
Approximately three-quarters of the S. cerevi-
siae proteome are also covered by the chro-
mosomally C-terminal-tagged GFP fusion
proteins strains (Huh et al. 2003). Using this
library of 4,159 yeast–GFP clones, the localiza-
tion of proteins in response to external stimuli
can be easily visualized by live-cell fluorescence
microscopy.

After the early success of strain collections
in S. cerevisiae, more focused collections of
pathogenic fungi have been created in order to
specifically address fungal virulence. In C. albi-
cans, a homozygous deletion library of approxi-
mately 670 homozygous deletion strains
affecting 11% of the C. albicans genome was
used to screen for virulence in a mouse model
of infection, identifying 115 infectivity-
attenuatedmutants (Noble et al. 2010). A knock-
out collection of C. albicans transcriptional
regulators includes over 100 strains, which
were screened in 55 different growth conditions
(Homann et al. 2009). Among the phenotypes
identified, a number of them showed altered

susceptibility towards antifungal treatment.
These results also support the theory that there
is a high redundancy among transcriptional reg-
ulatory circuitry, where a single knockout does
not greatly affect the strain’s overall virulence.
In C. neoformans, a knockout collection of 1,201
genes was screened in an in vitro model of
murine lung tissue for virulence phenotypes
(Liu et al. 2008). Using these collections, a num-
ber of previously uncharacterized genes were
identified as virulence factors, including those
involved in growth at body temperature and in
melanization, and those dependent and inde-
pendent of capsule formation.

Smaller arrayed mutant collections of Neurospora
crassa and A. fumigatus, among other pathogenic
fungi, are available from the Fungal Genetics Stock
Center (http://www.fgsc.net/) for screening. Finally, a
single gene deletion collection comprising around 650
haploid C. glabrata genes will become available to the
community shortly (Schwarzmüller, unpublished data).

III. Modeling Biological Phenomena

Most, if not all, biological processes follow a
dynamic, nonlinear pattern. Nonetheless, a
biological process can be approximated via a set
of mathematical expressions to form a mathe-
matical model. In this context, a “model” is
referred to as a description of a biological process
using mathematical expressions of quantitative
data rather than a graphical representation.
Although SysBio studies do not exclusively rely
on either high or low throughput data sets,
and lean towards a combination of both when
possible, mathematical models have become
increasingly useful ways of representing the
information. These studies integrate computa-
tional approaches with experimental data to
gain a more complete picture of how cells,
tissues, and organs of species function and how
the entire genetic information is wired and
connected. Although current experimental tech-
niques allow detailed measurements, it is impos-
sible to gain full information about the system
from discrete data sets without considering
the topology and dynamics of the interacting
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components. Depending on what is known a
priori about the specific system under investiga-
tion, and what one wants or needs to learn about
it, different modeling approaches are required.
Identifying the proper modeling approach is a
critical point, as not all methods will be appro-
priate for each experimental question. The pros
and cons for each approach should be weighed
for each biological question (Di Ventura et al.
2006; Karlebach and Shamir 2008). This needs a
close interaction between mathematicians and
experimentalists because very often it is impos-
sible to generate the experimental data required
for a particular model. Visual examples and a
summary of the pros and cons for the use of
Boolean models, ordinary differential equations
(ODEs), and Petri Nets (PNs) are provided in
Fig. 3.2.

In short, mathematical models represent a
simplified and abstract view of the studied
phenomena. They are extremely useful in
understanding dynamic and multifaceted sys-
tems and their perturbations . These models
often encompass different levels of biological
understanding. Although it is important to
know the consecutive action of the individual
components of the system, an understanding of
the time scale under which these interactions
take place is essential for the whole picture.

Processes such as the ability of the cell to
respond and adapt to a stimulus can be mod-
eled using a set of ODEs. These processes are
triggered by molecular interactions, which are
not spontaneous and any environmental signal
will result in a cellular response. A cellular
response involves consecutive activation of a
list of proteins that together establish a signal-
ing pathway. These proteins pass the signal to
the transcriptional machinery via a transcrip-
tion factor (TF) that sometimes shuttles
between cytoplasm and nucleus. TFs regulate
gene expression and define the amplitude, mag-
nitude, and duration of the cellular response.
Such interactions can be graphically represented
by “networks” that connect the interacting mole-
cules. For example, gene regulatory networks
(GRNs) are types of pathways that consist only
of genes; in the network, gene A is connected
with gene B if its product regulates the activity
of gene B. A Boolean approach is often applied to

study the topology of GRNs. Thus, based on the
specific experimental question, different model-
ing approaches will be applicable. Here, we dis-
cuss in detail several computational approaches
commonly applied to model experimental data
sets, emphasizing how key attributes of fungal
virulence have so far been investigated using
modeling approaches.

A. Boolean Models

Boolean models are often used to infer GRNs
from microarray data or other types of expres-
sion analysis (Hickman and Hodgman 2009).
Boolean models were first introduced by
Kauffman and colleagues (Glass and Kauffman
1973). In contrast to ODE models, a Boolean
approach is a discrete type of modeling where
time and states are represented by discrete
values. Boolean models are suitable for study-
ing biological problems that can be interpreted
using a rather simple on/off behavior, such as
gene transcription. For example, an algorithm
called REVEAL (Liang et al. 1998) infers the
network topology from expression data. A mea-
sure of element interactions is used to derive
logic functions that define them. Boolean mod-
els are useful for studying the existence of
steady states or whether a given network topol-
ogy is robust (Li et al. 2004). Furthermore, the
approach can be used when the precise network
topology is uncertain and our primary goal is to
understand the wiring of the interactions in the
system. The topology of the system of interest
must be known before implementing kinetic
models. As an example, the Boolean approach
was used to infer a Drosophila segment polarity
GRN (Ay and Arnosti 2011).

A Boolean model is defined by n entities
interconnected via k edges, forming a directed
graph. Each model entity is in a state either
“on” (1) or “off” (0). Using the example of
gene transcription, each gene can be considered
as either expressed, 1, or not, 0. In the synchro-
nous Boolean model, the states of the model
entities are simultaneously evaluated and
updated at time t+1, according to the regu-
latory functions and variables states at time t.
Such Boolean models are purely deterministic.
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Regulatory relations are described via logic
functions, such as the Boolean operators
“and,” “or,” “not.” For vi being a vector repre-
senting a state of the model, we call a state space
a set of all possible vectors vi. Thus, the state
space has 2n elements for n entities in the net-
work, and vi are vectors of 0s and 1s. The
elements of the state space are connected via
arrows indicating the flow of model states.

In the asynchronous Boolean model, one
node at a time is chosen and updated, and the
evaluation of the next selected node state takes
this change into account. If the order of choos-
ing the nodes is fixed, then the model is called a
deterministic asynchronous Boolean model; if
the nodes are chosen at random, then the model
is termed a stochastic asynchronous Boolean
model. The state space typically contains single
point attractors, which are fixed points (also
called steady states) towards which the systems
evolve into both synchronous and asynchro-
nous Boolean models. However, the time
needed to reach the fixed point can vary
between synchronous and asynchronous mod-
eling variants. Cyclic attractors, e.g., limit
cycles, can be lost in the stochastic Boolean
model (Wang et al. 2012). In either case, the
identification of point and cyclic attractors of
large-scale Boolean models is not a trivial task
but there are algorithms that deal with this
problem (Wang et al. 2012). Because stochastic
processes influence any biological process,
Boolean networks have been further developed
to account for noise in the system and for
making the approach suitable for the study of
stochasticity and uncertainty. These include
development of probabilistic Boolean networks
(Shmulevich et al. 2002) or Boolean models
where stochasticity is implemented by revers-
ing a node’s state at some probability rate, or by
implementing stochasticity of a biological func-
tion that fails to be executed (stochasticity in
function, SIF, models) (Garg et al. 2009).

Although a Boolean approach only allows
for a very simplified representation of a
biological system, it can be a powerful method
for studying its underlying nature. For instance,
a Boolean model can be used for systematic
screening of possible networks that reproduce

a pattern of interest (Giacomantonio and Good-
hill 2010). Recently, Boolean modeling was
used to study the interplay between gene
expression, chromatin modifications, and
DNA methylation, where the authors linked
the epigenetic landscape with the probability
state space (Flöttmann et al. 2012). This inno-
vative application shows that there are other
possible ways of analyzing Boolean models
that are waiting to be explored.

B. Petri Nets

There is a growing interest in applying Petri
Nets (PNs) to modeling and analysis of
biological networks. In principle, a PN is a
directed bipartite graph, whose nodes are
called either “places” or “transitions”. Places
indicate resources and they are indicated with
circles; transitions are events or biochemical
reactions, which are shown as boxes. Both
types of nodes are connected by arrows. An
arrow (called an “arc”) from a place (input
place) to a transition indicates that a compound
is necessary for the reaction. Further arcs point
from the reaction to its products (see Fig. 3.3).

Each place holds a nonnegative number of
tokens, which indicate resources of a given sub-
stance in the system. The state of a system is
represented by an allocation of tokens at a given
time point, which is called marking (M). Initial
marking takes place at the time point zero. A
transition will fire if there is a sufficient number
of tokens on the input places, and it is at least
equal to the edge’s weight. Once a transition
fires, tokens are transferred into the respective
output places and the number of tokens in the
output places is again indicated by the weight of
the arcs. In summary, formally a PN is a tuple
PN ¼ ðP;T; F;W;M0Þ, where P is a set of places,
T is a set of transitions, F is a set of arcs, W is a
map that assigns each arc with a specific weight,
and M0 is initial marking (Ackermann 2011).
For the analysis of PNs, concepts like
P-invariants and T-invariants are introduced.
For instance, for a stoichiometric matrix N of a
PN, a P-invariant, is any vector x where xTN ¼ 0
and it holds x; Mh i ¼ const: for any marking M

Systems Biology Approaches to Understanding and Predicting Fungal Virulence 61



that appears during the simulation of PN. The
scalar product x; Mh i ¼ const: represents the
conservation relation, e.g., ATPþ ADP ¼ const.
A T-invariant on the other side is any vector x
where Nx ¼ 0. These provide a decomposition of
the network, and a transition that does not belong
to any T-invariant can be removed from the PN.
A set of T-invariants corresponds to the elemen-
tary flux modes operating in the system. The
marking graph of a PN is a directed graph that
represents the evolution of markings during PN
simulation. This concept is similar to state space
in Boolean models.

PN approaches are applicable for discrete
modeling, or modeling of GRNs. For GRNs,
like with Boolean models, one can consider
both synchronous and asynchronous modes.
PNs can also be applied to perform quantita-
tive analysis and establish stochastic models.
Fuzzy modeling has also been introduced
based on PNs, and details on the application
of the techniques and examples have been
published (Ackermann 2011).

A stochastic version of a Petri Net (SPN) has
been applied to the study of the cell cycle in
budding yeast (Mura and Csikasz-Nagy 2008).
The authors provide a fair comparison of
the results from SPN with the results of the
deterministic version of the corresponding
ODE model, as proposed earlier (Novak 2002).
Recently, a PN-based technique has been
applied to integrate signaling, metabolic, and
regulatory events participating in the S. cerevi-
siaeHOG signaling pathway (Tomar et al. 2013).

C. Ordinary Differential Equation Models

Dynamics of biological processes are most
often described via ODE models or partial dif-
ferential equations (PDEs) when space is
included. Optimally, ODE models are used for
systems that can be considered “well-stirred”
and that comprise large molecule numbers.
When this condition is met, changes in
molecule numbers can then be considered as

b
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Fig. 3.3. Model simulation of the system treated with a
low drug dose. Drug is applied at time t¼400 (arbitrary
units). Treatment does not clear the infection. After
initial reduction, t¼500, the fungal population recovers
from the drug stress, t¼1,500. (a) Model simulation
output at different time points. (b) Agents considered

in the model: yeast cells (red), inactive hyphal cells
(yellow), active hyphal cells causing damage to the
host (gray), polymorphonuclear neutrophils (blue).
(c) Graphical representation of the model simulation
over time; y-axis gives the total cell number
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continuous (Di Ventura et al. 2006). ODE models
can also be used to address questions that regard
changes in cellular phenotypes (Le Novere et al.
2005; Karlebach and Shamir 2008). Each equation
in an ODE model describes temporal changes of
one variable such as molecule concentration,
phosphorylation levels, cell mass, or volume. If
we consider a system with n variables, character-
ized by k, and positively valued parameters p, then
the equation is:

dxi
dt

¼ fi ðx1; . . . ; xn; p1; . . . ; pk; tÞ ð3:1Þ

where t represents time. The equation describes
dynamical changes of the variable xi. A mathe-
matical expression describing an increased
production of a compound or its activation
enters Eq. 3.1 with a positive sign; expressions
for degradation or deactivation enter with a
negative sign. Taken together, the equation
evolves, having m reactions determined by the
topology of our network of n state variables,
which may or may not influence each other.
Thus, we can also represent Eq. 3.1 in a matrix
form:

dx

dt
¼ Nv ð3:2Þ

where N is a n x m stoichiometric matrix and

v ¼ ðv1; . . . ; vmÞT is a vector that stores rates
for all the reactions taking place in our system.
For practical examples, refer to detailed earlier
descriptions (Klipp et al. 2009). The solution of
an ODE model is a time course simulation.
Given the initial state in a deterministic
model, all the future states can be computed.
Simulations of the model reproducing experi-
mental data are used for understanding the
time course dynamics of the interacting mole-
cules, generating testable predictions, and for
design of new experiments. Understanding of
the system through these simulations has
proven useful for the study of fungal virulence
(Chen et al. 2004; Klipp et al. 2005; Leach et al.
2012). Only using the analysis of the model
simulations can reveal the purpose of integrat-
ing by the cell certain molecular circuits, e.g.,
by negative or positive feedback loops.

Another example is a molecular autoregulatory loop
integrated by C. albicans adapting to heat stress (Leach
et al. 2012). In this case, the authors developed a dynamic
model of the heat stress response in C. albicans using a
set of ODEs supported with experimental data. The
model reveals several features of the system such as a
memory for acquired thermotolerance. For example,
when pretreated with a mild heat shock, the system
becomes more resistant to a severe shock. Moreover,
the simulations of the model indicate a transient molec-
ular memory in the system that is mediated through
phosphorylation of heat shock transcription factor Hsf1.

D. Flux-Balance Analysis

Flux-balance analysis (FBA) is a mathematical
framework that is widely used for the analysis
of the flow of metabolites throughout a meta-
bolic network (Orth et al. 2010). This structural
modeling approach solely requires knowledge
of the stoichiometric matrix N of the biological
network. This is generally a well-known prop-
erty for metabolic networks and, hence, opens
the way for genome-scale studies (Edwards and
Palsson 2000; Price et al. 2003; Yus et al. 2009).
The FBA approach aims to identify the optimal
distribution of fluxes in the steady state, i.e.,
fluxes v that satisfy the following equation:

dx

dt
¼ Nv¼! 0 ð3:3Þ

FBA aims to find fluxes where a given objec-
tive function reaches extreme values, for exam-
ple, fluxes leading to the maximal growth rate
(Feist and Palsson 2010) or the minimal produc-
tion of toxic metabolites. The problem takes the
formof linear programming.Here, problem con-
straints are included on the basis of the experi-
mental results in the steady state (for instance,
thermodynamics, biomass produced, or energy
availability). These data are required to reduce
the degree of freedom in the solution space.

The major advantage of using FBA is that
there is no need to know reaction kinetics
and metabolite concentrations, because FBA
addresses steady-state conditions. However,
the approach is inherently deprived of quanti-
tative information (e.g., enzyme concentra-
tions). Because of this restriction, FBA cannot
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be used to predict, for example, how specific
levels of a certain enzyme must be changed in
order to achieve a desired effect on flux. It is
important to keep in mind that FBA does not
help us to understand the dynamics of the sys-
tem because it can only reveal steady state
properties.

To enable the re-use of FBA models, they should be
provided in the Systems Biology Markup Language
(SBML) format, similar to the case of ODE models.
FBA models can then be imported and solved using
algorithms such as Matlab or COBRA Toolbox (http://
systemsbiology.ucsd.edu/Downloads/Cobra_Toolbox)
(Becker et al. 2007).

An extension of FBA, the regulated flux-
balance analysis (rFBA) has been extensively
reviewed (Karlebach and Shamir 2008) and
aims at integrating the metabolic network with
regulatory processes that are expressed by
Boolean logic (Covert et al. 2001). Regulatory
events can reflect situations when, for instance,
certain regulatory proteins are not expressed
and then appropriate fluxes will be shut down
and thus set to zero.

E. Stochastic Modeling

ODE models, which are deterministic, are suit-
able for the analysis of dynamical behavior of the
population on average. These, however, do not
provide information about whether and how sto-
chastic switches or noise impact the outcome of
the biological process. For instance, the lysogenic
and lytic cycle of l phage (Arkin et al. 1998)
could not be explained by deterministic model-
ing. Stochastic models describe random pro-
cesses that evolve and change over time. It is
convenient to use stochastic modeling in cases
where one wants to investigate processes in
which amolecule with small copy number affects
key components of the model or if steady states
are unstable. In general, simulating stochastic
models is computationally more expensive.
Moreover, to enable statistically significant con-
clusions, many simulation results have to be
analyzed together. Stochastic simulations can be
performed using tools such as COPASI (Hoops

et al. 2006) or Cain (http://cain.sourceforge.net/).
For a thorough introduction to stochasticmodel-
ing, we refer to recent work in yeast (Klipp et al.
2009). The ideal type of data for stochastic mod-
eling are time-resolved measurements of single
molecules, e.g., by microscopic measurements.
In practice, experiments can rarely be repeated
for the same single cells.

F. Monte Carlo Simulation

Monte Carlo (MC) simulation is a hit-or-miss
sampling method. It is typically applied to find
extremes of a function in a restricted region of
possible parameter space. The MC sampling
method can be viewed as randomly choosing
parameters (x,y) and keeping the pair that
gives, for example, the highest value of f (x,y).
This method, however, is not a systematic
approach to approximate the optimal solution;
simply put – each time the simulation is per-
formed, we either hit or miss the solution.

For each run, parameter values are randomly
changed as, for example, initial conditions or
kinetic constants. Then, it is recorded whether
such perturbations influence the final result of
themodel and, if so, how. The parameters to vary
are those where a significant uncertainty is
encountered. From the analysis of the created
range of estimated final values of the model, one
can estimate how likely it is that a certain out-
comewill occur.MC simulation usually evaluates
the model from hundreds to tens of thousands of
times to estimate the solution to the model.

The MC simulation method was applied to study the
dependence of drug dosage treatments on host resis-
tance against disseminated candidiasis (Hope et al.
2006). In another study, the MC method was applied
to study anticancer drug target inhibition strategies on
the epidermal growth factor signaling pathway. The
authors investigated the influence of changes in kinetic
parameters by comparing parallel simulation runs
(Wierling et al. 2012). MC simulation was also pro-
posed as a method for assessing the degree of complete-
ness of GRNs, where information on gene interactions
is often missing (Kuhn et al. 2009). Among other tools
for performing MC simulations are PyBios (http://
pybios.molgen.mpg.de/), MATLAB, and Statistics Tool-
Box or Simulink.
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Finally, MC Markov Chain (MCMC) is an
optimization method in high dimensional
spaces. It is designed to randomly search the
parameter space such that the optimal value
can be approximated. The way that the parame-
ter space is searched and tested for whether or
not parameters are accepted is often defined by
methods such as Gibbs sampling or Metropolis–
Hastings algorithms (Hastings 1970). MCMC is
applied to solve integrals in high dimensional
spaces when the traditional numerical methods
fail. A complete description of MCMC is beyond
the scope of this chapter. For further details
on the method, we refer readers elsewhere
(Gamerman and Lopes 2006).

G. Agent-Based Models

Agent-based models (ABMs) are counterparts
to ODE models, where simple rules for each
agent’s action can lead to complex dynamics
in the population of interacting agents. Agents
are autonomous entities that can represent
molecules, cells, and organisms. ODE models
are often applied to study the dynamical prop-
erties of regulatory pathways, leaving out infor-
mation on spatial distribution of the molecules
in the cell. This can be tackled using ABMs
(Pogson et al. 2006, 2008). For example, ABM
was applied to examine the pathogenesis of gut-
derived sepsis using the example of Pseudomo-
nas aeruginosa interaction with its host (Seal
et al. 2011). In general, ABMs are suitable for
study of systems where the spatial and temporal
distribution of agents influences the systems
dynamics, such as chemotaxis, while sensing a
gradient of quorum molecules (Netotea et al.
2009; Fozard et al. 2012), inducing biofilm for-
mation (Mitri et al. 2011), or pheromone con-
centration gradients during mating. ABM has
been applied to study the functionality of the
immune system (Folcik et al. 2011), granuloma
formation (Segovia-Juarez et al. 2004) and for
predicting the outcome of different immuno-
therapy strategies (Pappalardo et al. 2011).

All ABMs are systems of agents, whose
actions and decisions are specified by the user.
The agents are typically living in a 2-D world,
which is a square divided into a grid of patches

(or triangulated space). These patches, repre-
senting the environment, can influence an
agent’s actions, and agents can affect the attri-
butes of the environment themselves as well.
ABM is a discrete and stochastic modeling
approach. At each step, an agent makes a deci-
sion according to its status at the time.Dynamics
of biological systems are complex and although
ABMs appear conceptually clear, the code of
ABMs tend to have particularly long lines of
code, numbering even into the thousands,
which can make them difficult to handle.

ABMs have gained popularity, particularly
inmodeling the immune system, disease dynam-
ics, and as a tool for elucidating the nature
of host–pathogen interactions. Agent-based
modeling is a modeling technique where each
agent’s action can be defined with simple rules.
Furthermore, using ABM simulations, it is pos-
sible to track dynamics of a single agent rather
than the averaged behavior of a population.
Tools have already been developed for simulat-
ing immune dynamics whereby the user can
specify the rules for an agent’s interactions,
including IMMSIM, SIMMUNE, SIS, and
reactive animation [reviewed in (Bauer et al.
2009)]. Computational-oriented studies on
host–pathogen interactions can be performed
using CyCells, PathSim, MASyV (Bauer et al.
2009), or BSim (Gorochowski et al. 2012), which
are freely available at http://bsim-bccs.sf.net.

ABMs have been implemented for the study of fungal
pathogenesis using an additional ABM tool referred to
as NetLogo (freely available at http://ccl.northwestern.
edu/netlogo/docs/). NetLogo was used to study C. albi-
cans interactions with its human host (Tyc and Klipp
2011). The authors explored the rules that determine the
dynamics of a fungal population influenced by
host phagocytic cells (Fig. 3.4). The model was then
used to investigate the effects of potential drug treatments
on fungal populations and their clearance. Another
example is a study on A. fumigatus population clearance
by neutrophils, where different rules defining neutrophil
movement were examined, such as chemotaxis along a
chemokine gradient, random walk, and communication
between the phagocytes (Tokarski et al. 2012).

H. Game Theory

Humans have developed numerous strategies
to protect themselves against invading patho-
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gens, such as controlling pathogen growth and
dissemination by clearing pathogens from the
body through activation of the innate and adap-
tive immune system. Host–microbe interac-
tions are therefore processes that can be
viewed as shifting the balance between different
populations of cells that will lead to either a
healthy or diseased host state. Populations
evolve and they establish equilibrium states in
accordance with the equilibrium of the other
populations, and this process repeats ad infini-
tum or until one partner is removed from the
interaction, i.e., by death of the host or through
pathogen clearance. Evolutionary game theory
is an approach suitable for modeling dynamics
of evolutionary processes that are assumed to
modify the population fitness landscape. This
can be assumed because normal optimization
methods for population fitness or flux rates are
not affected by interactions between indivi-
duals and the environment (Pfeiffer and Schus-
ter 2005). In short, game theory (GT) is a
framework suitable for modeling biological sys-
tems where distinct strategies can be assigned
to the individual partners.

GT has been applied to the study of survival strategies of
C. albicans in macrophages (Hummert et al. 2010) and
to growth strategies adapted by individual cells when
different carbon sources are given (Friesen et al. 2004).
GT was also exploited to study distinct utilization of
metabolic pathways by cell populations (Pfeiffer and
Schuster 2005; Ruppin et al. 2010), to study cooperation
during evolution (Nowak et al. 2004), and as an applica-
tion for optimizing altruistic behavior in microbial
populations (Schuster et al. 2010). GT was used in the
analysis of cancer cells (Gatenby and Vincent 2003), for
multiple knockout analysis in S. cerevisiae (Kaufman

et al. 2004), and for the analysis of microarrays data
via defining coalitional game sets (Albino et al. 2008;
Moretti et al. 2007, 2008).

I. Model Parameters

Simulation of a dynamic model requires knowl-
edge of the kinetic parameter values. These,
however, are often unavailable or extremely dif-
ficult to obtain from experimental data. Thus, a
process often termed parameter estimation
or more precisely, regression (Jaqaman and
Danuser 2006) has to be employed. Parameter
estimation is a typical inverse problem (i.e.,
deducing from effects to their causes) and its
objective function is the set of parameter values
that best represent the data. There are many
algorithms suitable for solving such optimiza-
tion problems that minimize the distance
between experimental data points and simula-
tion results of the model, which focus both on
local and global optimization methods (Moles
et al. 2003; Baker et al. 2010). Although global
optimization methods search for the solution to
the problem by scanning the entire parameter
space, they are computationally more expensive
and time-consuming than local optimization
methods. Comparing a global optimization
method and a local one, the latter method is
faster; however, it is limited to providing a
suboptimal solution, which in some cases
might be only a local optimum. Regardless
of the method utilized, algorithms tend to
minimize a sum of squared residuals (RSS)
given by:

Petri Nets

A B

Fig. 3.4. Petri Nets. An example PN of the reaction S1 þ 2S2 ���!enzyme
P is shown. Marking of the PN is presented

(a) before the reaction takes place and (b) after enabling the reaction
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min
p

Xn

i¼1

jyðtiÞ �MðxðtiÞ; pÞj2 ð3:4Þ

where yðtiÞ are experimental data points and
MðxðtiÞ; pÞ are the values of the simulated
model; xðtiÞ is a corresponding model variable
and p is a set of parameter values.

J. Sensitivity Analysis

Most mathematical models require parameters
to be estimated from experimental data sets.
The quality of the data fit, however, depends
both on reproducibility of experimental data
and model structure itself. We can study how
the changes in model parameters influence its
output – a technique termed sensitivity analy-
sis. Parameters with marginal effects on a
model output cannot be estimated from experi-
mental data, nor will their numerical values
significantly affect the quality of model predic-
tions. Therefore, in order to estimate a set of
parameters for a given model, one needs to
focus on generating experimental data for the
components that are strongly influenced by
these parameters. Sensitivity analysis can be
performed either locally or globally. Using
local sensitivity analysis, we can analyze the
effects of comparatively small perturbation
changes in the parameter (p) on the model
output (O), such as at steady state (SS), and
can represent the effects using the following
mathematical equation:

RO
p ¼ p

OSS

@OSS

@p
ð3:5Þ

Local sensitivity analysis does not con-
sider multiple parameter interdependencies.
It also tends not to be robust, meaning that
results will be partially affected by the para-
meters used in the model. By contrast, global
techniques for performing sensitivity analysis
search the entire parameter space, taking into
account many parameters values rather than
only one. Global techniques not only consider

larger variability in parameter values, but
they also provide a measure for parameter
interactions (Frey and Patil 2002; Marino
et al. 2008).

The matrix of coefficients obtained from
sensitivity analysis can be analyzed to address
the question of structural identification of our
model. Specifically, whenever (i) each column
contains a large absolute value (i.e., each
parameter has a strong effect on at least one
model variable), and (ii) columns are linearly
independent, then the model is structurally
identifiable (Jaqaman and Danuser 2006). In
summary, sensitivity analysis can help the
process of parameter estimation. Although a
strategy for estimating parameters is very
model-dependent, there are no golden stan-
dards and, hence, it will rely on the modeler’s
experience and the biological context.

K. Standards for Modeling

Standards in computational biology are neces-
sary to ease the exchange of the results of
research between scientific communities. SBML
has been proposed for describing models of sig-
naling pathways and GRNs (Hucka et al. 2003).
SBML is used for formatting ODE models or a
system of ordinary differential and algebraic
equations (DAE) such that they can be re-used
in other software tools. The need for standardi-
zation of models is evident from an ever-
increasing number of software tools for model
implementation. Lack of standards will inevita-
bly lead to incompatibility of themodels between
different tools, and make their broad use impos-
sible. Minimum information requested in the
annotation of biochemical models (MIRIAM)
has been proposed (Le Novere et al. 2005).
Proper annotations of model components
(using ontology names and unique database
identifiers) allow for the comparison of different
models but also enable model merging. Model
annotation can be done either manually or using
tools such as semanticSBML (http://www.
semanticsbml.org, (Krause et al. 2010)).
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IV. Conclusions and Future
Perspectives

As experimental techniques improve and evolve,
the dimensionality of the biological problems
under investigation increases in parallel. Our
knowledge about system properties increases
exponentially with the amount of biological
data. Initially, studies were focused on under-
standing the functionality of single genes and
followed strictly reductionist schemes. The
availability of high-throughput and genome-
wide data sets (genomics, metabolomics, prote-
omics epigenomics, etc.) has dramatically
extended the size and complexity of biological
problems because we have remained almost
paralyzed in our efforts to integrate data to
gain a better understanding of systems. Hence,
there is an emerging need to come up with crea-
tive and efficient solutions for integrating large-
scale data into meaningful biological context.

The ever-increasing amount of genome-
wide data sets has significantly aided our under-
standing of the nature of cellular responses and
how these have evolved. It has helped us to
identify novel network components so that it is
possible to identify what makes, for example,
one species more resistant to an antifungal drug
compared to another.

Modeling techniques across the board have
been useful in the visualization of both large- and
small-scale data sets. For each technique, it is
important to keep in mind the kind of informa-
tion that is being included, andwhat the expected
outcome of the system is. For instance, protein–
protein interactions between molecules do not
always correlate with a conserved GRN (Roguev
et al. 2008). One should also interpret thesemod-
els cautiously, especially when perturbing a
mathematical model by including gene muta-
tions or alternations in the system, since such
alterationsmay also change physical interactions
of the proteins and therefore may not fit the
proposed model structure (Goh et al. 2007;
Zhong et al. 2009). There are also benefits and
limitations to modeling a single cell versus a cell
population. It is imperative to weigh the pros and
cons of each of these limitations when modeling
biological data.

The generation and cataloguing of further
data sets and models will become increasingly
important in fostering our understanding of
fungal virulence and for the prediction of alter-
native or even novel therapeutic strategies.
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I. Introduction

Pattern recognition receptors (PRRs) play a key
role in the antifungal immune response by
recognizing pathogen-associated molecular pat-
terns (PAMPs) on the surface of fungi and initi-
ating antimicrobial defenses. PRRs are found on
myeloid and epithelial cells and provide the first
line of immune defense by stimulating phagocy-
tosis, respiratory burst, release of antimicrobial
compounds, leukocyte recruitment, and impor-
tantly, release of inflammatory lipids and

cytokines. PRR engagement drives adaptive
responses through the release of cytokines that
polarize Th1 and Th17-type effector T cells,
which are crucial for the control of fungi. PRRs
primarily recognize fungal cell wall carbo-
hydrates (Fig. 4.1); these include the structural
carbohydrate b-1,3-glucan and mannan modifi-
cations found on cell wall proteins. Chitin has
demonstrable immunomodulatory properties,
but no PRR has been identified that recognizes
it (Reese et al. 2007). PRRs are selective for their
individual ligands, but receptors will collaborate
to elicit orchestrated responses to individual
microbes. To date, known classes of PRR that
recognize fungi and modulate cellular responses
include the Toll-like (TLR), C-type lectin (CLR),
Nod-like (NLR), scavenger and complement
receptor families. Although TLRs are the best-
described class of PRR with regards to other
types of pathogens, CLRs are emerging as the
major receptor for the recognition of fungi.

II. Pattern Recognition Receptors
and Their Fungal Ligands

A. Toll-Like Receptors

The TLRs are the best-characterized family of
PRR, and are part of a larger “interleukin-1/
Toll-like receptor” superfamily of interleukin
(IL) and Toll-like receptors. The members of
this superfamily share a characteristic intracellu-
lar TIR (Toll-IL-1 receptor) domain, which func-
tions as a protein–protein interaction motif
for TIR-containing adaptors such as MyD88
and Trif. TLRs are single membrane-spanning
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noncatalytic receptors that bind microbial
ligands and initiate signaling via MyD88 and
Trif pathways. The extracellular ligand binding
domain of TLRs has the characteristic
horseshoe-like structure of the leucine-rich
repeat (LRR) family of proteins. Upon ligand
binding, TLRs homo- or heterodimerize with
other TLRs or the adaptor protein MD2. TLR
ligands include such diverse microbial products
as bacterial lipopolysaccharide (LPS), lipopro-
teins, glycolipids, flagellin, double-stranded
RNA, and unmethylated CpG DNA.

A number of TLRs have been implicated in
fungal recognition, including TLR1, TLR2,
TLR4, TLR6, TLR7, and TLR9 (Netea et al.
2008; Brown 2011; Wuthrich et al. 2012). Fungal
ligands are not determined for every TLR;
although we do know that TLR2 and TLR4 rec-
ognize phospholipomannan and N- or O-linked
glycans, respectively, and that TLR9 recognizes
fungal DNA. The individual roles of each TLR in
their ability to initiate immune responses to
fungi are not fully defined and often controver-
sial. For example, TLR4 stimulates tumor
necrosis factor-a (TNF-a) production and intra-
cellular signaling during Aspergillus fumigatus,
Candida albicans, and Cryptococcus neoformans
infections, yet TLR4-driven cytokine production

in response to C. albicans is highly variable
between different strains (Netea et al. 2010),
and this may be reflected by strain-dependent
alterations in cell wall structure. Further exam-
ples include TLR2 recognition of C. albicans,
whose activity in some mouse models is
immunosuppressive, while in others it is protec-
tive (Netea et al. 2004; Villamon et al. 2004).

Mice lacking the TLR adaptor protein
MyD88 are susceptible to infections with many
fungal species, including C. albicans, Paracocci-
dioides brasiliensis, A. fumigatus, and C. neofor-
mans, thus TLR signaling pathways are crucial
for the control of fungal infection. Furthermore,
even if the specific roles of TLRs in fungal infec-
tion are unclear, polymorphisms in specific
TLRs have been linked to human susceptibility
to fungal disease in immunosuppressed
patients (Netea and van der Meer 2011). It is
important to note, however, that immunocom-
petent individuals who lack MyD88 and other
critical downstream signaling components are
not predisposed (von Bernuth et al. 2008).
Recent evidence demonstrates that TLRs and
their signaling components can cooperate with
other types of PRR, particularly CLRs, to initi-
ate immune responses to fungi. The interaction
of TLRs or MyD88 with CLRs is an integral
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Fig. 4.1. Fungal PAMPs. The fungal cell wall is rich in
carbohydrates such as a-mannan (mannosylated pro-
teins), b-glucan, and chitin. The cell wall is a dynamic
structure capable of considerable changes, particularly
during morphological transition such as yeast to
hyphae. Furthermore, the composition of the cell wall

varies between different fungal species. Several CLRs
have been identified that recognize these cell wall struc-
tures, including transmembrane and soluble CLRs. No
receptors have been identified that recognize chitin;
however, it has demonstrable immunomodulatory
properties
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component of antifungal immunity and will be
discussed in more detail in later sections of this
chapter.

B. C-Type Lectin Receptors

The CLR superfamily consists of soluble and
transmembrane proteins defined by a character-
istic carbohydrate recognition domain (CRD) or,
more accurately, a C-type lectin-like domain
(CTLD). The “C” denotes a historical require-
ment for calcium binding, although calcium
binding is not required for all the CLRs known
to date. Collectively, CLR bind nearly every fun-
gal species that infects vertebrates, including
C. albicans, A. fumigatus, Pneumocystis carinii,

Coccidioides immitis, P. brasiliensis,Histoplasma
capsulatum, Malassezia sp., Trichophyton sp.,
and C. neoformans (Taylor et al. 2005; Brown
2006; McGreal et al. 2006; Sato et al. 2006;
Wuthrich et al. 2012). Many CLR are coupled
either directly or indirectly to the Src family
signal transduction kinase Syk, which activates
MAPK, NFAT, and through the PKCd-CARD9-
Bcl10-MALT1 axis, nuclear factor-kB (NFkB)
(Fig. 4.2) (Sato et al. 2006; LeibundGut-
Landmann et al. 2007; Robinson et al. 2009).
Genetic deletion of Syk or CARD9 in mice or
humans abrogates protective immune responses
to fungal particles and intact C. albicans yeasts,
and these deficiencies are greater than deletions
in any single CLR receptor (Rogers et al. 2005;
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Fig. 4.2. PRR signal transduction pathways. Trans-
membrane PRRs involved in antifungal immunity
and their intracellular signaling pathways. Dectin-1,
Dectin-2, and Mincle induce intracellular signaling via
immunoreceptor tyrosine (Y)-based activation motifs,
which recruit and activate Syk kinase either directly or
indirectly through the FcRg adaptor chain. Syk signals
through protein kinase C (PKC)d to activate the
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scription and the production of various inflammatory
mediators. When caspase-8 is included in this com-
plex, it can cleave pro-IL-1 b into is biologically active
form. Dectin-1 additionally signals through MAPK
and NFAT; DC-SIGN and Dectin-1 can signal via the
Raf-1 kinase pathway, which modulates the activity of
other signaling pathways and gene transcription. TLR
primarily signal through MyD88, but can also utilize
TRIF
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Gross et al. 2006; LeibundGut-Landmann et al.
2007). Some CLR activate noncanonical NFkB
subunits through the Raf1 kinase (Gringhuis
et al. 2007, 2009b), and the signaling pathways
for other CLR are unknown at the time of writing
this chapter. CLR initiate immunity to fungi
through stimulating phagocytosis, respiratory
burst, and the release of cytokines that polarize
adaptive responses toward protective Th1/Th17
immunity. Here we will cover the transmem-
brane and soluble CLRs that are known to initi-
ate immunity against fungi.

1. Dectin-1

Dendritic cell-associated C-type lectin receptor-1
(Dectin-1) was initially identified in a subtrac-
tive cloning screen as a dendritic cell-associated
receptor with unknown function (Ariizumi et al.
2000b). Later, zymosan screening of a macro-
phage cDNA expression library identified
Dectin-1 as the first known pattern recognition
receptor for b-glucan (Brown and Gordon
2001). The gene encoding for Dectin-1,
CLEC7a, is found within the natural killer cell
(NKC) gene complex within a cluster of genes
encoding for several PRRs that is now known as
the Dectin-1 cluster (Huysamen and Brown
2009). Dectin-1 contains an immunoreceptor
tyrosine-based activation motif (ITAM)-like
domain (also called a Hemi-ITAM) in its cyto-
plasmic tail that mediates cellular activation
through the phosphorylation of a key tyrosine
residue that serves as a docking site for the signal
transduction kinase Syk. Dectin-1 lacks calcium-
binding motifs and thus does not require
calcium for ligand recognition.

Dectin-1 selectively and specifically binds
b-1,3-glucans, which are structural carbohy-
drates in the fungal cell wall (Gow et al. 2012);
interestingly there seems to be an unidentified
endogenous ligand present on T cells (Ariizumi
et al. 2000b). b-glucan-containing particles such
as zymosan and curdlan are potent Dectin-1 acti-
vators often used to probe Dectin-1 function
in vitro, and the activity of these ligands can be
competitively inhibited by the soluble b-glucans
glucan phosphate and laminarin. Dectin-1 utilizes
the signal transduction kinase Syk to activate

MAPK, NFAT, and through the PKCd-CARD9-
Bcl10-MALT1 axis, NFkB (Gross et al. 2006;
Goodridge et al. 2007; LeibundGut-Landmann
et al. 2007; Sancho and Reis e Sousa 2012; Strasser
et al. 2012). Furthermore, Dectin-1 can activate
noncanonical NFkB subunits independently of
Syk through the serine and threonine kinase
Raf-1 (Gringhuis et al. 2009b), though it is unclear
how Raf-1 interacts with the receptor itself. Inter-
estingly, Dectin-1 signaling is only accomplished
upon clustering into a “phagocytic synapse” from
which the regulatory tyrosine phosphatases CD45
and CD148 are excluded (Goodridge et al. 2011).

Dectin-1 binds a range of fungal pathogens,
and its importance to antifungal defense is evi-
denced by susceptibilities to A. fumigatus,
C. albicans, and P carinii infections in Dectin-
1-deficient mice. Dectin-1 is expressed primar-
ily on cells of myeloid lineage, specifically
macrophages, dendritic cells, monocytes, and
neutrophils, although it is also found on an
innate-like subset of T cells, gd T cells (Martin
et al. 2009). Dectin-1 engagement on myeloid
cells initiates phagocytosis, respiratory burst,
and release of inflammatory mediators includ-
ing eicosanoids and cytokines/chemokines
such as TNF-a, IL-1b, IL-6, IL-23, CCL2,
CXCL1, and CCL3. These effects are mediated
by the Syk/CARD9 signaling pathway in all
cell types except for macrophages, in which
Dectin-1 elicits phagocytosis independently of
Syk (Herre et al. 2004). Indeed, in macrophages,
Syk/CARD9 is only required for respiratory
burst, and this response is restricted to a subset
of cells that are primed to use this kinase
(Underhill et al. 2005). Interestingly, myeloid
usage of Syk/CARD9 is cell-type-specific, with
only bone marrow-derived dendritic cells, peri-
toneal macrophages, alveolar macrophages,
and GM-CSF or interferon (IFN)-g primed
bone marrow-derived macrophages being able
to produce robust TNF-a following Dectin-1
stimulation (Goodridge et al. 2009a). Addition-
ally, dendritic cells stimulated by Dectin-1
activate naı̈ve CD4+ T cells and direct their
polarization towards protective Th1/Th17
effector cells. Th17 immunity is crucial to anti-
fungal defenses at mucosal sites of infection
such as the oral mucosa (Conti et al. 2009);
furthermore, during pulmonary infection with
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A. fumigatus, Dectin-1 suppresses IL-12 and
IFN-g production, favoring Th17 differentia-
tion (Rivera et al. 2011). Interestingly, Dectin-1-
stimulated dendritic cells instruct a percentage
of regulatory T cells (Treg) to become IL-17
secreting effector cells (Osorio et al. 2008).

Th17 effector cells require IL-1b, IL-6, and IL-23 for
polarization and maintenance; however, IL-1b is initially
produced as a pro-peptide that requires cleavage to
mature to its bioactive form. The inflammasome is a
complex of cytoplasmic proteins responsible for the
cleavage of pro-IL-1b, and Dectin-1 stimulation leads
to the activation of the inflammasome and IL-1b produc-
tion. Dectin-1-derived signals are translated to NLRs
such as NLRP3 or NLR4C by an unknown mechanism
that activates caspase-1 and initiates IL-1b processing;
additionally, a direct link to IL-1b processing from
Dectin-1 through a noncanonical inflammasome involv-
ing caspase-8 has also been described (Gringhuis et al.
2012).

The importance of Dectin-1 in antifungal
immune defense is evidenced by human poly-
morphisms that lead to susceptibility to fungal
infection. One polymorphism in Dectin-1,
Y238X, generates an early stop codon, resulting
in a truncated nonfunctional receptor. This
mutation has been identified in patients with
recurrent mucosal candidiasis, and cells from
these patients have poor cytokine responses to
C. albicans and b-glucan (Ferwerda et al. 2009).
Interestingly, individuals with CARD9 poly-
morphisms have a more severe phenotype than
that of Dectin-1 (Glocker et al. 2009). CARD9
deficiency renders humans susceptible to infec-
tion with Candida and results in complete
Th17 deficiency and altered Th1 responses
(LeibundGut-Landmann et al. 2007; Glocker
et al. 2009). Reduced Th17 responses also corre-
late with susceptibility to mucocutaneous infec-
tions in Dectin-1-deficient humans (Ferwerda
et al. 2009). Indeed, various defects in Th17
immunity, including mutations in STAT1,
STAT3, IL-17, and IL17RA have been linked to
susceptibility tomucocutaneous infections, espe-
cially chronic mucocutaneous candidiasis
(CMC) (Ma et al. 2008; Milner et al. 2008; Liu
et al. 2011; Puel et al. 2011; van de Veerdonk
et al. 2011b). Furthermore, other diseases char-
acterized by susceptibility to CMC, such as auto-
immune polyendocrine syndrome 1, are also

associated with alterations in Th17 immunity
(Kisand et al. 2010; Puel et al. 2010). Recently, a
polymorphism in Dectin-1 has also been linked
to a severe formof ulcerative colitis, implicating a
crucial role for this receptor inmodulating fungal
responses in the microbiome (Iliev et al. 2012).

2. Dectin-2

Dectin-2 was originally identified as an over-
expressed transcript in a murine myeloid leu-
kemia model (Fernandes et al. 1999), and was
also identified as a dendritic cell-specific lectin
in the subtractive cloning screen that identified
Dectin-1 (Ariizumi et al. 2000a). Since the gen-
eration of an anti-Dectin-2 antibody, it has also
been found on tissue macrophages and
peripheral blood monocytes (Taylor et al.
2005). Dectin-2 is selective and specific for
a-mannans, such as those found in the fungal
cell wall (McGreal et al. 2006; Robinson et al.
2009). Dectin-2 is structurally similar to Dectin-1;
however, its cytoplasmic tail is truncated
and thus lacks an ITAM domain. Instead,
Dectin-2 couples with the ITAM-containing
FcRg to activate Syk and, subsequently, the
PKCd-CARD9-Bcl10-MALT1 axis (Sato et al.
2006). The Dectin-2 CRD contains an EPN
(Glu-Pro-Asn) motif that often indicates man-
nose specificity and is also found in the CLRs
DC-SIGN, MBL, andMR. The gene encoding for
Dectin-2 (CLECf4n) is also found within the
NKC gene complex, in a cluster of genes adja-
cent to the Dectin-1 cluster. Genes encoded in
the Dectin-2 cluster include another important
fungal CLR, Mincle, as well as PRRs involved in
cell turnover and homeostasis, such as BDCA-1,
DCIR, and DCAR. Each of these receptors in the
Dectin-2 cluster couple to FcRg to initiate sig-
naling, except for DCIR, whose cytoplasmic tail
contains an inhibitory immunoreceptor (ITIM)
signaling motif (Graham and Brown 2009).

Like Dectin-1, Dectin-2 also binds zymosan
particles with high affinity; interestingly, how-
ever, when it comes to C. albicans Dectin-2 is
thought to preferentially bind the hyphal mor-
phology whereas Dectin-1 preferentially binds
yeasts, although there is plenty of evidence to
suggest that Dectin-1 will bind hyphae and
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Dectin-2 yeasts (Gantner et al. 2005; Sato et al.
2006; Saijo and Iwakura 2011). In fact, cytokine
production in response to C. albicans hyphae is
only mildly abrogated in macrophages from
Dectin-2-deficient mice, indicating that other
receptors are clearly involved. Dectin-2 is
known to bind a variety of fungal species,
including C. albicans, unencapsulated C. neo-
formans, H. capsulatum, P. brasiliensis, and the
dermatophyte species Microsporum and Tri-
chophyton (Sancho and Reis e Sousa 2012).
Ligation of Dectin-2 results in yeast phagocyto-
sis and release of inflammatory cytokines,
including TNF-a, IL-1b, IL-6, IL-12, and IL-23
(Robinson et al. 2009; Saijo et al. 2010).
Dectin-2 signaling drives antifungal Th17
responses, and Dectin-2-deficient mice are
impaired in Th17 immunity and are thus sus-
ceptible to C. albicans infection; however,
Dectin-2 appears to collaborate with Dectin-1
to modulate Th1 immunity, rather than directly
drive Th1 immunity on its own (Robinson et al.
2009; Saijo et al. 2010). Interestingly, Dectin-2 can
also drive Th2 responses during allergy (Barrett
et al. 2011). No humanDectin-2 polymorphisms
have been identified to date.

3. DC-SIGN

The dendritic cell-specific intercellular adhe-
sion molecule-3-grabbing non-integrin recep-
tor (DC-SIGN, CD209) in the human genome
is found within a cluster of genes that encode
for three related members of a “DC receptor”
class, so named for their homology to DC-SIGN.
These other members include CD23, a char-
acteristic surface molecule of B cells, and
SLectin, which is found on liver endothelium
(Geijtenbeek et al. 2000). The murine DC-SIGN
locus contains eight paralogues of CD209
(SIGNR1 to SIGNR8), though SIGNR6 is a pseu-
dogene. SIGNR3 appears to be the closest rela-
tive to human DC-SIGN, as it is the only isoform
that recognizes terminal mannose; however,
SIGNR1 may also bind fungi (Powlesland et al.
2006). DC-SIGN is found on dendritic cells of
the skin and mucosa and some subsets of tissue
macrophages. Structurally, DC-SIGN contains
a characteristic C-type lectin CRD with a

mannan-binding EPN motif, transmembrane
stalk, and intracellular tyrosine implicated in
signaling. It functionally exists in the mem-
brane as a tetramer, which lends a great amount
of flexibility to ligand binding, and organizes
itself into nanoclusters in the membrane
(Cambi et al. 2004; Manzo et al. 2012).DC-SIGN
binds mannose and fucose linkages of diverse
microbial origin, including fungi, bacteria, and
viruses. Though DC-SIGN contains an intracel-
lular tyrosine it has not been directly associated
with signaling; however, it does mediate phago-
cytosis of fungi, and plays a modulatory role in
cytokine production. Like Dectin-1, DC-SIGN
can activate noncanonical NFkB through Raf-1
(Gringhuis et al. 2007). Interestingly, DC-SIGN
utilizes Raf-1 to collaborate with various TLRs
to modulate cytokine signaling. Raf-1 activity
results in acetylation of the p65 subunit of
NFkB, but only after NFkB is previously acti-
vated by TLR3, TLR4, or TLR5. This NFkB
acetylation leads to increased NFkB binding
affinity at cytokine genes, including those cod-
ing for IL-6, IL-10, and IL-12. Thus, while Raf-1
activation by DC-SIGN is independent of TLRs,
TLR signaling must first activate NFkB for
Raf-1 to have its modulatory effects (Gringhuis
et al. 2007). Furthermore, depending on
whether mannose or fucose is presented, Raf-1
may be excluded from the signaling complex,
resulting in differential cytokine expression.
For example, Raf-1 is excluded upon recogni-
tion of Helicobacter pylori, a fucose-containing
bacteria (Gringhuis et al. 2009a).

4. Mannose Receptor

Receptors with fungal mannose-binding capabil-
ity have been described since the early 1980s, and,
as such, the mannose receptor (MR, CD206,
Clec13D) was the first characterized fungus-
binding receptor (Jouin et al. 1981; Berton and
Gordon 1983). MR is the prototypical member of
the MR family of lectins that includes Dec205,
Endo180, and phospholipase A2 receptor
(PLA2R), which are all collagen-binding
endocytic receptors involved in the clearance
of endogenous ligands. MR is expressed on
macrophages, inflammatory dendritic cells, and

82 S.E. Hardison and G.D. Brown



some non-myeloid cells such as liver endothe-
lium.MR recognizes terminal mannose residues
ofa-mannan froma variety ofmicrobial sources
as well as putative endogenous ligands (Linehan
et al. 2001). The MR family of receptors has a
unique structure compared to other CLRs, con-
taining multiple CRD domains. MR itself has
eight CRDs that bind carbohydrate moieties
with varying specificity, although five of these
(CRD4-8) are adequate to reproduce the binding
affinity of the full-length molecule (Taylor et al.
1990, 1992). MR does not contain any known
consensus sequence for signal transduction,
and no signaling pathways have been identified
for it; therefore, MR probably exists as a modu-
latory receptor that facilitates the activities of
canonical PRRs (Martinez-Pomares 2012). The
MR has been implicated in the recognition of
several fungi in vitro, yet in mice this receptor
appears to only be required for protective immu-
nity to infections with C. neoformans (Lee et al.
2003; Dan et al. 2008). Although its signal trans-
duction mechanisms are unknown, MR activa-
tion is known to promote the development of
Th17 responses against C. albicans; however,
MR knockout mice are not susceptible to infec-
tion with C. albicans or P. carinii (Lee et al. 2003;
Swain et al. 2003; van de Veerdonk et al. 2009).

5. Mincle

The macrophage-inducible C-type lectin, Mincle
(Clec4e, Clecsf9), is located in the Dectin-2 clus-
ter of the NKC gene complex and is structurally
similar to Dectin-2. Mincle couples to Syk via
the FcRg to activate the PKCd-CARD9-Bcl10-
MALT1 axis, although Mincle does not induce
phagocytosis, only cytokine production, in
response to fungal ligands (Wells et al. 2008).
Mincle is constitutively expressed at a low level
on myeloid cells, and can be induced by LPS or
cytokines such as IFN-g. Although the FcRg is
not necessary for surface expression of Mincle,
upregulation in response to LPS stimulation is
abrogated in FcRg-deficient mice (Yamasaki
et al. 2008). Interestingly, the expression pattern
of Mincle in response to C. albicans is similar
to that of TLR2 (Wells et al. 2008). Mincle
recognizes a-mannan in the cell wall of C. albi-

cans, F. pedrosoi, andMalassezia sp., is a recep-
tor for mycobacterial cord factor, and plays a
major homeostatic role in sensing necrosis,
namely through recognition of the endogenous
ligand SAP130 (Brown 2008; Bugarcic et al. 2008;
Wells et al. 2008; Yamasaki et al. 2009). Using an
NFAT-GFP reporter cell line, Mincle was found
to specifically recognize several strains ofMalas-
sezia sp., and Mincle-deficient mice challenged
with Malassezia produced less TNF-a, IL-10,
CXCL1, and CXCL2 than wild-type mice
(Yamasaki et al. 2009). Mincle is also necessary
for proinflammatory TNFa responses to F. ped-
rosoi, particularly during TLR co-stimulation
(see below) (Sousa Mda et al. 2011). Mincle-
deficient mice are more susceptible to infection
with C. albicans; however, there are no differ-
ences in survival between wild-type and Mincle-
deficient mice when given a lethal dose of
C. albicans, suggesting that Mincle plays a regu-
latory role for the receptor during Candida
infection that can be compensated for (Wells
et al. 2008). Although there is no data as yet
for Mincle-mediated polarization of adaptive
responses to fungi, it is known that Mincle is
essential for driving Th17 responses to myco-
bacterial factors (Schoenen et al. 2010).

6. Collectins

Collectins are a family of soluble, secreted
C-type lectins. Structurally, they contain the
characteristic C-type lectin CRD, which is
linked to a collagen-like arm, and individual
subunits combine to form a functional multi-
meric protein (see Table 4.1). In mice, this class
is composed of surfactant proteins A and D
(SP-A, SP-D) and two mannose-binding lectins
(MBL1 and MBL2), whereas in humans there
are two SP-A isoforms and only one MBL.Man-
nose and terminal mannan are the primary
ligands that SP-A, SP-D, and MBL bind, and
together these receptors have been found to
bind nearly every known human fungal patho-
gen, including A. fumigatus, B. dermatitidis,
C. albicans, C. neoformans, H. capsulatum,
and P. carinii (Brummer and Stevens 2010).
Although lung surfactants are required for
respiration by reducing surface tension at the
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air–liquid interface, their immune role is to
opsonize yeast cells or conidia, causing aggre-
gation of the fungal particles and resulting in
enhanced phagocytosis and oxidative burst by
macrophages. Surfactant-opsonized zymosan
particles are taken up by macrophages as
aggregates, an effect that can be reversed by
EDTA (Faro-Trindade et al. 2012). Uptake of
surfactant-opsonized particles has been sug-
gested to occur via interaction with opsonic
receptors such as C1q (Eggleton et al. 2000),
and cytokine responses are thought to occur
in collaboration with other PRRs or a putative
SP-A receptor (Gardai et al. 2003; Kuroki et al.
2007). However, recent studies have suggested
that the only major function of surfactant in
fungal recognition is particle aggregation
(Faro-Trindade et al. 2012). SP-A and SP-D
are produced by type II alveolar cells and
Clara cells in the airways; MBL is produced in
the liver and released into the plasma for distri-
bution. MBL is an opsonic factor in the
lectin pathway of complement activation. MBL
recognizes antibody–antigen complexes and
interacts with proteases such as C1r or MBL-
associated serine proteases (MASPs), which
then activate the lectin pathway of complement.
Interestingly, low MBL levels have been asso-
ciated with susceptibility to mycoses in humans
(Mullighan et al. 2002; Granell et al. 2006).
SP-D-deficient mice are susceptible to pulmo-
nary A. fumigatus infection, which can be
reversed by administration of exogenous SP-D;
however, SP-A-deficient mice are more resistant
to A. fumigatus, a result that is characterized by
higher IL-4 to IFN-g ratios (Madan et al. 2010).

C. NOD-Like Receptors

Nucleotide oligomerization domain (NOD)-like
receptors (NLRs) are a family of more than 20
cytoplasmic proteins that regulate inflamma-
tory and apoptotic processes, including the pro-
cessing and activation of pro-IL-1b and pro-IL-
18 in a multiprotein complex termed the
“inflammasome” (Franchi et al. 2012). Both of
these cytokines are essential for protective anti-
fungal immunity, particularly for driving the

development of protective Th1 and Th17
responses (van de Veerdonk et al. 2011a). Two
NLRs (NLRP3 and NLRC4) and their inflam-
masome components, including the adaptor
molecule ASC and the protease caspase-1, are
implicated in mediating IL-1b and IL-18
responses to fungi (Netea et al. 2003; Vonk
et al. 2006; Gross et al. 2009; Hise et al. 2009;
Said-Sadier et al. 2010; van de Veerdonk et al.
2011a). Both NLRs are required for controlling
mucosal infections with Candida, but only
NLRP3 is involved in preventing dissemination
(Hise et al. 2009; Tomalka et al. 2011). CLRs
and TLRs can induce pro-IL-1b in response to
fungi, but how the NLRs actually sense fungal
pathogens is still unclear. Activation of the
NLRP3 inflammasome in response to A. fumi-
gatus and C. albicans requires Syk kinase, as
well as respiratory burst and potassium efflux,
which is suggestive of a direct involvement of
CLRs (Gross et al. 2009; Hise et al. 2009; Said-
Sadier et al. 2010). One inflammasome pathway,
mediated by caspase-8 cleavage, is directly sti-
mulated via Dectin-1 through Syk and does not
require ASC or NLRs; instead caspase-8 is
integrated into the CARD9-Bcl10-MALT1 com-
plex via binding to MALT1 (Gringhuis et al.
2012) (Fig. 4.2).

D. Scavenger Receptors

Scavenger receptors are best known for their
roles in atherosclerosis and Alzheimer’s disease.
During atherosclerosis, they bind and internalize
oxidized polyanionic lipid products such as
LDL, generating the classic “foamy” cell macro-
phage morphology and leading to enhanced
plaque inflammation. In the case of Alzheimer’s
disease, it is believed that scavenger receptors
such as CD36 recognize amyloid fibrils, resulting
in protein secretion that exacerbates amyloid
adducts. Scavenger receptors also bind a wide
diversity of ligands and are crucial mediators of
turnover, clearance, and homeostasis through-
out the lifespan of an individual; they also play
a role in the recognition of microbe-derived
ligands, including fungal PAMPs such as
b-glucan (Goodridge et al. 2009b). Scavenger
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receptor A (SRA) isoforms I and II have been
shown to mediate uptake of C. albicans yeasts in
transfected CHO cells; however, macrophages
from SRA-I/II-deficient mice show no defect in
uptake, suggesting a redundant role for these
receptors in fungal recognition (Wang and
Chandawarkar 2010). Scavenger receptor class
F, member 1 (SCARF) and CD36 have been
shown to mediate uptake of C. neoformans and
to modulate TLR2 signaling in response to fun-
gal pathogens (Means et al. 2009).

E. Complement

Complement is an inducible cascade of factors
that lead to pathogen opsonization, agglutina-
tion, and the assembly of a pore-forming com-
plex in the membrane. The three pathways of
complement activation (classical, lectin, and
alternative) converge at the level of C3, generat-
ing the anaphylatoxins C3a and C5a and the
membrane attack complex (MAC). The classical
pathway begins with deposition of C1q onto
antigen–antibody complexes; the lectin pathway
with the binding of MBL to surface carbohy-
drates; and the alternative pathway by spontane-
ous activation of C3. Fungi are potent activators
of complement, resulting in opsonization,
uptake, and recruitment of inflammatory cells,
and this is essential for the clearance of fungi, as
complement-deficient mice are susceptible to
infection (Kozel 1996). Specifically, mice defi-
cient in C3 or A/J and DBA2 mice, which are
naturally deficient in C5, are susceptible to infec-
tion with C. albicans, and C3 is implicated in
mortality after very high doses of Saccharomyces
cerevisiae in mice (Tsoni et al. 2009). Interest-
ingly, fungi are resistant to complement-
mediated lysis by theMAC, therefore the crucial
roles of complement appear to be opsonization,
uptake by myeloid or other inflammatory cells,
and regulation of inflammation. Some comple-
ment components specifically recognize fungal
PAMPs: complement receptor 3 (CR3) possesses
a lectin domain that binds b-glucan, and C3b
and C3d are readily deposited on beads coated
with b-1,6-glucan (Rubin-Bejerano et al. 2007;
Goodridge et al. 2009b).

III. Immune Modulation by Fungal
Pattern Recognition Receptors

Fungal recognition by PRRs mobilizes innate
immune cells to initiate antimicrobial responses,
and skews the polarization of adaptive immunity
towards protective Th1 and Th17 immunity. All
of the signaling CLRs described above (Dectin-1,
Dectin-2, DC-SIGN, MR, and Mincle) directly
contribute to these processes, and their critical
role in immunity is evidenced by increased sus-
ceptibilities to fungal infection in CLR-, Syk-, or
CARD9-deficient mice (LeibundGut-Landmann
et al. 2007; Saijo et al. 2007; Taylor et al. 2007;
Wells et al. 2008; Robinson et al. 2009; Saijo et al.
2010). The individual role of TLRs in antifungal
immunity is controversial; however, their mod-
ulatory activity on CLR function is critical, as
will be discussed later in this chapter. Scavenger
receptors appear to be ancillary phagocytic
receptors, but may modulate TLR responses.
NLRs initiate inflammasome processing of
IL-1b, which is crucial for antifungal immunity;
however, prior TLR or CLR engagement is
required for NLR inflammasome activation
against fungi. Interestingly, an inflammasome-
activating pathway independent of NLRs and
dependent on Dectin-1 has recently been
described, circumventing NLR inflammasomes
during fungal infection (Gringhuis et al. 2012).
Thus, it is apparent that CLRs are the critical
receptor class for immunity to fungi, and the
involvement of other PRRs modulates and
refines these responses.

Phagocytic cells are essential components
of protective antifungal immunity and defects
in their antimicrobial effects result in suscepti-
bility to fungal infection. CLR mediate these
functions and promote inflammatory responses
during fungal infection. Dectin-1 and Dectin-2,
for example, induce the production of inflam-
matory mediators, including eicosanoids, TNF,
IL-1b, IL-6, IL-23, CCL2, CXCL1, and CCL3
(Underhill et al. 2005; Saijo et al. 2010; Suram
et al. 2010). In mouse models of infection with
C. albicans, loss of Dectin-1 or Dectin-2 results
in a failure to mount protective inflammatory
responses, defective neutrophil and monocyte
recruitment, and a failure to control fungal

Receptor–Ligand Interactions in Fungal Infections 87



growth (Taylor et al. 2007; Saijo et al. 2010). The
same observations have been made in Dectin-1-
deficient mice infected with P. carinii or A.
fumigatus (Saijo et al. 2007; Werner et al. 2009).

As we have already discussed, CLRs drive
critical adaptive responses to fungi. All of the
signaling CLRs that recognize fungi are capable
of inducing or modulating Th1 and/or Th17
responses.Although Th1 responses are essential
for the control of systemic fungal infections, in
part through the activation of phagocytes by the
cytokine IFN-g, Th17 responses appear to
be required for mucosal protection (Conti and
Gaffen2010; Romani 2011). How Th17 responses
drive protection in the mucosa is unclear, but is
thought to involve IL-17-mediated neutrophil
recruitment and IL-22-mediated induction of
antimicrobial peptides from epithelial cells
(Conti and Gaffen 2010). Th17 responses may
also be involved in controlling systemic infec-
tions with some fungi, such as Candida,
although there is evidence to suggest that these
responses may contribute to pathology and sus-
ceptibility in certain settings (Zelante et al. 2007;
Saijo et al. 2010). Interestingly, during pulmo-
nary infection with Aspergillus, Dectin-1 sup-
presses IL-12 and IFN-g production, favoring
Th17 differentiation (Rivera et al. 2011).

Although it is unclear how Th17 immunity drives pro-
tection, there are significant insights into the mechan-
isms by which CLRs drive Th17 responses. Stimulation
of Dectin-1, for example, induces dendritic cell matura-
tion and the expression of polarizing cytokines such
as IL-1b, IL-6, and IL-23, which promote Th17 differ-
entiation (LeibundGut-Landmann et al. 2007). The
activation of the NFkB subunit, c-Rel, by the CARD9-
Bcl10-MALT1 complex induces the production of IL-1b
and IL-23, and this is essential for Dectin-1- and
Dectin-2-mediated Th17 differentiation (Gringhuis
et al. 2011). In fact, Dectin-2 appears to selectively
activate c-Rel, whereas Dectin-1 also activates other
NFkB subunits, including the noncanonical RelB,
which promotes both Th1 and Th17 responses in vitro
(Gringhuis et al. 2009b; Gringhuis et al. 2011). Dectin-1-
stimulated dendritic cells can convert a subset of Treg
cells into IL-17 secreting effector T cells (Osorio et al.
2008). Furthermore, Dectin-1 (along with TLR2) can
amplify MR-induced Th17 responses (van de Veerdonk
et al. 2009).

CLRs and their signaling pathways play
varied roles in the development of antifungal

immune responses. Notably, CARD9 deficiency
renders both mice and humans susceptible to
infection with Candida and results in ablated
Th17 and altered Th1 responses (LeibundGut-
Landmann et al. 2007; Glocker et al. 2009).
Reduced Th17 responses also correlated with
susceptibility to mucocutaneous infections in
Dectin-1-deficient humans (Ferwerda et al.
2009). In mice, deficiency of Dectin-1 or
Dectin-2 results in susceptibility to infection
with Candida, but only loss of Dectin-2 resulted
in significant alterations in Th17 responses
(Robinson et al. 2009; Saijo et al. 2010). Loss of
both Dectin-1 and Dectin-2, however, also lead
to profound reductions in Th1 responses, fur-
ther demonstrating the importance of receptor
cooperation, which will be discussed later in this
chapter (Robinson et al. 2009). Interestingly,
Dectin-2 is capable of inducing Th2 immunity
in response to house-dust mite allergens (Barrett
et al. 2011), but whether this receptor, or other
CLRs, are able induce this type of response to
fungi needs to be investigated, as Th2 immunity
is generally considered to contribute to fungal
susceptibility (Romani 2011).

Fungi, through the activities of CLRs, can
also influence the function of gd and iNKT cells.
gd T cells are potent innate sources of IL-17,
and they produce this cytokine in response to
IL-23 and IL-1b by directly ligating to the path-
ogen (Sutton et al. 2009). CCR6+ gd T cells
express TLR1, TLR2, and Dectin-1, and trigger-
ing of these receptors directly induces IL-17
production in these cells; importantly, this
IL-17 is produced in large amounts and is
prior to the development of adaptive Th17
responses, potentially delivering a polarizing
source of cytokine to drive early responses
(Martin et al. 2009; Sutton et al. 2009). iNKT
cells, in contrast, do not respond directly to
fungi, although they are required for the con-
trol of fungal pathogens in vivo. Instead, IL-12
production mediated by Dectin-1 or TLRs
enables self-reactive iNKT cells to produce
IFN-g (Cohen et al. 2011). Although Dectin-1
normally suppresses IL-12 production by den-
dritic cells, as discussed above, co-culture with
iNKT cells restored production of this cytokine.
Such iNKT responses could be initiated by sev-
eral fungal species, including A. fumigatus,
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C. albicans, H. capsulatum, and Alternaria
alternate (Cohen et al. 2011). Thus, the
CLR-mediated responses of gd and iNKT cells
may represent key early steps in the develop-
ment of protective antifungal immune
responses.

IV. Differential Recognition of Fungi
and Immune Evasion

The fungal cell wall is a dynamic structure that
is capable of major transformations during
growth and/or morphological transition. Fur-
thermore, the cell wall composition of individ-
ual strains can differ such that recognition by
certain PRRs is variable. Strains of C. albicans
are highly variable in their recognition by
Dectin-1, Dectin-2, MR, or TLR4, as blockade
of these receptors results in varying degrees of
cytokine inhibition by phagocytes pulsed with
C. albicans isolates. For some strains, multiple
receptors contribute to cytokine induction
whereas for others complete blockade is
achieved with a single inhibitor (Netea et al.
2010; Gringhuis et al. 2011). To add to the
complexity, Candida hyphae are preferentially
recognized by Dectin-2 and only swollen or
germinating Aspergillus spores are recognized
by Dectin-1 (Gantner et al. 2005; Aimanianda
et al. 2009). Exposed b-glucans become masked
by mannan upon the formation of Candida
hyphae, and by hydrophobins on the surface
of resting Aspergillus conidia. These are clever
strategies for immune evasion, allowing the
organism to establish an invasive infection
without recognition. Interestingly, the antifun-
gal drug caspofungin has been demonstrated to
unmask C. albicans b-glucan moieties in vitro
and in vivo, allowing recognition by PRR. This
unmasking takes place at subclinical doses of
the drug and is preferential for the hyphal form
(Wheeler et al. 2008). Likewise, H. capsulatum
uses a layer of a-glucan to shield b-glucan moi-
eties from detection. C. neoformans evades
recognition by cloaking PAMPs with a polysac-
charide capsule, which is able to expand during
infection, blocking the ability of most PRR to

recognize it; furthermore, C. neoformans can
shed capsule components, diverting immune
cells away from the yeast (Voelz and May
2010). Other mechanisms of evading immune
recognition by A. fumigatus, C. albicans, or
C. neoformans include the modulation of
complement activation by inactivating or
depleting complement proteins or secreting
complement-degrading proteases (Zipfel et al.
2007). Understanding the roles of differential
receptor binding and mechanisms that fungi
use to evade immune recognition could lead
to powerful clinical treatment options in the
future.

V. Receptor Co-stimulation
and Crosstalk

As we have seen, most fungi are recognized by
more than one receptor. In vivo, coordinated
recognition is required for optimal antifungal
responses to intact pathogens. There are several
examples where direct interactions between
receptor families have been demonstrated to
occur. Collaborative responses from Dectin-1
and TLR-2 were among the first such interac-
tions described (Brown et al. 2003; Gantner et al.
2003), and now we know that Dectin-1 can coop-
erate with several MyD88-coupled TLRs such as
TLR2, TLR4, TLR5, TLR7, and TLR9 to syner-
gistically induce cytokines, including TNF, IL-10
and IL-23, while repressing others like IL-12
(Dennehy et al. 2008, 2009; Gerosa et al. 2008;
Huang et al. 2009). MR-mediated production of
IL-17 is dependent on TLR2 and Dectin-1, and
DC-SIGN interacts with TLR3, TLR4, and TLR5
to augment cytokine responses to fungi
(Nagaoka et al. 2005; Gringhuis et al. 2007; van
de Veerdonk et al. 2009). How MR modulates
these responses is still unclear, but DC-SIGN is
thought to interact with TLR signal transduction
at the level of gene transcription through the
activities of Raf-1. MyD88-coupled TLRs induce
the transcription factor NFkB; Raf-1 activity
leads to phosphorylation of the NFkB subunit
p65, and this increases NFkB binding affinity at
cytokine genes, including IL-6, IL-10, and IL-12

Receptor–Ligand Interactions in Fungal Infections 89



(Gringhuis et al. 2007). Raf-1 activation by DC-
SIGN is independent of TLRs; however, PRR
signaling must first activate NFkB for Raf-1 to
have its modulatory effects (van den Berg et al.
2012). Furthermore, in an infection setting, eli-
citing crosstalk has demonstrated valuable
treatment options for chronic fungal infection.
F. pedrosoi is recognized by CLRs, including
Mincle, but a failure to modulate TLR activity
results in defective inflammatory responses.
However, exogenous administration of purified
TLR2, TLR4, or TLR7 ligands restores the coop-
erative inflammatory responses and leads to
pathogen clearance in mouse models (Sousa
Mda et al. 2011). Furthermore, administration
of heat-killed E. coli clears P. carinii infection in
mice through the restoration of cooperative
inflammatory responses (Empey et al. 2007).

VI. Conclusions

PRR are a diverse set of molecules that are cru-
cial for initiating and orchestrating protective
antifungal immunity. PRR initiate the binding
and uptake of fungi, induce antifungal mediators
and inflammation, and modulate adaptive
responses. CLRs are emerging as the major
receptor class for mediating antifungal immu-
nity, and together this class of PRR recognizes
nearly every known human fungal pathogen.
CLRs are a genetically and structurally diverse
group of receptors characterized by a common
CLTD, and many are coupled to the signal trans-
duction molecule Syk. Mice and humans defi-
cient in Syk or its downstream signaling partner
Card9 are highly susceptible to fungal disease,
illustrating the central importance of these mole-
cules for protective immunity. Interestingly,
although mice deficient in the TLR adaptor
MyD88 are also susceptible to fungal infections,
humans with MyD88 polymorphisms are not
predisposed. Crucially, human polymorphisms
that result in abrogated Th17 development,
such as CARD9 deficiency, lead to susceptibility
to fungi, demonstrating the importance of this
adaptive response and the underlying roles of
the CLRs.

Although primary fungal ligands for PRR are
cell wall structural carbohydrates such as
b-glucan and a-mannan, the fungal cell wall is a
dynamic structure, capable of major changes
during morphological transition and can vary
significantly between different strains of the
same species. Thus, the apparent redundancy
in the recognition network for fungi allows for
the recognition of many permutations in cell
wall composition. In this vein, collaborations
between PRR are thus crucial for optimal anti-
fungal immunity and have a profound effect on
shaping inflammation and adaptive responses;
this effect is demonstrated by the fact that the use
of TLR activators to cure fungal disease is also
dependent on CLRs. Crosstalk between various
CLR and TLR receptors modulates cytokine
release, thus shaping the development of adap-
tive immunity. Furthermore, CLR signals are also
translated to NLRs for activation of the inflam-
masome, a crucial step in the differentiation of
Th17 cells. The mechanisms by which PRRs col-
laborate is still an area of active investigation.
Elucidating the details of cell wall variation and
crosstalk between receptor classes will increase
our understanding of the complexity in pattern
recognition, and may lead to the development of
tailored therapies for individual fungal diseases,
as exemplified by the use of TLR stimulants in
the treatment of chromoblastomycosis.
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I. Introduction

Cryptococcus neoformans is a pathogenic fungus
that causes disease in humans and other
mammals. The first recorded case of human
C. neoformans infection was found in a subcuta-
neous skin lesion (Mitchell and Perfect 1995),
but infection more commonly occurs in the
lungs following inhalation. Although infection
begins in the lungs, life-threatening symptoms
only develop if the fungus disseminates to the
central nervous system (CNS); fatal dissemina-
tion occurs almost exclusively in individuals
with pre-existing immune deficiencies. In the
decades following the discovery ofC. neoformans,
cases of fatal cryptococcosis were rare because

immune deficiency syndromes were uncommon.
Medical advances in the twenty-first century
such as organ transplantation and cancer
treatment (which require or result in immune
deficiency) increased cryptococcosis rates
slightly but it was not until the spread of HIV
in the 1980s that C. neoformans truly emerged
as a major global pathogen.

Cryptococcosis currently afflicts about one
million people around the world annually,
mainly within HIV-infected populations. In
sub-Saharan Africa, where the HIV epidemic hit
hardest, complications caused by cryptococcosis
account for up to 44% of HIV-related deaths
(Park et al. 2009). Ominously, the rise of crypto-
coccosis within immune-suppressed populations
may foreshadow a wider emergence of disease
within healthy populations in the future. Of
particular note is an ongoing outbreak of
infections in immunocompetent residents of the
Pacific Northwest, caused by a particularly
virulent lineage of Cryptococcus gattii – a newly
designated Cryptococcus species closely related
to C. neoformans (Bartlett et al. 2008; MacDougall
et al. 2007; Byrnes et al. 2009, 2010).

Cryptococcus is a genus of basidiomycete,
containing at least 40 recognised species. Almost
all cases of human infection are caused by two
species: C. neoformans and C. gattii. These two
species have been further classified according
to variations in the capsule polysaccharide
(Fig. 5.1) between isolates (Ikeda et al. 1982).
Variants are split into five serotypes: serotype
A, otherwise known as C. neoformans var. gru-
bii; serotype D, otherwise known as C. neofor-
mans var. neoformans; serotypes B and C, which
collectively make up the newly classified C. gattii
species; and serotype AD, which is a hybrid of
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serotypes A and D (Lengeler et al. 2001). This
chapter will mainly refer to C. neoformans ser-
otypes A and D unless otherwise stated.

C. neoformans is primarily an environmen-
tal organism, which is widespread in soil, bird
guano and rotting wood (Kronstad et al. 2011).
C. neoformans can reproduce asexually, via
budding, or sexually via a teleomorph form.
The sexual (teleomorph) state is called Filoba-
sidiella neoformans and forms in response to
certain environmental and nutritional condi-
tions. Sexual reproduction occurs between two
distinct mating types, a and a, producing basi-
diospores, which may be the main infective
vectors in cryptococcosis (Giles et al. 2009;
Hull and Heitman 2002).

II. The Pathogenesis of Cryptococcosis

Cryptococcal infection in the lungs begins fol-
lowing inhalation of infectious cells or spores
(Giles et al. 2009). There are no documented
cases of human-to-human spread of cryptococ-
cosis and thus infections are thought to result
almost exclusively from environmental expo-
sure. Following inhalation, C. neoformans initi-
ally colonises the extracellular alveolar space,
where it comes into contact with the host innate
immune system. As part of the innate immune
response, alveolar macrophages migrate to the
site of infection and attempt to clear the infec-
tion by engulfing fungal cells via phagocytosis
(see Fig. 5.2). Following phagocytosis, however,

C. neoformans is able to survive and grow
within the intracellular niche provided by the
macrophage. Initial respiratory infection occurs
in both healthy and immunocompromised indi-
viduals, but subsequent disseminated infection
is far more likely if an immune deficiency is
present.

Disease outcome following C. neoformans
infection depends on the strength of the host
immune response. Broadly there are three pos-
sible outcomes:

1. Fungal cells in the alveolar space are pha-
gocytosed by alveolar macrophages and
infiltrating neutrophils; following phagocy-
tosis the fungi are killed, resulting in total
clearance of infection.

2. Fungal cells are phagocytosed, but not
destroyed, by alveolar macrophages. The
fungi reproduce in alveolar macrophages,
eventually disseminating to the CNS where
they cause fatal meningoencephalitis.

3. Fungal cells in the alveolar space are phago-
cytosed by alveolar macrophages; the
immune system is unable to fully clear infec-
tion but manages to contain the fungi
within the lungs in a latent state within
granulomatous structures.

For C. neoformans, fatal disseminative dis-
ease (ii) occurs almost exclusively in indivi-
duals with pre-existing immune deficiencies
whereas total clearance (i) and latent disease
(iii) can manifest in individuals who are
immune competent.

Epidemiological studies can never truly
determine the extent of C. neoformans infection
within immune competent populations because
the majority of infections are asymptomatic and
go unreported. To address this issue, studies
have used anti-cryptococcal immunoglobulin
titres within immune competent populations as
a sign of past infection. These studies conclude
that cryptococcal infection is common in the
normal adult population (Deshaw and Pirofski
1995; Houpt et al. 1994) andmost individuals are
probably exposed to the fungus during child-
hood (Abadi and Pirofski 1999; Houpt et al.
1994). These conclusions seem reasonable con-
sidering the ubiquity of C. neoformans within

Fig. 5.1. India ink stain of C. neoformans var. grubii
strain H99, revealing the characteristic polysaccharide
capsule surrounding the fungal cells as a white halo.
Note also that a number of the cells in the image are in
the process of budding to produce new daughter cells
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the natural environment, thus it is likely that
individuals encounter C. neoformans many
times during their lifetime but are protected
by a healthy immune system.

Some studies show that latent infection
contained by the immune systemmay re-emerge
if an immune deficiency later develops. Evidence
for this phenomenon comes from a study by
Garcia-Hermoso et al., which determined the
genetic origin of clinical C. neoformans isolates
taken from a cohort of cryptococcosis sufferers
in France. This analysis found that a number of
immunocompromised African immigrants in
the study, who had lived in France for many
years before developing immune deficiency,
were infected with C. neoformans strains origi-
nating in Africa. Garcia-Hermoso et al. con-
cluded that these patients may have developed
a latent form of cryptococcosis before moving to

France and that the infection re-emerged when
immune deficiency later developed (Garcia-
Hermoso et al. 1999).

III. The Macrophage

Macrophages are innate immune phagocytic
cells that patrol the body’s tissues searching for
signs of infection. When a macrophage detects a
foreign cell, such as a pathogenic microorgan-
ism, it becomes activated and will attempt to
engulf the invader via a process called phagocy-
tosis (see Fig. 5.3). Phagocytosis begins when
phagocytic receptors on the cell surface of the
macrophage encounter ligands that are only
found on foreign cells. Following receptor liga-
tion, signalling pathways are activated inside the
macrophage, which trigger cytoskeletal actin

Fig. 5.2. Cryptococcosis pathogenesis. (i) Desiccated
C. neoformans cells or infectious spores are breathed
into the respiratory tract following environmental con-
tact. (ii) The fungi move down the respiratory tract
until they reach the alveoli where they initially grow
extracellulary. (iii) Immune phagocytes such as macro-
phages are attracted to the site of infection and proceed
to engulf extracellular fungi via phagocytosis. Follow-
ing phagocytosis there are three possible outcomes for

fungi in the macrophage: (iv) the macrophages suc-
ceeds in killing the invader and the fungus is destroyed;
(v) the macrophage cannot kill the fungus but is able to
keep it contained within a granuloma in a dormant
state; or (vi) the macrophage cannot control fungal
growth and the fungi begin to replicate within the
macrophage, escape from the macrophage and may
disseminate to the central nervous system
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rearrangements around the receptor, leading to
internalisation of the particle into a membrane-
bound compartment termed the phagosome.
Over time, conditions within the phagosome
are altered by the macrophage to create an envi-
ronment that is destructive tomicroorganisms, a
process called phagosomal maturation. Via a
series of vesicle fusion events, membrane pro-
teins such as NADPH oxidase, V-ATPase and
NOS are delivered to the phagosome. Together,
these create a highly antimicrobial environment,
for instance via the production of reactive oxy-
gen species (ROS) by the NADPH oxidase, or
lowering of the phagosomal pH by the
V-ATPase. Finally, the phagosome fuses with a
specialised cytosolic vesicle called the lysosome,
which contains an array of digestive enzymes.
These digestive enzymes, which work best at
low pH, kill any remaining organisms in the

phagosome and then break up the dead cell
into its constituent parts.

Phagocytosis can clear infection directly
but it also triggers signals that enhance the
immune response. Upon sensing infection,
macrophages can release proinflammatory
cytokines such as tumour necrosis factor
(TNF)-a and interleukin (IL)-1b; the inflamma-
tion that these cytokines produce attracts other
immune cells to the site of infection, ultimately
engaging the adaptive immune system if the
infection is not cleared rapidly.

IV. Phagocytosis of C. neoformans by
Macrophages

Macrophagesmust detect the presence of foreign
organisms before they can initiate phagocytosis.

Fig. 5.3. Possible outcomes following C. neoformans
phagocytosis. (i) Opsonised C. neoformans (in this case
opsonised with antibody) binds to phagocytic receptors
on the cell surface of the macrophage. (ii) Ligation of
phagocytic receptors induces cytoskeletal rearrange-
ments within the macrophage resulting in invagination
of the membrane and the formation of phagocytic
pseudopodia around the bound cell. (iii) C. neoformans
is contained inside the macrophage within a
membrane-bound compartment called the phagosome.
(iv) Over time the phagosome matures, beginning with
the recruitment of v-ATPase, NADPH oxidase and NOS
to the phagosome membrane, resulting in the lowering

of pH and the production of reactive oxygen species
within the phagosome. (v) Phagosomal maturation cul-
minates when lysosomes fuse with the phagosome; this
releases digestive proteolytic enzymes into the phago-
some (which is now termed the phagolysosome). There
are three possible outcomes for C. neoformans follow-
ing formation of the phagosome: (1) Biocidal condi-
tions within the phagosome destroy the fungus, which
is then digested; (2) C. neoformans resists the condi-
tions within the phagolysosome and begins to replicate;
or (3) C. neoformans escapes from the macrophage via
a process called vomocytosis (either following, or inde-
pendently of, replication)
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To facilitate detection, macrophages express an
array of cell surface phagocytic receptors that
bind to ligands present on foreign cells but not
host cells. Phagocytic receptors can be cate-
gorised according to the nature of their ligands.
Non-opsonic phagocytic receptors or pathogen
recognition receptors (PRRs) bind to molecular
ligands (pathogen-associated molecular patterns
or PAMPs) such as polysaccharide residues or
lipid species found on the surface of foreign cells.
In contrast, opsonic receptors bind to opsonis-
ing proteins, such as antibodies or complement
proteins, which coat foreign cells following acti-
vation of the humoral immune system.

Capsule expression has long been impli-
cated in cryptococcal virulence since it was
observed that Cryptococcus acapsular mutant
strains are avirulent (Fromtling et al. 1982;
Chang and Kwon-Chung 1994). The capsule
has a number of properties that contribute to
virulence during infection, but the most impor-
tant seems to be its anti-phagocytic quality,
which was first realised when acapsular strains
were found to be phagocytosed by macro-
phages more readily than were capsular strains
(Kozel and Gotschlich 1982; Cross and Bancroft
1995). Capsule growth can be stimulated by
CO2 levels and pH conditions similar to those
found during host infection (Granger et al.
1985) and has also been observed to occur
in vivo (Feldmesser et al. 2001). Synthesis of
the capsule is controlled by at least four genes,
designated CAP64, CAP59, CAP10 and CAP60
(Buchanan and Murphy 1998; Ma and May
2009). In a series of experiments, Chang et al.
found that deletion of each CAP gene produced
an acapsular mutant that lacked virulence until
the gene was reconstituted (Chang et al. 1996;
Chang and Kwon-Chung 1994, 1999, 1998). The
capsule is composed of two key polysaccharide
components: glucuronoxylomannan (GXM)
and galactoxymannan (GalXM) (Bose et al.
2003), with a ratio of approximately 9:1 by
mass in favour of GXM (Idnurm et al. 2005).

One of the main ways that the capsule pro-
tects C. neoformans against phagocytosis is by
providing a shroud around the cell, which inter-
feres withmacrophage detection. This shrouding
effect blocks uptake via both opsonic and non-
opsonic phagocytic receptors although it appears

to have a greater inhibitory effect on non-
opsonic uptake because non-opsonised C. neo-
formans cells are almost completely protected
from phagocytosis (Mukherjee et al. 1996).

A. Non-opsonic Uptake

Phagocytosis of yeast-like fungi that do not
produce a polysaccharide capsule, such as Can-
dida albicans and Saccharomyces cerevisiae,
often occurs via non-opsonic phagocytic recep-
tors such as Dectin-1 and the Mannose receptor
(MR) (Gantner et al. 2005; Brown and Gordon
2001; Porcaro et al. 2003; Giaimis et al. 1993).
Both phagocytic receptors bind to cell wall con-
stituents found in the fungal cell wall; Dectin-1
binds to b-1,3- and b-1,6-linked glucan residues
(Brown and Gordon 2003) whereas MR binds
to mannoproteins. Macrophages can easily
phagocytose acapsular C. neoformans mutants
via Dectin-1 or MR ligation, but they struggle
to phagocytose encapsulated cells (Cross and
Bancroft 1995). In wild-type capsular strains,
the ligands for each receptor are obscured by
the overlying capsule, thus it is thought that
non-opsonic phagocytic receptors such as
Dectin-1 and MR may contribute to the phago-
cytosis of recently inhaled cryptococcal cells
(which have a minimal capsule), but once cap-
sule growth is stimulated non-opsonic uptake
becomes redundant.

B. Opsonic Uptake

Under most conditions, the cryptococcal capsule
conceals cell wall ligands detected by non-opsonic
receptors so the main route of phagocytosis by
macrophages is via opsonic phagocytic receptors
(Mukherjee et al. 1996). Opsonisation is more
effective at facilitating the detection and phagocy-
tosis of C. neoformans because opsonins bind to
capsular components and thus are more accessi-
ble to macrophage phagocytic receptors than the
non-opsonic receptor ligands. Two main classes
of opsonic phagocytic receptors are expressed by
macrophages: complement receptors, which rec-
ognise activated complement proteins, and Fc
receptors, which recognise the Fc regions of
immunoglobulin (antibody) molecules.
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Complement can be activated via two path-
ways – the classical pathway and the alternative
pathway. Classical activation requires the pres-
ence of antigen-specific immunoglobulin bound
to the surface of the foreign cell, whereas alter-
native activation does not require antigen speci-
ficity. Antibody produced during cryptococcal
infection is thought to be ineffective at activating
classical complement cascades (Houpt et al.
1994) and thus the alternative complement cas-
cade is considered more important to opsonisa-
tion during infection. Regardless of the route of
activation, the end result of the complement
cascade is the deposition of the complement
fragment C3b, which can be recognised and
phagocytosed by the macrophage complement
receptor CR3.

Although complement deposition facili-
tates macrophage detection of C. neoformans,
the pathogen is still able to reduce the efficiency
of complement-mediated uptake by modifying
the makeup of its capsule. Consequently, cryp-
tococcal cells producing a capsule that is thick
(Zaragoza et al. 2003) or has a low density
(Gates and Kozel 2006) are harder for macro-
phages to detect, since both of these properties
increase the likelihood that complement pro-
teins will bind within the capsule, where they
are obscured, as opposed to at the surface.

The production of antigen-specific antibody
against a newly encountered pathogen requires
activation of the adaptive immune response,
although secondary exposure to an antigen
evokes a quicker response due to the persistence
of immunological memory. Antibodies can
improve the phagocytic uptake of foreign cells
in two ways once they have bound to the cell.
They can amplify complement opsonisation by
activating the classical complement pathway, but
they can also directly stimulate phagocytosis via
ligation of macrophage Fc receptors, which bind
to the non-variable region of antigen-bound
antibodies. During C. neoformans infection,
most antibody produced is against capsular
components such as GXM. Anti-capsular GXM
antibody titres are often used as markers of
acquired immunity to C. neoformans in healthy
individuals (Deshaw and Pirofski 1995; Houpt
et al. 1994); however, the protective role of anti-
GXM antibodies during infection is debateable.

For example, a 1994 study by Houpt et al. found
that the sera of healthy subjects contained IgG
and IgM antibodies reactive against cryptotoccal
GXM, but that these antibodies were ineffective
at activating the classical complement cascade
(Houpt et al. 1994).

C. Capsule-Independent Antiphagocytic
Factors

The capsule is a major antiphagocytic mecha-
nism deployed by C. neoformans, but capsule-
independent antiphagocytic mechanisms also
exist. A study by Liu et al. identified a GATA
family transcription factor called Gat201, which
appears to control such a mechanism (Liu et al.
2008). A recent study of Gat201 revealed that
knockout of its gene affected the transcription
of ~1,100 genes in C. neoformans, although
only 62 of these genes are thought to be
regulated by direct binding of Gat201. Pheno-
typic analysis of the GAT201 knockout strain
showed reduced capsule size and increased
uptake by macrophages. The susceptibility
to phagocytosis observed was greater than that
of acapsular mutants alone, suggesting that
capsule-independent antiphagocytic mechan-
isms are also controlled by Gat201 potentially
via two downstream genes – BLP1 and GAT204
(Chun et al. 2011).

One capsule-independent antiphagocytic
mechanism is the secreted protein APP1. This
protein is expressed by C. neoformans during
infection. APP1 can block complement-
dependent phagocytosis by binding to and
subsequently blocking macrophage CR3
receptors (Luberto et al. 2003).

D. Titan Cell Formation

Several studies have reported the presence of
abnormally large cryptococcal cells in the lungs
during in vivo infection (Zaragoza et al. 2010;
Cruickshank et al. 1973; Feldmesser et al. 2001;
Love et al. 1985) that appear to be resistant to
phagocytosis (Okagaki et al. 2010). These giant
cells are now recognised as a distinct cell mor-
phology during infection and are now often
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called “Titan cells” in the literature. The size of
reported Titan cells differs between studies and
ranges from around 25 mm to 100 mm, making
their volume up to 900 times greater than that
of normal cryptococci (Zaragoza et al. 2010).
The underlying mechanism or stimuli behind
Titan cell development is not known, although
the presence of macrophages, or spent media
used to grow macrophages, can induce the
morphology (Okagaki et al. 2010) suggesting
that interactions with the macrophage play at
least some role in the process.

Titan cells appear to be more resistant to
phagocytosis than normally sized cells. The
most obvious defence a Titan cell has against
a macrophage is its physical size. However,
recent work has suggested that the presence of
Titan cells during infection may also protect
neighbouring wild-type cells from phagocyto-
sis, suggesting the presence of a secreted
inhibitory factor (Okagaki et al. 2010; Okagaki
and Nielsen 2012).

In summary, the detection and phagocyto-
sis of C. neoformans cells is an important part
of the immune response against the fungus. To
protect itself from phagocytosis, C. neofor-
mans relies heavily on its polysaccharide cap-
sule but also deploys a range of other
antiphagocytic strategies. Such mechanisms
appear effective at helping some cells evade
phagocytosis, but nonetheless the infection of
macrophages in vitro and in vivo is often
observed, indicating that phagocytosis of
C. neoformans is far from rare.

V. Life Within the Phagosome

To grow inside a macrophage following
phagocytosis, an intracellular pathogen must
successfully avoid the killing mechanisms that
develop in the phagosome during phagosomal
maturation. A number of mechanisms are
employed by pathogens to do this, including
inhibition of V-ATPase to prevent phagoso-
mal acidification as seen with Mycobacterium
tuberculosis infection (Huynh and Grinstein
2007) and escape from the phagosome into
the cytoplasm as seen with Listeria mono-
cytogenes infection (Hamon et al. 2006).

In contrast to such pathogens, C. neoformans
is able to survive within the phagosome seem-
ingly without modifying the maturation pro-
cess. Instead, it is able to resist and overcome
the destructive conditions it encounters in
the phagosome and can even grow within
this harsh environment.

The first barrier to cryptococcal growth in
mammalian macrophages is the higher tem-
perature within the host than in the environ-
ment. The complete molecular mechanisms
that allow C. neoformans to grow at 37 �C
are not fully known, but a number of potential
pathways have been implicated. For instance,
higher temperatures induce upregulation of
TSP1 and TSP2, which together lead to higher
levels of the polysaccharide trehalose, pro-
tecting cellular proteins from denaturation
(Petzold et al. 2006).

Inside the phagosome, the largest barrier
to cryptococcal growth is phagosomal matu-
ration, i.e. the production of oxygen free radi-
cals accompanied by the acidification of the
phagosome. During infection most C. neofor-
mans strains synthesise melanin, which is a
dark-coloured pigment and an antioxidant
(Wang et al. 1995) that is thought to protect
the fungi from reactive oxygen species. In
addition to melanin, capsule enlargement
during macrophage infection may also be pro-
tective against oxygen free radicals by creating
a barrier between the cell body and phagoso-
mal contents (Zaragoza et al. 2008); further-
more, GXM within the capsule may act as an
antioxidant (Monari et al. 2006; Vecchiarelli
et al. 1996). Interestingly, however, the phago-
somal acidification that occurs during matu-
ration may actually be beneficial to
C. neoformans because neutralising phagoso-
mal pH can block intracellular replication
(Levitz et al. 1999).

While in the phagosome, C. neoformans
secretes a number of proteins that potentially
influence the macrophage. One such protein,
which is well known to contribute to crypto-
coccal virulence, is the enzyme phospholipase
B (Plb). Plb is a lipid-modifying enzyme that
has multiple enzymatic activities. It possesses
phospholipase B activity, which can cleave the
ester bonds linking the glycerol headgroup in
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a phospholipid to the two fatty acid chains at
both the sn1 (phospholipase A1 activity) and
sn2 positions (phospholipase A2 activity) to
produce a free fatty acid and a lysophospholi-
pase. As well phospholipase B activity, Plb also
has lysophospholipase and lysophospholipid
transacetylase activity; these two activities
modify the lysophospholipid products of sn1
or sn2 cleavage, resulting in further degrada-
tion or re-synthesis of the original substrate
(Shea et al. 2006).

Previous studies have reported that Plb-
deficient strains of C. neoformans are aviru-
lent during murine infection, displaying
reduced fungal burden in the lungs, possibly
due to a reduced ability to proliferate within
macrophages (unpublished observations from
our group), and a lower propensity to dis-
seminate to the central nervous system
(Chayakulkeeree et al. 2011; Noverr et al.
2003; Chen et al. 1997; Cox et al. 2001). The
molecular mechanism behind Plb-mediated
virulence is not fully known. However, a
compelling theory is that Plb activity meta-
bolises Cryptococcus or macrophage-derived
phospholipids to produce arachidonic acid
(AA), which is a precursor to immunoregula-
tory eicosanoids. Members of the eicosanoid
family include prostaglandins, leukotrienes
and lipoxins. Both macrophages (Harizi
et al. 2008) and C. neoformans itself (Noverr
et al. 2001) can produce eicosanoids, meaning
that either or both types of cell could poten-
tially make use of the AA produced.

Eicosanoids might aid C. neoformans sur-
vival by directly suppressing the antimicrobial
mechanisms of the infected macrophage; in
addition they may also alter the immune
response during cryptococcosis at a wider
level. For example, PGE2 (one of the most
ubiquitous prostaglandins during inflamma-
tion) can produce a Th2 CD4+-biased immune
response by downregulating IL-12 release
from macrophages (van der Pouw Kraan et al.
1995). With this in mind, it has been observed
that the development of Th1 adaptive immune
responses is protective against C. neoformans
infection, whereas the Th2 adaptive immune
response is not (Hoag et al. 1997; Voelz et al.
2009; Wormley et al. 2007).

VI. Escape from the Macrophage

Pathogens that are specialised in the parasitism
of macrophages often possess mechanisms that
allow them to escape the intracellular niche
when the time is right. C. neoformans is no
different in this respect and possesses an escape
mechanism called non-lytic phagosomal extru-
sion or vomocytosis.

Vomocytosis is a mechanism first observed
by our group (Ma et al. 2006) and others
(Alvarez and Casadevall 2006) that allows
C. neoformans to escape from infected macro-
phages without causing host cell lysis. Exiting
without causing harm to the macrophage is rela-
tively rare for a phagocytic escape mechanism
and is beneficial to C. neoformans because it
produces lower levels of inflammation than
host cell lysis. The cellular events driving vomo-
cytosis are not fully understood, although it
appears to occur via fusion of Cryptococcus-
loaded phagosomes with the macrophage outer
membrane following prior permeabilisation of
the phagosome membrane (Johnston and May
2010). Interestingly, host cells appear to attempt
to block vomocytosis by initiating repeated actin
polymerisation/depolymerisation cycles (actin
flashing) around the phagosome following per-
meabilisation (Johnston and May 2010).

VII. Macrophages as a “Trojan Horse”

Dissemination from the lungs to the CNS is a
crucial escalation point during cryptococcosis
because CNS infection is almost always fatal
unless treated. To enter the CNS, C. neoformans
must cross the blood–brain barrier (BBB),
whose normal function is to prevent such pas-
sage. There are two main routes that C. neofor-
mans potentially uses to cross the BBB:
(a) extracellular C. neoformans cells in the blood
during fungemia pass independently across the
BBB by an as-yet-undefined mechanism or (b)
macrophages infected with C. neoformans in the
lungs pass back into circulation and subse-
quently cross the BBB and disgorge their fungal
cargo – this is popularly termed the “Trojan
horse” theory of dissemination (Fig. 5.4).
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Evidence to support both routes of
entrance can be found in the literature, sug-
gesting that the mechanisms may not be mutu-
ally exclusive and in fact may co-exist. In this
respect, a study that examined disseminative
cryptococcosis in an in vivo mouse model
found that cryptococcal cells could be found
within the brain both extracellulary or asso-
ciated with monocytes and endothelial cells
(Chrétien et al. 2002). Intravital imaging of
C. neoformans in mouse brain capillaries
found that extracellular fungi in the capillary
lumen could cross the epithelial layer follow-
ing sudden stopping. In this study, arrest in
the lumen appeared to be purely via mechanic
trapping when the size of Cryptococcus cells
exceeded that of the capillary, whereas cross-
ing of the epithelial layer was an active process
requiring fungal viability (Shi et al. 2010).

In support of the Trojan horse theory,
infected macrophages from the alveolar space
can re-enter circulation and transport C. neofor-
mans to other parts of the body whereas infected
macrophages injected directly into the blood

lead to increased fungal burden in the brain
(Charlier et al. 2009).

VIII. How Has the C. neoformans–
Macrophage Interaction Evolved?

A significant challenge for the field is to explain
why an environmental opportunistic pathogen
that is not dependent on a host has nonetheless
evolved a battery of virulence factors that seem
specific for mammalian hosts. The most likely
explanation is that C. neoformans did not evolve
its virulence factors to cause infections in ani-
mals but rather that such factors were selected
in response to attack by soil predators. Consid-
erable support for this model comes from inves-
tigations looking at the interaction between
C. neoformans and soil-dwelling amoebae such
as Acanthamoeba castellanii and Dictyostelium
discoideum. Both of these species can engulf
C. neoformans and, excitingly, many aspects of
the Cryptococcus/macrophage relationship, e.g.
intracellular proliferation and the production of

Fig. 5.4. Possible routes of dissemination across the
blood brain barrier for C. neoformans. There are three
routes that C. neoformans is thought to use to cross the
blood–brain barrier (BBB). (a) Transcellular route: fun-
gal cells pass directly through endothelial cells lining
capillaries in the brain and are taken up at the apical
side and exit on the basal side. (b) Paracellular route:

fungal cells pass between endothelial cells following dis-
ruption of cell-to-cell contacts; this disruption could be
due to factors produced by the fungi or to inflammation.
(c) “Trojan horse” dissemination: macrophages infected
with C. neoformans cells pass from the circulation
through the BBB via diapedesis; the fungi within the
macrophage then escape into the extracellular space
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exopolysaccharides, were mirrored in the amoe-
bal host following phagocytosis. Further confir-
mation of the similarities between the two
models were provided by the observations that
avirulent mutants in the macrophage, such as
acapsular or phospholipase-deficient cryptococ-
cal strains, were also more vulnerable to preda-
tion (Steenbergen et al. 2001; Steenbergen and
Casadevall 2003; Casadevall et al. 2003).

IX. Conclusion

To summarise, the role of the macrophage dur-
ing antifungal immune responses is of central
importance. Not only is the macrophage respon-
sible for detecting infection and shaping
subsequent immune responses, it is also
required to directly kill and clear fungal cells.
The behaviour of the macrophage during
C. neoformans infection is of even greater impor-
tance than for most fungal infections because
while the macrophage seeks to clear infection
the fungus itself relies on the macrophage as
safe niche for intracellular proliferation and pos-
sibly as a vehicle for CNS dissemination.
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I. Introduction: Dynamics of the
Host–Fungus Interaction

The past two decades have seen an unprece-
dented number of fungal diseases (Fisher et al.
2012). The fungal kingdom is characterized by

enormous biodiversity, with over 70,000 known
species and an estimated 1.5 million species,
150–400 of which have already been associated
with human and/or animal disease. In general,
pathogenic fungi (e.g., Aspergillus fumigatus,
Cryptococcus neoformans, Pneumocystis jirove-
cii and the thermally dimorphic Histoplasma
capsulatum, Paracoccidioides brasiliensis, Coc-
cidioides immitis and posadasii, Blastomyces
dermatitidis, and Sporothrix schenckii) are dis-
tinguished from commensals (e.g., Malassezia
spp. and Candida albicans) by their strategies
for survival and replication within a host, or for
transmission from a host, that eventually lead
to cellular and tissue damage (Romani 2011).
Pathogenicity tactics can vary a great deal and
often define unique signatures for specific
fungal species, as these involve particular
mechanisms for gaining access to the host,
adhering to and colonizing a niche, evading
immune defenses, and multiplying (Rappleye
and Goldman 2008). Indeed, disease onset is
often critically dependent on the ability of
fungi to reversibly switch morphotypes in
infection, a trait that, on the other hand, has
forced the host immune system to continuously
evolve its repertoire of cross-regulatory and
overlapping antifungal responses at different
body sites (Romani 2011). Thus, in the context
of a dynamic host–fungus interaction, the stra-
tegies used by the host to limit fungal infectivity
are necessarily assorted in order to cope with
the multitude of fungal survival strategies; in
retaliation, fungi have developed their own
elaborate tactics to evade or modulate host
defenses and to survive.

Given the advances in medical care wit-
nessed in the last few decades, specifically

1Department of Experimental Medicine and Biochemical

Sciences, University of Perugia, Polo Unico Sant’Andrea delle

Fratte, 06132 Perugia, Italy; e-mail: agostinho.carvalho@unipg.it;
aacarvalho2008@gmail.com
2Department of Clinical and Experimental Medicine, University

of Parma, via Gramsci 14, 43126 Parma, Italy

Human Fungal Pathogens, 2nd Edition
The Mycota XII
O. Kurzai (Ed.)
© Springer-Verlag Berlin Heidelberg 2014

mailto:agostinho.carvalho@unipg.it
mailto:aacarvalho2008@gmail.com


regarding transplantation and cancer treatment,
the number of immunocompromised patients
has risen, resulting in an increased incidence of
fungal diseases (Kontoyiannis et al. 2010; Pappas
et al. 2010). For this reason, opportunistic fungi,
such as Candida and Aspergillus spp. have
becomemajor concerns in clinical care of immu-
nocompromised patients. Despite the ability of
fungi to survive and persevere within the human
host, the truth is that fungal diseases in immu-
nocompetent hosts are fairly uncommon,
indicating that fungi have evolved particular
adaptation mechanisms that allow them to per-
sist relatively unnoticed by the host’s immune
system (Cooney and Klein 2008). This “peace-
ful” coexistence may digress into overt disease
under conditions of immune deregulation,
which may modify the environmental condi-
tions perceived by the fungus. Fungi are very
proficient at sensing their surroundings and in
responding to cues that promote their survival
in changing environments. One such example is
the sensing of mammalian interleukin (IL)-17A,
which triggers virulence by increasing fungal
adhesion and filamentous growth, leading to
enhanced biofilm formation and resistance to
local antifungal defenses (Zelante et al. 2012).
Besides the immunologically dynamic context,
fungi have often to sustain extreme environmen-
tal abiotic stress conditions, the adaptation to
which relies on profound metabolic changes
(Grahl et al. 2011).

Thus, in the absence of a relatively inert immune
response, fungal adaptation to hostile surroundings
may trigger complex genomic microevolution (Odds
and Jacobsen 2008; Magditch et al. 2012) and structural
and metabolic adjustments that, by “awakening” host
immunity, may paradoxically contribute to disease.
Although such adaptation mechanisms may improve
fungal fitness, they can nonetheless provide important
insights into potential therapeutic targets (Richie et al.
2009).

Given that existing antifungal therapy is often
toxic and ineffective, there is currently a pressing
demand for the development of antifungal vacci-
nation strategies (Cassone and Casadevall 2012;
Iannitti et al. 2012). For this purpose, a clear

understanding of the mechanisms of adaptive
immunity is ultimately required to foster the
development of vaccines or strategies aiming at
modulating the host’s immune response. The
permanent interaction between the host and
fungi and the commensal relationship with
some of them may pose significant challenges in
eliciting durable protective immunity, owing to
repeated exposure or sensitivity to fungal anti-
gens. A balanced host–fungus relationship and
the concomitant fine tuning of pro- and anti-
inflammatory signaling to allow host survival
irrespective of pathogen elimination is a prereq-
uisite for coexistence and requires the concerted
actions of both innate and adaptive immune sys-
tems (Romani 2011). Therefore, generation of
antifungal immunity presents a challenge that
relies on a precarious equilibrium between path-
ogen clearance and tissue damage restriction,
while preserving the host microbiota ecology.

This chapter focuses on new findings on
adaptive immunity to the major medically
important fungi and emphasizes how dendritic
cells (DCs), through the discrimination of fun-
gal molecular patterns, prime responses that
nurture and shape the differentiation of T cell
subsets. Also discussed is the contribution
of T cell subsets to resistance and tolerance
mechanisms of antifungal immune protection
and how these mechanisms can be exploited for
effective antifungal vaccine design.

II. Resistance and Tolerance
Mechanisms in Antifungal
Protection

The immune system protects from infections
primarily by detecting and eliminating invad-
ing pathogens through a variety of host
resistance effector mechanisms (Romani 2011;
Medzhitov et al. 2012). Resistance is meant to
reduce pathogen burden during infection
through innate and adaptive immune mechan-
isms, whereas tolerance mitigates the substan-
tial cost to host fitness of resistance. Even in the
absence of overt tissue damage, resistance
mechanisms commonly occur at a cost to nor-
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mal tissue function, thus causing immunopa-
thology. This means that the optimal immune
response is determined by the balance between
efficient pathogen clearance and an acceptable
level of immunopathology.

Inflammation is an essential process required for
immune resistance, particularly at mucosal tissues,
during the transition from the rapid innate to the
slower adaptive response. However, the downside of
this powerful mechanism of protection against fungi
is the collateral damage to the host. These side effects
may be more devastating than infection itself. Thus,
the ability to tolerate a pathogen’s presence is a
distinct host defense strategy that may have evolved
to favor protective mechanisms without pathogen kill-
ing (Romani 2011; Medzhitov et al. 2012). A plethora
of tolerance mechanisms, although not as well known
as resistance mechanisms, protect the host from
immune- or pathogen-induced damage (Cobbold et al.
2010; Saraiva and O’Garra 2010). Therefore, the term
“tolerance” is semantically used here to refer to the
multitude of anti-inflammatory mechanisms, including
immunological tolerance (i.e., unresponsiveness to self-
antigens). At this stage, however, whether “unwanted”
immune responses against “self” environmental anti-
gens and commensal microorganisms occur is not
clearly defined, although there is evidence that fungal
sensitization contributes to auto-reactivity against self-
antigens due to shared epitopes with homologous fun-
gal allergens (Zeller et al. 2008).

T helper (Th)1 and Th17 cells, which provide
antifungal resistance, and T regulatory (Treg)
cells, which limit the inflammation-associated
deleterious effects, crucially contribute to the
activation and preservation of these two disparate
antifungal mechanisms. Combined deficiency of
the Th1 and Th17 pathways predisposes to fun-
gal diseases (van de Veerdonk et al. 2011), thus
emphasizing the important role played by both
pathways in protection against fungi (Moraes-
Vasconcelos et al. 2005; Romani 2011; Hardison
and Brown 2012). Thus, the Th1/Th17 pathways
and Treg cells, capable of fine-tuning protective
antimicrobial immunity to lessen harmful
immune pathology, are key components of the
current view of immunity to fungi. The enzyme
indoleamine 2,3-dioxygenase 1 (IDO1) and its
downstream catabolites sustain this delicate bal-
ance by providing the host with adequate protec-
tive immune mechanisms without necessarily

eliminating the pathogen or causing undesirable
tissue damage (Zelante et al. 2009). As a result of
their ability to induce differentiation of Treg cells
and inhibit Th17 cells, IDO1 is critical to
cell lineage commitment in experimental fungal
infections and contributes to the overall outcome
of inflammation, allergy, and Th17-driven
inflammation in these infections. Under these
circumstances, the Th17 pathway, by inhibiting
tryptophan catabolism,may instead favor pathol-
ogy and provides evidence accommodating the
apparently paradoxical association of chronic
inflammation with fungal disease (Romani et al.
2008b).

III. Fungi and Inflammation:
Evolving Concepts

As in autoimmunity and chronic inflammation,
an imbalance between pro- and anti-
inflammatory signals may prevent successful
host–fungal interaction, thus leading to infection
and disease (Romani and Puccetti 2007). Indeed,
despite the occurrence of severe fungal infections
in immunocompromised patients, clinical evi-
dence indicates that fungal disease also occurs
in the setting of a heightened inflammatory
response, in which immunity occurs at the
expense of host damage and pathogen eradica-
tion (Perfect 2012). Although inflammation is an
essential component of the protective response,
fungi have evolved ways to exploit and subvert it,
thereby affecting their ability to persist in the
host and pathogenicity (Romani and Puccetti
2008). A hyperinflammatory response does, in
fact, enhance the virulence of some fungi. This
is well illustrated by the commensal lifestyle of
Malassezia spp. in normal skin, possibly due to
the downregulation of inflammation via tumor
growth factor-b1 (TGF-b1) and IL-10 (Ashbee
2006). In contrast, in atopic dermatitis and psori-
asis, the skin barrier enhances release of allergens
and molecules involved in hyperproliferation, cell
migration, and disease exacerbation. Additional
fungal diseases are also important examples of
such dichotomy. For example, in chronic muco-
cutaneous candidiasis (CMC), C. albicans yeasts
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persist in recurring lesions of the skin, nails, and
mucous membranes (Lilic 2002). Although CMC
has occasionally been associated with
autoimmune polyendocrinopathy–candidiasis–
ectodermal dystrophy (a condition of dysfunc-
tional T cell activity), evidence has highlighted
the contribution of deregulated inflammation
and immune responses to disease pathogenesis
(Liu et al. 2011; Puel et al. 2011; van de Veerdonk
et al. 2011). As already mentioned, fungal sensing
of IL-17A is a newly described mechanism
by which host inflammation may favor fungal
infectivity and promote the transition from fungal
commensalism to infection (Zelante et al. 2012).
Thus, commensals or ubiquitous fungi have
evolved a contingency-based system during
co-evolution to guarantee their persistence in
an inflammatory host environment.

The main implication of these findings is
that, at least in specific clinical settings, it is a
heightened inflammatory response that proba-
bly compromises a patient’s ability to eradicate
infection and not an “intrinsic” susceptibility to
infection that determines a state of chronic
or intractable diseases (Romani and Puccetti
2007). The conceptual principle highlighting
a truly bipolar nature of the inflammatory
process in infection is best exemplified by
the occurrence of severe fungal infections in
patients with chronic granulomatous disease
(Romani et al. 2008a) or with immune reconsti-
tution syndrome, an entity characterized by
localized and systemic inflammatory reactions
and worsening disease in opportunistic and
non-opportunistic infections that are asso-
ciated with immunological recovery (Gupta
and Singh 2011; Perfect 2012). Additionally, a
high incidence of fungal infections and sensiti-
zation to Aspergillus spp. has been described in
the hyper-IgE syndrome, in which increased
levels of pro-inflammatory gene transcripts
have been found (Antachopoulos et al. 2007;
Holland et al. 2007). These observations suggest
that an inflammatory loop hampering a
patient’s capacity to counter infection seems

to be at work, at least in specific clinical
settings. The manipulation of this loop may
offer strategies to control or prevent exacerba-
tions of these diseases.

IV. Activation of Antifungal Immunity

A. Dendritic Cells

Immunity to fungi is a dynamic interplay
between every arm of the immune system.
Innate immune mechanisms are used by the
host to respond to a range of fungal pathogens
in an acute and conserved fashion (as discussed
in chapter “Receptor-Ligand Interactions in
Fungal Infections”). The induction of innate
immunity shapes the development of the adap-
tive immune response. As sentinels of the
immune system, DCs are responsible for sam-
pling antigenic material in the environment,
shaping T cell responses through secretion of
cytokines, and priming T cells via antigen pre-
sentation (Steinman 2012). Priming of T cells
by DCs is mediated by pathogen-associated
antigens on major histocompatibility complex
class I (MHC-I) or MHC class II (MHC-II)
molecules for priming of CD8þ or CD4þ
T cells, respectively. After priming of naı̈ve
T cells, the response is generally described as
Th1, Th2, Th17, or Treg (described in detail in
a later section B) based on the pattern of cyto-
kine production. Thus, the ability to control the
fate of the immune response makes DCs both
central to balancing antifungal immunity and a
prime target for vaccination strategies.

For years, DC biologists have oscillated between two
apparently opposing concepts: functional specializa-
tion of DC subsets (division of labor) and plasticity
(multitasking). More recently, a third hypothesis is
gathering support: crosstalk between functionally dis-
tinct DC subsets. This reveals a previously unappreci-
ated hierarchy of organization within the DC system,
and provides a conceptual framework for understand-
ing how cooperation between functionally distinct, yet
plastic, DC subsets can shape adaptive immunity and
immunological memory (Pulendran et al. 2008).
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1. The Role of DCs in Antifungal Immunity

DCs are uniquely proficient at decoding the
fungus-associated antigens and translating
them into qualitatively different adaptive
T cell immune responses (Romani et al. 2002;
Romani 2011; Roy and Klein 2012; Wuthrich
et al. 2012). DCs have the exceptional compe-
tence to initiate distinct adaptive antifungal
immune responses as a result of cooperation
between subsets (Romani and Puccetti 2006;
Romani et al. 2008a) and activation of distinct
intracellular signaling pathways (Bonifazi et al.
2009, 2010). The functional plasticity of DCs
is mostly defined by the discriminative
recognition of different fungal species and
morphotypes by the full range of pattern
recognition receptors (PRRs). As a matter of
fact, whole�genome transcriptional analysis
of fungus-pulsed DCs revealed the presence of
a specific transcriptional program governing
fungal recognition (Rizzetto and Cavalieri
2010). Among DC subsets, plasmacytoid (p)
DCs have a prominent role in fungal infec-
tions. Not only are pDCs rapidly recruited and
activated in response to fungi at mucosal sites,
such as the lung (Bonifazi et al. 2010; Ramirez-
Ortiz et al. 2011; Carvalho et al. 2012; De Luca
et al. 2012) and gut (De Luca et al. 2007; Boni-
fazi et al. 2009), but infusion of pDCs in bone
marrow-transplanted mice has been found to
trigger Th1/Treg cell priming, eventually lead-
ing to fungal growth restriction, limited inflam-
matory pathology and, interestingly,
transplantation tolerance (Romani et al. 2006).
More recently, Toll-like receptor (TLR)
3-dependent recognition of fungal RNA by
CD8+ DCs induced potent cytotoxic CD8+ T
cell responses to A. fumigatus, both in mice
and humans (Carvalho et al. 2012). TLR3 defi-
ciency renders mice highly susceptible to asper-
gillosis, and a TLR3 mutation affecting the
ability of CD8+ DCs to cross-present antigens
renders hematopoietic stem cell-transplanted
patients more susceptible to invasive aspergil-
losis.

The activation of distinct signaling path-
ways in DCs translates recognition of fungi
into distinct inflammatory and adaptive
immune responses (Bonifazi et al. 2009, 2010).

The screening of signaling pathways in DCs
through a systems biology approach was
exploited for the development of therapeutics
to attenuate inflammation in experimental
fungal infections and diseases. In vivo targeting
inflammatory [phosphoinositide 3-kinase
(PI3K)/Akt/mammalian target of rapamycin
(mTOR)] or anti-inflammatory [signal trans-
ducer and activator of transcription (STAT3)/
IDO1] DC pathways by intranasally delivered
small interfering RNA (siRNA) modified
resistance and tolerance to infection. Thus,
the screening of signaling pathways in DCs
through a systems biology approach may be
exploited for the development of siRNA thera-
peutics to attenuate inflammation in respira-
tory fungal infections and diseases (Bonifazi
et al. 2010).

DCs are now being exploited to improve
vaccine efficacy (Steinman 2008). The potential
use of tolerogenic pDCs as negative cellular
vaccines to induce experimental transplanta-
tion tolerance has been suggested (Turnquist
and Thomson 2008).

Over recent years, experimental models have shown
that it is possible to exploit the mechanisms that nor-
mally maintain immune homeostasis and tolerance to
self-antigens to induce tolerance to allo-antigens
(Waldmann and Cobbold 2004; Martinic and von
Herrath 2006). Like natural tolerance, transplantation
tolerance is achieved through control of T cell reactivity
by central and peripheral mechanisms of tolerance.

Fungus-pulsed DCs or RNA-transfected
DCs acted as potent fungal vaccines in experi-
mental hematopoietic stem cell transplantation
(Bozza et al. 2003), a model in which autolo-
gous reconstitution of host stem cells is greatly
reduced due to the benefit of a long-term,
donor-type chimerism in more than 95% of
the mice and low incidence of graft rejection.
Protection was associated with myeloid and
T cell recovery, the activation of CD4+ Th1
lymphocytes, and the concomitant IL-10-
driven Treg cells. Thus, tolerogenic DCs proved
to be pivotal in the generation of some form of
dominant regulation that ultimately controlled
inflammation, pathogen immunity, and toler-
ance in transplant recipients eventually leading
to prevention of graft-versus-host reaction
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and reduction of aspergillosis incidence rates.
These results, along with the finding that
fungus-pulsed DCs could reverse T cell anergy
of patients with fungal diseases, further sup-
ports the utility of targeting DCs for antifungal
vaccination strategies (Bozza et al. 2004).

2. Metabolic Regulation of DC Plasticity
in Response to Fungi

A wealth of evidence indicates that acquisition
of an immunogenic or tolerogenic phenotype is
a trait of a specific subset or lineage of DCs, but
that it is an environmentally acquired feature.
In this regard, the tryptophan metabolic path-
way pivotally contributes to DC regulation,
such that tolerance and Treg induction can be
mediated by IDO1-expressing DCs (Orabona
et al. 2004) (see below). In response to fungi,
IDO1 expression was found to confer tolero-
genic properties to DCs (Zelante et al. 2009)
such that C. albicans-pulsed, IDO1-expressing
gut DCs ameliorated experimental colitis
(Bonifazi et al. 2009). By subverting the
morphotype-specific program of activation of
DCs, environmental factors and fungi them-
selves qualitatively affect DC functioning and
Th/Treg cell selection in vivo, ultimately
impacting on fungal virulence. Thus, the
current view accommodates the concept of
virulence as an important component of
fungal fitness within the plasticity of immune
responses orchestrated by DCs. Indeed,
impaired DC maturation and function have
been associated with disease in patients with
CMC (Ryan et al. 2008).

B. T Cell Responses in Fungal Infection

Studies on nonmammalian hosts have provided
means to examine the molecular elements of
fungal virulence and host innate immunity
(Fuchs and Mylonakis 2006; Mylonakis et al.
2007; Peleg et al. 2008). In higher organisms,
however, innate sensing mechanisms are capa-
ble of distinguishing different fungal morpho-
types and are hard-wired to activate distinct

adaptive immune responses with protective
and nonprotective functions against the differ-
ent fungal species. It has been suggested that
a memory-based immune mechanism may
have evolved in vertebrates to accommodate
colonization by symbiotic microbes while
retaining the capacity to oppose their infectivity
(McFall-Ngai 2007). This suggests that the adap-
tive immune system has co-evolved with ubiqui-
tous or commensal fungi, with a price to be paid
for this permissiveness. Stimulation of antigen-
presenting macrophages, DCs, and, more
recently, epithelial cells (ECs) leads to activation
and recruitment of lymphocytes and the devel-
opment of Th cell�specific antifungal responses.
There is extensive plasticity in T cell responses
to fungi (Fig. 6.1). The heterogeneity of the CD4+

and CD8+ T cell repertoire may account for the
multiplicity and redundancy of effector mechan-
isms through which T lymphocytes participate
in the control of fungal infections. Once com-
mitted, T cells express effector functions largely,
but not exclusively, through release of cytokines,
most notably interferon (IFN)-g, tumor necrosis
factor (TNF)-a and IL-17/IL-22, which are instru-
mental in mobilizing and activating antifungal
effectors, thus providing prompt and effective
control of infectivity once the fungus has estab-
lished itself in tissues or spread to internal organs
(Romani 2011).

1. Th1 Cells

Generation of a dominant Th1 response driven by
IL-12 is essentially required for the expression of
protective immunity to fungi and is compulsory
for the design of effective antifungal vaccines
(Spellberg et al. 2008). Through the release of the
signature cytokine IFN-g and by helping the pro-
duction of opsonizing antibodies, induction of
Th1 cells is instrumental for the optimal activa-
tion of phagocytes at sites of infection. Of interest,
Th1 cell-based cross-protection for different fungi
has been recently demonstrated to be achievable
using a single immunogenic epitope from the
A. fumigatus cell wall, thus providing attractive
opportunities for immunotherapeutic strategies
(Stuehler et al. 2011). The failure to deliver
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activating signals to effector phagocytes may pre-
dispose patients to overwhelming infections, limit
the therapeutic efficacy of antifungals and anti-
bodies, and favor persistency and/or commensal-
ism (Romani 2011).

As noted above, Th cell skewing is deter-
mined by the way that DCs respond to the com-
bination of fungal-derived TLR and C-type
lectin receptor (CLR) signaling. Interestingly,
dectin-1-mediated signals can alter the Th1 pro-
file of CD4+ T cell responses to fungal infection
by decreasing the production of IL-12 and
IFN-g in innate cells and consequent expression
of T-box expressed in T cells (T-bet) in A. fumi-
gatus-specific CD4+ T cells, thus enabling Th17
differentiation (Rivera et al. 2011).

Further supporting the pivotal role of Th1 cell
activation, immunological studies on patients with
polar forms of paracoccidioidomycosis demonstrate
an association between Th1-biased reactivity and
asymptomatic and mild forms of infection, as opposed
to the correlation of Th2 cell responses with severe
disease and poor prognosis. Thus, the finding that
estradiol favors Th1-type immunity may explain why
paracoccidioidomycosis is much more frequent in men
than in women (Pinzan et al. 2010).

2. Th2 Cells

Progressive fungal infections, especially those
acquired through the respiratory tract, are
eventually associated with a shift in dominance
from Th1 to Th2. IL-4 and IL-13 provide the

Fig. 6.1 T cell activation in fungal infection. Dendritic
cells (DCs) are at the crossroads of antifungal immu-
nity and tolerance because both inflammatory and tol-
erogenic DCs may arise from their common immature
progenitors. Following fungal recognition by specific
pattern recognition receptors, inflammatory DCs may
trigger the expression of subset-associated transcrip-
tion factors and differentiation of naı̈ve CD4+ T cells
into T helper 1 (Th1), Th2, or Th17 cells, which may
induce cytokine secretion and activation of specific
antifungal immunity programs. On the other hand,
plasmacytoid DCs may activate CD8+ cytotoxic lym-

phocytes (CTLs) that, by displaying direct fungicidal
activity, also contribute to antifungal immunity.
In addition, indoleamine 2,3-dioxygenase 1 (IDO1)-
competent tolerogenic DCs produce kynurenines
(Kyn) and cytokines that contribute to the expansion
of interleukin (IL)-10-secreting T regulatory (Treg)
cells, crucial for the maintenance of tolerance to the
fungus. MR mannose receptor, IFN interferon, TLR
Toll-like receptor, T-bet T-box expressed in T cells,
Gata3 GATA-binding protein 3, Rorc retinoic acid
receptor (RAR)-related orphan receptor C
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most potent proximal signals for commitment
of naı̈ve T cells to the Th2 cell lineage. Despite
often occurring coincidentally with vigorous
Th1 responses, Th2 reactivity results in a net
effect of poor control of the fungal burden
because it induces alternatively activated
macrophages that are permissive for intracellu-
lar fungal growth and may be impervious to
signaling by IFN-g (Voelz et al. 2009).
In addition, Th2 reactivity alters pulmonary
physiology such that airway resistance
increases, thus compounding the severity of
infection and contributing to fungus-associated
allergic responses (Jain et al. 2009). Accordingly,
attenuating Th2 responses to A. fumigatus in
cystic fibrosis patients with allergic bronchopul-
monary aspergillosis (Kreindler et al. 2010) or
limiting IL-4 production in experimental models
of histoplasmosis (Szymczak and Deepe 2009)
restored antifungal resistance.

For the vast majority of fungi, Th2
responses are associated with pathogenic
allergic responses. The contradiction is pneu-
mocystosis, in which a Th2 cell-dependent
humoral immunity affords some degree of
protection (Rapaka et al. 2010). In addition,
alternatively activated macrophages driven by
IL-13 and amplified by IL-33 displayed
enhanced fungicidal activity regardless of the
antibody-dependent effect, a finding that fur-
ther supports a contribution of Th2 cells to
fungal clearance (Bhatia et al. 2011).

3. Th17 Cells

Over the past several years, the Th1/Th2 dichot-
omy has been replaced by the belief that the
“fates” for developing CD4+ T cells and asso-
ciated cytokines are more flexible than formerly
anticipated (Zhou et al. 2009). Th17 cells are a
separate lineage of effector Th cells contributing
to immune pathogenesis previously attributed to
the Th1 lineage (Kaufmann and Kuchroo 2009).
Th17 cells have an important function in the
host response against extracellular pathogens,
but they are also associated with the pathogene-
sis of many autoimmune and allergic disorders.
It is now well accepted that Th17 cell activation
occurs in fungal infections (Hernandez-Santos

and Gaffen 2012), mainly through the spleen
tyrosine kinase/caspase recruitment domain-
containing protein 9 (Syk/CARD9), myeloid dif-
ferentiation primary response protein 88
(MyD88), andmannose receptor (MR), signaling
pathways in DCs and macrophages leading to
the production of unique cytokines such as IL-
17, IL-17F, and IL-22. This signaling is inhibited
by Raf-1 kinase and TIR domain–containing
adapter–inducing interferon-beta (TRIF)/type I
IFN pathways, indicating that the molecular
pathways defining activation or inhibition of
Th17 cells are present downstream of both
CLRs and TLRs. Indeed, the central role of
Th17 cells in antifungal immunity is supported
by studies reporting Mendelian susceptibility to
fungal infections of individuals with inborn
errors of dectin-1, CARD9, STAT1, STAT3 and,
specifically, IL-17 immunity (Ferwerda et al.
2009; Glocker et al. 2009; Puel et al. 2011; van
de Veerdonk et al. 2011) (Table 6.1). In experi-
mental fungal infections, however, IL-17-depen-
dent immunity has been reported to be either
essential (Huang et al. 2004; Saijo et al. 2007;
Conti et al. 2009; Wuthrich et al. 2011) or not
(Lin et al. 2009; De Luca et al. 2010b; Hardison
et al. 2010). This suggests that the protective or
detrimental effects of this pathway may depend
on the stage and site of infection, probably
influenced by environmental stimuli that induce
cells to produce cytokines of the IL-17 family,
including IL-22 (see below). In this regard,
recent evidence has demonstrated that Th17
cells can be segregated into pathogenic or non-
pathogenic cells, depending on whether they
produce granulocyte macrophage colony stimu-
lating factor (GM-CSF) or IL-10, respectively
(Codarri et al. 2011; El-Behi et al. 2011). These
Th17 phenotypes are still to be described in the
context of fungal diseases (Wuthrich et al. 2012).

Th17 cells are present in the fungus-specific
T cell memory repertoire in humans (Acosta-
Rodriguez et al. 2007; Bozza et al. 2009) and
mediate some (Wuthrich et al. 2011), but not all
(De Luca et al. 2012), vaccine-induced protec-
tion in mice. Interestingly, as in mice (De Luca
et al. 2012), human host defense against
A. fumigatus relies on Th1 rather than Th17
cell responses (Chai et al. 2010), and CMC
patients (with or without autosomal dominant
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hyper-IgE syndrome) have defective Th17 and
Th1 cell responses (Ryan et al. 2008; van de
Veerdonk et al. 2011). This could be explained
by the notion that Th17 cells, although found
early during the initiation of an immune
response, are involved in a broad range of
both Th1- and Th2-type responses.

Indeed, a role for Th17 cells in supporting Th1 cell
responses has been shown in experimental mucosal can-
didiasis (Conti et al. 2009; De Luca et al. 2010b). In
addition, in experimental aspergillosis, enhanced Th2
cell responses and fungal allergy are observed in the
absence of IL-17A receptor signaling (our unpublished
observations). Thus, these findings point to an important
regulatory function of the Th17 cell pathway in promot-
ing Th1-type and restraining Th2-type immunity.

It is intriguing that Th17 cell responses are
dampened by C. albicans (Cheng et al. 2010) and
that failure to do so eventually results in chronic
inflammation and failure to resolve the infection
(Zelante et al. 2007; Loures et al. 2009). In this
regard, it is fascinating that fungi are able to
sense mammalian IL-17 in their surrounding
environment and turn on molecular programs
that result in enhanced virulence and survival
aptitude (Zelante et al. 2012).

The mechanisms that link inflammation to
chronic infection may lie in an inability to con-
trol inflammation following IL-17A-dependent
neutrophil mobilization, thus preventing opti-
mal protection and favoring fungal persistence.
Thus, the Th17 cell pathway could be involved
in the immunopathogenesis of chronic fungal
disease, in which persistent fungal antigens
may promote immune deregulation, as demon-
strated in patients with autoimmune polyendo-
crine syndrome type 1 and in the absence of
autoimmune regulator (AIRE), in which exces-
sive Th17-type responses to fungi have been
observed (Ahlgren et al. 2011).

As noted above, Th17 cells can concomi-
tantly synthesize IL-22, a member of the IL-10
family of cytokines, which has been shown to
play a more important role than IL-17 in host
defense in the lung and gut (Zenewicz and
Flavell 2008). Our recent findings suggest that
the IL-23/IL-22/defensins pathway is crucially
involved in the control of fungal growth at
mucosal and nonmucosal sites in both

candidiasis and aspergillosis, particularly in
conditions of Th1 deficiency. Interestingly,
memory IL-22+ CD4+ cells specific for C. albi-
cans are present in humans (Liu et al. 2009) and
are defective in patients with CMC (Eyerich
et al. 2008). Thus, further tweaking the Th17
model, Th17 cells may exert their protective
role in fungal infections through IL-22. Indeed,
IL-22 has recently been demonstrated to be
required for the control of C. albicans growth
at mucosal sites in the absence of Th1 and Th17
cells (De Luca et al. 2010b). Specifically, IL-22
produced by NKp46+ innate lymphoid cells
expressing the aryl hydrocarbon receptor
directly targeted intestinal ECs and induced
STAT3 phosphorylation and release of S100
calcium binding protein A8 (S100A8) and
S100A9, peptides known to have antifungal
activity and anti-inflammatory effects. Thus,
in the relative absence of protective Th1/Treg,
IL-22+ Th17 cells may fulfill the role of a pro-
tective response that exploits primitive effec-
tor defense mechanisms of antifungal
resistance, as demonstrated also for experi-
mental bacterial diseases (Aujla et al. 2008).
Consistent with this role for IL-22, patients
with autosomal dominant hyper-IgE syndrome,
owing to dominant-negative mutations of
STAT3, have a defective Th17 cell response to
C. albicans (Milner et al. 2008). Accordingly,
C. albicans-specific IL-22+ CD4+ memory T
cells are present in healthy individuals
(Liu et al. 2009) but are lacking in CMC patients
(Eyerich et al. 2010), an observation pointing to
IL-22 production in the mucosa as a primitive
mechanism of resistance against fungi under
conditions of limited inflammation. Of interest,
dectin-1-mediated production of IL-22 in
the lung has also been demonstrated to contrib-
ute to early innate immune resistance toA. fumi-
gatus (Gessner et al. 2012), although it
paradoxically promoted lung inflammation and
immunopathology during persistent fungal
exposure in an allergy model (Lilly et al. 2012).
These seemingly discrepant findings further
add to the complexity of IL-22 function in
antifungal mucosal immunity and point to the
existence of regulatory events leading to its
production that depend on the stage and site of
infection.

118 C. Cunha et al.



4. Treg Cells

During infection, the immune response
must eliminate the fungus while limiting
infection-associated costs to host fitness
and restoring a homeostatic environment.
Treg cells, by means of their anti-
inflammatory activity, play a central role in
this process. In experimental fungal infec-
tions, inflammatory immunity and immune
tolerance in the respiratory or gastrointesti-
nal mucosa have been shown to be
controlled by the coordinated activation of
different Treg cell subsets. Because Treg cell
responses may handicap the efficacy of pro-
tective immunity, Treg cell activity
decreases host tissue damage but may con-
versely promote fungal persistence (Romani
and Puccetti 2006) and, eventually, immuno-
suppression (Ferreira et al. 2010). Some cells
with this function, such as CD4+ Foxp3+

natural Tregs (nTregs), exist regardless of
the presence of infectious stimuli, whereas
others may be induced as a consequence of
infection (iTregs) or in conditions of
impaired co-stimulatory signaling and in
the presence of deactivating cytokines and
drugs. This scenario is crucially exemplified
in experimental aspergillosis, in which
inflammation was controlled at an early
stage by nTregs suppressing neutrophils
whereas, later tolerogenic iTregs inhibited
Th2 cells and prevented fungal allergy
(Montagnoli et al. 2006).

As already discussed, a reciprocal relation-
ship has been described between the develop-
ment of Foxp3+ Treg and effector Th17 cells, so
that naı̈ve T cell activation in the presence of
innate stimuli redirects iTreg generation to
Th17 generation. In this regard, CD4+ CD25+

Foxp3+ Treg cells have been recently found to
promote IL-17 upregulation and contribute to
suppression of mucosal candidiasis in vivo
(Pandiyan et al. 2011). Thus, by controlling
the quality and magnitude of effector innate
and adaptive responses, the spectrum of Treg
cell skills may go from protective tolerance and
immune homeostasis to dominant effector
activities. Furthermore, this suggests that this
degree of interaction between fungi and

the host immune system determines whether a
fungus is perceived as commensal or pathogen,
and that this definition may evolve constantly.

5. Indoleamine 2,3-Dioxygenase 1 is a Critical
Regulator of Tolerance to Fungi

IDO1 is an IFN-g-inducible intracellular
enzyme that catalyzes the catabolism of trypto-
phan (Puccetti and Grohmann 2007; Mellor
and Munn 2008). The effects of IDO1 activity
are tryptophan deficiency, excess tryptophan
breakdown products (kynurenines), and con-
sumption of reactive oxygen species. IDO1 and
kynurenines serve many roles in fungal infec-
tions. A number of studies have established that
the proper control of infection and associated
inflammatory reactions require IDO1 induction
and consequent production of tryptophan
metabolites with immunoregulatory activities,
contributing to the maintenance of the Treg/
Th17 balance (Romani et al. 2008b). As
already mentioned, IDO1-expressing DCs are
regarded as regulatory DCs specialized
in antigen-specific deletional tolerance or
induction of CD4+ CD25+ Treg cells. These find-
ings disclose a mutual interaction between DCs
and Treg cells for the preservation of immuno-
logical tolerance. Indeed, IDO1 blockade
greatly exacerbated experimental fungal infec-
tions and the associated inflammatory pathol-
ogy, and swept away resistance to re-infection,
as a result of deregulated innate and adaptive
immune responses caused by the impaired acti-
vation and functioning of suppressor CD4+

CD25+ Treg cells producing IL-10 (Romani
and Puccetti 2006). IDO1 expression is paradox-
ically upregulated in patients with allergy or
autoimmune inflammation, a finding pointing
to the occurrence of a homeostatic mechanism
to halt ongoing inflammation (Grohmann et al.
2007). During experimental fungal allergy,
modulation of tryptophan catabolism via the
glucocorticoid-induced tumor necrosis factor
receptor (GITR) and its ligand, GITRL, inhib-
ited Th2 cell responses and allergy and induced
the expression of Foxp3+ Treg cells through
IDO1-dependent mechanisms (Grohmann
et al. 2007), a finding pointing to the potential
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relevance of IDO1 in the anti-inflammatory
action of corticosteroids. As alreadymentioned,
a reciprocal antagonistic relationship exists
between IDO1 and the Th17 pathway, with
IDO1 restraining Th17 responses and IL-17A
inhibiting IDO1 (Zelante et al. 2007).

Recent evidence indicates that the non-hematopoietic
compartment also contributes to tolerance to fungi
via IDO1 (Cunha et al. 2010; de Luca et al. 2010a).
ECs are key players in tolerance to respiratory patho-
gens via an IFN-g–IDO1 axis culminating in the inhi-
bition of Th17 cell responses (Desvignes and Ernst
2009; de Luca et al. 2010a). IDO1 overexpression in
airway ECs was found to restrain CD4+ T cell activa-
tion to A. fumigatus, an activity that was nevertheless
dispensable in the presence of IDO1-expressing tol-
erogenic DCs. However, IDO1 induction in ECs could
compensate for the lack of IDO1 on hematopoietic
cells (Paveglio et al. 2011). The expression of IDO1
on ECs occurred through the TLR3/TRIF-dependent
pathway, a finding consistent with the abundant
expression of TLR3 both intracellularly and on the
cell surface of ECs. The failure to activate IDO1 prob-
ably accounted for the lack of tolerance to the fungus
observed in experimental stem cell transplantation in
conditions in which either the recipient or the donor
(or even more when both) were TRIF- or TLR3-
deficient (de Luca et al. 2010a).

Overall, these data shed light on pathways
of immune resistance and tolerance to the fun-
gus that probably take place in a hematopoietic
stem cell transplantation setting. It appears that
protective tolerance to the fungus is achieved
through a TLR3/TRIF-dependent pathway acti-
vating Th1/Treg cells via IDO1 expressed on
both the hematopoietic and non-hematopoietic
compartments. In contrast, the MyD88 pathway
provides antifungal resistance, i.e., the ability to
restrict fungal growth through defensins and,
probably, other effector mechanisms (de Luca
et al. 2010a). However, the ability of mice to
clear the fungus in the relative absence of
the MyD88 pathway (Bretz et al. 2008) clearly
indicates redundancies and hierarchy in anti-
fungal mechanisms of resistance. Ultimately,
the finding that both C. albicans (De Luca
et al. 2007) and A. fumigatus (de Luca et al.
2010a), two major human fungal pathogens,
exploit the TRIF/IDO1-dependent pathway
at the interface with the mammalian hosts

indicates that the exploitation of tolerance
mechanisms is an advantageous option.

V. Immune Memory and Antifungal
Vaccines

A successful vaccination relies on the elicitation
of pathogen-specific immune memory that
mediates long-term protection from infection
or disease. Given the plethora of fungal ligands
present at the cell surface, as well as those that
become available to immune sensing upon pro-
cessing of the fungus by phagocytic cells,
it is clear that vaccine-induced protection to
attenuated fungal strains occurs through dis-
tinct PRRs and downstream signaling adapters
(Wuthrich et al. 2011; De Luca et al. 2012). For
instance, Th17-induced acquisition of vaccine
immunity to live attenuated strains of B. der-
matitidis, H. capsulatum, and C. posadasii was
found to require MyD88 signaling (Wuthrich
et al. 2011), whereas Th1-induced protection to
A. fumigatus relied on TRIF (De Luca et al.
2012). Of interest, vaccination with purified
A. fumigatus antigens was found to be depen-
dent on the MyD88 pathway in the presence of
the appropriate adjuvant (Carvalho et al. 2012;
De Luca et al. 2012), a finding pointing to the
crucial role of adjuvants in promoting T cell
differentiation along specific effector pathways.
Thus, fungal innate sensing is one critical step
in mounting immune responses, eventually
defining appropriate effector responses to max-
imize protection (Levitz and Golenbock 2012).

Although CD4+ Th1 cells have been histori-
cally considered the cornerstone of cell-
mediated defense against intracellular fungi
(Cassone and Casadevall 2012; Iannitti et al.
2012), CD8+ T cells have also earned a place in
this category (Cutler et al. 2007). Indeed, in a
mousemodel of vaccination against blastomyco-
sis, both the numbers and function of protective
antifungal memory CD8+ T cells were main-
tained, even in the absence of CD4+ T cell help
(Nanjappa et al. 2012b). Under these circum-
stances, a distinct lineage of CD8+ T cells able
to produce IL-17 (Tc17 cells) has been found to
be nonredundant for vaccine immunity to fungal
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infection by mediating protection in a neutro-
phil-dependent manner (Nanjappa et al. 2012a).

The persistence of immunological memory
and how it relates to vaccination strategies is a
question of central importance. Memory T cells
are derived from normal T cells that have
learned how to overcome a pathogen by
“remembering” the strategy used to defeat
previous infections (Sallusto et al. 2010). In
addition to central memory T cells present in
secondary lymphoid organs, which scrutinize
the presence of remote pathogens via DCs,
effector memory T cells reside in peripheral
non-lymphoid tissues such as the skin and
mucosa. The latter are heterogeneous in terms
of homing receptor expression and effector
function and comprise the Th1, Th2, Th17,
and Treg cells and cytotoxic T lymphocytes.
Memory CD8+ cytotoxic T cells are also induced
in fungal infections (Nanjappa et al. 2012b) and
exhibit a pleiotropic activity by mediating pro-
tection via production of IFN-g and cytolytic
activity against fungus-laden cells or the fungus
itself (Carvalho et al. 2012; De Luca et al. 2012).
As such, CD8+ T cells, especially if long-lasting,
are regarded as ideal candidates for
expansion at mucosal surfaces by vaccination
strategies.

The nature of the antifungal vaccine, the
route of antigen delivery, and the mode of
antigen routing and presentation are impor-
tant for determining the success of a fungal
vaccine. Indeed, recent evidence has high-
lighted striking differences in antigen presenta-
tion pathways in DCs leading to the activation
of CD4+ or CD8+ T cells (De Luca et al. 2012).
Memory CD4+ T cells were activated by purified
antigens from A. fumigatus that were routed to
the endosome/lysosome-dependent MHC-II
presentation pathway via MyD88 with the
involvement of distinct upstream PRRs. En
route to lysosomes, purified antigens were also
targeted to the mildly acidic stable early endo-
somal compartment where uptake by MR led to
presentation on MHC-I molecules and Th1
polarization. Consistently, mannosylation has
been reported to significantly enhance antifun-
gal CD8+ T cell priming (Luong et al. 2007). In
contrast to soluble antigens, phagocytosed cells
or particulate antigens activated CD8-

dependent memory through a pathway relying
on TLR3/TRIF signaling (De Luca et al. 2012).
Similar to the situation for C. neoformans
(Wozniak and Levitz 2008), phagocytosed cells
were routed to the late endosome/lysosome
compartment and also to the rat sarcoma
(RAS)-related protein (Rab)14+ compartment,
which is known to limit routing of antigens
from early endosomes to the acidic lysosomal
environment, thus limiting antigen degradation
and favoring cross-presentation (Saveanu et al.
2009). The escape of fungal cells from the endo-
somal/lysosomal compartment to the Rab14+

compartment occurs through TLR3-dependent
autophagy. Accordingly, CD8+ T cell memory
to conidia was abrogated when autophagy was
defective (e.g., in the absence of TLR3) or under
conditions of defective endosomal alkaliniza-
tion (e.g., in NADPH deficiency) (Savina et al.
2006) (Fig. 6.2). In these conditions, long-
lasting antifungal protection and disease con-
trol was successfully achieved upon vaccination
with purified fungal antigens that activate CD4+

T cells. Thus, CD8+ T cells can provide antifun-
gal memory in CD4+ T cell deficiency and vice
versa. These data highlight how understanding
memory at a basic level, including information
obtained from suitable animal models, may be
exploited to personalize vaccination strategies
against fungal diseases. Refinement of these
approaches could lead to antifungal vaccines
and adjuvants tailored to the different target
populations, administered either alone or in
combination with immunomodulators target-
ing antigen trafficking and presentation path-
ways. In this regard, promoting autophagy
restores defective CD8+ T cell memory (De
Luca et al. 2012), a finding that broadens the
role of autophagy in adaptive immunity to
include response to vaccines.

VI. Final Remarks

The control of inflammation leading to toler-
ance, the molecular bases of immune regulation
and deregulation, and the way in which com-
mensal but opportunistic fungal pathogens can
switch from a “friendly” affinity with the host to
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a pathological relationship by evading or sub-
verting host inflammation, are challenging
issues in the field of medical mycology and
infection-related immunological disorders. A
related question is how and whether the fungal
microbiota contributes to the regulation of
inflammation in health and disease. By the use
of multidisciplinary approaches based on
whole-genome immunogenetics, cutting-edge
“omics” techniques, advanced bioinformatics,
and systems biology applied to immune
profiling, it will be possible to challenge exist-
ing paradigms in the fields of fungal immuno-
pathology, thereby leading to the discovery of
“commensal signatures” for the fungal biota
and the development of therapeutic approaches
for mucosal and systemic fungal diseases.
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I. Introduction

Histoplasma capsulatum is a primary fungal
pathogen that causes respiratory and systemic
disease. The fungus is endemic to regions of
North, Central, and South America as well as
parts of Africa. In the USA, Histoplasma causes
more hospitalizations than all other endemic
fungi (Chu et al. 2006; Baddley et al. 2011).
Serology studies indicate that up to 80% of
individuals in endemic areas of the USA have
been infected (Edwards et al. 1969), yielding
estimates of 200,000 infections annually (Ajello
1971). The severity of histoplasmosis is deter-
mined by the dose and by the immunological
state of the host, with the majority of infections

being self-limiting upon activation of cell-
mediated immunity.

Histoplasmosis is initially a respiratory
infection that results from inhalation of
Histoplasma conidia. The infectious conidia
are produced by and released from the environ-
mental (mycelial) form of the fungus. Within
the mammalian lung, elevated temperatures
cause conidia to differentiate into the patho-
genic yeast form. Histoplasma is thus a
thermally dimorphic fungus with exclusively
separate mycelial and yeast forms. Beyond
fungal morphology, Histoplasma’s dimorphism
corresponds to alternate lifestyles, with the
mycelia deriving nourishment from decaying
organic matter but the yeast parasitizing
host cells. Histoplasma’s dimorphism also
reflects substantial transcriptional changes,
which include expression of genes necessary
for pathogenesis.

Most fungi that cause human disease are
opportunistic pathogens, their diseases being
restricted to hosts with defects in innate and/or
adaptive immunity. In contrast, Histoplasma
infections are not restricted to immuno-
compromised or immunosuppressed hosts.
Of clinical cases, less than half are associated
with other comorbidities or known immuno-
compromising conditions (Chu et al. 2006;
Baddley et al. 2011). The innate immune
system is entirely unable to control Histo-
plasma infections until activation by cells of
the adaptive immune system. In the absence
of cell-mediated immunity, Histoplasma
infections nearly always progress to life-
threatening, progressive disseminated histo-
plasmosis. Even with T cell activation,
Histoplasma infections may not be completely
cleared and latent organisms can persist as a
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reservoir for reactivation histoplasmosis
(Jain et al. 2006; Allen and Deepe 2006). This
greater virulence of Histoplasma compared to
opportunistic fungi indicates that Histoplasma
must produce specific virulence factors that
enable it to defeat immune defenses. Within
the mammalian host, Histoplasma is almost
exclusively an intracellular pathogen with
yeasts predominantly found in host macro-
phages. As will be discussed in molecular detail,
Histoplasma’s ability to reside within these
immune cells that normally eliminate invading
fungi is a function of (1) avoidance of detection
by the host and (2) negation of host antimicro-
bial defenses.

Dissection of the molecular mechanisms that promote
Histoplasma pathogenesis relies upon identification
and characterization of the underlying virulence
factors. Functional genetic studies have only recently
been possible with molecular advances to eliminate or
deplete specific gene functions. These include the
development of a gene knockout strategy for a fungus
with vanishingly low rates of homologous recombina-
tion (Sebghati et al. 2000), methodologies to deplete
gene functions by RNA interference (RNAi) (Rappleye
et al. 2004), and insertional mutagenesis techniques
using Agrobacterium-mediated transformation
(Sullivan et al. 2002; Youseff et al. 2009; Youseff and
Rappleye 2012). In addition, modern platform technol-
ogies such as gene expression profiling (Hwang et al.
2003, 2012; Nittler et al. 2005) and proteomics
(Albuquerque et al. 2008; Winters et al. 2008; Holbrook
et al. 2011) have greatly enhanced identification and
selection of candidate molecules for understanding
Histoplasma virulence.

The dimorphism of Histoplasma, and the
built-in ability to correlate expression patterns
specifically with the pathogenic phase, has
helped propel virulence factor identification.
Logically, factors uniquely produced by
pathogenic-phase cells have been considered
prime candidates that specifically increase the
fitness of this phase. Because differentiation of
Histoplasma into the yeast phase is required
for establishment of disease (Medoff et al.
1986; Nemecek et al. 2006), yeast-phase factors
are probably produced to facilitate Histoplasma
pathogenesis. Although not virulence factors
per se, a number of regulators of the transition
to the yeast phase in response to mammalian
body temperature have been identified. Transition

to the yeast phase requires a histidine signaling
kinase (Drk1) (Nemecek et al. 2006). In addition,
the Ryp1 transcriptional regulator, which is
related to the Candida Wor1 differentiation
factor, binds to DNA upstream of yeast-phase
genes and activates expression of approxi-
mately 740 genes of the yeast-phase regulon
(Nguyen and Sil 2008). Two additional
proteins, Ryp2 and Ryp3, are related to Velvet
A-type regulators of filamentous fungi and
are required for Ryp1 accumulation and for
yeast-phase differentiation (Webster and Sil
2008). How the thermal stimulus is transduced
into signals that involve these pathways is still
unknown. Nevertheless, these yeast-phase-
regulating factors contribute to pathogenesis
indirectly by activating expression of many of
the virulence mechanisms discussed below.
Indeed, most virulence factors identified to
date are characterized by yeast-phase-specific
expression, and their functions tailored to
ensuring Histoplasma survival as the yeasts
interact with a fully functional host immune
system.

II. Avoidance of Host Defenses

A. Adhesion to and Entry into Phagocytes

Infection of phagocytes involves intimate
association of Histoplasma cells with the host
cell surface to promote internalization, yet
survival requires yeasts to minimize activation
of phagocyte defense mechanisms (Fig. 7.1).
Initial adherence of Histoplasma to macro-
phages is mediated by binding to macrophage
heteromeric transmembrane b-integrins, chiefly
the CD18-family complement receptors (CR):
LFA-1 (CD11a+CD18), CR3/Mac-1 (CD11b+
CD18), or CR4 (CD11c+CD18). Antibodies
that block complement receptors substantially
reduce attachment and phagocytosis of Histo-
plasma yeasts and conidia by macrophages,
although blocking individual alpha subunits
causes less impairment than blocking CD18
due to expression of multiple complement
receptors on macrophages (Bullock and Wright
1987; Newman et al. 1990; Lin et al. 2010).
Although Histoplasma’s association with
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macrophages is mediated by complement
receptors, binding is not dependent on comple-
ment opsonization of yeasts (Bullock and
Wright 1987). The cognate adhesin protein on
yeasts that binds to CR3 is heat-shock protein
60 (Hsp60) (Long et al. 2003). How Hsp60, a
normally intracellular stress-response protein,
becomes localized to the extracellular surface
of yeasts is unknown. Consistent with its extra-
cellular localization, antibodies to Hsp60 can
opsonize yeast and promote Fc-dependent
phagocytosis (Guimarães et al. 2009). Further-
more, vaccination with Hsp60 is protective to
mice (Gomez et al. 1995; Deepe et al. 1996). In
contrast to macrophages, attachment of Histo-
plasma yeasts to dendritic cells is facilitated by
yeast cyclophilin A binding to dendritic cell-
expressed VLA-5 receptors (Gildea et al. 2001;
Gomez et al. 2008). No adhesin-receptor pairing
has been determined yet for the interaction of
yeasts with polymorphonuclear neutrophils
(PMNs). Complement receptors seem unlikely
candidates because surface expression of
complement receptors on PMNs is minimal
until PMNs are stimulated (Sengeløv et al.
1993; Videm and Strand 2004).

Binding to complement receptors for
adherence also triggers internalization of yeasts

into macrophages. Intracellular residence in
macrophages enhances the virulence of
Histoplasma by protecting yeast cells from
pulmonary collectins, specifically surfactant
proteins A (SP-A) and D (SP-D) (McCormack
et al. 2003). Recent work has shown that SP-A
and SP-D have direct fungicidal activity on
Histoplasma by permeabilizing the yeast cells.
SP-A knockout mice have increased suscepti-
bility to Histoplasma infection in vivo (McCor-
mack et al. 2003). This suggests that phagocytic
uptake is not only tolerated by Histoplasma
but important for full virulence because it
provides a shelter from soluble host defense
molecules. Unlike Fc-mediated phagocytosis
of antibody-opsonized particles, complement
receptor-mediated phagocytosis is generally
noninflammatory unless accompanied by other
stimulating signals (Aderem 2003).

B. Concealment of Pro-inflammatory Fungal
Patterns

To reduce potential pro-inflammatory host
responses, Histoplasma yeasts minimize cell
wall b-glucan detection by concealing it beneath
a layer of a-glucan. Macrophage-expressed

Fig. 7.1. Molecular mechanisms of detection avoid-
ance during interaction of Histoplasma yeasts with
macrophages. Adherence and phagocytosis of yeasts
into macrophages is mediated by cell-wall-localized
Hsp60 binding to CD18-family receptors (e.g., CR3) in
the macrophage plasma membrane. At the same time,

Histoplasma yeasts avoid detection by the macrophage
b-glucan receptor Dectin-1 by concealing fungal
b-glucans beneath an a-glucan polysaccharide layer in
the yeast cell wall. In addition, macrophage TLR2
receptors do not detect undefined TLR2 PAMPs present
in the yeast cell wall
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Dectin-1 is a critical pattern recognition receptor
(PRR) for detection of fungal cell wall b-glucan
and stimulates the antifungal responses of
phagocytes (Goodridge et al. 2009; Drummond
and Brown 2011). Dectin-1 detection of Histo-
plasma yeasts is necessary for pro-inflammatory
cytokine production (Rappleye et al. 2007; Lin
et al. 2010). However, most Histoplasma species
synthesize a-linked glucan (a-glucan) in
addition to b-glucans, and these two polysac-
charides are organized in the yeast cell wall
such that the b-glucans are concealed beneath
the a-glucan layer (Rappleye et al. 2007).
Functionally, production of the yeast-specific
a-glucan polysaccharide effectively masks
the normally immunostimulatory cell wall
b-glucans (Fig. 7.1). Yeast cells unable to syn-
thesize a-glucan are readily detected by Dectin-1
and these yeasts are severely attenuated in vivo
(Rappleye et al. 2004, 2007).

Synthesis of a-glucan requires the function of an
a-(1,3)-glucan synthase (Ags1) as well as an a-(1,4)-
amylase (Amy1) (Rappleye et al. 2004; Marion et al.
2006). One species ofHistoplasma (the North American
type 2; NAm 2) lacks detectable a-glucan yet remains
virulent. This species appears to express an alternate
means of preventing b-glucan detection through an
unknown mechanism (Edwards et al. 2011a).

Thus, the a-glucan polysaccharide produced
by most species of Histoplasma facilitates
stealthy entry of Histoplasma yeast into macro-
phages, thereby enhancing yeast survival.

In addition to preventing Dectin-1 detection,
Histoplasma yeast cells do not trigger Toll-like
receptors (TLRs) expressed on the macrophage
surface. The most relevant TLRs that recognize
fungal pathogen-associated molecular patterns
(PAMPs) are TLR2 and TLR4. One possibility
is that Histoplasma yeasts lack TLR ligands
altogether. Consistent with this possibility are
in vitro studies in which TLR2 and TLR4 do
not play a role in macrophage interactions with
Histoplasma yeasts (Lin et al. 2010). Similarly,
TLR2 does not contribute to the interferon
(IFN)-b response of macrophages to Histo-
plasma conidia (Inglis et al. 2010). On the other
hand, biochemical fractions of Histoplasma
yeast cell walls can stimulate lipid body
formation by macrophages (which is correlated

with leukotriene production), and this is depen-
dent on TLR2, indicating that cell wall fractions
contain PAMP(s) recognized by TLR2 (Sorgi
et al. 2009). Together, these data suggest that
Histoplasma yeast have TLR ligands but that
they are hidden from immune cells in intact,
wild-type yeasts in much the same way that cell
wall b-glucans are veiled (Fig. 7.1). All of these
studies used cultured phagocytes so the role of
TLRs in vivo remains undetermined. It is
unknown whether a-glucan might also be the
cell wall factor that masks the TLR ligands.

III. Negation of Host Defenses

A. Elimination of Antimicrobial Reactive
Oxygen

Interaction of Histoplasma yeasts with phago-
cytes variably induces production of reactive
oxygen species (ROS), which Histoplasma
must detoxify in order to survive. Stimulatory
signals, including PRR recognition of PAMPs,
cytokines, and other phagocytic signals, trigger
assembly of the NADPH-phagocyte oxidase
(phox), a multimeric protein complex that
produces the initial ROS, superoxide (O2

�). In
response to Histoplasma yeasts, PMNs readily
produce ROS (Schaffner et al. 1986; Schnur and
Newman 1990; Kurita et al. 1991a, b) but
macrophages only produce significant ROS
upon cytokine activation (Eissenberg and Gold-
man 1987; Wolf et al. 1987, 1989; Fleischmann
et al. 1990; Wolf and Massof 1990). Regardless,
Histoplasma survives phagocyte-derived
superoxide in vitro and in vivo by expression
of a yeast-phase-specific, extracellular super-
oxide dismutase, Sod3 (Youseff et al. 2012).
Histoplasma Sod3 is both secreted and
anchored on the yeast cell wall, positioning
it optimally to destroy phagocyte-derived
superoxide (Fig. 7.2). Intracellular superoxide
dismutase (i.e., Histoplasma Sod1) does not
provide protection against extracellular super-
oxide because the charge on superoxide renders
this ROS unable to pass through biological
membranes. Without Sod3, Histoplasma
virulence is significantly attenuated and Histo-
plasma yeast survival against PMNs and
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activated macrophages is reduced to similar
levels as for wild-type Candida. Thus, Sod3-
dependent dismutation of host-derived super-
oxide contributes to the greater virulence of
Histoplasma compared to opportunistic fungi.

In addition to Sod3, Histoplasma yeasts
express a yeast-phase-specific, extracellular
catalase, CatB. CatB is equivalent to M-antigen,
a major diagnostic exoantigen for histoplasmosis
(Hamilton et al. 1990; Zancopé-Oliveira et al.
1999). Given the ability of CatB to destroy

peroxide, many have assumed that CatB is
essential to Histoplasma virulence. However,
CatB-deficient Histoplasma yeasts are fully
virulent (Holbrook et al. 2013). This is due to
functional redundancy with the intracellular
Histoplasma catalase, CatP (Holbrook et al.
2013). Production of either catalase is sufficient
to protect Histoplasma from host-produced
ROS. Nonetheless, expression of dual catalases
may provide a more effective means of protecting
ROS-sensitive intracellular targets (Fig. 7.2);

Fig. 7.2. Mechanisms facilitating Histoplasma yeast
intracellular survival and proliferation within macro-
phage phagosomes.Demonstrated virulence factors are
indicated in bold and those with pathogenic-phase-
specific expression are underlined. Histoplasma yeasts
extinguish phagocyte-produced ROS by production of
extracellular oxidative stress defense factors (red).
Assembly of the multimeric phagocyte NADPH-
oxidase complex (Phox) in the phagosomal membrane
leads to production of antimicrobial superoxide. This
toxic ROS is eliminated by the extracellular Histo-
plasma superoxide dismutase (Sod3). Peroxide mole-
cules are similarly destroyed by extracellular catalase
(CatB). Residual peroxide that escapes CatB destruc-
tion and enters the yeast cell is eliminated by an intra-
cellular catalase (CatP). Histoplasma yeasts have at
least two strategies for essential iron acquisition
(blue). Host iron is brought to the phagosome via
transferrin after binding to the transferrin receptor
(TfR). In one strategy, Histoplasma yeasts secrete a

g-glutamyl transferase (Ggt1), which utilizes GSH to
reduce ferric to ferrous iron, promoting iron release
from transferrin and allowing for import into yeast
cells. In a second strategy, the Histoplasma ornithine
monooxygenase (Sid1) initiates siderophore synthesis
and siderophores are secreted into the phagosomal
lumen to chelate iron. The action of the vacuolar
proton-ATPase, of which Vma1 is a central subunit,
maintains iron homeostasis in Histoplasma yeasts.
Histoplasma yeasts also secrete several novel factors
(green) with undefined roles in intracellular residence.
Cbp1, a calcium-binding protein, is abundantly
secreted by yeast cells and may interact with
phagosomal lipids. Yps3 is a secreted factor that also
binds to cell wall chitin. Histoplasma yeasts produce an
extracellular thioredoxin reductase-like protein (Trl1)
and the Cfp4 glycoprotein during infection of macro-
phages. Additionally, yeasts utilize the stress-response
Hsp82 protein to ameliorate intracellular stresses
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the phagocyte-derived ROS is efficiently
destroyed by extracellular CatB before peroxide
can enter the cell and affect intracellular targets.
CatP, as an intracellular ROS defense, provides
additional protection against any peroxide that
escapes destruction by CatB. The combined
activities of Sod3 and the dual catalase system
effectively negate phagocyte-produced reactive
oxygen defenses, thereby enabling yeast
survival during infection.

B. Resistance to Reactive Nitrogen Compounds

Host defenses against fungal infections also
include production of reactive nitrogen species
(RNS), particularly by cytokine-activated
phagocytes. Depletion or inhibition of the
pro-inflammatory cytokines IFN-g, TNF-a, and
GM-CSF increases susceptibility to Histoplasma
infection. This effect is correlated with impaired
production of reactive nitrogen compounds,
implicating RNS as one of the host defense
mechanisms Histoplasma must combat (Lane
et al. 1994; Allendoerfer and Deepe 1998; Deepe
et al. 1999). Consistent with this, inhibition of
RNS production by phagocytes in culture
decreases their ability to control Histoplasma
yeasts (Nakamura et al. 1994; Lane et al. 1994).
However, the effect of phagocyte RNS on Histo-
plasma yeast is fungistatic, not fungicidal, sug-
gesting that Histoplasma has defenses against
the lethal effects of RNS. As candidate factors
mediating this, 59 genes are upregulated in
Histoplasma yeasts specifically in response to
RNS treatment (Nittler et al. 2005). One of the
induced genes is a mycelial-expressed nitric
oxide reductase (Nor1) that, when ectopically
expressed in yeasts, provides a slight benefit
in vitro to yeast grown in the presence of nitric
oxide. Whether Nor1 is necessary for the RNS
resistance of Histoplasma yeasts remains to be
determined.

C. Stress Response

In addition to ROS- and RNS-based host
defenses, Histoplasma yeasts must contend with
other stresses related to intracellular growth and

host infection. A heat-shock protein (Hsp82),
which is homologous to proteins of the 90 kDa
stress-response family, facilitates intracellular
growth as well as full virulence in vivo (Edwards
et al. 2011b). Although it is assumed that heat-
shock proteins are essential for thermally dimor-
phic fungal adaptations, yeasts with reduced
Hsp82 function grow normally at mammalian
body temperature (37 �C). At febrile tempera-
tures, hsp82-mutant yeasts are more inhibited
than wild-type yeast cells. Thus, Hsp82 is not
required for yeast growth at 37 �C but instead
ameliorates stresses associated with infection
that are not limited to high temperature growth.

IV. Essential Nutrients
for Intracellular Growth

A. Iron Acquisition

Like all cells, Histoplasma yeasts require iron
for essential life processes and, during infec-
tion, must acquire this element from the host.
Host iron restriction, enhanced by IFN-g that is
produced during cell-mediated immunity or
administration of iron chelators, restricts
Histoplasma replication (Lane et al. 1991;
Newman et al. 1994, 1995). To obtain limited
iron, Histoplasma relies upon a number of
iron acquisition strategies. Maintenance of the
phagosomal pH at around 5.5 is thought to
allow release of one of the two iron atoms
from transferrin, yet this pH is not acidic
enough for activation of lysosomal hydrolases.
In addition, Histoplasma yeasts produce and
secrete iron-scavenging hydroxamate sidero-
phores, which can acquire iron from holotrans-
ferrin (Howard et al. 2000) (Fig. 7.2). Recent
genetic studies have confirmed the importance
of siderophore production in Histoplasma
virulence; the loss of siderophore production
reduces Histoplasma yeast growth under iron-
limiting conditions in vitro, and impairs
yeast replication in cultured macrophages by
50–75% (Hwang et al. 2008; Hilty et al. 2011).

Conflicting evidence exists for the requirement of side-
rophores in vivo. In one study, loss of siderophore
production in the genetically tractable Panama strain

134 C.A. Rappleye



does not impair infection and replication of Histo-
plasma in murine lungs until 15 days post infection
(Hwang et al. 2008). On the other hand, depletion of
siderophores in the NAm 2 strain caused a nearly
100-fold reduction in lung fungal burden at 7 days
post infection (Hilty et al. 2011). This discrepancy
may result from the operation of alternative iron
acquisition mechanisms in some Histoplasma strains.
In support of this, the genome of the Panama strain,
but not the NAm 2 strain, contains FET3 and FTR1
genes that encode a high-affinity iron transport system
(Hilty et al. 2011).

Although iron is an essential cofactor,
excess iron has detrimental effects on cells,
and consequently iron acquisition must be
tightly regulated. Iron limitation induces both
transcriptional (Hwang et al. 2008) and protein
level changes (Winters et al. 2008) in Histo-
plasma yeast. A cluster of genes repressed by
the iron-responsive GATA transcription factor,
Sre1, encode enzymes responsible for sidero-
phore synthesis in response to iron limitation
(Hwang et al. 2008, 2012). The enzyme
ornithine monooxygenase (encoded by the
SID1 gene) that catalyzes the first committed
step in siderophore biosynthesis is included in
this iron-regulated gene cluster. Iron homeo-
stasis in Histoplasma also depends on vacuolar
pH because loss of the vacuolar ATPase subunit
Vma1 or treatment with chemicals that block
vacuolar acidification (e.g., bafilomycin)
impair growth under iron-limiting conditions
(Hilty et al. 2008).

Histoplasma yeasts preferentially utilize
ferrous iron (Zarnowski et al. 2008b) and have
multiple ferric ion reducing systems (Fig. 7.2).
Each of these ferric reducing systems is
extracellular, consistent with reduction of ferric
ions to promote release from extracellular
siderophores and host iron-carrying molecules
such as transferrin. Early biochemical studies
indicated that yeasts produce three extracellu-
lar ferric reductases, two soluble and one cell-
associated (Timmerman and Woods 1999,
2001). The secreted glutathione-dependent
ferric reductase has now been identified as a
g-glutamyl transferase (Ggt1), which is
produced by Histoplasma yeast cells and cata-
lyzes a two-step, pH-independent reduction of
ferric iron (Zarnowski et al. 2008a) Depletion of

Ggt1 by RNAi impairs the ability of Histo-
plasma yeasts to replicate and kill cultured
phagocytes but the requirement for Ggt1
in vivo remains to be determined.

B. De Novo Vitamin Biosynthesis

Growth of Histoplasma yeasts in the nutrient-
limiting phagosome of phagocytes requires de
novo vitamin synthesis. Growth in chemically
defined, minimal media confirms that Histo-
plasma yeasts can synthesize the essential
cofactors riboflavin, niacin, pantothenate,
pyridoxine, biotin, and folate (McVeigh and
Morton 1965). On the other hand, mammals
are unable to synthesize these vitamins and
must acquire them from dietary sources. Yeast
cells unable to synthesize their own riboflavin
are severely compromised for intracellular
growth (Garfoot et al. 2013). These yeasts are
similarly unable to replicate following lung
infection, indicating that dietary vitamins of
the host are unavailable to intracellular yeasts
in vivo, therefore mandating that Histoplasma
yeasts synthesize them de novo. This suggests
that targeting vitamin biosynthetic enzymes is a
viable strategy for development of new thera-
peutics.

V. Secretion of Novel Factors

To influence the outcome of the host–pathogen
interaction, Histoplasma yeasts secrete several
novel factors with as yet unidentified functions
(Fig. 7.2). Each of these factors is preferentially
expressed by pathogenic-phase cells compared
to nonpathogenic mycelia, arguing that their
function is fundamentally linked to pathogenesis.
The secreted Cbp1 protein was the first viru-
lence factor identified and, without it, yeasts
are significantly attenuated in their ability to
establish respiratory infection (Sebghati et al.
2000). Originally described as a calcium-
binding protein (Batanghari and Goldman
1997), Cbp1 has nanomolar affinity for calcium
(Beck et al. 2008). The Cbp1 protein is a homo-
dimer that is held in a compact structure by
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intramolecular disulfide bonds, making Cbp1
highly resistant to protease treatment, a char-
acteristic that suits it well for function in the
macrophage phagosome (Beck et al. 2008).
Indeed, Cbp1 is secreted into the lumen of the
phagosome by yeast cells (Kügler et al. 2000).
The a-helices of Cbp1 have structural similarity
to lipid-binding saposin-family proteins, which
suggests that Cbp1 interacts with host
membranes or glycolipids of the phagosome
(Beck et al. 2009).

Histoplasma yeasts secrete the Yps3 protein,
although production is restricted to the North
American (NAm 2) phylogenetic group (Keath
et al. 1989; Keath and Abidi 1994; Bohse and
Woods 2007a). Restricted production results
from transcriptional regulation because replace-
ment of the promoter of the YPS3 gene with a
constitutive promoter restores production of
Yps3 in Histoplasma cells that normally do not
synthesize it (Bohse and Woods 2007a). Yps3
has homology to the Bad1 Blastomyces adhesin
protein and, like Bad1, Yps3 is both secreted and
associated with the cell wall through interactions
with chitin (Weaver et al. 1996; Bohse and
Woods 2005). However, Yps3 does not share
the adhesin functions of Bad1 and, although
Yps3 has internal tandem repeats, Yps3
lacks the tryptophan-enriched tandem repeat
domains of Bad1 that have immunomodulatory
function. Functionally, Yps3 is dispensable for
pulmonary colonization, but depletion of Yps3
by RNAi impairs the ability of yeasts to establish
disseminated infections (Bohse and Woods
2007b). At the cellular level, no function has
yet been identified for either soluble or cell-
associated Yps3.

A more systematic effort to identify the
proteins comprising the secreted proteome of
Histoplasma yeasts has revealed additional
factors with potential roles in Histoplasma
virulence (Holbrook et al. 2011). The secreted
proteome includes the Sod3, CatB, and Cbp1
factors described above. Additional prominent
factors in the extracellular fraction include
glycanases (exo- and endoglucanases, Exg1
and Eng1, respectively) as well as a chitinase
(Chs1), which probably contribute to yeast cell
wall remodeling. The secreted proteome has at
least five novel culture filtrate proteins (Cfp).

Chief among these is Cfp4, a copiously
produced, heavily glycosylated factor uniquely
expressed by yeast-phase cells. Histoplasma
yeasts also secrete a thioredoxin reductase-like
protein (Trl1), which is distinct from intracel-
lular thioredoxin reductases. Although no
functional role has been determined for the
glycanases, Cfp4, or Trl1, expression of each
factor is linked to the pathogenic phase and
expression is maintained during infection
(Holbrook et al. 2011). Given that these factors
share characteristics common to the vast
majority of demonstrated virulence factors
(i.e., extracellular localization and pathogenic-
phase regulated expression), the identified
secreted proteome is a rich source of candidate
factors that promote Histoplasma virulence. In
addition to the canonical eukaryotic secretion
pathway, Histoplasma also secretes vesicles
(Albuquerque et al. 2008), which may be a
secondary means of delivering factors to the
extracellular environment. Nevertheless, not
all secreted factors are necessarily important
for virulence, as shown by the lack of any atten-
uation when the secreted dipeptidyl peptidase
(DppIV) is depleted (Cooper and Woods 2009).

VI. Conclusions

Histoplasma capsulatum’s success as a pathogen
of mammals is due first and foremost to its
ability to survive host immune defenses. The
intracellular nature of Histoplasma pathogenesis
provides a shelter from soluble immune
molecules but also presents challenges because
phagocytes are the primary effector cells for
elimination of fungi. The virulence factors
recently identified though molecular genetic
advancements in Histoplasma reveal a twofold
strategy used by yeast cells to overcome this
challenge: avoidance of host defenses and
neutralization of antifungal reactive oxygen.
Stealthy entry into macrophages relies upon
binding of yeasts to complement receptors
while at the same time using an a-glucan poly-
saccharide to conceal fungal molecules from the
phagocyte pattern recognition receptors. Protec-
tion from phagocyte-derived reactive oxygen
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critically depends on expression of ROS-
destroying enzymes by Histoplasma yeasts.
These major mechanisms all employ factors
that are characterized by pathogenic-phase-
specific production as these tasks are unique
requirements for the pathogenic phase. Further-
more, the extracellular localization of these
factors positions them to directly affect the
host–pathogen interaction. Identification of
additional factors that share these two features
will probably reveal additional mechanisms of
Histoplasma pathogenesis.

Once the task of survival has been met,
Histoplasma pathogenesis depends on acquisi-
tion of essential nutrients for growth and
replication. Identification of siderophore pro-
duction and a number of iron reductases that
are necessary for full virulence highlight the
central role iron restriction plays in host
defense and the mechanisms employed by His-
toplasma yeasts to attain this critical element.
Beyond iron, we know little about the metabo-
lism of yeasts within the nutrient-poor phago-
some, but continued identification of genes
required for intracellular replication should
help decipher the metabolic process and the
intracellular resources exploited by Histo-
plasma to enable intracellular growth. Various
novel factors such as Cbp1 and the Cfp proteins
will require additional characterization to
uncover the roles they play in pathogenesis.
Nonetheless, their yeast-phase-specific expres-
sion and their secretion from yeasts suggests
that they will somehow affect the host cell or
host cell defenses. Mechanistic studies on these
factors and application of functional tests on
additional candidates discovered will continue
to reveal the mechanisms underlying Histoplas-
ma’s success as an intracellular primary fungal
pathogen.
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I. Introduction

A large variety of fungal species belong to the
normal flora of human skin and mucosal tis-
sues and can colonize hosts throughout life.
Furthermore, due to environmental interaction,
e.g., breathing of ordinary air, people come into
contact with huge numbers of fungal elements
(Latge 1999). Interestingly, under normal con-
ditions neither colonization nor environmental
exposure cause recognizable health problems
(Latge 1999). This is due to permanent mutual
control by other members of the microbiome

(Peleg et al. 2010) and also by the effective
barrier function and immune system of the
host (Hasenberg et al. 2011a, 2013). However,
when either the barrier is broken or the
immune system loses its grip, environmental
or commensal fungi can infect the host, a con-
dition that is one of the most dangerous threats
to human health (Romani 2011; Denning and
Hope 2010).

In the clinical daily routine, one of the key
problems of mycological infections is the diffi-
culty in clearly and rapidly identifying a fungal
infection and differentiating it from other
microbial infections. In the face of these pro-
blems, a typical therapeutic regime with risk
patients suffering from fever of unknown origin
is prophylactic treatment with antibiotics,
followed by antimycotics if the fever has not
vanished after 3–7 days (Freifeld et al. 2011).

Thus, obviously, the lack of a definitive and
specific diagnosis can lead to inadequate therapy
that may compromise the patient’s health with-
out addressing the real problem. Reasons for
this therapeutic failure are the poor accessibility
of adequate patient samples, imprecise detection
tools, or the lack of information on the precise
localization and extent of fungal growth.

Whole-body imaging approaches have the
potential to address many of these problems at
once: techniques like X-ray chest scans includ-
ing computed tomography (CT) are able to
detect fungal masses in lungs. However, these
images are often difficult to interpret such that a
fungal mass cannot easily be differentiated from
“shadows” caused by other lung afflictions
(Muller et al. 2002). A much better soft-tissue
contrast, allowing a more precise estimation of
fungal masses, can be obtained by magnetic
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resonance imaging (MRI), but still without a
definitive identification of a fungal species.
Specificity for an inflammatory process can be
brought in to a certain extent with positron
emission tomography (PET) by usingmetabolic
tracers such as [18F]fluorodeoxy-D-glucose
(FDG) (Seshadri et al. 2007), but signals
generated in this imaging approach can also
be obscured or modulated by completely unre-
lated inflammatory processes such as cancer
(Shrikanthan et al. 2005). Thus, more specific
tracers such as siderophores, which are used by
fungi to trap iron from the host, can be functio-
nalized for PET or PET/MRI and provide more
specific signals, at least in animalmodels (Petrik
et al. 2012). Molecular imaging approaches also
have the opportunity to detect “reactivity” or
“shadow” anywhere in the body, even at sites
normally not sampled for conventional analysis.
However, today no available technology, not
even FDG-PET imaging, is able to specifically
detect the pathogen or the immune response
against it in the clinical routine, despite the
strong need for such a diagnostic tool.

In addition to diagnostic imaging in clinical
applications, another important field of work is
experimental imaging. Of course, any clinical
application has been developed from preclinical
studies in vitro or in suitable animal models.
However, experimental imaging also aims at
elucidating the basic cell-biological mechan-
isms behind the obtained data that help to
explain the course of the disease or the response
of the host towards the fungal attack. Experi-
mental imaging aims to develop techniques that
look closely at the immune response of a host,
either alone or in combination with imaging of
the fungus. Specifically, complex light and con-
focal microscopy approaches have allowed an
understanding of the dynamics underlying
phagocytic responses towards fungal elements
in vitro (Behnsen et al. 2007a; Bruns et al. 2010).
Flow cytometry, in contrast, is able to very rap-
idly image many cells/pathogen in a short
period of time; however, with little resolution.
Nevertheless this technology is extremely
powerful for answering certain questions on
fungal biology. A recent addition to the arma-
ment of fungal imagers is intravital 2-photon

microscopy, which allows observation of
immune cells while they are phagocytosing
fungal elements or producing neutrophil extra-
cellular traps (NETs). This is a powerful immu-
nological weapon against microbial spreading
in intact tissue (Bruns et al. 2010) or in vivo.
New developments in the field of light micros-
copy have brought about very remarkable
increases in resolution, such that today light
microscopy can resolve structures down to
20–30 nm in size. The key developments here
are stimulated emission depletion (STED),
structured illumination (SIM) and localization
microscopy (STORM/PALM) (Coltharp and
Xiao 2012). To obtain the highest possible reso-
lution, scanning electron microscopy (SEM) of
surface structures (Behnsen et al. 2007a; Hasen-
berg et al. 2013) or transmission electron
microscopy (TEM) of fungal elements interna-
lized by phagocytes has been applied (Ibrahim-
Granet et al. 2003). Finally, there is a specific
very powerful whole-body imaging approach
that so far has only been used in experimental
systems, namely luminescence imaging (Donat
et al. 2012).

Generally, any imaging approach has to be
validated for its sensitivity, specificity, and cost.
An important issue is, of course, if the question
being asked by the clinician or researcher can
be answered by the chosen imaging approach.
In order to help potential users to decide on a
successful imaging strategy for their relevant
projects, we have summarized the imaging
modalities mentioned above. We have sorted
them into the categories of clinical and experi-
mental imaging. Each method is introduced by
a brief technical description, followed by spe-
cific examples of their use, and concluding with
a discussion of the sensitivity, specificity, and
cost as well as suitability for a given question.
The overall aim of this list is to provide inter-
ested users with a rational basis for the choice
of a suitable imaging approach. Based on our
own experimental experience, most samples for
fungal imaging center around the mold Asper-
gillus fumigatus. But of course, all discussed
systems can in principle also be used for other
fungal species and, where appropriate, we will
also mention some examples of these.
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II. Experimental Scientific Imaging

We start our excursion with modern imaging
systems that are employed in scientific labora-
tories all over the world to visualize cellular
processes in (fungal) infections. The overall
goal of these techniques is the generation of
imaging data that build the basis for under-
standing the complex interactions between
host immune cells and fungal pathogens under
diverse infection conditions. For the develop-
ment of therapeutic strategies it is of high
importance to understand which immune cell
types are involved in the antimicrobial fight and
with which kinetics. To optimize antifungal
treatments clinicians need to know which
organs are colonized, at which time point in
the course of an infection, and which treat-
ments might display promising effects against
the infectious threat. All these parameters can
be investigated by the huge variety of experi-
mental in vitro and in vivo imaging approaches.

A. (Time-Lapse) Brightfield/Widefield
Microscopy

Due to the inherent complexity of the immune
response against fungal infections, researchers
initially tend to keep their experiments as
simple as possible before more complicated
systems are explored. A very common way is
to reduce the environmental conditions to the
level of single cells or at least to explanted
tissues, resulting in focused questions. These
entities can subsequently be the focus of a
variety of different imaging techniques, starting
with a basic light microscope.

The major component of a brightfield
microscope is a light source that emits trans-
mission light, which passes the microscopic
sample. The diffracted light is finally gathered
by an objective, typically positioned opposite
the light source. The objective generates the
magnified picture of the observed sample,
which is then further magnified by the eyepiece.
Combined magnifications of objective and eye-
piece in commercial systems reach 40� to
1,000�, with a theoretical maximum resolution

of ~200 nm, based on the physics of diffraction
(Hell 2007) (see section on electron micros-
copy). The obtained picture has a bright
background (hence the name) from the trans-
mission light and the structures of the speci-
men appear darker due to light absorption.
Because the transmission light fully illuminates
the specimen over a wide angle (in contrast to a
spot illumination), this technique is also called
widefield microscopy.

Around 1730, the Italian botanist Pietro Antonio
Micheli used such a microscope to catalog molds
(Michelio 1729). He was the first to illustrate the fungal
genus Aspergillus and, more than 100 years later in
1863, the physician Georg W. Fresenius introduced
A. fumigatus as a new species able to cause severe
lung infections (Schmidt 1998). His work was also
based on transmission microscopy studies of infected
human lung samples.

Although this visualization technique is very
old it is still used heavily inmodern experimental
setups, but now extended by a number of crucial
inventions. One central progress was the
enhancement of contrast by various optical phe-
nomena such as cross-polarized light, dark field,
phase contrast, and differential interference con-
trast (DIC). Together with very light-sensitive
detectors (digital complementary metal–oxide–
semiconductor; CMOS) or CCD (charge-coupled
device) cameras and objectives with a high
numerical aperture, the quality of micrographs
has significantly increased over time. Current
widefield microscope systems all reach the theo-
retical resolution barrier of 200 nmand are there-
fore well suited to visualize cellular behavior and
even subcellular processes. The application
range of widefield systems was further enlarged
when these microscopes were equipped for the
detection of fluorescence signals. By employing
widefield fluorescent illumination of pre-
labeled biological samples it is possible to
specifically detect different cell types, cellular
compartments, or metabolic products/states
inside of cells. Like other fluorescence-based
methods, the specificity is realized by the use of
fluorochrome-coupled monoclonal antibodies,
separate pre-labeling of different cells with intra-
cellular fluorescent dyes, or by a change in the
fluorescent properties of chemical compounds
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during intra- or extracellular reactions (Hasen-
berg et al. 2011b). A very prominent example is
the detection of intracellular calcium ions. Ca2+

is amajor regulator of central signaling pathways
during cell activation, including cellular move-
ment. In order to detect these activation signals,
living cells can be loaded with calcium chelating
agents such as Fura-2, a polyamino carboxylic
acid. This fluorescent dye has excitation maxima
at 340 and 380nmand the ratio of its emissions at
these wavelengths directly allows the calculation
of the free calcium ion concentration inside a cell
(Waibler et al. 2008).

Ca2+ imaging can only be done in living
cells and requires the observation of cells over
a period of time with repetitive imaging. Other
dynamic processes like phagocytosis can also
only be thoroughly studied if live cell imaging is
employed (Behnsen et al. 2007a; Sasse et al.
2013). This so-called time-lapse widefield
microscopy requires appropriate conditions
for the isolated cells and fungal elements
under investigation. Modern systems are there-
fore equipped with fully automated climate
chambers that allow the regulation of important
vital parameters such as temperature, humidity,
and CO2 concentration. As soon as these key
settings are well controlled, cellular behavior
can be analyzed under conditions that mimic
the natural environment regarding these para-
meters. Upgraded to this level, widefield micro-
scopes can efficiently be used to answer a
variety of questions in the field of fungal biol-
ogy. They can bring light into unknown pro-
cesses of fungal life cycles and growth, such as
the formation of the Spitzenkörper in growing
hyphae (Steinberg 2007), and they are well
suited to study immune responses towards fun-
gal morphotypes such as phagocytic events and
cellular contact formation under in vitro condi-
tions (Behnsen et al. 2007b; Sasse et al. 2013).

On the other hand, widefield microscopy
has clear limitations. As soon as a biological
sample is composed of more than one cell
layer, the ensuing immense light diffraction
negatively influences the system’s resolution.
In the case of fluorescence imaging, light com-
ing from out-of-focus areas of the sample blurs
the image and can even make the generation of
useful images impossible. Therefore, a golden

rule for obtaining appropriate image material
from transmission light microscopy is to keep
the samples as thin as possible. However, if the
experimental question does not allow the use
of extremely thin samples or the goal is to
maintain multicellular layers for physiological
reasons, a powerful alternative approach is
confocal laser scanning microscopy (CLSM).

B. Confocal Laser Scanning Microscopy

CLSM is a specific kind of fluorescence light
microscopy. The basic idea behind this tech-
nique is the illumination of the microscopic
specimen in a very narrow spatial volume
(x, y, and z dimensions) per time point by
using a point source of light rather than a wide-
field illumination. Typically, this point source is
a laser of suitable color. A full picture of the
sample is then generated by a scanning process
in which the exciting light beam is driven line by
line and plane by plane over the whole sample
volume, resulting in an optical sectioning. As
laser light is a very bright and thin beam this is
an optimal light source for this application.
However, due to the fact that the sample is not
illuminated in its entirety at once, imaging
with the eye or a camera is not possible. Instead,
the light emitted from a given spot of
laser-activated fluorochromes is gathered in
real-time by sensitive detectors (typically
photomultiplier tubes, PMTs) during the acqui-
sition procedure to generate one pixel of a final
image. Here, the use of several independent
PMTs and suitable filters also allows the genera-
tion of multicolor images. Taking the x, y, and z
coordinates together with the emitted light
intensities at each illuminated position, the
operation software of these microscopes is able
to calculate a final three-dimensional (3D) fluo-
rescence picture of the entire sample.

To minimize diffraction effects, which neg-
atively influence the resolution of light micro-
scopes in thicker samples, CLSMs are equipped
with another decisive feature. A so-called pin-
hole in the light path of the emission light
eliminates all light that results from the excita-
tion of fluorochromes in out-of-focus areas in
the z-direction. Therefore, these fluorescence
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signals cannot contribute to the digital calcula-
tion of the micrograph at a given position in z
and as a result the final picture displays much
less background noise and can provide a sharp
section through a thick sample.

Although this technique does not provide a
gain in resolution, the resulting images are
usually of a much better quality than compara-
ble widefield fluorescence data from the same
sample because they almost completely lack
out-of-focus haze. In addition, by generating
images at different positions in z, a CLSM is
able to generate series of image planes that
result in a real 3D picture of the observed sam-
ple (Fig. 8.1). This 3D information is absolutely
necessary for all analyses in which the definite
spatial localization of certain structures is of
importance. With respect to the analysis of the
phagocytic uptake of A. fumigatus spores by
immune cells for example, it is essential to
assess from all dimensions around a particular
phagocyte whether associated fungal particles
have really been ingested or are only attached to
the surface of the cell (Mech et al. 2011).

In order to provide a certain flexibility
regarding the parallel detection of different
fluorescence colors, common CLSM systems
are equipped with several lasers and a combi-
nation of adjustable excitation and emission
filter sets. Very recent machines have been
released that use white lasers as light source
and can very quickly and precisely tune
acousto-optical beam splitters and filters on
both the excitation as well as emission side.
These systems allow the use of almost all fluor-
ophores that possess a spectral excitation/
emission peak in the visible light spectrum.

One disadvantage of note is the speed of
image acquisition in a CLSM. As every single
two-dimensional (2D) picture is based on the
scanning process of the whole specimen in one
plane, it takes a certain time until the required
digital information for one image is obtained
(in contrast to a widefield system in which the
picture is recorded by the camera as soon as the
specimen is illuminated by the transmission
light). Although it is possible to analyze cellular
behavior using CLSM (Gunzer et al. 2004), fast
moving cells sometimes generate problems
when their tracks are the question of the analy-
sis. These problems become even bigger as
soon as the cellular movements are analyzed
in four dimensions (3D over time). However,
novel developments such as resonant scanners
and extremely fast and sensitive detectors have
helped to partly overcome these problems.
Today, the efficiency of light generation from
the sample, rather than the slow detection
speed of the CLSM, is the key factor limiting
the recording speed of a given system.

C. Electron Microscopy

In 1873, Ernst Abbé published a landmark
equation that easily correlates the wave nature
of light or electrons and the lens properties,
thereby calculating the resolving power of a
given optical system.

d ¼ 0:61 l
n�sin a d Resolution

l Wavelength of the light source
n Refractive index of the medium
a Aperture angle of the objective

Fig. 8.1. CLSM 3D reconstruction of an A. fumigatus-
infected lung. This picture has been taken from an
infected and subsequently explanted murine lung by
use of confocal laser scanning microscopy (CLSM). A
3D rendering was done based on the microscopic sam-
ple sections. The organ-specific structures such as
alveoli were detected by their autofluorescence signal.
The small red clouds are so-called neutrophil extracel-
lular traps (NETs), which are composed of extracellular
DNA fibers and were released during the neutrophilic
immune reaction towards the fungal pathogen. NETs
were stained with a DNA-specific dye
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The value d defines the smallest distance
between two objects such that they can still be
detectable as two separate entities. Thus, the
smaller the value for d, the better resolution a
microscope has. The equation clearly shows
that d is highly dependent on the wavelength l,
where short wavelengths are obviously desir-
able. For normal light microscopy, light in the
range of the visible light spectrum (>380 nm) is
usually used, resulting in a maximum resolu-
tion of around 200 nm. The wavelength of an
electron beam is dramatically smaller. In mod-
ern electron microscopy (EM) systems, values
around 2 pm are achievable, suggesting a the-
oretical resolution of ~1 pm. However, the
practical resolution with these machines is
estimated to be ~0.1 nm due to aberration
errors of the electron lenses. This is still good
enough to see individual atoms (Meyer et al.
2008).

Inside these microscopes, an electron beam
is generated by the emission of electrons from a
glowing cathode. These electrons are subse-
quently accelerated in a high vacuum by a tun-
able anode and aligned by a system of

electronically charged lenses. In the field of
electron microscopy, two principally different
major technologies are known: transmission
EM (TEM) and scanning EM (SEM) (Koning
and Koster 2009).

In TEM, the ray of electrons is shone
through an extremely thin sample of interest
(Fig. 8.2a). Upon interaction with the atoms in
the sample, the electrons are scattered and/or
absorbed. A detection device behind the sample
is then able to generate a magnified image of the
modified electron beam that can be observed on
a screen or with a camera. TEM thus generates
highly resolved images of thin sections of sam-
ples. In contrast, SEM uses an electron beam
that is scanned over the surface of a fully intact
3D specimen and releases secondary electrons
from its surface. These are measured by a detec-
tor and generate one pixel of a digital image. By
scanning over the surface of the sample very
detailed 3D images of surfaces can be obtained
(Fig. 8.2b). We have used this approach to doc-
ument the details of phagocyte contacts to
A. fumigatus spores (Behnsen et al. 2007a) as
well as the fine structures of DNA NETs with

Fig. 8.2. Different appearance of TEM and SEM
images. (a) Transmission electron microscopy (TEM)
image of the situation in an A. fumigatus-infected
mouse lung. An alveolar macrophage (outlined in red)
scans the alveolar lumen and has already taken up six
fungal spores. (b) The scanning electron micrograph
(SEM) visualizes the in vitro co-incubation of isolated

murine neutrophils and spores of the mold A. fumiga-
tus after 4 h. It is nicely observable that the immune cell
has started to internalize some of the attached fungal
particles. Scale bars are depicted in white. The pictures
were taken in collaboration with Prof. Manfred Rohde
at the Helmholtz Center for Infectious Diseases in
Braunschweig, Germany
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these fungal elements (Bruns et al. 2010). Others
have used SEM and TEM to document the
uptake of Aspergillus spores by alveolar macro-
phages (Ibrahim-Granet et al. 2003).

Although TEM images give an extremely
good resolution of cellular structures, they are
typically only 2D. A fairly recent addition to the
technology now allows the generation of 3D
reconstructions from TEM images without the
need for serial sections. This technique is called
electron tomography (ET). Here, the thin sam-
ple is placed on a rotating device and a series of
TEM images from different angles is taken,
which then allows reconstruction of the 3D
network of observed structures with unprece-
dented detail (Koning and Koster 2009). This
technology has already been used to study the
ultrastructure of fungal elements (Hohmann-
Marriott et al. 2006). It would be extremely
interesting to also use ET for the study of
host–pathogen interactions.

Thus, while the advantage of EM obviously
lies in its extreme resolving power, the down-
side is its inability to image live specimens.
Furthermore, EM requires extensive sample
preparation and a lot of experience both in the
use of the microscopes as well as in interpreta-
tion of the data. Nevertheless, without doubt
the electron microscope has opened to human
eyes the fascinating ultrastructural world,
which has always intrigued scientists and lay-
men and will continue to do so in the future.
The inability of EM to image live specimens is
partly overcome, albeit not with the same
resolving power, with new methods in optical
microscopy (see next section).

D. Super-Resolution Light Microscopy

For more than 100 years the obtainable maxi-
mum resolution of optical microscopes was
accepted to be ~200 nm, based on Abbés rules
of diffraction (Hell 2009) (see also the previous
section on electron microscopy). However,
since the 1990s a number of innovative
advances have been made that allow resolutions
of up to ten times higher using currently avail-
able commercial light microscopy systems.
Here, we will discuss three key developments

in the field: stimulated emission depletion,
structured illumination microscopy, and local-
ization microscopy. Unfortunately, not much
use has been made of these developments in
experimental mycology so far. For a fine review
of the use of these novel systems in the general
microbiology field the reader is referred to
(Coltharp and Xiao 2012). Future work should
thus aim at exploiting these techniques for
investigating fungal infections and the interac-
tion of fungi with the vertebrate immune sys-
tem in unprecedented detail.

STED (stimulated emission depletion):
STED is principally an advanced method of
CLSM. However, rather than using just one
blue exciting laser spot, the dimensions of
which are limited to the 200 nm size defined
by Abbé optics, STED projects a second, red-
colored, doughnut shaped depletion beam
over the exciting beam. This depletion beam
has a hole in the middle, where no laser light is
emitted. All fluorescence hit by the depletion
laser is immediately quenched again due to a
process called stimulated depletion. The key
feature of STED is that the hole in the center
of the doughnut can be adjusted to be signifi-
cantly smaller than 200 nm, based on the power
and the optical shaping of the laser. Thus, the
combination of excitation spot and depletion
doughnut allows the generation of a much
smaller spot of residual excitation than could
be obtained with a focused excitation laser
alone (Eggeling et al. 2009). This small spot of
residual excitation increases the optical reso-
lution in the x,y-plane by a factor of four to
eight. In modern commercial systems, this is
indeed achieved by the click of a mouse on the
control software. The advantage in resolution is
bought at the expense of the very bright light of
the depletion beam. Thus, STED imaging is
prone to rapid bleaching and phototoxicity,
although novel developments such as gated
STED reduce this problem (Vicidomini et al.
2011). Furthermore, not all dyes are suitable
for STED imaging and there is only the possi-
bility to simultaneously image two colors as
opposed to other multicolor options. Finally,
STED only increases the resolution in the
x,y-plane, while resolution in the z-direction is
not changed.
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SIM (structured illumination microscopy):
SIM uses the projection of a known grating struc-
ture into the imaging plane that is recorded
together with the emitted fluorescence. By inter-
ference with the emitted fluorescence, so-called
moiré fringes are generated. These contain addi-
tional structural information about the sample
that cannot be simply extracted by optical resolu-
tion but needs complex mathematical operations
(Fourier transformations) to obtain an image. As
a result, SIM increases the resolution in all three
directions of space by a factor of at least two
(Schermelleh et al. 2008; Gustafsson 2005). Thus,
although not as good as STED, the principal
advantage of SIM is the fact that it works with
any fluorescent dye and does not use high inten-
sities of light. Thus, it can also be used for long-
term time-lapse imaging (Fiolka et al. 2012).

Localization microscopy (PALM/STORM):
These approaches exploit the ability of fluores-
cent dyes to emit light only for short amounts
of time, whereby two adjacent molecules rarely
emit simultaneously. However, this is typically
not seen because conventional fluorescent
images are an integrated fluorescence signal of
many molecules permanently illuminated over
a long time. But, when a given field of fluores-
cent molecules is excited with stroboscopic
light rather than continuous illumination, at
one stroboscopic pulse only a fraction of mole-
cules will fluoresce. When the next strobo-
scopic pulse hits the system, a separate
fraction of molecules will glow. If, by this
approach, a large series (typically several thou-
sand images) of stroboscopic images is taken,
for statistical reasons all available fluorescent
molecules will have glowed at least once. The
important feature is that by this approach two
directly adjacent molecules will not shine on
the same frame of the series, but only on
separate frames. This fact allows their optical
separation as two molecules, rather than as
one larger fluorescent entity. The image gener-
ated by this method is not a classical picture
like that made by a PMT. Instead, from each
light spot detected in the series of images the
exact center of the generating fluorescent spot
will be calculated from fitting the Gaussian light
distribution with nanometer precision. This
calculated molecular position will be artificially

set as the position of a positive pixel whose
superimposition with all other found spot posi-
tions generates the final super-resolution
image. As a result, localization images have a
“pointillist” appearance but their resolution
(or rather, their precision in exactly localizing
the source of a fluorescence signal) in the
x,y-plane can reach values of 20 nm or better
(Coltharp and Xiao 2012; Hell 2007). To gener-
ate this extreme resolution, PALM/STORM
requires very specific dyes and experimental
conditions (such as stringent buffer conditions
on fixed samples). This renders the technology
rather complicated and limited in its use. Nev-
ertheless, commercial systems are available and
if the requests by researchers rise, it is expected
that suppliers will respond with developments
towards greater ease of use.

E. Flow Cytometry

A very powerful approach for analyzing host–
fungal interactions is flow cytometry. Here,
rather than imaging a few cells or fungal ele-
ments with very high resolution, many cells
(typically many thousands) are imaged in a
short time with only limited resolution. Flow
cytometry uses a constant flow of liquid dro-
plets to enclose individual cells or cell pairs.
These cell-containing droplets subsequently
cross one or more laser beams. By hitting
intra-and extracellular structures, the laser
light is diffracted and scattered light is pro-
duced. Light that is diffracted on the surface
of the spherical particles is then detected by a
spectral detector in a 180� angle relative to the
excitation beam (forward scatter, FSC). The
diffraction angle allows the calculation of the
cell size so that this detector (i) counts all cells
that pass the detection optics and (ii) assesses
their individual relative size. A second detector
is located (side scatter, SSC) at a 90� angle. The
amount of light detected here directly corre-
lates with the amount of intracellular structures
(granules) of a cell or cell–cell pair.

In addition, cells can be labeled with a
variety of fluorescent agents that bind to their
surface or intracellularly. If, for example, a fluo-
rescently labeled monoclonal antibody is used
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that can bind to a specific surface structure of a
cell, this cell type can be selectively labeled in a
heterogeneous cell suspension (Fig. 8.3). By
running many thousands of cells through the
flow cytometer and counting all labeled cells,
the relative number of these cells in a mixture
can be easily obtained. Introduced as principal
technology in 1969 (Hulett et al. 1969), flow
cytometry has revolutionized many scientific

fields, especially immunology. Importantly, in
addition to imaging cells, flow cytometry can
also be used to physically sort them according
to predetermined parameters of scatter and
fluorescence (fluorescence activated cell sort-
ing, FACS). There are many applications in
the field of antifungal immunology that can
benefit from the technique, e.g., measuring the
genomic response of sorted epithelial cells after

Fig. 8.3. Quantification of phagocytic events by flow
cytometry. Example of how phagocytic events can be
analyzed by a flow cytometric approach. The back-
ground of this experiment were mice that had been
infected intratracheally with genetically modified fun-
gal spores, expressing the red fluorescent protein tdTo-
mato. After an incubation time of several hours, the
immunological infiltrate was washed out of the lung by
a bronchoalveolar lavage followed by monoclonal anti-
body staining specific for neutrophil granulocytes
(clone 1A8 coupled to the fluorescent dye allophyco-
cyanine, APC). After flow cytometric analysis, four
clearly distinguishable cell populations are visible by
plotting the APC fluorescence versus the tdTomato
signal detected in the PE channel (see left part of
Fig. 8.1): Population 1 constitutes cells that are not
neutrophils and that are not co-localized with any fun-
gal spores. Cell population 2 consists of neutrophils
that are also not in contact with the fungal particles.
The majority of population 3 is most likely composed
of free fungal spores but also other (immune) cells that

are in contact with the spores are found here. Cell
population 4 is the group of interest, where many
neutrophils are found that have internalized at least
one or more spores. These cells are double-positive
for both APC as well as the tdTomato signal. However,
especially for neutrophils, it is well known that these
cells, besides phagocytosing fungal morphotypes, also
attach these entities to their surface, thereby collecting
a large number of them. This complex is of course also
double-positive for both types of fluorescence and
hence generates a potential source of error for this
quantitative approach. One way to eliminate false posi-
tive events is to add a second antibody (labeled with the
green fluorophore fluorescein isothiocyanate, FITC)
specific for the fungal spores (AF). Neutrophils (Nf)
that have spores attached to their surface are then
additionally stained green so that these events can be
excluded from the analysis. Please note that the image
only shows theoretical flow cytometry data for reasons
of simplicity. Real dot plots contain many hundreds to
thousands of dots
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phagocytosis of Aspergillus spores (Gomez
et al. 2010) or quantifying the organ-specific
immune response after invasive candidiasis
(Lionakis et al. 2011), the response of mast
cells towards the fungal cell wall component
zymosan (Yang and Marshall 2009), or the
uptake and killing of conidia by diverse phago-
cytyes (Jhingran et al. 2012).

In general, any approach that allows the
fluorescent labeling of fungal elements and
immune cells separately, in vitro, within true
infection models, or even from patient samples,
is able to be analyzed on a large scale by flow
cytometry.

A critical limitation of flow cytometry is
that it is not able to show individual events
directly. Instead they are transformed into dot
plots or histograms as output graphs. But, if for
example, phagocytosis is the investigated pro-
cess, flow cytometry is hardly able to distin-
guish whether co-associated fungal elements
and immune cells are only attached to each
other’s surfaces or whether a phagocyte has
entirely internalized the pathogen. A novel
invention called imaging flow cytometry has
changed this. Here, in principle, the same hard-
ware setup as inside a flow cytometer is used.
However, rather than just recording the total
fluorescence of an event passing the laser
beams, it is photographed by a fast, multicolor
camera (Barteneva et al. 2012). At first glance
the resulting data look like conventional flow
cytometry plots but they allow a detailed look
at each single dot of a dot plot as a photo-
graphic image. Here, phagocytosis can easily
be distinguished from simple attachment. This
technology has been used to show that treat-
ment of mice with the drug sulfasalazine during
pulmonary pneumocystosis enhances fungal
uptake by alveolar macrophages and leads to
more rapid clearing of the fungal infection
(Wang et al. 2010). Thus flow cytometry, with
its ability to rapidly scan and/or sort cells in
large numbers, and imaging flow cytometry are
two very potent imaging technologies, both in
experimental as well as clinical mycology.

However, although important observations
can be made in a reduced environmental com-
plexity in vitro, one has to keep in mind that an
in vitro situation never fully represents the
in vivo environment of a living organism.

Therefore, it is always important to think
about experimental approaches that allow the
in vivo observation of the investigated phenom-
ena. This is more complicated to establish and
often limited in its application possibilities but
the results obtained from intravital imaging
experiments deliver more meaningful results.
In fact, due to the increasing availability of
in vivo imaging techniques, observations
made purely in vitro are nowadays often con-
sidered as potentially suffering from artifact. As
a result, researchers wishing to publish work on
dynamic cellular processes today are often
asked to verify their in vitro data in an in vivo
setup. To help find the right approach and
judge the feasibility of a reviewer’s comment,
we will now discuss different systems that can
generate intravital imaging data.

F. Intravital 2-Photon Microscopy

The principal construction of an intravital
2-photon (2-P) microscope is similar to the
CLSM, as discussed above. Thus, a laser beam
is scanned over the sample and the generated
fluorescence is detected by PMTs and recon-
structed into a full multicolor picture (Niesner
et al. 2008a; Niesner et al. 2007). However, the
difference lies in the use of the laser and the
physics behind the generation of the fluores-
cent signal. For the generation of fluorescence,
a fluorophore needs to absorb an incoming
photon that has the correct wavelength so that
the delocalized electrons of the fluorophore can
be lifted from a ground state to an excited state.
Upon return to the ground state, the electrons
emit a fluorescence photon that is slightly red-
shifted in relation to the exciting photon.
Hence, the color of fluorescence is slightly red-
der than the color of excitation. Typical fluor-
ophores need excitation wavelengths in the
visible spectrum. However, the principal prob-
lem of visible light photons is that they cannot
penetrate very deeply into thick tissue due to
massive diffraction. As a result, intravital
microscopy with visible light using a conven-
tional CLSM is possible, but does not reach
large depths in tissue (Gunzer et al. 2004; Stoll
et al. 2002). Importantly, wavelengths between
800 and 1,200 nm (near infrared) have excellent

150 M. Hasenberg et al.



tissue penetration capabilities and thus would
be perfect for imaging in vivo (Konig 2000).
However, conventional fluorophores cannot
be excited by these photons because they pos-
sess too little energy.

This is where the 2-photon process comes
into play. If laser radiation of near-infrared
color is very intense, one fluorophore can be
hit at almost the same time by two or more of
these red photons. Then, they combine their
energy on the surface of the fluorophore and
excite it to emit normal fluorescence. At the
same time, this allows the use of the red laser
wavelengths that give good tissue penetration.
The enormous intensity of laser light required
for 2-PM is generated by the use of pulsed rather
than continuous wave lasers (as in conventional
CLSM). Pulsed lasers (typically titanium–
sapphire solid-state lasers) have immense
amounts of photons in extremely short-lived
pulses (10�13 s pulse duration). When these
are highly focused by the optics of the 2-PM
system, the energy at the focal spot is high
enough to allow the 2-P process to occur at a
meaningful frequency that enables imaging
(Germain et al. 2006). At the same time, the
system is inherently confocal as no out-of-
focus fluorescence is generated because the
extreme level of photon flux required for the
excitation of fluorescence is only reached at
the center of the focal spot of the optics.

2-PM is the most widely used technology
for high-resolution intravital imaging in
experimental animals and we have made exten-
sive use of the technology to investigate anti-
fungal immunity (Hasenberg et al. 2011c;
Nitschke et al. 2008; Bruns et al. 2010). But, 2-
PM offers more than just the ability to image
fluorescent structures deep inside scattering tis-
sue. One powerful approach is fluorescence
lifetime imaging (FLIM). For FLIM, not only
the intensity of fluorescence as such, but also its
decay characteristics after a single excitation
are measured. This can be nicely employed
to study the characteristics of endogenous fluo-
rescent molecules such as NAD(P)H. This
important coenzyme has a characteristic 2-P
excitation at 760 nm and an emission peak at
around 460 nm. Within a cell (e.g. a neutrophil
granulocyte), NAD(P)H can exist as the free

coenzyme. This has a fluorescence lifetime of
~430 ps. However, there are more than 100
enzymes known that can bind NAD(P)H as a
coenzyme, and when bound to a protein the
lifetime of NAD(P)H changes quite substan-
tially. We have shown that this feature is able
to very specifically detect the NAD(P)H mole-
cules inside of a neutrophil granulocyte because
they are bound to NAD(P)H oxidase, the key
enzyme for the generation of fungitoxic reactive
oxygen species (Niesner et al. 2008b). When
bound to the oxidase, the lifetime of NAD(P)H
was stretched to 3.6 ns. Spots with this lifetime
showed a characteristic enrichment at sites
where neutrophils touched fungal elements
and could be selectively quenched with the
addition of inhibitors of the oxidase (Niesner
et al. 2008b). Because there are many more
enzymes to which NAD(P)H can bind, it is
tempting to speculate that each one shows a
characteristic lifetime of the associated NAD
(P)H molecule and thus can be identified by
FLIM without the need for additional staining.
In addition, other endogenous fluorophores
(e.g., FAD) exist in cells and are able to be
investigated by FLIM. Thus, together with the
ability for intravital imaging, 2-PM and FLIM
are powerful tools for the investigation of host–
fungal interactions in vivo.

G. Whole-Body Imaging

Although being very potent for high-resolution
imaging at organ level, 2-PM is also limited in
its penetration/detection depth. Depending on
the type of tissue, several hundred micrometers
can be achieved, but it is not possible to scan
through larger organs or even whole intact ani-
mals. Thus, it is not possible to use the 2-PM
technique for whole-body imaging, e.g., if the
position or infectious spread of a fungus is to be
monitored inside of an experimental animal. To
close this gap, different companies offer so-
called whole-body imaging systems for small
animal research. The first machines that
entered the market used the detection of biolu-
minescence signals with very sensitive CCD
cameras as their key function. Bioluminescence
makes use of luciferases, which are enzymes
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made by insects, corals, or copepods. By the
breakdown of their substrates (e.g., luciferin
or coelentaerazine), luciferase is able to gener-
ate photons that can be detected with sensitive
cameras, even if they are generated deep inside
the tissue. The big advantage of this enzyme
system lies in the spontaneous release of
photons during the chemical reaction without
an exciting light source that also would have to
pass through the surrounding tissue. Such
bioluminescent reporter systems allow for
real-time imaging and longitudinal infection
studies, thereby reducing the number of

monitored animals and decreasing experimen-
tal variability. However, in contrast to bacterial
bioluminescent reporter systems, eukaryotic
systems require the addition of an extrinsic
substrate. Accordingly, substrate stability, tis-
sue penetration, and uptake by the pathogen
are limiting factors for bioluminescence imag-
ing of fungal infections. Based on pioneering
studies in the human commensal Candida albi-
cans (Doyle et al. 2006; Enjalbert et al. 2009), we
have expressed the Gaussia princeps copepod
luciferase on the surface of A. fumigatus to
demonstrate that cutaneous aspergillosis is
clearly detectable in infected animals (Fig. 8.4)
and dependent on the innate immune system
for growth control (Donat et al. 2012). Others
have shown that pulmonary and systemic infec-
tions with A. fumigatus can also be monitored
by this method when expressing the firefly
luciferase from Photinus pyralis intracellularly
(Brock et al. 2008; Jouvion et al. 2012; Ibrahim-
Granet et al. 2010). Meanwhile, such whole-
body scanners also make use of the detection
of fluorescence signals. With the introduction
of a variety of red and far-red dyes it became
possible to excite these fluorophores from the
outside with light of a very long wavelength.
This relatively energy-poor light is able to pen-
etrate biological tissue very efficiently, thereby
enabling the use of fluorescent probes for this
application. Bioluminescent fungal strains
interacting in vivo with fluorescently labeled
immune cells may therefore provide a deeper
understanding of the intimate host–pathogen
interplay during infection.

III. Clinical Imaging

Imaging fungal infections is not only a decisive
tool for academic research but it is also a cen-
tral technology for modern clinical routine in
wards treating patients at risk of infection.
Thus, it is important to consider the available
options that help clinicians to clearly identify a
fungal infection and, more importantly, to dis-
tinguish it from other situations that might
cause inflammatory states in patients.

Fig. 8.4. Imaging cutaneous aspergillosis by biolumi-
nescent imaging. In an immunosuppressed mouse
infected with 104 conidia of a bioluminescent A. fumi-
gatus reporter strain that displays the Gaussia princeps
luciferase on its surface (top), localization of the fungal
pathogen can be followed in the living animal in a
longitudinal fashion. The substrate coelenterazine was
applied subcutaneously and emitted photons were
detected via a CCD camera to yield a bioluminescence
signal that correlates to the fungal burden in the
infected tissue (bottom)
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The main arms of clinical imaging are
ultrasound, X-ray (conventional and computed
tomography, CT), magnetic resonance imaging
(MRI), and contrasting methods using radio-
isotopes, especially PET and scintigraphy. All
of these techniques have been used in fungal
diagnosis, even though MRI and CT have
become the central methods in routine clinical
application.

A. Ultrasound

Ultrasound uses sound waves with intensities
above 16 KHz that are radiated from a trans-
ducer into the body. They are echoed back from
reflecting tissues and bodily liquids or gases
with different efficiencies, allowing them to be
structurally distinguished upon re-detection in
the transducer. Gases and bone are very effec-
tive echoing structures, whereas blood and
other liquids give poor echoes. Thus, blood
and other liquids will give black pixels in an
ultrasound image while bone and gases give
white pixels, thereby allowing the reconstruc-
tion of an irradiated tissue with useful resolu-
tion. The advantages of ultrasound are that it is
fast, generates tissue sectioning images on the
fly, and is without ionizing radiation. Thus,
ultrasound is considered harmless. The disad-
vantages are the relatively low resolution and
absence of specific contrasting methods, except
Doppler sonography for visualizing flow.
Collectively, sonography can be used for diag-
nosis of fungal infections such as in the urinary
tract (Kauffman et al. 2011) or the heart (Ronco
et al. 2010), but due to the limitations of the
technology ultrasound has not found entry into
routine application.

B. X-Ray and Computed Tomography

X-ray uses highly intense photons of wave-
lengths between 10�8 and 10�12 m. They can
cross bones and tissues easily at full thickness,
and upon traveling through different structures
are more or less efficiently absorbed. After
transfer through the body they hit a detection
device (photosensitive plates or CCD cameras in

modern digital X-ray systems). Structures with
high absorptive potential (especially bones) will
give white pixels (because only a few X-ray
photons can cross the bone and blacken the
photosensitive device), whereas soft tissue typi-
cally gives gray to black pixels. A conventional
X-ray image is a 2D projection of the 3D tissues
crossed by the X-ray beam during its journey
through the body. This does not give informa-
tion on the position of structures in space.
Therefore, the more advanced method of CT
was developed. Here, a patient is analyzed by
X-rays that come from different directions in
space to generate a depth-encoded section
through the body. For a full CT section, X-rays
are projected to from a complete 360� circle
around the patient and then step-wise along
the body length axis to generate a series of sec-
tions. Images are no longer directly generated
by a detection device but instead need extensive
computing efforts to generate precisely located
volume-pixels (voxels). The advantage over
conventional X-ray is the much better soft-
tissue contrast and the 3D information of the
investigated organ.

The disadvantage of X-ray in general and of
CT in particular is that they use ionizing radia-
tion and thus constitute a carcinogenic poten-
tial. Nevertheless, the easy tissue penetration
and excellent contrasting capabilities have
made X-ray and CT the most used methods
for the diagnosis of fungal infections, espe-
cially in the case of invasive aspergillosis
(Brown et al. 2012). However, despite their fre-
quent use, the specific diagnosis of a fungal
infection using X-ray or CT is very difficult
and prone to error. Typically, radiologists
search for a so-called halo sign (HS) or reverse
halo sign (RHS) (Georgiadou et al. 2011;
Marchiori et al. 2012) in the lung of patients
with suspected fungal infection. These are opti-
cal features within a CT image with a central
bright area surrounded by a ring of “ground
glass opacity” (HS) or the reverse version of
these optical features (RHS). Histopathologi-
cally, the ground glass structure represents
hemorrhage of the lung tissue, while the bright
area corresponds to necrosis of the infected
lung tissue (Georgiadou et al. 2011). The prob-
lem with this approach is twofold: first, as can
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be deduced from the description of the
HS/RHS, its unequivocal identification is not
easy and requires the inspection of CT images
by a well-trained expert with a lot of experience
in this field. Second, and maybe even more
important, HS and RHS are by no means spe-
cific for invasive aspergillosis or a fungal infec-
tion in general. Instead, since their publication,
identical signatures have been found in CT
images associated with bacterial or parasitic
infections but also in neoplastic disease or sys-
temic disorders such as Wegener’s granuloma-
tosis or sarcoidosis (Georgiadou et al. 2011).
Thus, despite their superb optical contrast in
human tissue, neither X-ray nor CT are 100%
robust tools for the clinical diagnosis of fungal
infections. Yet, next to MRI (see below) they
are the best available imaging technology for
this purpose to date and will therefore continue
to be used until their replacement by better
approaches.

C. Magnetic Resonance Imaging

From its physical background, magnetic reso-
nance imaging (MRI) is a very complicated
method, the detailed description of which is
far beyond the scope of this article. The inter-
ested reader is referred to some excellent
reviews on the subject (Moonen et al. 1990;
Friston 2009). In short, the technology uses
extremely strong external magnetic fields to
orient the spin axes of atoms, especially hydro-
gen atoms, in the body of the patient along the
orientation of the magnetic field lines. Then, an
additional radio frequency electrical field is
induced for a short time, which causes a deflec-
tion of the spin axis of the nuclei. The rotation
of the nuclei with a deflected spin axis around
the general orientation of the external magnetic
field (precession) induces an electrical signal
whose decay with time can be measured (T2
value). In addition, the spin axis slowly returns
to its orientation along the outer magnetic field
lines and the precession is lost (relaxation time,
T1 value). The relaxation time can also be
measured. Importantly, the signal strength
and the time to full relaxation is dependent on
the environment of the atom and thus allows

the extraction of information on the surround-
ings of where the atoms are measured. Using
complicated mathematics, the different
measured relaxation times and signal intensi-
ties allow a picture of the different surround-
ings of hydrogen atoms within the body to be
drawn. Fat tissue, for example, is very bright,
whereas the air-filled lung is almost black. It is
possible to enhance the contrast, e.g. of blood
vessels, by the application of contrasting agents
such as gadolinium or gadolinium-labeled par-
ticles.

The general advantage of MRI is the lack of
ionizing radiation and thus the method has
much lower to absent inherent toxicity as com-
pared to X-ray, CT, or imaging based on radio-
nuclides (see below). In addition,MRI provides
an excellent soft tissue contrast whereby, e.g., a
kidney can be reconstructed with the individual
nephrons clearly visible whereas CT images
show a kidney without much internal structure.
The downside of MRI is the enormous technical
effort, meaning that only specialized centers
can mount the necessary resources. MRI is
equally potent in detecting pulmonary fungal
infections as CT. Ideally, both methods can be
combined to provide a more robust diagnosis
(Muller et al. 2002). The significant power of
MRI comes with the diagnosis of cerebral fun-
gal infections (Mullins 2011) where, depending
on the measurement used (T1 or T2 weighted),
a significant contrast can be obtained that
completely circumscribes the fungal lesion
inside the brain (Gabelmann et al. 2007;
Brown et al. 2012). Nevertheless, MRI does
not allow the specific identification of a fungal
infection based on exactly defined parameters.
Instead, like CT, it requires the eyes of very
experienced radiology experts and the diagno-
sis “fungal infection” is based on their interpre-
tation of the imaging data rather than on a
non-disputable independent parameter.

D. Positron Emission Tomography

PET uses the ability of some radionuclides to
generate and emit positrons, the antiparticles of
electrons. When positrons hit an electron in the
vicinity, the two particles are annihilated,
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which results in the generation of two gamma
quanta that each possess the characteristic
energy of 511 keV and are emitted at exactly a
180� angle from their origin of generation. The
PET detector is able to measure these gamma
quanta and also their relative arrival time at the
two opposite positions on a ring-shaped collec-
tion of detectors around a patient. By correlat-
ing these events, it is possible to reconstruct the
exact position of the radionuclide inside of the
patient’s body, from where the positron origi-
nated.

The power of the approach is the ability to
locate anything associated with the radionu-
clide inside of a patient. Thus, by designing
tracer molecules that have the ability to local-
ize at clinically important sites inside of a
patient and loading these tracers with PET-
suitable radionuclides, it is possible to exactly
position the radionuclides at this site and
therefore to clearly diagnose the presence of
this structure inside of the patient. A typical
example used extensively in oncology is FDG.
Glucose enriches at sites of heavy cellular
metabolism, which are particularly frequent in
fast growing tumors. Thus, a patient suffering
from a metastasized tumor will enrich FDG
both in the primary tumor and also in the
metastases, allowing their localization via PET.
This principle has led to the widespread use of
FDG-PET in oncology (Jones and Price 2012).
Despite its success in that field, PET imaging
has not been used extensively so far in infection
diagnosis and less so in fungal diagnosis
(Walker et al. 2007), although it is being dis-
cussed (Limper et al. 2011). Interestingly, infec-
tion can also compromise oncological PET
imaging because a compound such as FDG is
not able to distinguish increased metabolic
activity due to cancer growth or due to locally
enriched immune cells fighting an infectious
focus (Sandherr et al. 2001).

Thus, currently there is no tool available in
the clinic that allows the specific labeling of
fungal elements in a patient’s body with a
PET tracer and so allow the unequivocal detec-
tion of the infection. However, experimental
approaches have demonstrated the principal
ability of PET to specifically detect fungal
infections using a 68Ga-labeled siderophore

(Petrik et al. 2012; 2010). Other approaches
make use of the intrinsic ability of immune
cells to localize places of fungal infection in
the body (Bruns et al. 2010) by loading leuko-
cytes with PET tracers and applying them as
infection-specific agents. However, the success
of this approach has been limited and it has not
found widespread application in the clinical
routine (Gardet et al. 2010; Dumarey et al.
2006). Other approaches use the radiolabeling
of anti-granulocyte antibodies to locate infec-
tions in humans, which also sounds promising
but is not widely used (Graute et al. 2010). All
these approaches would, however, also experi-
ence analogous limitations in terms of specific-
ity compared to FDG-PET.

Despite having the ability for highly specific
labeling of infectious foci inside of a patient
with optimized tracers, PET suffers from lim-
itations in resolution. This is why modern PET
always comes as a combined modality such as
PET/CT or, more recently, PET/MRI (Pichler
et al. 2008; Judenhofer et al. 2008). Here, the
superb resolution of imaging with CT or MRI is
combined with the molecular information
yielded from PET. This has proven successful
in a clinical study, which also showed the ability
of FDG-PET to follow up on the therapeutic
success of antifungal therapy (Hot et al. 2011).
Thus, in principle, PET in combination with a
high-resolution imaging modality has enor-
mous power to be used as a specific imaging
approach for the rapid, non-invasive and
definitive diagnosis of fungal infections.

Next to these obvious advantages, PET suf-
fers from a number of technical drawbacks.
First, it uses radioactive tracers that have the
intrinsic capability to induce cancer. Next, the
need to handle potentially short-lived radioiso-
topes requires their production on site in
expensive cyclotrons. Finally, it requires exten-
sive experience in a clinical center with nuclear
medicine and in the management of patients
under these regimes. Thus, in the near future
any such applications will only be possible in
large dedicated centers. Nevertheless, the
potential of the technology should continue to
be harvested by driving the development of
novel molecular tracers that can specifically
identify fungal elements throughout the
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patient’s body. A particularly well-suited tool
for this would be monoclonal antibodies, which
have already shown their potential for the spe-
cific detection of fungal infections in experi-
mental systems. Monoclonal antibodies would
not only allow the unequivocal diagnosis of the
disease using PET but would also be able to
highly selectively deliver aggressive ionizing
radiation to the fungus as a treatment (Bryan
et al. 2012).

IV. Summary and Outlook

In summary, we have given a general overview
of existing imaging technologies that can be
used efficiently to show fungal pathogens
alone or during their interaction with the host
immune system (see Table 8.1). The approaches
have been used widely in experimental systems
and clinically. Future work should exploit the
capabilities of novel high-resolution imaging
regimes in studying host–fungal interaction in
experimental systems. Also, improvements in
whole-body intravital microscopy to give better
tissue penetration and resolution are highly
desirable. Clinical imaging currently suffers
from a dearth in specific tools that allow the
unequivocal identification of a fungal infec-
tion. Thus, research in this field should aim
at developing useful novel molecular tracers.
With a number of exciting concepts at hand,
some of which we have briefly mentioned here,
we expect a bright future ahead of us for the
imaging of fungal infections, both in experi-
mental and clinical systems. Novel develop-
ments will then hopefully not only quench our
academic thirst but also help patients suffering
from life-threatening infections to obtain fast
and specific treatment.
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I. Introduction

The mucosal epithelium has immense impor-
tance in host defence and immune surveillance
because it is the primary cell layer that initially
encounters the majority of microorganisms. The
most important ability of the immune system is
to discriminate between friend and foe, a prop-
erty that is essential for maintaining immune
homeostasis. This specialized interaction will

result in either passive coexistence between
microbe and host, as in the case of commensal
microbes, or in a violation of the mucosal barrier
and subsequent cell injury, as in the case of
microbial pathogens. The cells that comprise
the innate immune response are primarily pha-
gocytes, including neutrophils and macrophages,
and the cells that line the epithelial mucosa.
Originally, it was thought that the epithelium
serves only as a passive barrier against invading
pathogens. Barrier function alone is usually ade-
quate to restrain commensal microbes, but is
often insufficient to protect against microbial
pathogens. However, recently it has become
apparent that epithelial cells are capable of trig-
gering an immune response similar to cells of
the myeloid lineage, thus playing a crucial role
in the active recognition of microbes. Accord-
ingly, the oral epithelium is able to secrete a
variety of defence effector molecules (Diamond
et al. 2008) and to orchestrate an immune inflam-
matory response to activate myeloid cells in the
submucosal layers to clear the invading patho-
gens (Cutler and Jotwani 2006).

Recognition ofCandida albicans (C. albicans)
by the innate host defence system is mediated by
pattern-recognition receptors (PRRs) from the
Toll-like receptor (TLR), C-type lectin receptor
(CLR) and NOD-like receptor (NLR) families
(Bryant and Fitzgerald 2009; Netea et al. 2008;
Roeder et al. 2004). To date, most investigations
have focused on the interaction of C. albicans
with macrophages and on systemic infections.
At present we understand little about how the
oral mucosa regulates itself in the context of
fungal infections, although recent studies have
progressed our understanding of pathogen recog-
nition and signalling mechanisms in oral mucosa
and epithelial cells. This chapter will discuss
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recent advances in our understanding of
immune responses against C. albicans in the
oral mucosa.

II. C. albicans and Mucosal Surfaces

The frequency of mucosal and cutaneous fungal
infections is increasing worldwide, with oral
candidiasis being the most common human
fungal infection especially in early and later
life (Samaranayake et al. 2009). Oral candidiasis
is a common opportunistic infection of the oral
cavity and presents a challenge for immunolog-
ically competent and immunodeficient patients
alike. Various clinical presentations are tradi-
tionally divided into acute and chronic forms.
Acute pseudomembranous candidiasis (muco-
sal candidiasis, oral thrush) presents with stip-
pled (later confluent) white plaques that can be
wiped off, on bright red and lightly bleeding
mucosa (Fig. 9.1). Chronic atrophic candidiasis
(denture-related stomatitis) is associated with
erythema and oedema of the oral mucosa,
often found on the fitting surfaces of dentures.
Also belonging to the group of oral candidiasis
are perlèche, candidal leukoplakia (chronic
hyperplastic candidiasis), angular cheilitis and
chronic mucocutaneous candidiasis (CMC), a
rare infection that is associated with immune
deficiency. Life-threatening systemic infection
is generally limited to severely immunocompro-
mised patients, such as neutropenic patients,
often after nosocomial infection. The number
of invasive fungal infections as a proportion
of all nosocomial infections doubled during a
10-year period in the USA and the UK (Beck-
Sague and Jarvis 1993; Lamagni et al. 2001). In
immunocompetent patients, predisposing fac-
tors are responsible for infection or even
chronic recurrent mucocutaneous candidiasis.
Oropharyngeal and vaginal infections are the
most common manifestation; predisposing fac-
tors include antibiotic, glucocorticosteroid and
hormone therapies, as well as diabetes mellitus
and infections such as HIV and AIDS. Around
80% of all fungal infections are caused by Can-
dida, typically C. albicans (Ruhnke 2006). How-
ever, non-C. albicans spp., such as Candida

glabrata, Candida tropicalis, Candida parapsi-
losis, Candida guilliermondii and Candida kru-
sei are also pathogenic to humans and have
emerged as important opportunistic pathogens
in the oral mucosa (Li et al. 2007; Samaranayake
et al. 2009).

C. albicans interacts with epithelial cells via the pro-
cesses of adherence, invasion and induction of cell
damage (Naglik et al. 2011). Virulence factors are cru-
cial in determining the role of opportunistic pathogens
in infections. Important virulence factors expressed by
C. albicans include dimorphism, the ability to grow in
either yeast or filamentous form, adhesions factors,
phenotypic switching, thigmotropism (ability to iden-
tify intercellular junctions at the mucosal surface by
contact sensing and their targeted penetration) and
secretion of hydrolytic enzymes such as lipase, phos-
pholipase and proteinase (reviewed in Calderone and
Fonzi 2001; Hube and Naglik 2001; Schaller et al. 2005).
The interaction between virulence factors of C. albicans
and host defence mechanisms plays a central role in

Fig. 9.1. Clinical presentation of oral C. albicans infec-
tions with erythematous patches and white pseudo-
membranes on the tongue of a patient with chronic
mucocutaneous candidosis
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determining whether colonization remains harmless
or leads to infection of the epithelium and, possibly,
systemic infection.

III. Epithelial Recognition and
Signalling Detection Mechanisms

The innate immune system recognizes con-
served pathogen associated molecular patterns
(PAMPs), which represent broad groups of
microbial species rather than a single specific
species, through germline-encoded proteins,
such as PRRs (Janeway and Medzhitov 2002).
Recognition of C. albicans by the innate host
defence system is mediated by PRRs of the
TLR, CLR and nucleotide-binding domain,
leucine-rich repeat (NLR) protein families
(Franchi et al. 2010; Gauglitz et al. 2012; Naglik
and Moyes 2011; Netea et al. 2008; Roeder et al.
2004; Weindl et al. 2010; Willment and Brown
2008). PRRs are expressed by various cells in
the oral mucosa, including polymorphonuclear
leukocytes (PMNs), dendritic cells (DCs),
monocytes, macrophages, B cells, T cells and
epithelial cells. Activation of PRRs leads to
downstream signalling through pathways that
induce transcription factors such as nuclear fac-
tor (NF)-kB, followed by enhanced transcription
of antimicrobial peptides, cytokines, chemo-
kines and co-stimulatory molecules. As such,
PRRs are critical mediators between innate
and adaptive immune responses. The relative
contribution of specific PAMPs and their
corresponding receptors in the oral mucosa
remains to be elucidated in more detail.

A. Toll-Like Receptors in Epithelial
Recognition of C. albicans

To date, most data regarding PRRs in the oral
mucosa are available for TLRs. TLRs are a fam-
ily of evolutionarily conserved receptors that
react to bacterial, viral or fungal antigens or to
endogenous factors released during cell injury.
The capacity to recognize a variety of common
microbial antigens and endogenous factors
indicates that a primary function of TLRs is to
act as sentinel receptors to alert the innate

immune system to infection or tissue damage
(Takeda et al. 2003; see also chapter “Receptor–
Ligand Interactions in Fungal Infections” by
Hardison and Brown).

To date, the TLR family comprises 10 members in
humans (TLR1–TLR10) and 12 in the mouse (TLR1–
TLR9 and TLR11–TLR13). All TLRs are characterized
as type I transmembrane receptors with an extracellular
leucine-rich repeat domain and a cytoplasmic tail with
high similarity to the type 1 interleukin (IL)-1 receptor.
The leucine-rich repeat domains of TLRs bind different
microbial components (PAMPs), including bacteria cell
wall molecules such as lipopolysaccharide and peptido-
glycan, proteins (e.g. flagellin), as well as double-or
single-stranded RNA of viruses or unmethylated CpG
DNA. Ligation of TLRs leads to activation of a protease
cascade, inducing transcription factors such as NF-kB
and interferon regulatory factor (IRF)-3 and IRF-7
followed by enhanced transcription of antimicrobial
peptides, cytokines, chemokines and co-stimulatory
molecules. As such, TLRs function as critical mediators
between innate and adaptive immune responses.

Several members of the TLR family are
expressed constitutively in oral epithelial cells,
healthy epithelial tissue (Beklen et al. 2008;
Mahanonda and Pichyangkul 2007) and oral
mucosa biopsies from patients with oral candi-
diasis (Ali et al. 2008). Previously, using a
model of oral reconstituted human epithelium
(RHE), we and others studied a number of
different aspects of host–Candida interactions
(de Boer et al. 2010; Moyes et al. 2010; Naglik
et al. 2008; Schaller et al. 1998, 1999, 2002, 2004;
Schaller andWeindl 2009; Wagener et al. 2012a;
Weindl et al. 2007). Although the model consists
of transformed cells (TR146; oral buccal carci-
noma cell line) (Rupniak et al. 1985), all natural
major markers of the epithelial basement mem-
brane and of epithelial differentiation are
expressed. More importantly, despite the artifi-
ciality of the model it behaves like human
in vivo epithelium when treated with pathogens
and pharmacologically active agents (Schaller
and Weindl 2009) and it mimics the clinical
setting of C. albicans infections in the oral
cavity (Wilson et al. 2009). Analysis of the oral
RHE by real-time RT-PCR demonstrated a high
degree of similarity in TLR expression profiles
between the oral RHE and buccal epithelial
samples isolated from healthy individuals
(Weindl et al. 2007). In the oral RHE model,
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all TLR gene transcripts except TLR7 at a low
level are constitutively expressed. Similarly, in
samples from healthy individuals, all TLRs
except TLR5 and TLR7 are detected. The most
commonly expressed TLR genes in vivo appear
to be those encoding TLR1, TLR2, TLR4
and TLR8, with TLR1 being the most highly
expressed gene.

Increased expression of TLR2 and TLR4
has previously been observed in inflamed gin-
gival epithelial tissues (Sugawara et al. 2006).
The immunohistochemical expression of nine
TLRs (TLR1 to TLR9) was demonstrated in a
series of sections from chronic hyperplastic
candidiasis, leukoplakia and healthy tissue
(Ali et al. 2008). Although oral epithelial cells
express TLRs, no studies have yet demon-
strated TLR upregulation upon stimulation
with C. albicans. Heat-killed C. albicans cells
failed to modulate epithelial TLR expression
(Pivarcsi et al. 2003). Similarly, in our infection
model of oral candidiasis, both heat-killed and
viable C. albicans cells were unable to upregu-
late epithelial TLR expression despite the fun-
gus causing clear signs of mucosal damage
(Weindl et al. 2007). With regard to commensal
organisms, it has been suggested that rapid
responsiveness by epithelial TLRs may be det-
rimental to the host by causing an immune
overreaction (Strober 2004). Thus, one possible
explanation for the lack of direct TLR upregu-
lation by C. albicans could be because the
fungus is usually a harmless colonizer of oral
mucosal surfaces in approximately 40% of
healthy individuals (Arendorf and Walker
1979) andmay even actively downregulate epi-
thelial responses by unknown mechanisms
(our unpublished data). In addition, during
the carrier state, it would serve little purpose
for the host to activate a TLR-mediated inflam-
matory response when it is not required.

B. C-Type Lectin Receptors in Epithelial
Recognition of C. albicans

In contrast to TLRs, much less is known about
the expression of CLRs in the oral cavity.
The CLRs are a large superfamily of proteins
characterized by C-type lectin-like domains

(Zelensky and Gready 2005). Importantly, these
receptors mediate fungal binding, uptake and
killing and also contribute to the initiation
and/or modulation of the immune response to
fungi (Hardison and Brown 2012; Netea et al.
2008; Willment and Brown 2008). The two most
important receptors in epithelial recognition of
C. albicans are the mannose receptor (MR) and
dectin-1. For details on CLRs see chapter
“Receptor–Ligand Interactions in Fungal Infec-
tions” by Hardison and Brown.

Mannose Receptor
The MR (CD206) is a prototypical type I (group VI)
transmembrane protein and is mainly expressed by
macrophages, as well as by DCs (Taylor et al. 2005b).
After carbohydrate recognition, the receptor mediates
internalization of pathogens by phagocytosis, induc-
tion of NF-kB activation and the production of numer-
ous defensive cytokines (Gazi et al. 2011; Netea et al.
2006; Taylor et al. 2005a; van de Veerdonk et al. 2009b).
More recently it has been shown, that the MR induces
IL-17 production by Candidamannan in the absence of
mitogenic stimulation even more potently than Gram-
negative bacteria (van de Veerdonk et al. 2009b).
Dectin-1
Dectin-1 is a type II transmembrane receptor and
belongs to the natural killer cell receptor-like CLRs
(Brown 2006). The extracellular carbohydrate recogni-
tion domain (CRD) selectively binds b-glucan poly-
mers, a major component of yeast and mycobacterial
cell walls, and mediates the phagocytosis of zymosan
particles and intact yeast (Herre et al. 2004; Underhill
et al. 2005). Dectin-1 also synergizes with TLR2- and
TLR4-induced signals inducing tumour necrosis factor
alpha (TNFa), IL-10, transforming growth factor-b and
maturation of DCs (Brown et al. 2003; Dillon et al. 2006;
Gantner et al. 2003).

Currently, there are no data published on
the role of mannose receptor (MR) in localized
Candida infections. The receptor is expressed
in keratinocytes (Szolnoky et al. 2001) and oral
epithelial cells (Wagener et al. 2012b). How-
ever, gene expression analysis in the oral RHE
model showed no significant differences upon
infection with C. albicans (our unpublished
data). In oral epithelial cells, MR blocking did
not alter cytokine secretions levels of IL-6, IL-8
and GM-CSF upon stimulation with Candida
cell wall components (Wagener et al. 2012b).

The function of dectin-1 in mucosal candi-
diasis has not been fully established, but several
studies suggest that dectin-1 might play a crucial
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role in the mucosal immunity against Candida,
at least in the intestine. Myeloid lineage cells
in the intestinal tract express dectin-1, and the
outgrowth of Candida in the digestive tract from
dectin-1-deficient mice was disproportionally
high, leading to occlusion and contributing
to the increased mortality (Reid et al. 2004;
Taylor et al. 2002, 2007). Furthermore, dectin-1
is paramount for IL-17 induction by Candida
(Leibundgut-Landmann et al. 2007; Osorio et al.
2008). Patients with an impaired IL-17 produc-
tion caused by STAT3 (signal transducer and
activator of transcription 3) mutations (hyper-
IgE syndrome) and CMC have recurrent Can-
dida infections (Eyerich et al. 2008; Ma et al.
2008; Milner et al. 2008). Previous studies have
failed to demonstrate dectin-1 expression in epi-
thelial cells from the gastrointestinal tract (Rice
et al. 2005), lung (Evans et al. 2005; Lee et al.
2009b) and gingiva (Laube et al. 2008). However,
epidermal keratinocytes appear to express
functional dectin-1 (Lee et al. 2009a) and its
expression can also be induced by mycobacteria
in airway epithelial cells (Lee et al. 2009b). We
have demonstrated that dectin-1 is expressed in
the oral RHE but gene expression is not induc-
ible by C. albicans and dectin-1 ligands did not
stimulate cytokine secretion (Moyes et al. 2010;
Wagener et al. 2012b). This suggests that dectin-
1 plays only a minor role in oral epithelial cell
detection of C. albicans and that other PRRs
might contribute to the interaction between the
epithelial cells and C. albicans PAMPs.

As for dectin-2, DC-SIGN and Mincle, these receptors
seem not to be expressed in oral epithelial cells (our
unpublished data).

C. NOD-Like Receptors in Epithelial
Recognition of C. albicans

Oral epithelial cells express members of the
NOD-like receptor (NLR) family, NLRC1
(NOD1) and NLRC2 (NOD2), and stimulation
with synthetic ligands strongly increased
expression of antimicrobial molecules whereas

proinflammatory cytokines were not induced
(Sugawara et al. 2006; Uehara et al. 2005, 2007;
Uehara and Takada 2008).

NLRs are a family of intracellular immune receptors
characterized by leucine-rich repeats and a nucleotide-
binding domain. Like TLRs, NLRs recognize microbial
products, as well as other intracellular danger signals,
thus triggering host defence pathways through the acti-
vation of the NF-kB response and inflammatory cas-
pases (Martinon et al. 2009). Several members of the
NLR family, including NLRP3 (also known as NALP3
and cryopyrin), form large multiprotein complexes,
termed the inflammasome, which in turn activate
caspase-1 leading to the processing and secretion of
IL-1b and IL-18 (Bryant and Fitzgerald 2009). Recent
reports link IL-1b production induced by C. albicans
to the NLRP3 and NLRC4 inflammasome (Gross et al.
2009; Hise et al. 2009; Joly et al. 2009; Kumar et al. 2009;
Tomalka et al. 2011; van de Veerdonk et al. 2009a,
2011). Of note, TLR2, dectin-1 and NLRP3 were
shown to be crucial for protection against dissemina-
tion of Candida in a murine model of oral mucosal
infection (Hise et al. 2009). However, at present it is
not known to what extent oral epithelial cells contribute
to the observed defence mechanism or how important
these mechanisms are in local, mucosal anti-Candida
responses.

Although C. albicans is not recognized by
NLRC1 and NLRC2 (van der Graaf et al. 2006),
two other NLR members, NLRP3 and NLRC4,
might have an important function in the host
defence against mucosal Candida infections
(Hise et al. 2009; Tomalka et al. 2011). Interest-
ingly, NLRP3 is strongly expressed by keratino-
cytes in non-keratinizing epithelia such as oral
cavity and oesophagus (Kummer et al. 2007).
The potential role of NLRP3 in oral epithelial
cells is further supported by studies showing
increased IL-1b and IL-18 levels upon stimula-
tion with C. albicans (Mostefaoui et al. 2004;
Rouabhia et al. 2002; Schaller et al. 2004; Tardif
et al. 2004; Weindl et al. 2007). NLRC4 or
NLRP3 deficiency results in strongly reduced
pro-inflammatory and antimicrobial peptide
responses in a murine model of oral C. albicans
infection, but only NLRP3 plays an important
role in preventing systemic dissemination
(Tomalka et al. 2011).
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D. Discrimination Between Pathogenic
and Commensal State

Recent reviews have addressed how epithelial
cells interact with Candida and discussed the
epithelial detection mechanisms that might
enable mucosal tissues to discriminate between
the “pathogenic” or “commensal” state of
C. albicans (Moyes and Naglik 2011; Naglik
et al. 2011). Briefly, C. albicans recognition acti-
vates two main epithelial signalling pathways,
the MAPK and NF-kB pathways (Moyes et al.
2010). In oral epithelial cells, C. albicans hyphae
(but not yeast) specifically activated the
MAPK-p38 signalling pathway, which results in
c-Fos transcription factor activation and the
induction of proinflammatory cytokines. Impor-
tantly, this hypha-mediated response is highly
dependent on fungal burdens. This indicates
that MAPK-p38/c-Fos activation may constitute
a “danger response” mechanism that is kept in
check to permit immune quiescence in the pres-
ence of low C. albicans burdens but immune
activation when C. albicans burdens increase
and become hyphal. TheMAPK–p38/c-Fos path-
way is only activated by hypha-forming Candida
species (C. albicans and C. dubliniensis, but
not C. tropicalis, C. glabrata, C. parapsilosis or
C. krusei) (Moyes et al. 2012) and is also present
in human vaginal epithelial cells (Moyes et al.
2011). Therefore, this MAPK–p38/c-Fos pathway
may represent a mechanism enabling different
epithelial tissues to “recognise” dangerous
Candida hyphae, thereby potentially identifying
when this commensal fungus has become path-
ogenic. In is not yet known how hyphae activate
this MAPK–p38/c-Fos response mechanism but
it appears to be independent of cell wall poly-
saccharides including b-glucan, chitin and
mannan (Murciano et al. 2011).

IV. Immune Responses Induced by
C. albicans at Mucosal Surfaces

A. Modulation of Innate Immune Responses

During the period of colonization, extensive
fungal growth is limited through release of anti-
microbial peptides from epithelial cells or due

to existence of other bacteria of the microbial
flora. In this stage of colonization without clin-
ical symptoms and signs of inflammation,
neither C. albicans nor the host induce an
inflammatory cytokine response. However,
when these homeostatic conditions are dis-
turbed, for instance due to antibiotic therapy
or immunosuppression, superficial or even
systemic infections may occur.

Oral candidiasis is a common opportunistic
infection associated with HIV infection andmay
occur in 50% of untreated HIV-positive subjects
and 90% of AIDS patients (Challacombe and
Naglik 2006). Thus, it is tempting to speculate
whether TLRs play a role in the development of
opportunistic infections during HIV infection.
In fact, in HIV-infected patients the risk of
developing active tuberculosis (Ferwerda et al.
2007) and the occurrence of serious co-
infections (Papadopoulos et al. 2010) positively
correlates with the presence of common TLR4
polymorphisms. In contrast, polymorphisms of
TLR2 or TLR4 do not influence susceptibility to
oropharyngeal candidiasis in HIV-infected
patients (Plantinga et al. 2010). However, func-
tional studies were performed on leukocytes
with heat-killed C. albicans, thus the relative
contribution of TLRs on oral epithelial cells
remains unclear.

1. Epithelial Cytokine Responses

During oral infection with Candida species, par-
ticularly with C. albicans, oral epithelial cells
secrete a large number of cytokines, which
maintain a central role in the protection against
fungal organisms (Dongari-Bagtzoglou and
Fidel 2005; Schaller et al. 2002). The cytokines
are involved in enhancement of proliferation,
activation and fungicidal activity of immune
cells. In general, proinflammatory cytokines
(IL-1a, IL-1b, IL-6, IL-8, TNFa, GM-CSF and
others) regulate leukocyte trafficking (Eversole
et al. 1997) and/or activate a strong antifungal
response by oral epithelial cells (Schaller et al.
2002, 2004;Weindl et al. 2007). Our data support
the hypothesis that C. albicans infection induces
an epithelial cytokine pattern that may favour a
chemotactic and Th1-type immune response
and an environmental switch from an anti- to a
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proinflammatory milieu. However, epithelial
cytokine production induced by C. albicans has
not yet been associated with specific PRRs.
C. albicans strongly induce GM-CSF and IL-8
in human oral epithelial cells and in three-
dimensional models (Dongari-Bagtzoglou and
Kashleva 2003; Weindl et al. 2007). Recent data
indicate that TLR4 is not involved in Candida-
induced GM-CSF and IL-8 production in epithe-
lial cells (Li and Dongari-Bagtzoglou 2009;
Weindl et al. 2007). The adhesion receptor
CDw17 (lactosylceramide) might be responsible,
at least partially, for GM-CSF activation
mediated by NF-kB (Li and Dongari-Bagtzoglou
2009). Further studies are necessary to identify
the receptors that mediate the epithelial cyto-
kine response to C. albicans.

In response to infection and inflammatory
stimuli, epithelial cells are also capable of
inducing antimicrobial peptides such as defen-
sins, cathelicidins and histatins (Diamond
et al. 2008), which control C. albicans growth
and infection. Among these peptides, human
b-defensin-2 (hBD-2), hBD-3 and cathelicidin
(LL-37) exhibit potent anti-candidal properties
(Schneider et al. 2005). In this regard, we
observed that the regulation of expression of
the antimicrobial peptides hBD-1, hBD-2 and
hBD-3 in the oral RHE also correlated with the
degree of tissue damage caused by C. albicans
(our unpublished results). These observations
support the hypothesis of an active host-fungus
interaction at the epithelial surface and provide
insight into the molecular events leading to
recruitment and activation of immune cells by
the oral epithelium.

Recently, specific human gene mutations
and polymorphisms have been linked to signal
pathways resulting in susceptibility to C. albi-
cans. STAT3 mutations identified in patients
with hyper-IgE syndrome have been attributed
to a defective IL-17 production and a dimin-
ished Th17 response, resulting in recurrent
mucosal Candida infections (Eyerich et al.
2008; Ma et al. 2008; Milner et al. 2008). Simi-
larly, deficiency in dectin-1 signalling pathways
have been linked to CMC (Ferwerda et al. 2009;
Glocker et al. 2009). Both studies, however,
need to be interpreted with caution because

both patient groups showed mucocutaneous
manifestations, whereas the functional studies
were performed on leukocytes. It remains to be
proven whether the key mechanisms in these
cases of severe candidiasis consist of impaired
dectin-1 signalling at the epithelial level or
impaired leukocyte activation of epithelium,
mediated through cytokines such as IL-17 and
IL-22. In addition to STAT3, dectin-1, IL-17RA
and IL-17F polymorphisms, other polymorph-
isms affecting STAT1, DOCK8, TYK2, CARD9
and AIRE also appear to predispose patients to
Candida infections (Plantinga et al. 2012).

2. Interaction with Immune Cells

Polymorphonuclear leukocytes (PMNs) are a
central component of the innate immune
response. In many mucosal infections and
inflammatory disorders, the combination of
epithelial injury, disease activity and symptoms
parallel PMN infiltration of the mucosa. Simi-
larly, during oral Candida infections, transe-
pithelial migration of PMNs is believed to play
a crucial role in the clearance of infection and in
epithelial homeostasis (Fidel 2002). During
infection, local production of multiple cytokines
and chemokines induces the recruitment and
activation of PMNs from the vascular compart-
ment to the oral mucosa. IL-8 and GM-CSF are
key chemokines involved in the recruitment of
PMNs to sites of infection (Godaly et al. 2001;
Reaves et al. 2005) and are rapidly activated by
exposure to proinflammatory cytokines includ-
ing IL-1a, IL-1b, IL-6 and TNFa (Yamashiro
et al. 2001). The oral epithelium produces high
levels of IL-8 and GM-CSF in response to C. albi-
cans infection (Schaller et al. 2002, 2004; Weindl
et al. 2007), which might explain the substantial
migration of PMNs into Candida-infected oral
mucosal sites. Addition of PMNs to our in vitro
model of oral candidiasis enhanced a Th1-type
immune response [interferon (IFN)-g, TNFa],
downregulated the expression of the Th2-type
cytokine IL-10 and was associated with protec-
tion against Candida-induced tissue damage
(Schaller et al. 2004). PMNs could protect the
epithelium from C. albicans-induced cell
injury via a process that was independent of
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phagocytosis, PMN transmigration or physical
PMN–epithelial cell contact. Interestingly, the
immunological crosstalk between C. albicans-
infected oral epithelium and PMNs causes
PMN-mediated upregulation of epithelial
TLR4 (Weindl et al. 2007). Furthermore, epithe-
lial TLR4 is directly responsible for protecting
the mucosal surface from fungal invasion and
cell injury. Noteworthy, cytokines such as IL-1a,
IL-1b, IL-6, IL-8, macrophage inflammatory
protein (MIP)-1b, monocyte chemoattractant
protein (MCP)-1 and GM-CSF seem not to
have an essential function in direct host defence
against invading fungi, even in the presence of
PMNs. Incubation of the RHE with neutralizing
antibodies had a minimal effect on epithelial
cell damage induced by C. albicans, and strong
TLR4 upregulation was still observed after PMN

addition. In contrast, incubation of the supple-
mented PMNs with all neutralizing antibodies,
except GM-CSF, led to strongly reduced TLR4
mRNA expression. Thus, cytokines are crucial
for the activation of PMNs and/or are released
from the PMNs, which in turn results in upre-
gulation of epithelial TLR4 and protection from
fungal invasion (Fig. 9.2). Among the cyto-
kines, TNFa showed the most potent effect,
which confirms the important role of this cyto-
kine in host defence against opportunistic
fungal infections (Filler et al. 2005). Absence
of this cytokine strongly impairs neutrophil
recruitment and effective phagocytosis of
C. albicans (Netea et al. 1999).

In an in vitro model of oesophageal candi-
diasis, co-incubation of PMNs with C. albicans
strongly upregulated hBD-2 and hBD-3 in

Fig. 9.2. Model of TLR4-mediated and PMN-
dependent antifungal defence by the oral epithelium.
Epithelial cells control fungal cell growth and invasion.
During colonization of the oral epithelium, C. albicans
suppresses TLR4 expression and does not induce cyto-
kine production. Infection, particularly in immuno-
compromised patients, leads to increased cytokine
secretion that recruits and stimulates PMNs at the site
of infection. After recruitment, several cytokines, espe-
cially TNFa, are directly involved in initiating the

subsequent PMN-mediated upregulation of epithelial
TLR4 via a process that does not require PMN infiltra-
tion of the mucosal tissues. Finally, epithelial TLR4
directly protects the oral mucosa from fungal invasion
and cell injury by production of antimicrobial peptides.
Circles and triangles represent secreted cytokines, anti-
microbial peptides and other soluble mediators by the
oral epithelium or PMNs, respectively. TLR4 expres-
sion is depicted in the oral epithelium (Modified with
permission from Weindl et al. 2010, 2011)
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oesophageal cells compared to PMNs or C. albi-
cans alone (Steubesand et al. 2009). We recently
observed that the addition of PMNs to the
Candida-infected oral RHE model not only
strongly upregulates epithelial TLR4 expression,
but also promotes the release of LL-37, which
correlated directly with protection (our unpub-
lished data). The protective effect of LL-37 was
abolished by the addition of TLR4-specific neu-
tralizing antibodies and by TLR4 knockdown
by RNA interference (RNAi), demonstrating
the direct role of LL-37 in the protective pro-
cess. We confirmed the protective role of LL-37
by exogenous addition, which reduced C.
albicans-induced cell damage in the absence of
PMNs. It is known that membrane permeabili-
zation of C. albicans drives the antimicrobial
activity of cathelicidins such as LL-37, although
the precise mechanisms for Candida cell killing
have not yet been identified (den Hertog et al.
2005; López-Garcı́a et al. 2005). In addition,
LL-37 also modulates TLR-induced cytokine
responses in epithelial cells (Filewod et al.
2009). The detailed role of LL-37 in the protec-
tion from Candida-induced cell damage is
currently under investigation. In summary,
increased PMN-dependent production of anti-
microbial peptides by epithelial cells could
contribute to the protective effect and further
underlines the important role for PMNs in
clearance of experimental oral candidiasis.

B. Mucosal T Cell Responses

Activation of the innate immune system by
C. albicans induces the secretion of a variety of
proinflammatory cytokines and the expression of
co-stimulatorymolecules. It is generally accepted
that induction of a Th1-type cellular response is
crucial for the defence against C. albicans (Fidel
et al. 1997; Romani 1999; Schaller et al. 2004). In
contrast, a Th2 cellular response is considered
non-protective because it induces a class-switch
to non-opsonizing antibody subclasses and IgE
(Clemons and Stevens 2001; Savolainen et al.
1996). Investigation of the role of Th17 in med-
iating the immune response has shown that Th17
memory cells are induced by Candida hyphae
(Acosta-Rodriguez et al. 2007; Zhou et al. 2008).

In a murine model, IL-17AR knockout mice had
an increased susceptibility to systemic (Huang
et al. 2004) and oropharyngeal candidiasis
(OPC) (Conti et al. 2009). On the other hand,
deleterious effects of IL-17 inflammatory activ-
ities have also been demonstrated (Bozza et al.
2008; De Luca et al. 2007; Zelante et al. 2007).
Patients with an impaired IL-17 production suf-
fer frommucosalC. albicans infections in hyper-
IgE syndrome and CMC (Eyerich et al. 2008;
Ma et al. 2008; Milner et al. 2008). Furthermore,
in cases of autoimmunity with neutralizing anti-
bodies to Th17 cytokines (IL-17A, IL-17F and
IL-22), there is an increased incidence of CMC
(Kisand et al. 2010). In contrast to Th cells,
regulatory T (Treg) cells suppress inflammatory
responses in disseminated C. albicans, resulting
in higher susceptibility inmice (Netea et al. 2004;
Sutmuller et al. 2006). However, the tolerization-
inducing effects of Treg cells seem tobe beneficial
at mucosal sites (De Luca et al. 2007; Vignali et al.
2008). Treg cells may also promote Th17 cells
in vitro and enhance host resistance in experi-
mental oral candidiasis in mice (Pandiyan et al.
2011).

Th17 cells are a distinct lineage from Th1
and Th2 cells, and are characterized by the
release of IL-17A and IL-17F, IL-22 and IL-26.
Receptors for IL-17A and IL-17F (Il-17Ra and
IL-17Rc) are present in several cell types,
including antigen presenting cells and epithelial
cells (Gaffen 2009; Xie et al. 2000). In contrast,
receptors for IL-22 and IL-26 appear to be loca-
lized to the epithelium (Sheikh et al. 2004; Wolk
et al. 2004; Xie et al. 2000). Very little is known
about the role of IL-26 during mucosal infection
because rodents do not express this cytokine.
During colonization of the oral cavity with
C. albicans, IL-17 receptor signalling is essential
for defence (Conti et al. 2009). Interestingly,
Th17-deficient (IL-23p19�/�) and IL-17R-
deficient (IL-17RA�/�) mice experienced severe
OPC, whereas Th1-deficient (IL-12p35�/�) mice
showed low fungal burdens and no apparent
sign of disease. Furthermore, neutrophil
recruitment was impaired in IL-23p19�/� and
IL-17RA�/�, but not IL-12�/�, mice, and T cell
receptor ab cells were more important than
gd cells. On the other hand, mice deficient in
the Th17 cytokine IL-22 were only mildly
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susceptible to OPC, indicating that IL-17 rather
than IL-22 is crucial in defence against oral
candidiasis. Gene profiling of oral mucosal tis-
sue showed strong induction of Th17 signature
genes, including those encoding b-defensin-3
and CXC chemokines. hBD-3 has candidacidal
activity in vitro (Vylkova et al. 2006) and saliva
from wild-type mice, but not IL-17RA�/� mice
has candidacidal activity, indicating that IL-17
also controls C. albicans proliferation by pro-
moting secretion of antimicrobial peptides
(Conti et al. 2009). However, more work is
needed to understand whether Th17 responses
also govern the response to oral candidiasis in
humans, because it is unclear whether mouse
and human diseases have the same aetiology.

In humans, OPC has diverse aetiologies ranging from
antimicrobial use, to immune dysregulation associated
with advanced HIV infection, to mutations in autoim-
mune regulator genes. Patients with CMC show differ-
ences in cytokine production, including IL-23, depending
on the aetiology of the disorder (Ryan et al. 2008). HIV
infection and host genetics are likely to be important
variables in Th17 expression, but environmental factors,
particularly those that affect the microbiota, could also
influence Th cell polarization. Although microbe-specific
motifs could induce Th polarization, common microbial
PAMPs that induce Th1 or Th17 may also be present.
Thus, a diverse group of microbial ligands could induce
different responses, and immunity towards pathogens
could be less specific than previously thought.

Together the data indicate optimal protec-
tion against (chronic) mucosal Candida infec-
tions by Th1, Th17 and regulatory T cells. An
effective Th1 and antibody (humoral) response
are crucial for defence against disseminated
Candida infections. In the case of localized
Candida infections, however, more work is
needed to decipher the relative contributions
of innate and cell-mediated immunity.

V. Conclusion

In the past decade, our understanding of the
events and mechanisms involved in host muco-
sal responses to fungal pathogens has grown
considerably. Originally, the role of epithelial
cells in these events was considered to be rela-
tively unimportant, but it is becoming increas-
ingly apparent that they are key players in

initiating protective mucosal immunity via
the production of antimicrobial peptides and
immunological crosstalk with local immune
cells. Equally, the elucidation of an epithelial-
based mechanism for detecting hyphae and
potentially identifying “pathogenic” C. albicans
has confirmed the importance of epithelial cells
in mediating protective mucosal mechanisms
and in commensal–pathogen discrimination.
These advances provide important insights
into the complex mechanisms by which appro-
priate innate and acquired immune responses
are initiated and how this affects the pathogen-
esis of fungal infections.
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Schaller M, Schäfer W, Korting HC, Hube B (1998)
Differential expression of secreted aspartyl protei-
nases in a model of human oral candidosis and in
patient samples from the oral cavity. Mol Micro-
biol 29:605–615

Schaller M, Korting HC, Schäfer W, Bastert J, Chen W,
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I. Is Invasive Aspergillosis a Problem
in the Intensive Care Unit?

Autopsy studies have revealed the emergence of
Aspergillus species as major pathogens, as well
as the expansion of the spectrum of patients
at risk for invasive aspergillosis (IA). In a non-
selected patient population at an academic
hospital, the prevalence of invasive fungal
infection increased from 2.2 % to 5.1 % over a
12-year period, largely in association with an
increase in the rate of Aspergillus infection
(Groll et al. 1996). However, estimates about
the incidence of IA among critically ill patients
are sparse and variable. For various reasons,
figures about the true incidence of IA are

difficult to generate. First, with cultures that
are positive forAspergillus species, discrimination
between colonization and infection remains
challenging. Second, very few institutions
perform postmortem examinations routinely,
although in most cases this is the only way to
prove the definite nature of the diagnosis
(Roosen et al. 2000; Dimopoulos et al. 2004;
Esteban and Fernandez-Segoviano 2003).
Third, characteristic radiological signs of IA
are usually absent in the non-neutropenic
intensive care unit (ICU) patient. Confounding
variables such as atelectasis, bacterial ventilator-
associated pneumonia or pleural effusions
obscure the typical halo sign. Moreover, the
halo sign is seen most often in neutropenic
patients, which represent only a minority of
cases in the ICU. Finally, to date, the diagnostic
utility of recently available non-culture-based
microbiological tools, including immunological
methods for the detection of fungal antigens
and the polymerase chain reaction (PCR) for
the detection of Aspergillus-specific DNA, has
not been properly validated in the nonhematology
ICU population. In addition, the European
Organization for Research and Treatment of
Cancer/Mycosis Study Group (EORTC/MSG)
guidelines were not designed for patient
categories other than patients with cancer and
patients who have undergone bone marrow
transplantation. The revised definitions apply
to immunocompromised patients but not
necessarily to critically ill patients in the ICU
who, nonetheless, may develop possible or
probable IA (de Pauw et al. 2008).

In our medical ICU, we observed a high
incidence of IA in two separate, retrospective,
autopsy-controlled studies. In the larger study,
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127 (6.9 %) of 1,850 hospitalized patients had
microbiologic or histopathologic evidence of
aspergillosis during their ICU stay, including
89 cases (70 %) in which there was not an
underlying hematological malignancy. The
observed mortality rate of 80 % was much
higher than the mortality rate predicted on the
basis of the Simplified Acute Physiology Score
II (48 %) (Meersseman et al. 2004). An earlier
study sought unsuspected causes of death in the
same medical ICU and revealed that, among
100 autopsies, there were 15 cases of IA, of
which 5 were missed before death (Roosen
et al. 2000). These data are in line with previous
autopsy findings, suggesting that invasive fungal
infections are among the most commonly
missed diagnoses in ICU patients (Silfvast
et al. 2003; Mort and Yeston 1999;
Combes et al. 2004; Bulpa et al. 2001;
Garnacho-Montero et al. 2005; Vandewoude
et al. 2006). In a recent study that examined
the etiology of patients with septic shock, the
prevalence of IA was 0.3 % (Kumar et al. 2006).
Valles et al. (2003) reported 13 (19 %) of 67
episodes of IA with pathologic and/or microbi-
ologic evidence of aspergillosis in a cohort of
patients with severe hospital-acquired pneumo-
nia who had been admitted to the ICU. During a
6-year period, Cornillet et al. (2006) found that
a mean number of 15 patients per year received
a diagnosis of IA; approximately one-half of
these patients were in the ICU. These intercenter
differences can be explained by differences in
underlying patient characteristics, case mixes,
and autopsy policies.

II. How to Deal with the ICU Patient
Who Has One or More Aspergillus-
Positive Endotracheal Aspirates?

A European multicenter (n¼30) observational
study included critically ill patients with one
or more Aspergillus-positive endotracheal
aspirates (Blot et al. 2012). Among 115
histopathology-controlled patients, 79 had
proven aspergillosis. A clinical algorithm based
upon quantitative culture results judged 86 of
115 cases to have putative aspergillosis. The

diagnosis was confirmed in 72 and rejected in
14 patients. The algorithm judged 29 patients to
have Aspergillus colonizaton. This was con-
firmed in 22 and rejected in 7 patients. In a
total cohort of 524 patients, 15 % had proven
disease and 6% had probable disease. According
to the algorithm, the remainder of the patients
were judged to be colonizers (46.9 %) or having
putative disease (“possible” cases without histo-
logical confirmation) (38 %).

III. Who Is at Risk of Developing
Aspergillosis in the ICU?

Over the past two decades, IA has emerged as a
life-threatening fungal infection in patients
with hematological diseases (Denning 1996).
Although many infected patients will eventually
be admitted to the ICU for advanced supportive
care, it seems that IA has also gained a foothold
in less severely immunocompromised ICU
patients. So, can a threshold of immuno-
suppression needed for the development of
IA be defined? We grouped the risk factors for
IA in the ICU into three categories: high,
intermediate, and low (Table 10.1).

Various factors, including the prolonged use
of antibiotics and the use of central venous
catheters and/ormechanical ventilation, adversely
affect the defense systems of previously healthy
individuals (Stevens et al. 2000). Although these
factors are present in most ICU patients, many
of these patients do not develop IA. One of the
intriguing hypotheses for immunosuppression
in the apparently immunocompetent patient
with multiple-organ dysfunction relates to the
biphasic response to sepsis (Hartemink et al.
2003). The initial hyperinflammatory phase
is followed by relative immunoparalysis
(Kox et al. 2000). This latter process is charac-
terized by neutrophil deactivation, and it may
put the patient at risk of developing opportu-
nistic infections such as IA. Additional epidemi-
ological studies are warranted to better
delineate this phase of immunoparalysis.

Patients in the ICU (medical and surgical)
are often treated with steroids. Recent work
concluded that the mortality rate is reduced if

180 W. Meersseman



patients with septic shock who have adrenal
dysfunction receive hydrocortisone for a 7-day
period (Annane et al. 2002). However, in vitro
pharmacological concentrations of hydrocorti-
sone accelerate the growth of Aspergillus
species (Lionakis and Kontoyiannis 2003).
Clearly, high steroid intake diminishes both
lines of cellular defense against IA (i.e., macro-
phages and neutrophils). This has been demon-
strated in hematopoietic stem cell transplant
recipients who received prolonged courses of
steroids for the treatment of graft-versus-host
disease (O’Donnell et al. 1994; Martino et al.
2002). Palmer et al. (1991) reported that the
threshold steroid concentration varies according
to the type of patient, and they emphasized that
underlying lung disease is a risk factor for IA
even when low doses of steroids are adminis-
tered. Cases of IA have even been reported in
association with inhaled steroids (Leav et al.
2000). Additional studies are needed to
investigate whether administration of the
7-day course of hydrocortisone (200 mg/day)
to patients with septic shock puts them at risk
of developing IA, knowing that recognition of
fungal infection may be delayed because the
anti-inflammatory properties of steroids blunt
the signs of infection (Graham and Tucker
1984). Recently, during the H1N influenza

outbreak of 2009, 23 % of our patients with
proven H1N1 developed probable or proven
aspergillosis during the course of their illness.
Almost all of them were treated with corticos-
teroids for the underlying acute respiratory
distress syndrome (ARDS) caused by H1N1
(Wauters et al. 2012).

Two at-risk groups not included in the
EORTC/MSG definitions stand out with
regard to IA: patients with chronic obstructive
pulmonary disease (COPD) and patients with
cirrhosis. Patients with COPD have an increas-
ingly recognized risk of developing IA and, in
some institutions, cases of IA among patients
with COPD outnumber those cases in “classic”
patients. Bulpa et al. (2001) analyzed a group of
16 patients with COPD who had proven or
probable IA and who required ICU admission.
All patients were receiving steroid treatment.
The outcome was invariably poor. This is in
accordance with the findings of Rello et al.
(1998), who described another 8 patients with
COPD and IA, among whom the outcome was
universally fatal.

Hepatic failure is generally not recognized as
a risk factor for IA. A literature review revealed
that 5 of 14 previously reported cases of IA in
seemingly immunocompetent hosts were asso-
ciated with liver disease (Ascah et al. 1984).

Table 10.1 Risk of invasive aspergillosis among patients admitted to the intensive care unit (medical, mixed, or
surgical)

High-risk category Neutropenia (neutrophil count<500/mm3)
Allogeneic bone marrow transplantation
Hematological malignancy

Intermediate-risk category Prolonged treatment with corticosteroids before admission to the ICU
Autologous bone marrow transplantation
Chronic obstructive pulmonary disease stage III or IV
Liver cirrhosis Child C
Solid-organ cancer
ARDS treated with >80 mg methylprednisolone per day (for at least 3 days)
Lung transplantation
Systemic diseases such Wegener’s granulomatosis and microscopic polyangiitis
HIV infection

Low-risk category Severe burns
Prolonged stay in the ICU (>21 days)
Chronic obstructive pulmonary disease stage II
Other solid-organ transplant recipients (heart, kidney, or liver)
Post-cardiac surgery status
Malnutrition (BMI <18)
Steroid treatment with a duration of less than 3 days
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Our study revealed three fatal cases of IA (Meers-
seman et al. 2004). Patients with cirrhosis expe-
rience depressed phagocytosis, which
may increase their risk for severe infections (Bai-
ley et al. 1976).

It is expected that new risk categories of IA
will arise as new immunosuppressive agents,
such as alemtuzumab and etanercept (a TNF-a
blocker), are made available (Martin et al. 2006;
Warris et al. 2001).

IV. Do Patients Acquire Aspergillosis
in the ICU?

There are numerous sources of Aspergillus
species for patients in the ICU (Patterson
2005). Some studies suggest that fungal coloni-
zation of the lungs is present before entry into
the hospital (Lass-Flörl et al. 1999). It is believed
that the primary ecological niche is decompos-
ing material (Segal and Walsh 2006). However,
aerosolized spores may become a potential
source of infection through improperly cleaned
ventilation systems, water systems, or even com-
puter consoles (Warris and Verweij 2005). The
use of high-efficiency particulate air filtration
reduces the risk of IA but does not reduce it to
zero, probably in part because patients may be
colonized before admission to the ICU, and
partly because of breaks in airflow (Munoz
et al. 2004). Pittet et al. (1996) described two
patients who developed fatal IA in the ICU. In
retrospect, high concentrations of airborne
Aspergillus spores could be found in close prox-
imity to an air filter change in the ICU. An
outbreak in a Spanish post-cardiac surgery unit
was reported in 2012. The demonstration
of matches between air and clinical genotypes
reinforces the role of environmental air in the
acquisition of aspergillosis. High-efficiency par-
ticulate air filters were not able to prevent the
outbreak (Pelaez et al. 2012). Environmental
monitoring of Aspergillus spores in the air is
mandatory but, to our knowledge, a study of
ventilators as a source of infection has not been
undertaken. Of note, the development of IA
depends on an interplay between the inoculating

dose, the ability of the host to resist infection,
and the virulence of the organism.

In addition to the airborne route, contaminated water
has been implicated as a source of infection (Anaissie
et al. 2002; Warris et al. 2002).

In the retrospective study performed in our
unit, 63 of 102 patients (62 %) with a culture
positive for Aspergillus species had received the
positive culture result within 1 week after
admission to the ICU. Almost all patients were
undergoing mechanical ventilation, and the
mean duration of ICU stay was 20days. Of
the patients with proven cases, 18 of 26 (69 %)
with an underlying hematological malignancy
and 11 of 30 (37 %) without a malignancy had
clinical evidence of IA at the time of admission
to the ICU (Meersseman et al. 2004). However,
there is no consensus about the incubation
period and estimates range from 2 days
to 3 months. Moreover, culture results and
clinical evidence alone are not reliable predic-
tors for invasive disease. The concept that the
increasing fungal burden associated with spe-
cific ICU treatments for diseases other than
IA (e.g., steroid therapy for septic shock)
parallels the progression from subclinical to
clinical aspergillosis needs to be explored
using more secretion specimens as a modality
for surveillance is an interesting topic for
research in the ICU.

V. Disease Manifestations in the ICU

There are several manifestations of IA disease
in the ICU. There are three types of pulmonary
pathogen–host interactions (Soubani and
Chandrasekar 2002). The most frequent inter-
action is colonization of the airways; this can be
present in patients with defective mucociliary
clearance and structural changes in the bron-
chial wall (Hope et al. 2005a). These changes are
present in almost every patient who is under-
going mechanical ventilation, making them
particularly susceptible to colonization. IA will
not develop in these patients unless a critical
level of immunodeficiency has been reached.

182 W. Meersseman



The second type of interaction is “allergic” in
nature and is beyond the scope of this review.
The most relevant form of interaction for ICU
physicians is the invasive disease that develops
in persons with impaired immunity. The lungs
and sinuses are implicated in >90 % of these
cases (Patterson et al. 2000). The aggressive
angioinvasive form of IA is frequently encoun-
tered in neutropenic patients, whereas cavitat-
ing infiltrates are observed most frequently
in patients who are receiving steroids, patients
with COPD, patients with cirrhosis, solid-organ
transplant recipients, etc. (Denning et al. 2003).
In lung transplant recipients, anastomotic
infections are the most frequently occurring
presentations (Nathan et al. 2000; Mehrad
et al. 2001).

Other, rarer, presentations include endocarditis, wound
infection, mediastinitis (after cardiac surgery), infection
of vascular grafts, and osteomyelitis; these are occasion-
ally a problem in immunocompromised patients or
during epidemic outbreaks. A detailed description of
all disease entities is beyond the scope of this article
and was recently reviewed elsewhere (Pasqualotto and
Denning 2006; Nunley et al. 2002). Infection of the
central nervous system is frequently an ominous sign
and may arise from hematogenous seeding (for which
the lung is the most common primary site), from spread
of the pathogen from the sinuses, or after neurosurgery
(Lin et al. 2001; Marr et al. 2002).

The pathogenesis of IA in patients with
steroid-associated immunosuppression differs
greatly from that in neutropenic patients. Data
demonstrate that pathologic lesions are often
widespread and that death is related to a high
fungal burden in neutropenic animals, whereas
the pathogenesis in non-neutropenic, steroid-
treated animals is driven by an adverse inflam-
matory host response that is frequently
confined to the lungs, with a low fungal burden
in the lung parenchyma and other organs
(Balloy et al. 2005; Chamilos et al. 2006).

Clinical signs are usually nonspecific and
do not necessarily differ from those for other
causes of nosocomial pneumonia. In addition,
critically ill patients with prolonged stays in
the ICU often develop pulmonary infiltrates,
atelectasis, and/or acute respiratory distress
syndrome (ARDS), whereas patients with
prior lung disease (e.g., COPD) may present

with preexisting cavities noted by conventional
chest radiography.

VI. Are the Available Diagnostic Tools
Applicable to Patients in the ICU?

Making a timely diagnosis of IA in the ICU
population is probably even more challenging
than establishing an early diagnosis in patients
with hematologic disease. Basically, this is
because the index of suspicion is lower in the
ICU population because most patients do not
belong to one of the well-established risk
groups. Moreover, the diagnostic tools were
developed in hematology patients. In general,
a diagnosis is made on the basis of a combina-
tion of compatible clinical findings, abnormal
radiologic findings, and microbiologic confir-
mation or on the basis of histologic proof of
tissue invasion by the fungus (Hope et al. 2005).

Over the past few years, lung computed
tomography (CT) has become one of the most
important diagnostic tools. Diagnostic signs of
angioinvasive pulmonary mycosis – not only
that due to Aspergillus species, but occasionally
that due to Mucorales species – include single
or multiple small nodules with the halo sign.
It should be recognized that the utility of this
sign has been evaluated almost exclusively in
neutropenic patients (Caillot et al. 1997).
In other groups, including ICU patients, similar
CT findings are frequently absent, and if the
signs are present, they are far less specific.
Many ICU patients have nonspecific interfering
radiologic abnormalities associated with atelec-
tasis or ARDS (Figs. 10.1, 10.2, 10.3, and 10.4).

A positive result from a culture of a respira-
tory specimen or positive findings from a direct
microscopic examination is present in only
about half of patients with IA (Mennink-Kersten
et al. 2004). The predictive value of a positive
culture result depends largely on whether the
patient is immunocompromised and ranges
from 20 % to 80 % (Perfect et al. 2001). Given
the ubiquitous nature of Aspergillus spores,
differentiation of colonization from infection
remains problematic. Two studies have exam-
ined the significance of isolation of Aspergillus
species in ICU patients and have confirmed the
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poor positive predictive values (Tarrand et al.
2003). However, although culture and micro-
scopic examination of respiratory tract samples
are performed on a regular basis in most ICUs
(once or twice weekly, as a means of surveil-
lance), it is not an appropriate guide for clinical
practice.

Serologic testing techniques based on the
detection of circulating fungal cell wall compo-
nents, such as galactomannan (GM) or b-D-
glucan, and detection of circulating fungal
DNA by PCR techniques hold promise for
patients with hematologic malignancy, but
they have not been systematically studied for
the diagnosis of IA in the ICU. GM and b-D-
glucan are polysaccharide fungal cell wall com-
ponents that are released during tissue invasion
and that can be detected in specimens of body
fluids (e.g., serum and bronchoalveolar lavage
fluid) obtained from patients with IA (Klont
et al. 2004). Studies of neutropenic patients
have revealed high rates of sensitivity
(67–100 %) and specificity (86–99 %) (Pfeiffer
et al. 2006; Maertens et al. 2002). However, in a
retrospective observational study of a medical
ICU population, serum GMwas elevated in only
53 % of patients with IA (Meersseman et al.

2004). Detection of serum GM is probably not
a sensitive marker for IA (especially in non-
neutropenic patients), as demonstrated in
lung and liver transplant recipients (Husain
et al. 2004; Kwak et al. 2004). Viable fungi can
endure in the lung tissue (with encapsulation
by an inflammatory process), whereas circulat-
ing markers can remain undetectable because
of clearance by circulating neutrophils. Bronch-
oalveolar lavage (BAL) fluid could be a better
specimen for GM detection. In a prospective
study performed at our unit, 110 patients
(10 % of total population) underwent BAL for
culture and GM detection, serum GM measure-
ment, and CT scan. Only 22 % of the patients
were neutropenic. Sensitivity and specificity of
BAL GM detection with a cut-off value of 0.5
was 88 % and 87 %, respectively. This is in
contrast with a sensitivity of only 42 % for
serum GM (taken on the same day as BAL GM
and using the same cut-off value) (Meersseman
et al. 2008). The use of b-D-glucan detection
in the ICU is hampered by false-positive
results (associated with the use of albumin,
wound gauze, hemodialysis, and bacterial
infections) (Pazos et al. 2005; Digby et al.
2003; Ostrosky-Zeichner et al. 2005). GM

Fig. 10.1. (a) Chest X-ray and (b) CT scan of a 42-year-
old lady with adenocarcinoma of the right lung with
adjacent malignant pleural effusion who was receiving
chemotherapy (cisplatinum and gemcitabine) and who
was admitted to the intensive care unit because of fever
and new pulmonary infiltrates. No neutropenia. A large
right-sided pleural effusion and a cavity in the upper
zone of the left lung were seen in the chest X-ray. CT
scan confirmed a complex cavitary lesion in the left
lung and a pleural effusion around the right lung.

Bronchoalveolar lavage (BAL) culture was positive for
Haemophilus influenzae and negative for fungi. The
results of a serum galactomannan test were negative
but revealed a value of 6.2 ng/ml in the BAL fluid
specimen. Despite administration of voriconazole, the
patient died. Autopsy revealed invasive aspergillosis
that was confined to the left lung. Residual malignant
lesion was present in the right pleura and lung paren-
chyma
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detection yields fewer false-positive results,
although the use of b-lactam antibiotics posed
a problem in the past. Although some residual
GM might still be present in piperacillin/tazo-
bactam, the preparations seem no longer
responsible for false-positive GM results
(Mikulska et al. 2012). Plasma-lyte, a frequently
uses resuscitation fluid, might also cause false
positivity of the GM assay (Petraitiene et al.
2011).

Thus far, no prospective data on PCR
detection are available for ICU patients.

Critical care physicians need a helpful tool
to guide clinical practice. A pre-emptive based
approach using GM-detection in BAL might lead
to earlier treatment of aspergillosis in the ICU.

VII. Antifungals for the Treatment
of Aspergillosis in the ICU

Amphotericin B has been the mainstay of the treatment
of IA for a long time. However, this formulation is

renowned for being associated with serious adverse
effects (e.g., nephrotoxicity, hypokalemia, and fever).
These events often result in the use of suboptimal dosing
regimens. Fortunately, over the past few years, lipid-
based formulations of amphotericin B and new antifun-
gal drugs with more favorable tolerability and safety
profiles (including voriconazole, posaconazole, and the
echinocandins) have become available as alternatives.

Ten years ago, voriconazole (a derivative of
fluconazole) became the new standard of care
for treating IA. A significantly better outcome
(response rate, 52.8 % versus. 30.6 %) was
demonstrated in a randomized study that
compared initial treatment with voriconazole
versus conventional amphotericin B (Herbrecht
et al. 2002). Posaconazole is a new, oral, broad-
spectrum triazole that is effective against
several fungi that are resistant to most other
antifungals; it is well tolerated and holds
promise as a prophylactic agent in neutropenic
patients (Cornely et al. 2007). Caspofungin,
micafungin, and anidulafungin belong to a
new class of antifungal drugs, the echinocan-
dins, which act by inhibiting the synthesis of
b-(1,3)- D-glucan in the fungal cell wall. Echi-
nocandins display activity against Aspergillus
species, as demonstrated in several studies of
salvage therapy, but convincing data on their
use as first-line treatment are still lacking
(Denning 2003). The latter criticism also applies
to first-line treatment with lipid-based formu-
lations of amphotericin B (Sastry et al. 2005).

However, most patients who were recruited
in these first- and second-line treatment studies
were experiencing an underlying hematological
disorder or were transplant recipients. These
studies usually exclude patients with baseline
characteristics that are commonly seen in ICU
patients, including patients with liver function
abnormalities, coagulation disorders, or renal
dysfunction and patients in need of advanced
cardiovascular or pulmonary support, including
mechanical ventilation. Non-neutropenic ICU
patients and patients who are not transplant
recipients largely tend to be underrepresented
in all major trials; given the impact of these
co-morbidities, lower response rates can be
anticipated.

In addition, many aspects of antifungal ther-
apy that are relevant to the ICU population
have not been sufficiently addressed in clinical

Fig. 10.2. Chest radiograph of 72-year-old patient
referred for pneumectomy. At the time of referral, he
had major hemoptysis. He was known to have suffered
from tuberculosis 20 years earlier. Chest X-ray pre-
operatively shows a destroyed left lung, an air-fluid
level with widespread pleural calcifications. Culture
from a tracheal aspirate revealed Aspergillus fumigatus.
GM value of a BAL specimen was 9.8 ng/ml. Serum
galactomannan was below detection limit. No reactiva-
tion of tuberculosis was found. Patient was treated with
voriconazole. Pneumectomy was uneventful. Biopsy of
necrotic tissue per-operatively showed dichotomous
branching hyphae, which turned out to be Aspergillus
fumigatus upon culture
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studies, including the pharmacokinetic profile
of antifungals in patients with underlying
renal, hepatic, and/or cardiac dysfunction; the
dose–response relationship; the best route of
administration (oral, enteral, or parenteral); the
monitoring of drug-related toxicities (e.g., how
to monitor voriconazole-induced visual distur-
bances in sedated patients); and, especially, drug
interactions with frequently used “ICU drugs”.
Studies measuring levels of voriconazole in ICU
patients are eagerly awaited. The echinocandins
have not been studied as first-line therapy but
offer the advantage of being free of nephrotoxi-
city; dose adjustments are not required in the
event of renal failure or in patients who are
undergoing continuous hemofiltration. In addi-
tion, few clinically significant drug–drug inter-
actions have been reported.

VIII. Future Directions

In an era of increased availability of new
immunosuppressive drugs and better intensive

care, with prolonged patient survival, we can
expect a continuing increase in the incidence of
IA. The occurrence of IA in the ICU usually
entails a poor prognosis, despite major recent
improvements in the diagnosis and treatment
of IA in patients with hematologic diseases. Mul-
ticenter studies are warranted to explore the
exact incidence of IA in the ICU and to better
delineate the difference between hospital-
acquired, ICU-acquired, and community-
acquired aspergillosis. Evaluating the value of
galactomannan, b-D-glucan, and PCR analyses
in non-neutropenic, critically ill patients with
different sample types (and, especially, with
respiratory samples) is urgently needed, as is a
better delineation of the patient population at
risk for IA in the broad group of critically ill
patients. Finally, antifungal pharmacokinetics,
pharmacodynamics, and interactions with other
drugs need to be explored more thoroughly.
Meanwhile, all new diagnostic techniques and
therapeutic measures must be validated against
postmortem findings, because only proven cases
of IA offer the most valuable information.

Fig. 10.3. (a) Chest radiograph and (b) CT of a 65-year-
old man who was diagnosed as having Wegener’s gran-
ulomatosis 1 month prior to presentation. Patient had
renal involvement without pulmonary involvement
initially. He was treated with high-dose steroids and
cyclophosphamide. One month later, he developed
fever, hemoptysis, and acute respiratory failure. He
required mechanical ventilation. Chest X-ray shows
bilateral patchy infiltrates with a large wedge-shaped
lesion on the right side. CT scan showed a large

triangled infiltrate in the right lung suggestive of
pulmonary infarction. Widespread nodules are seen
throughout both lungs. Bronchial culture for fungi
remained negative, although BAL GM and serum GM
values were both raised (8.4 and 3.2 ng/ml respec-
tively). Patient died soon after admission to the ICU
following ventricular fibrillation. Autopsy revealed
disseminated aspergillosis (lung, thyroid gland, heart,
adrenals, and spleen)
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I. Introduction

Pneumocystis jirovecii is a fungus that causes
severe pneumonia in immunocompromised
humans. Recognized initially among presum-
ably malnourished infants, and subsequently
among immunosuppressed cancer patients,
Pneumocystis jirovecii pneumonia (PCP)
assumed medical prominence with the advent
of the HIV epidemic. With the development
and broad utilization of combination antiretro-
viral therapy, the disease has become sporadic
in HIV-infected persons, primarily occurring
among those who are unaware of their status,
as well as in solid organ transplantation recipi-
ents and patients with hemato-oncologic or
autoimmune diseases. Notably, multiple noso-
comial outbreaks of PCP among renal trans-
plant recipients (RTRs) have been reported,
especially over the past 15 years. These out-

breaks suggest inter-human transmission of
the pathogen or its acquisition from a common
source. Because a detailed review of studies of
PCP outbreaks has recently been published
(de Boer et al. 2011), the present chapter
focuses on new insights from more recent
publications. In addition, we comment on the
limitations of the molecular typing methods
available for investigation of PCP outbreaks.

II. Biology

P. jirovecii specifically infects humans, whereas
other Pneumocystis species infect other mam-
mals (Thomas and Limper 2007; Cushion and
Stringer 2010). P. jirovecii grows extracellularly
in the alveoli of human lungs. In the absence of
a long-term in vitro culture system, the life
cycle remains hypothetical and is postulated
to include asexual (trophic cell) and sexual
(ascus, or cyst) forms. Although PCR techni-
ques are being increasingly utilized for diagno-
sis, the gold standard still remains the detection
of organisms within respiratory specimens
using various staining methods, such as methe-
namine silver and direct immunofluorescence
(examples are shown in Fig. 11.1). A number of
biological features of Pneumocystis species sug-
gest that they are obligate parasites without a
free-living form: (i) organisms can incorporate
host cholesterol (Furlong et al. 1997), (ii) they
possess a system of surface antigen variation
(Stringer and Keely 2001), (iii) they appear to
have co-evolved with their hosts (Demanche
et al. 2001), and (iv) they lack most of the
enzymes that are dedicated to the biosyntheses
of amino acids in fungi (Table 11.1) (Hauser
et al. 2010; Cissé et al. 2012). Moreover, the
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P. jirovecii genome lacks known virulence fac-
tors and has a relatively small size and reduced
GC content (Cissé et al. 2012). Together with
epidemiological studies, which have failed to
identify a free-living form of the fungus, these
features suggest that P. jirovecii is an obligate
parasite that has developed specialized systems
for infecting humans but that causes clinically
significant disease only in immunocompro-
mised hosts.

III. Epidemiology

Immunity against P. jirovecii develops during
the first years of life, presumably after a pri-
mary infection that occurs prior to 2 years of
age (Pifer et al. 1978; Vargas et al. 2001). Thus,
carriage of the fungus as a latent infection and
reactivation upon immunosuppression was the
first hypothesis for the development of PCP
later in life. However, a number of recent obser-
vations have suggested that infection de novo
from exogenous sources is responsible for the
majority of episodes: (i) the occurrence of PCP
outbreaks caused by a single genotype (de Boer
et al. 2011), (ii) the elimination of Pneumocystis
after experimental infection in the rat model

(Vargas et al. 1995), and (iii) the presence of
mutations within the dihydropteroate synthase
gene in patients who never received sulfa drugs
(Huang et al. 2000; Nahimana et al. 2003a).
The latter observation provides especially
strong evidence supporting de novo infection
because these mutations (i) are associated with
failure of sulfa prophylaxis, (ii) are absent in
P. jirovecii isolated before the use of sulfa drugs
for treating or preventing PCP (Meshnick
1999), and (iii) have been shown to be selected
by sulfonamide use within single patients
(Nahimana et al. 2003b).

The occurrence of infection de novo raises
questions about the source of the pathogen and
mode(s) of transmission. Obligate parasitism
implies that the reservoir and source of infec-
tion are probably only humans.

A number of experiments in animal models have
helped in understanding the epidemiology of
P. jirovecii in humans. Studies on rats demonstrated
that air is the route of transmission for de novo
infection (Hughes 1982; Hughes et al. 1983). Horizon-
tal transfer of the fungus can occur from animals with
PCP to susceptible animals (Powles et al. 1992; Vogel
et al. 1993; Ceré et al. 1997), but also from immuno-
competent murine carriers of the fungus following
a single day of exposure (Dumoulin et al. 2000;
Chabé et al. 2004).

Fig. 11.1 (a) P. jirovecii asci visualized in a patient’s
bronchoalveolar lavage using Grocott’s methenamine
silver staining as described by Churukian and Schenk
(1977). The parentheses-like structure in each ascus
resembles opercula observed in other asci. Ascomyce-
tous operculum is thought to be involved in the dehis-
cence (release of endospores) upon contact with
humidity, suggesting that asci might be the airborne

P. jirovecii infectious forms (picture from Institute
of Microbiology, Centre Hospitalier Universitaire
Vaudois). (b) P. jirovecii organisms visualized in a
patient’s induced sputum using direct immunofluores-
cence kit BioRad MONOFLUO Pneumocystis (Picture
from Critical Care Medicine Department, NIH Clinical
Center, National Institutes of Health)
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Carriage of P. jirovecii without overt PCP
by immunocompromised (Nevez et al. 1999;
Hauser et al. 2000) and immunocompetent
(Vargas et al. 2000; Miller et al. 2001; Tipirneni
et al. 2009) humans has been documented. The
genotypes observed in carriers (Hauser et al.
2000) and in infants, presumably experiencing
primary infection (Totet et al. 2003, 2004), were
not different from those in PCP patients, sug-
gesting that these could be sources of the
pathogen. However, one study of larger cohorts
found that infants may harbor different geno-
types from AIDS patients (Beard et al. 2005).
This study suffers from the fact that the infant
and adult populations were from different
geographical areas, which may have had differ-
ent predominant genotypes. The dispersion of
Pneumocystis organisms in the air around PCP

patients (Choukri et al. 2010; Bartlett et al.
1997), as well as around infected rats (Choukri
et al. 2011) has been examined by PCR techni-
ques. Significant fungal burdens were detected
in the air at 1 m from the source, then decreased
with distance but were detected up to 8 m away.
For rats, air burdens correlated with lung bur-
dens. The same P. jirovecii genotypes were pres-
ent in the lungs of PCP patients and in air
particles collected in their room (Bartlett et al.
1997; Damiani et al. 2012). Together, these
observations suggest that inter-human trans-
mission from infected humans through the air
is themain route of dissemination of P. jirovecii.
The possible categories of humans that may
act as a source include patients with active or
developing PCP, infants experiencing primary
infection, and colonized immunocompromised

Table 11.1 Number of enzymes dedicated to the biosyntheses of amino acids in P. jirovecii, P. carinii, and S. pombe

Amino acid

Number of dedicated enzymes

In S. pombe (reference)a In S. pombe In P. jirovecii In P. carinii

Ala 1 1 1 0
Asp 1 1 1 1
Asn 1b 1 0 0
Arg 3 3 0 0
Cys 2 1 0 0
Glu 1b 1 1 1
Gln 1 1 1 0
Gly 1b 1 1 0
His 6 6 0 0
Ilec 4 4 1 0
Leud 3 3 1 0
Lys from aspartate 0 0 0 0
Lys from pyruvate 7 3 0 0
Met 3 2 0 0
Phe 2 1 0 0
Pro 1b 1 0 0
Ser 3 3 1 0
Thr from glycine 1 1 0 0
Thr from

homoserine
2 2 0 0

Trp 5 3 0 0
Tyr 2 1 0 0
Valc 4 4 1 0
Total 54 44 9 2

Taken from Table S5 of Cissé et al. (2012)
aThe reference gene numbers of S. pombe are those obtained from KEGG; data from Hauser et al. (2010)
bUniversally conserved (Payne and Loomis 2006)
cThe four enzymes are the same for Ile and Val syntheses
dOne of the enzymes is also involved in Ile and Val syntheses
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patients, but also, possibly, transient carriers
such as elderly people (Vargas et al. 2010), preg-
nant women (Vargas et al. 2003), and health-
care workers (Miller et al. 2001; Tipirneni et al.
2009). Nevertheless, the actual human source(s)
of infection for sporadic cases and their relative
importance remain to be elucidated. We specu-
late that infants experiencing primary infection
might play a major role because, being immu-
nologically naive, multiplication of the fungus
might be more productive than in other cate-
gories of colonized humans.

IV. Molecular Methods for
Investigating PCP Outbreaks

In order to test the hypothesis that inter-human
transmission of P. jirovecii is involved in
outbreaks, molecular typing methods are cru-
cial because they can document identical
P. jirovecii genotypes in patients between
whom transmission is suspected. Typing meth-
ods for P. jirovecii rely on the natural genetic
heterogeneity among isolates. In the absence
of a culture method, current typing methods
utilize PCR amplification of variable regions
of the P. jirovecii genome, followed by the
detection of polymorphisms by DNA sequenc-
ing, single-strand conformation polymorphism
(SSCP) analysis, or restriction fragment length
polymorphism (RFLP) analysis. Initially, one to
two genetic regions were sequenced, including
a variable region of the mitochondrial 26S
rRNA gene (hereafter called mt26S) (Keely
et al. 1995) or the internal transcribed spacers
number 1 and 2 of the nuclear rRNA operon
(ITS1 and ITS2; ITSs sequencing) (Lee et al.
1993; Lu et al. 1994; Tsolaki et al. 1996). Subse-
quently, a multilocus approach was developed
that utilized SSCP to analyze four genomic
regions (Hauser et al. 1997, 2001a; Nahimana
et al. 2000), including ITS1, mt26S, the intron
of the nuclear 26S rRNA gene (26S), and the
b-tubulin intron 6 region (b-tub). As DNA
sequencing prices decreased, SSCP was
replaced by direct sequencing, i.e., without
cloning PCR products (multilocus sequence
typing, MLST) (Schmoldt et al. 2008; Gianella

et al. 2010; Pliquett et al. 2012). RFLP analysis of
a PCR product from a variant region of the gene
family encoding the major surface glycoprotein
(RFLP-MSG) was shown to be discriminative
and useful for investigating outbreaks
(Ripamonti et al. 2009; Sassi et al. 2012). The
polymorphisms in all markers that were used
for typing appeared to be stable over months
(Keely et al. 1995; Hauser et al. 1997, 2001a;
Hauser 2004), which is a prerequisite for
microbe-based epidemiological studies (Hauser
et al. 1998a). The index of discrimination power
is the average probability that two unrelated
specimens randomly chosen will be assigned
to different types by the method. It has been
determined only for the SSCP method and was
estimated to be 0.93 (Hauser et al. 2001a),
which can be considered as satisfactory because
the minimal desired level for a typing system to
be used as a single method is 0.95 (Struelens
and ESGEM 1996). SSCP and ITSs sequencing
identified, respectively, 43 (Hauser 2004) and
more than 60 different P. jirovecii genotypes
(Lu and Lee 2008). The same markers have
been analyzed by SSCP andMLST, but the latter
is more discriminative because it detects all
polymorphisms.

The interpretation of data using the current
typing methods for P. jirovecii must take into
account two important caveats. First, co-infec-
tion of a single patient with two or more
P. jirovecii genotypes has been reported using
multiple typing methods (Tsolaki et al. 1996;
Hauser et al. 1998a; Nahimana et al. 2000;
Ma et al. 2002; Ripamonti et al. 2009), which
obviously complicates epidemiological studies
(Hauser et al. 1998b). The proportion of
co-infected patients varies considerably, rang-
ing from a few percent using direct sequencing
to ~70% using SSCP. SSCP can detect a
co-infecting type if it represents at least 11%
of the population (Nahimana et al. 2000). Clon-
ing of PCR products followed by DNA sequenc-
ing can also be used to detect co-infections; the
minimal proportion detected will depend on
the number of clones that are analyzed. Direct
sequencing of PCR products without cloning
would not be able to detect low-abundance
co-infecting types. Geographical variation or
other parameters probably account for some
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of the reported differences in the proportion of
co-infected patients. Identifying all co-infecting
genotypes present in clinical specimens of
infected humans is probably necessary to fully
understand P. jirovecii epidemiology, and may
also be useful for analysis of outbreaks, because
some genotypes might be more transmissible
than others. Nonetheless, at present most inves-
tigations of outbreaks use methods that detect
only the most abundant genotype(s). Accord-
ingly, recent outbreaks have often been inves-
tigated by MLST without cloning to detect co-
infections, and this method was able to provide
evidence that a single P. jirovecii genotype
accounted for all or most of the PCP cases in a
given outbreak (Schmoldt et al. 2008; Gianella
et al. 2010; Phipps et al. 2011; Pliquett et al.
2012). ITSs sequencing with or without cloning
PCR products also reached this conclusion
(Yazaki et al. 2009; Le Gal et al. 2012).

The second caveat in interpreting data from
typing methods is that the P. jirovecii genotypes
present in respiratory samples may not include
all those present in the patient’s lungs.
Indeed, analysis of lungs from three autopsied
individuals in one study demonstrated a
compartmentalization of different co-infecting
P. jirovecii genotypes in the lungs of two
patients. Importantly, some genotypes identified
in specific regions of the lungs were absent in the
corresponding respiratory specimen (see
Table 11.2) (Helweg-Larsen et al. 2001a). As
previously stressed by Hughes (2007), this raises
questions about studies that concluded that
recurrent PCP episodes represent de novo infec-
tion, because genotype(s) already present in the
lungs may have been detected only during the
second and not the first episode. On the other
hand, this apparently has not caused problems
for investigations of outbreaks since the same

P. jirovecii genotype was observed in many
instances (see following section).

As far as ITSs typing is concerned, amplification by
PCR has been reported to create an artifactual diversity
of genotypes, i.e., 37% of them were chimeras (Beser
et al. 2007). A substantial decrease in the proportion of
these artifacts was obtained by increasing elongation
time, primer concentration, and annealing tempera-
ture, as well as by decreasing the number of cycles
and using a proofreading polymerase (Beser et al.
2007). Nevertheless, two recent studies successfully
detected the same ITSs genotype in outbreak PCP
cases, apparently without using the advised modifica-
tions to decrease chimera formation (Yazaki et al. 2009;
Le Gal et al. 2012). Infection with a single genotype may
account for this because there would be no opportunity
for recombination.

V. Molecular Epidemiology
of Pneumocystis Outbreaks

In a recent publication, de Boer et al. (2011)
reviewed studies of 16 nosocomial PCP
outbreaks among RTRs, six of which used
molecular typing to characterize the genotype.
A transmission map describing timings of out-
patient visits and hospitalizations was generally
provided in these studies to assess potential
occurrence of infectious encounters (an exam-
ple is shown in Fig. 11.2). Molecular typing
revealed in five out of six instances that all or
the vast majority of the outbreak cases with
suspected infectious contact(s) harbored the
same P. jirovecii genotype, strongly suggesting
that inter-human transmission of P. jirovecii
had occurred. Importantly, all outbreaks
shared the three following features, which
probably contributed to the outbreaks:
(i) cases received no or inadequate anti-PCP

Table 11.2 Numbers of ITS types corresponding to P. jirovecii genotypes found in various samples of PCP patients
by Helweg-Larsen et al. (2001a)

Patient Respiratory specimena Autopsy lungs In common between respiratory specimen and autopsy lungs

I 1 1 1
II 1 3 1
III 3 10 1

aPatients I and II, bronchoalveolar lavage; patient III, oral wash
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prophylaxis, (ii) contact could occur between
potential source patients with clinical or incu-
bating PCP and susceptible patients (in outpa-
tient waiting rooms or during a simultaneous
hospitalization), and (iii) no isolation proce-
dure of PCP patients was utilized. However,
being retrospective, these studies could not
firmly exclude that cases acquired the fungus
from asymptomatic colonized health-care
worker(s), from an unidentified environmental
source, or by indirect transmission from an
index patient through nosocomial carriers.

Since the review of de Boer et al. (2011), eight
additional PCP outbreaks have been reported in
seven studies, nearly all in RTRs. One study
provided evidence of transmission only on the
basis of possible infectious encounters (Mori
et al. 2010). Of note, the latter is the first among
outpatients with rheumatoid arthritis. In addition
to possible infectious encounters, the other six
studies reported that a single molecular P. jirovecii
genotype accounted for most or all of the RTR
outbreak cases (Phipps et al. 2011; Thomas et al.
2011; Wynckel et al. 2011; Brunot et al. 2012;
Pliquett et al. 2012; Le Gal et al. 2012). In all eight
outbreaks, patients were not receiving anti-PCP

prophylaxis at the time of suspected exposure,
and there was no policy to isolate PCP patients.
Thus, these recent studies provide further evi-
dence that inter-human transmission is involved
in such outbreaks, but they also could not exclude
a common source or indirect transmission.

These studies highlight at least three new
issues that could help explain PCP outbreaks:

(i) For the first time, three out of ten potential
source patients were identified as carriers
of P. jiroveciiwithout clinical symptoms of
PCP (Le Gal et al. 2012). This is important
because carriers are not routinely identi-
fied within hospitals and they may be even
more numerous than PCP patients, and as
such they may constitute an important
nosocomial source of P. jirovecii. The risk
of transmission by such individuals needs
to be determined, potentially by measur-
ing dissemination of the fungus in the air
as previously described for PCP patients
(Choukri et al. 2010). If such individuals
are an important source of infection,
approaches to minimizing such transmis-
sion would need to be evaluated.

Fig. 11.2 Potential encounters compatible with nosoco-
mial inter-human transmission of P. jirovecii in one
building of a hospital. Thicker parts of solid lines repre-
sent periods of hospitalization. Each encounter or con-
secutive encounters are figured by an arrow pointing to
the direction of the presumed transmission; the number
of encounters is indicated close to each arrow. *Anti-PCP

prophylaxis with Fansidar was suboptimal (25 mg pyri-
methamine and 500 mg sulfadoxine once or twice every
2 weeks). D death, G graft, R rejection episode, RTR renal
transplant recipient, PCPnoso nosocomial case, DHPS
dihydropteroate synthase, M2 amino acid change within
the putative sulfa-binding site at position 57 (Pro to Ser)
[Taken from Fig. 4 of Rabodonirina et al. (2004)]
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(ii) The new studies identified new clinical
risk factors for PCP that may have played
a role in the outbreaks. Alteration in
immunosuppressive therapy, graft rejec-
tion, cytomegalovirus infection, and older
age were previously identified (de Boer
et al. 2011). A cohort analysis including
14 cases and 324 control patients identi-
fied two new independent risk factors:
underlying pulmonary disease and trans-
planted organ dysfunction (Phipps et al.
2011). Lower CD4 lymphocyte counts at 3
months after transplantation (Brunot
et al. 2012) or just before PCP diagnosis
(Struijk et al. 2011) were also identified as
risk factors. Although they need confir-
mation because they were identified in
single studies, these findings may be
important for preventing outbreaks by
better identifying patients who would
benefit from PCP prophylaxis.

(iii) Two different P. jirovecii genotypes were
involved in two outbreaks that occurred at
a relatively close geographical distance of
50 km (Liverpool and Manchester)
(Thomas et al. 2011). This raises new
issues for the analysis of the different
outbreak-associated P. jirovecii genotypes,
which we present in the following section.

VI. P. jirovecii Outbreak Genotypes

An important finding concerning P. jirovecii
genotypes involved in outbreaks has been
reported recently (Sassi et al. 2012). Genotypes
linked to two PCP outbreaks that occurred
contemporaneously in two European cities at
a distance of 300 km (Zurich and Munich) were
found to be identical using both MLST and
RFLP-MSG. Subsequently, the same genotype
was identified using MLST in a third contem-
poraneous outbreak at a distance of 400 km
from the two previous ones (Frankfurt) (Hau-
ser et al. 2013). However, this genotype was
different from that involved in a contempora-
neous Japanese outbreak (Nagoya) (Sassi et al.
2012), as well as from that observed in another
European outbreak that occurred about

12 years earlier at a distance of 400–800 km
(Lyon) (Hauser et al. 2013).

Two epidemiological factors may have
played a role in the variation of the genotype
involved in the different outbreaks: the period
of time and the geographical location (Hauser
et al. 2013). However, the presence of the same
genotype in three contemporaneous and geo-
graphically close outbreaks is particularly
intriguing. As previously noted (Sassi et al.
2012; de Boer 2012), two hypotheses could
explain this latter finding: (i) the genotype
was predominant in an area covering the
three European locations and infected index
patients of the three outbreaks, or (ii) the geno-
type carried uncharacterized pathogenic factor
(s) and some unidentified contact (e.g., a
patient or colonized individual) existed
between the three outbreaks. Because the few
sporadic contemporaneous cases analyzed in
the three outbreaks (six, three, and two in
Munich, Zurich, and Frankfurt, respectively)
were infected by other genotypes, the outbreak
genotype was considered not to be predomi-
nant, but was hypothesized to be more patho-
genic in RTRs (Sassi et al. 2012).

On the other hand, by analysis of a large
number of isolates, the Lyon outbreak genotype
was demonstrated to be the predominant one at
the time in the affected hospital as well as in the
local area (Rabodonirina et al. 2004), and one of
the most prevalent in several European loca-
tions (Hauser et al. 2001a). Nevertheless, the
Lyon genotype may have been not only pre-
dominant but also more transmissible. Indeed,
the potential infectious encounters during the
outbreak also involved other genotypes, but
these apparently were not transmitted (Rabo-
donirina et al. 2004). The increased transmissi-
bility or pathogenicity of the Lyon genotype
might have been due to unidentified specific
factors, but also potentially to the presence of
one or two amino acid changes within the puta-
tive sulfa-binding site of P. jirovecii dihydrop-
teroate synthase (Pro to Ser at position
57, mutation M2; Thr to Ala and Pro to
Ser at positions 55 and 57, respectively,
double mutation M3). All but one potential
donor in the encounters harbored M2, whereas
M3 was present in the remaining donor
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(Fig. 11.2). Epidemiological studies have shown
that these mutations confer some level of resis-
tance to sulfonamides (Kazanjian et al. 1998;
Helweg-Larsen et al. 1999; Nahimana et al.
2003a), and the results were confirmed by func-
tional complementation in Escherichia coli
(Iliades et al. 2005) and Saccharomyces cerevisiae
(Meneau et al. 2004). Consequently, the Lyon
outbreak genotype may have been selected
among the different genotypes encountered
because several patients were receiving subopti-
mal prophylaxis (Fig. 11.2). Thus, the observa-
tions in Lyon suggest that the two hypotheses,
preponderance and increased pathogenicity of
the outbreak genotypes, may not be mutually
exclusive.

In order to further investigate this issue, we
analyzed all outbreak genotypes that could be
compared with each other because they shared
at least one sequenced marker (see Table 11.3).
The results of Wynckel et al. (2011) could not be
included because ITS types are not given.
Although only one marker could be compared,
the ITS1 allele confirmed that the Japanese geno-
type was different from all others. The ITS1 and
mt26S alleles showed that the two genotypes
involved in the Manchester and Liverpool out-
breaks (Thomas et al. 2011) were also different
from all others. The ITS1 allele of the Brest geno-
type (Le Gal et al. 2012) was the same as that in
the three nearly contemporaneous European
outbreaks, but the discrimination power of a
single marker is not sufficient to draw any con-
clusions. As revealed by three markers, the Aus-
tralian outbreak (Phipps et al. 2011) may have
harbored the same genotype as that of Lyon. Our
analysis demonstrates a great diversity of the
outbreak genotypes. Notably, the two contempo-
raneous English outbreaks involved different
genotypes although they occurred at a close geo-
graphic distance, which contrasts with the three
European outbreaks involving a single genotype.
P. jirovecii genotypes from nine (Phipps et al.
2011) and two (Pliquett et al. 2012) unlinked
control patients were different from the outbreak
genotype, favoring the pathogenicity hypothesis.
On the other hand, the Brest outbreak genotype
was also predominant among a larger cohort of
22 controls, favoring the preponderance hypoth-
esis. The latter observation also suggests that
analysis of numerous controls, as performed

only in Brest and Lyon (Table 11.3), may be
necessary to confidently determine genotype fre-
quencies.

VII. Biological and Epidemiological
Considerations

P. jirovecii has most probably evolved for
millions of years as a colonizer of human
lungs. Its pathogenic manifestation as acute
PCP may have become frequent only recently
in history, especially with the advent of HIV-
associated immunodeficiency and the increase
in the number of immunosuppressed humans
due to the progress of medicine. Consequently,
P. jirovecii is probably not a primary pathogen
like, for example, pathogenic dimorphic fungi,
and thus is not expected to harbor virulence
factors that have been selected to cause disease.
Its potential virulence factors could be consid-
ered “accidental”, i.e., selected for improved
survival in colonized humans. Pneumocystis
has also developed a sophisticated system for
antigenic variation that presumably provides a
mechanism for evading host immune
responses, possibly T cell responses (Bishop
et al. 2012). Thus, the biology of P. jirovecii
suggests that selection of factors conferring
increased pathogenicity is unexpected, which
is in favor of the hypothesis of the predomi-
nance of the outbreak genotypes. Nevertheless,
events that convert non-pathogens to patho-
gens cannot be excluded.

Studies that reported the association of certain P. jir-
ovecii genotypes with various phenotypes may support
the hypothesis of pathogenic factors in outbreak geno-
types. Some genotypes were reported to be associated
with milder disease (Miller and Wakefield 1999), failure
of prophylaxis (Hauser et al. 2001b), failure of PCP
treatment (Matos et al. 2003), reduced severity of PCP
(van Hal et al. 2009), or increased mortality rate (Rabo-
donirina et al. 2013). The same genotype was associated
with related phenotypes by two independent labora-
tories (Miller and Wakefield 1999; Hauser et al.
2001b), which strengthens the conclusions drawn.
However, in the absence of culture, these phenotypes
could not be confirmed and, moreover, other studies
failed to confirm some of these associations (Helweg-
Larsen et al. 2001b; Valerio et al. 2007). The recent
release of the P. jirovecii genome sequence (Cissé et al.
2012) should facilitate studies addressing such issues.
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VIII. Conclusions and Perspectives

The data summarized above strongly support
the hypothesis that inter-human transmission
of P. jirovecii is important in spreading infec-
tion in PCP outbreaks. It is noteworthy that
outbreaks appeared to occur in settings in
which there was no or inadequate use of pro-
phylaxis, contact occurred between susceptible
and infected (and infectious) patients, and PCP
patients were not placed in respiratory isola-
tion. Thus, host susceptibility and clinical
management of PCP patients may play major
roles in the outbreaks. How can such outbreaks
be prevented in the future? One approach that
has been validated in clinical trials is the appro-
priate use of PCP prophylaxis for at-risk popu-
lations. In most of the outbreaks reported to
date, widespread implementation of prophylac-
tic measures led to elimination of additional
cases. Preventing transmission by other
mechanisms, such as isolation of PCP patients,
is logical but has not been validated. It is possi-
ble that by the time PCP is diagnosed, transmis-
sion to susceptible patients has already
occurred, given that progressive infection may
be present for weeks before diagnosis. Alterna-
tively, attempts to screen all potential carriers
of Pneumocystis, including asymptomatic
patients as well as medical personnel, does not
seem practical, feasible, or cost effective.

The data available to date are insufficient to
determine if outbreak genotypes are causing dis-
ease because they are the preponderant local
genotype, or because they have increased patho-
genicity. It is possible that both factors play a role
because they are not mutually exclusive, although
our current understanding of the biology of the
fungus tends to favor the preponderance hypoth-
esis. One approach to addressing this issue would
be to sequence the entire genome of multiple
genotypes and look for genetic differences that
may contribute to pathogenicity. As sequencing
techniques are becoming more efficient and cost
effective, this may be feasible in the near future.

To better understand PCP outbreaks, the
dynamics of populations of P. jirovecii geno-
types need to be better understood. Genotypes
should ideally be determined for each outbreak

in PCP patients and colonized individuals
within hospitals, as well as, if possible, in their
relatives, including infants as they may repre-
sent an important reservoir. The use of a stan-
dardized typing method, e.g. MLST, would have
the advantage of allowing interlaboratory com-
parison of different isolates. Parallel DHPS gen-
otyping would allow investigation of the
importance of sulfa drug resistance.

The optimal utilization of prophylaxis in
RTRs needs to be defined. Currently, anti-PCP
prophylaxis is given (if administered) for vary-
ing periods at different centers, generally for 3–
6 months after transplantation. Given the
recent outbreaks, it seems prudent to adminis-
ter prophylaxis for at least 6 months. However,
cases can occur after prophylaxis has been dis-
continued, with a report up to 15 years after
transplantation (Le Gal et al. 2012). As clinical
risk factors for development of PCP are identi-
fied, prophylaxis can potentially be adminis-
tered after 6 months to patients with these risk
factors, such as in cases of graft rejection.

The occurrence of even two potentially nos-
ocomial cases of PCP should raise concerns and
be evaluated as a potential outbreak. P. jirovecii
genotyping can determine if in fact an outbreak
is occurring and if additional measures to mini-
mize transmission need to be implemented.
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I. Introduction

The term mucormycosis is now used to refer to
infections caused by moulds belonging to the
order Mucorales (Richardson and Warnock
2012). Traditionally, this order was assigned to
the phylum Zygomycota together with the order
Entomophthorales, and the different forms of
disease caused by the two groups of organisms
were often referred to as zygomycosis. However,
following molecular analysis, the phylum Zygo-
mycota is no longer accepted due to its polyphy-
letic nature. The subphylum Mucoromycotina
has been proposed to accommodate the Mucor-
ales and the subphylum Entomophthoromyco-
tina has been created for the Entomophthorales.

A European Confederation of Medical Mycology
(ECMM) Working Group on Zygomycosis was set up in
2004, and subsequently joined the International Society
for Human and Animal Mycology (ISHAM) in 2009. This
group has produced a number of influential publications
during this time, and the reader is referred to one such
recent publication, a special issue of Persoonia dedicated
to the biodiversity, phylogeny and ecology of zygomyce-
tous fungi (Voigt and de Hoog 2013).

Fungi of the order Mucorales can cause
rhinocerebral, pulmonary, gastrointestinal,
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cutaneous or disseminated disease in predis-
posed individuals, the different clinical forms
often being associated with particular underlying
disorders (Richardson and Warnock 2012).
Mucormycosis is the second most frequent
mould infection seen in immunocompromised
individuals. These infections are worldwide in
distribution.

II. Taxonomy

The biological classification of the kingdom
Fungi is evolving, primarily due to the advent
of molecular phylogenetic analysis. The order
Mucorales is known to be phylogenetically
ancient, belonging to a section of the lower
fungi, and historically was placed in the phylum
Zygomycota. More recently, species within the
order have been analysed using comparative
sequencing of a number of genes. These studies
have established that species within the phylum
descended from different evolutionary origins
(polyphyletic) and, thus the phylum name can
no longer be recognised. The taxa have been
reclassified into the phylum Glomeromycota
and four new subphyla incertae sedis (of uncer-
tain placement), until the taxonomy of these
fungi is further resolved (Hibbett et al. 2007;
Brandt and Warnock 2011; Vitale et al. 2012).

At present, the order Mucorales has been
placed in one such new subphylum, Mucoro-
mycotina, and comprises six families: Cunning-
hamellaceae, Lichtheimiaceae, Mucoraceae,
Saksenaeaceae, Thamnidiaceae and Syncepha-
lastraceae (Gomes et al. 2011; Garcia-Hermoso
et al. 2011). Species from all six families have
been implicated in human infection (Table 12.1)
(Ribes et al. 2000; Gomes et al. 2011). Clinically,
the previously common term zygomycosis is no
longer accurate, and the umbrella term mucor-
mycosis should be used to describe infections
caused by these moulds.

Human pathogenic species principally
belong to the genera Rhizopus, Mucor and
Lichtheimia (Table 12.1). Rhizopus species
predominate, accounting for around 50% of
cases, with R. oryzae (syn: R. arrhizus) being
the most common clinical isolate reported, fol-

lowed by R. microsporus var. rhizopodiformis.
Mucor and Lichtheimia account for a further
20–30% of reported cases of mucormycosis
(Gomes et al. 2011; Reiss et al. 2012).

Other genera, such as Rhizomucor, Cunninghamella,
Apophysomyces and Saksenaea cause human infection
to a much lesser extent. Cokeromyces recurvatus and
Syncephalastrum racemosum have been described as
the causative agent in only a small percentage of cases.
However, the possibility of incorrect speciation in
reported cases cannot be ignored, especially because of
the complexities of identification, together with the
changing nomenclature of these fungi. Additionally,
cases of the more unusual species may be underesti-
mated due to incomplete or incorrect identification
(Gomes et al. 2011). Regardless of causative species, the
disease process and diagnostic strategies are similar.

III. Habitat and Sources of Mucorales

The species isolated from cases of human and
animal infection are thermotolerant, and many
are ubiquitous in the soil and on decomposing
organic matter. These moulds are found in the
indoor and outdoor air, on food items and in
dust. The environmental microbiology litera-
ture provides a limited insight into how com-
mon the Mucorales are in the environment and
provides few clues about which ecological
niches these fungi are found in (Richardson
2009). In particular, examination of numerous
air sampling surveys in indoor and outdoor
environments might indicate the level of expo-
sure or help explain the apparent seasonality of
mucormycosis. Similar analyses of other envir-
onments might reveal specific point sources of
fungal communities. These and other environ-
mental issues have been reviewed previously
(Richardson 2009) but are summarised here.

A. Indoor and Outdoor Environments

Sporangiospores released by the Mucorales
range from 3 to 11 mm in diameter, are easily
aerosolised and readily dispersed throughout
the environment. This is the major mode of
transmission. Spores can also be carried by
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insects, especially flies. However, there are very
little data concerning the levels of mucormycete
sporangiospores in outdoor and indoor air, espe-
cially in geographical areas where mucormycosis
is particularly prevalent. The numbers of air-
borne mucormycete sporangiospores appear to
depend on the climatic conditions that favour
growth and dispersal.

A survey of indoor and outdoor air in and around
17 homes in Cincinnati, Ohio using mould-specific
quantitative PCR failed to detect any pathogenic Mucor-
ales (Meklin et al. 2007). During a 2-year air sampling
survey in Barcelona, Spain, the following genera were
found in decreasing order: Aureobasidum, Rhizopus,
Mucor, Arthinium, Phoma, Fusarium, Trichoderma and
Botrytis (Calvo et al. 1980). A 1-year aeromycological
study was conducted in the area of Zagreb, in order to
establish seasonal variations in the composition and
concentration of aeromycota (Klaric and Pepeljnjak
2006). Sampling was carried out at three locations at
regular intervals. Airborne fungi peaked during spring
and summer (110–284 cfu/m3), whereas lower levels
were detected in autumn and winter at each of the sam-

pling sites (6–128 cfu/m3). In contrast to Cladosporium,
Pencillium and Alternaria, very low levels of Mucor and
Rhizopus were found.

In what appears to be the largest study of
airborne indoor and outdoor fungal species and
concentrations to date, Shelton and colleagues
(2002) examined 12,026 fungal air samples
(9,619 indoor samples and 2,407 outdoor sam-
ples) from 1,717 buildings located across the
USA; these samples were collected during
indoor air quality investigations performed
from 1996 to 1998. For all buildings, both
indoor and outdoor air samples were collected.
The culturable airborne fungal concentrations
in indoor air were lower than those in outdoor
air. The fungal levels were highest in autumn
and summer and lowest in the winter and
spring. Geographically, the highest fungal levels
were found in the Southwest, Far West and
Southeast. The most common culturable air-
borne fungi, both indoors and outdoors and

Table 12.1 Taxonomy of human pathogenenic Mucormycetes of the order Mucorales

Order Family Genus Species

Mucorales Syncephalastraceae Syncephalastrum Syncephalastrum racemosum
Saksenaeaceae Apophysomyces Apophysomyces elegans complex

Apophysomyces trapeziformis
Saksenaea Saksenaea vasiformis complexa

Saksenaea erythrosporab

Cunninghamellaceae Cunninghamella Cunninghamella bertholletiae
Mucoraceae Absidia Absidia coeruleac

Actinomucor Actinomucor elegans
Mucor Mucor circinelloides (Rhizomucor variabilis)

Mucor hiemalis
Mucor indicus
Mucor racemosusc

Mucor ramosissimus
Rhizomucor Rhizomucor pusillus
Rhizopus Rhizopus azygosporus

Rhizopus microsporus
Rhizopus oryzae (Rhizopus arrhizus)
Rhizopus schipperae
Rhizopus stoloniferc

Thamnidiaceae Cokeromyces Cokeromyces recurvatus
Lichtheimiaceae Lichtheimia

(former Absidia)
Lichtheimia corymbifera (Mycocladus corymbifer,

Absidia corymbifera)
Lichtheimia ramosa (Absidia ramosa)

Adapted from Gomes et al. (2011)
aS. vasiformis is a complex of species but two new species also reside within this family, Saksenaea oblongispora and

S. erythrospora (Alvarez et al. 2010)
bData from Alvarez et al. (2010)
cImplication in human infection is not confirmed
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in all seasons and regions, were Cladosporium,
Penicillium, non-sporulating fungi and Asper-
gillus. Stachybotrys chartarum was identified in
the indoor air in 6% of the buildings studied
and in the outdoor air of 1% of the buildings
studied. Mucor (not specified), Rhizopus (not
specified) and Cunninghamella were detected
in indoor air more than outdoor air, although
this varied from one geographical area of the
USA to another. However, agents of mucormy-
cosis were not included in the category of
“common fungal types”.

A comparison of populations of mould spe-
cies in homes in the UK and USA using mould-
specific quantitative PCR did not detect any
appreciable level of Mucorales in dust samples
(Vesper et al. 2005). Mucormycetes do not
appear to be common in buildings (Hyvärinen
et al. 2002), suggesting that the various building
materials used in house construction do not
support the growth of these fungi, compared
to the wide profile of deuteromycetes found
on damp substrates. A significant proportion
of private residences, offices and work places
are known to be damp; estimates range from
20 % to 50 %. Numerous publications have
reported the moisture levels required for
growth of fungi on construction, finishing or
furnishing materials. Rhizopus species have a
high moisture requirement for growth and are
classified as hydrophilic. Members of the
Mucorales are non-cellulolytic microorganisms
and do not have any enzymatic activity, even
against the most susceptible forms of cellulose,
and therefore are not very likely to be found on
building materials. All of these observations
suggest that house residents are not generally
exposed to Mucormycetes in their home envi-
ronment, apart from mould-contaminated
food items such as bread and fruit. This notion
is supported by the absence of Mucormycetes
from indoor air sampling surveys (Shelton et al.
2002).

B. Soil and Composting Vegetation

The simplistic view is that the agents of mucor-
mycosis are found in the soil, in composting
vegetation, on rotting fruit, in dust, during

heavy excavation and construction, and in air-
conditioning filters. The elevated temperatures
found in composting vegetation are selective for
thermophilic species, such as some species of
Lichtheimia, Mucor, Rhizopus and Rhizomucor.
In general, these fungi are unable to utilise cellu-
lose and lignin. They are characterised by rapid
germination. Some species are found growing on
dung.

At present, there are approximately 3,300
species of currently known soil fungi. Very few
studies have identified Mucorales at particular
sites in areas where cases of mucormycosis have
been reported. For many years there has been
the view that most soil fungi were cosmopolitan
and that species at a particular site were only
selected by various soil parameters. It has also
been the view that most fungal species would
potentially spend part of their life in the soil.
This view has now been modified considerably
as very many plant-parasitic species are never
isolated from the soil. This is particularly perti-
nent when considering the Mucorales.

In general, composting is considered to be an aerobic
process, suggesting high biological activity. It has been
clearly demonstrated that the rise in temperature and the
decomposition of composting plant materials is brought
about by thermophilic microorganisms, including fungi
(Ingold 1978). Temperature and changes in the available
food supply probably exert the greatest influence in
determining the species of organism comprising the
population in a compost stack at any one time. Fungi,
including Aspergillus fumigatus and Mucormycetes play
an important role in the decomposition of cellulose,
lignin and other more resistant materials, despite being
confined primarily to the outer layers and becoming
active only during the latter part of the composting
period (Ingold 1978).

Many of the opportunistic Mucorales are
typical inhabitants of natural composts, tropi-
cal soils and other heated materials. Indoor
sites particularly associated with these fungi
therefore may be those where humid organic
material is exposed to heat, most notably within
poorly maintained heating ducts and attached
humidifier structures, in soils of potted plants,
especially those placed in warm locations, and
in indoor composts (James et al. 2006).

Rhizopus oryzae and Lichtheimia corymbi-
fera (Absidia corymbifera) were found in potted
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plant soil in a haematology unit where a
leukaemia patient developed invasive mucormy-
cosis (Ribes et al. 2000). They were also abun-
dantly represented in bird dung accumulating in
an aviary (Ribes et al. 2000). In hospitals, wooden
materials such as tongue depressors have repeat-
edly been a source of problematic Rhizopus inoc-
ulum (Ribes et al. 2000). Rhizopus oryzae has
been isolated from grains, onions, various nuts
and stored seed potatoes (Ribes et al. 2000).

A number of studies mention soil contami-
nation of areas of soft-tissue damage followed
by mucormycosis, apparently in immunocom-
petent patients (Vainrub et al. 1988). Traumatic
inoculation of spores can lead to extensive
necrotic cutaneous infections. This form of
disease is most often seen in patients with
burns and other forms of local trauma, such
as traumatic implantation of sporangiospores
in dirt, needle-stick injuries, illicit drug injec-
tion sites, tattooing, insect bites and stings.
Disruption of the cutaneous barrier seems to
be a prerequisite for acquiring cutaneous
mucormycosis, with region-specific Mucormy-
cetes being isolated from soil at the site of
trauma as well as from the patient.

An illustrative case is where a patient who, whilst
attempting to extinguish presumably burning clothes,
rolled in moist soil that was found to be contaminated
with Apophysomyces elegans (Cooter et al. 1990). Apo-
physomyces elegans was first isolated from soil samples
collected from amango orchard in northern India (Misra
et al. 1979). In diabetic or immunosuppressed patients,
cutaneous lesions may arise at an insulin injection site or
a catheter insertion site. Cutaneous mucormycosis is an
aggressive disease. It can lead to necrotising fasciitis or to
widespread disseminated infection.

Biological soil crusts are the community of
organisms living at the surface of desert soils.
Major components are cyanobacteria, green
algae, microfungi, mosses, liverworts and
lichens. Mucormycetes do not appear to survive
in this environment. Species of Mucormycetes
have been cultured from geothermal soils in
Yellowstone National Park, including species of
Absidia and Cunninghamella, especially in close
proximity to the perennial plant Dichanthelium
lanuginosum, the hot springs panic grass
(Redman et al. 1999).

C. Natural Disasters

Natural disasters have also revealed specific envi-
ronmental niches of Mucormycetes. This was
illustrated particularly by the Asian tsunami.
Most of the tsunami survivors who experienced
near-drowning events remained in unclean and
traumatic conditions without receiving any
immediate medical care for several hours.
Patients lay for several hours or days in warm
and stagnant water; normally poorly virulent
environmental bacteria, fungi and amoebae
found the ideal conditions to colonise open
wounds and bone fractures and disseminate to
other body sites. Many survivors presented with
necrotising fasciitis, which is a soft-tissue infec-
tion associated with infarction of the dermis and
subcutaneous tissue. The cause of this condition
is usually polymicrobial but cutaneous mucor-
mycosis is recognised as a cause of necrotising
fasciitis since agents of mucormycosis exhibit
vasculotropism, which is important in the path-
ophysiology of this condition, with the endpoint
being ischaemic necrosis of the affected tissue
(Snell and Tavakoli 2007).

The following case is illustrative (Snell and Tavakoli
2007). A survivor of the Asian tsunami with soft-tissue
injuries and bilateral displaced fractures of her inferior
and superior pubic rami was found to be infected with
Apophysomyces elegans. Liposomal amphotericin was
commenced and a total course of 42 days was main-
tained. After surgical débridement, topical negative
pressure dressings, nursing care and antifungal ther-
apy, split skin grafting was utilised to cover the result-
ing defect, with good result. It was assumed that the
affected areas had become infected with the fungus in
contaminated water or soil as a result of destruction of
the urban infrastructure by the tsunami.

Tornados and hurricanes have been the
cause of cutaneous infection by Mucorales spe-
cies. Neblett Fanfair and colleagues (2012)
describe a large cluster of cases of mucor-
mycosis, with 13 Apophysomyces trapeziformis
infections in persons injured during a tornado in
Joplin, USA. Morbidity and mortality among the
case patients were substantial; the primary risk
factors for infection were penetrating trauma.
These findings suggest that clinicians should
consider environmental fungi as potential agents

Infections Caused by Mucorales 209



of soft-tissue infections in injured patients after
natural disasters.

D. Other Sources of Mucormycetes

Even though many previous reviews on the epi-
demiology of mucormycosis highlight the
growth and isolation of the Mucorales on intact
and rotting fruit, bread and other food items
(Ribes et al. 2000), there are very few systematic
surveys. It is apparent from the recent literature
at least that the Mucorales do not constitute a
major part of the mycoflora of food-handling
facilities.

IV. Exposure Pathways

A. Exposure Through Colonisation
of Nasal Mucus

Because of their rapid growth and prolific spore
production, inhalation of sporangiospores
must be a daily occurrence (Sugar 2005). It is
known that the sporangiospores of some
Mucorales in indoor environments have a very
low settling rate and remain airborne for a long
time. Airborne fungal spores are almost ubiq-
uitous and can be found on all human surfaces
in contact with air, especially on upper and
lower airway mucosa. Some 15,000–170,000
spores are inhaled over a 24 h period by an
adult person, depending on environmental
factors. Regional and climatic factors contrib-
ute to exposure. Fungal spores impacted on the
mucus of airway mucosa are cleared by muco-
ciliary transport. Therefore, it is surprising that
members of the Mucorales are very rarely
found in nasal mucus. Nasal mucus is produced
by the nasal mucosa, and mucus lining the air-
ways (trachea, bronchus, bronchioles) is pro-
duced by specialised airway epithelial cells
(goblet cells) and submucosal glands. Small
particles such as dust, particulate pollutants
and allergens as well as infectious agents such
as bacteria become caught in the viscous nasal
or airway mucus.

Do mycological studies of the biodiversity of the nasal
mucus help? The nose is a very efficient air sampler,
and analysis of the nasal mucosa should reflect the air
spora of the environment where a patient has been
residing and working. In one study conducted in
Austria, nasal mucus samples from patients suffering
from chronic rhinosinusitis and from healthy persons
were monitored over 28 months (Buzina et al. 2003).
Mucus samples were obtained by flushing the noses of
patients with saline or by endoscopic sinus surgery.
Fungi from mucus were cultured and identification
was performed microscopically and by polymerase
chain reaction (PCR) with subsequent sequencing of
the ribosomal internal transcribed spacer region. Alto-
gether, 619 strains of fungi were cultivated from 233
subjects. Eighty-one species were identified, with a
maximum of nine different species per person. The
most prevalent isolates belonged to the genera Penicil-
lium, Aspergillus, Cladosporium, Alternaria and Aureo-
basidium. Interestingly, Mucormycetes were found in
only two subjects: in one, Rhizopus oryzae, and in
another Cunninghamella bertholletiae.

Mucorales are found occasionally in water-
damaged buildings, as demonstrated by air sam-
pling and analysis of settled dust by quantitative
PCR. However, inhalation of sporangiospores in
dust has been linked to outbreaks of rhinocer-
ebral or pulmonary mucormycosis linked to
excavation, construction or contaminated air-
conditioning filters. Some reports suggest that
the lower airways are colonised with agents of
mucormycosis (Connolly et al. 1999). Neverthe-
less, in patients with appropriate underlying
conditions, the isolation of Mucorales species,
even from non-sterile samples, is generally
regarded as potentially significant (Torres-
Narbona et al. 2008).

B. Exposure Through the Gastrointestinal
Tract

Ingestion of contaminated food materials, such
as fermented milk, fermented porridge, herbal/
homeopathic remedies, and the use of contami-
nated tongue depressors are recognised expo-
sure risks for gastrointestinal mucormycosis.
Gastrointestinal mucormycosis is a rare condi-
tion that has usually been encountered in
malnourished infants or children. Persistent
ingestion of non-nutritional substances, gastric
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ulcers, severe systemic illness, age extremes and
systemic immunosuppression are additional
predisposing conditions for gastrointestinal
tract mucormycosis.

C. Contaminated Medical Devices

Whereas most infections withMucormycetes are
community acquired, nosocomial acquisition,
both sporadic cases and pseudo-outbreaks,
have been linked with contaminated bandages,
needles and tongue depressors used to con-
struct splints for intravenous and arterial cannu-
lation sites in preterm infants (Ribes et al. 2000).
Percutaneous routes of exposure are very impor-
tant in causing infection by Mucormycetes.
Traumatic implantation of spores in dirt has
been seen in a number of patients. Needle-stick
exposures have been implicated in mucormyco-
tic infections occurring at the site of medicine
injection, catheter insertion sites, injection sites
for illicit drug use and tattooing. Insect bites or
stings have also been implicated in disease trans-
mission in cases of cutaneous and subcutaneous
mucormycosis. The development of wound
mucormycosis has been seen with a variety of
adhesive products used in the hospital setting.

D. Exposure in Hospital Environments

Hospital-acquired mucormycosis, both sporadic
cases and pseudo-outbreaks, has been reported
but is rare. Fifteen hospital outbreaks or clusters
of infection are described in the English litera-
ture between 1966 and 2010, from the USA,
Canada, China and Europe. These included cuta-
neous, pulmonary, rhinocerebral, gastrointesti-
nal and disseminated infections. Rhizopus was
identified as the cause in the majority of cases,
although Rhizomucor, Lichtheimia, Cunningha-
mella and Mucor have also been implicated
(Antoniadou 2009; Gomes et al. 2011).

The most common route of entry was via contact with
contaminated objects, and sources included non-sterile
bandages and adhesive dressings, and wooden tongue
depressors used to prepare oral medications adminis-
tered via nasogastric tubes, as well as to construct splints
for intravenous and arterial cannulation sites in preterm

infants. Less frequently, inhalation was the route of
exposure, and cases have been linked to construction
or renovation work, contaminated ventilation systems
and water damage to a linen store and patient’s shower
room. Corn-starch used in the manufacturing of allopu-
rinol tablets and commercial ready-to-eat food was
implicated in an outbreak of intestinal mucormycosis
(Antoniadou 2009; Richardson 2009; Gomes et al. 2011).

V. Epidemiology

A. Modes of Transmission

Mucorales are thermotolerant fungi, generally
reported in the literature to enjoy a global dis-
tribution, being common inhabitants of soil,
found on plants and in decomposing organic
matter. They are also found in the indoor envi-
ronment, in dust and on foodstuffs. Such fungi
are common plant pathogens and contami-
nants of grain, fruit and bread (Richardson
2009). Mucorales infections are also reported
worldwide.

Mucorales fungi have efficient dispersion
mechanisms, via sporangiospore release from
sporangia. Each sporangium can contain
between hundreds and hundreds of thousands
of spores, depending on species, and when mat-
uration is reached, the sporangium wall dis-
solves, discharging the spores into the
environment (Fig. 12.1). Most species produce
aerial growth only when the surrounding air is
extremely damp. In such species, a splash dis-
persal mechanism is used, whereby water passes
into the spore-mass through the columella as
the sporangium wall dissolves, resulting in a
“sporangial drop”. Other species can form spor-
angiospores in dry air, producing powdery
spores that are readily aerosolised and dispersed
by low-speed winds. The foraging of small ani-
mals also aids the dissemination of spores
(Richardson 2009).

Such dispersal mechanisms suggest that
humans must be exposed to these fungal
spores on a regular basis, both via inhalation
and topical exposure. Inhalation from environ-
mental sources is regarded as the main portal of
entry into the body, and certainly the nasal
sinuses and lungs are the commonest initial
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sites of infection. However, despite such repeated
contact, the frequency of human disease is rela-
tively low and directly correlates with the
immune status of the host. Studies suggest that
those without properly functioning phagocytes
are at increased risk of disease (Ibrahim et al.
2012; Roilides et al. 2012). Neutropenic indivi-
duals are therefore the predominant sufferers of
mucormycosis. Less commonly, infection can
also occur following cutaneous or percutaneous
injuries. Intact skin is an effective anatomical
barrier to infection; conversely, spores can be
directly inoculated into abraded skin, often fol-
lowing trauma, or into occluded skin or mucosa
as a result of contaminated dressings. Needle-
stick exposures after medicinal or illicit drug
injections, catheter insertion, or tattoos have
been reported. Ingestion of fungal elements
from contaminated foodstuffs is a rare cause of
gastrointestinal disease (Ribes et al. 2000;
Richardson andWarnock 2012; Liao et al. 2013).

B. Prevalence of Infection

Mucormycosis remains the second most com-
mon mould infection in immunocompromised
individuals, after aspergillosis, although it is still
regarded as relatively rare (Neofytos et al. 2013).

Roden and colleagues reviewed the English lan-
guage literature from 1885 to the 1990s, discov-
ering 929 cases of confirmed mucormycosis
(Roden et al. 2005). Estimates of prevalence
in the USA, based on a population-based
surveillance study during 1992 and 1993,
indicated about 1.7 cases/million population,
or approximately 500 cases per year (Rees
et al. 1998). Some European and North Ameri-
can studies suggest an increase in such infec-
tions during the last decade, especially in cancer
centres (Marr et al. 2002; Lass-Flörl 2009a;
Waness et al. 2009), whereas other surveys do
not support this (Torres-Narbona et al. 2008;
Prasad et al. 2012).

Spanish laboratories report an isolation rate of 6 per
100,000 samples, with no significant increase over a
decade (Torres-Narbona et al. 2008). Analysis of paedia-
tric infections between 2003 and 2010 in the USA found
no evidence of an increase in mucormycosis (Prasad
et al. 2012). In contrast, in France, population-based
surveillance, conducted between 1997 and 2006, showed
an increase in incidence from 0.7 to 1.2 cases per million
population per annum. Most of the increase was
accounted for by infections among haematopoietic
stem cell transplant (HSCT) recipients or persons with
haematological malignancies (Richardson and Warnock
2012). In the USA, an increase in the frequency of mucor-
mycosis has been reported since the mid-1990s, and is
now identified in up to 6.8% of autopsies (Brown 2005).

Fig. 12.1. Microscopic morphology of Rhizopus oryzae
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A contrast in worldwide epidemiology
appears to have arisen. While mucormycosis
remains relatively rare in developed countries,
primarily affecting haematology patients, in
developing countries, especially India, the inci-
dence of Mucorales disease is rapidly increasing
and is predominantly related to an increase in
individuals with uncontrolled diabetes (Meis
and Chakrabarti 2009). This association has
also been reported in Japan and Taiwan (Slavin
and Chakrabarti 2012).

Reasons suggested to explain this observed
global rise in cases of mucormycosis include
changes in transplantation procedures, an
increased use of immunosuppressive drugs,
improved diagnostic ability, increased incidence
of diabetes mellitus, and the introduction of
antifungal agents, including voriconazole and
caspofungin, with no Mucorales activity
(Brown 2005; Cuenca-Estrella et al. 2009;Waness
et al. 2009).

Five main clinical manifestations are
encountered, varying in frequency: rhino-
orbital-cerebral (craniofacial; 39%), pulmonary
(24%), cutaneous (19%), gastrointestinal and
disseminated disease (Roden et al. 2005). These
different clinical forms are associated with par-
ticular underlying disorders (see Section V, D).
Risk of multi-organ dissemination varies,
depending on the underlying disease and
immune status of the host; rates in the literature
range from 3% to>50%.Dissemination has been
reported in patients with cerebral (48% of cases),
cutaneous (39%) and pulmonary (20%) disease
(Garcia-Hermoso et al. 2011; Sun and Singh 2011;
Richardson andWarnock 2012). Other presenta-
tions include renal, cardiac and bone disease
(Gomes et al. 2011; Liao et al. 2013).

C. Is Mucormycosis a Seasonal Disease?

Mucormycosis has not previously been regarded
to have a seasonal pattern. Seasonal variations in
the atmospheric concentration of fungal spores
for some moulds in several geographical loca-
tions have been reported. In the USA, the highest
levels were found in the autumn and summer
and lowest in the winter and spring but agents of
mucormycosis were not commonly found

(Shelton et al. 2002). Seasonal peaks of Aspergil-
lus conidia and othermoulds have been reported
from Europe and the USA (Ribes et al. 2000) but
little data exist on the seasonal frequency of the
Mucorales or the seasonal prevalence of mucor-
mycosis. Only one study by Talmi and colleagues
(2002) reported dates of onset of symptoms in
19 patients in Israel with rhino-orbital and
rhino-orbito-cerebral mucormycosis and those
appeared to vary seasonally but did not establish
statistical significance. Amore recent study from
the Lebanon suggested a clustering of onset of
mucormycosis at the end of a dry, warm period
that lasted from May to October (Al-Ajam et al.
2006).

D. Risk Factors

Mucormycosis predominantly affects immuno-
compromised patients. The main predisposing
factors, pathogenic mechanisms and clinical
presentations are summarised in Table 12.2.
Ultimately, host factors play the most impor-
tant role in the development of Mucorales dis-
ease. Patients most at risk are those with
prolonged or profound neutropenia, poorly
controlled diabetes with or without ketoacido-
sis, other metabolic acidosis, neonatal prema-
turity and extensive skin lesions following
trauma or burns. Malnutrition, long-term cor-
ticosteroid use, illicit intravenous drug use,
iron overload with or without desferrioxamine
iron chelation therapy and use of broad-
spectrum antifungal prophylactic agents are
also described as risk factors (Lass-Flörl
2009a; Petrikkos and Drogari-Apiranthitou
2011; Richardson and Warnock 2012; Liao
et al. 2013). Other possible predisposing factors
include those with HIV infection, chronic infec-
tions such as tuberculosis, septicaemia with
multi-organ failure, use of antibiotic therapy,
chronic renal failure and sarcoidosis (Waness
et al. 2009; Garcia-Hermoso et al. 2011).

Certain underlying conditions appear to be
more commonly associated with particular clin-
ical forms of disease. Generally, patients with
haematological malignancies and solid organ
transplant (SOT) recipients are most likely to
develop pulmonary disease. In SOT patients,
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dissemination occurs preferentially to cutaneous
and soft tissues, rather than the brain. Diabetic
individuals are at most risk of sinusitis, sino-
orbital or rhinocerebral disease, whereas those
with iron overload or treated with desferrioxa-
mine are more likely to develop disseminated
disease. Gastrointestinal infection is most prob-

able to occur in low-birthweight premature
infants, in malnourished individuals or as a
result of peritoneal dialysis. Injection drug
users are most likely to develop cerebral infec-
tion, often without sinus involvement. Of note,
mucormycosis in HIV-infected individuals but
without intravenous drug abuse is very rare.

Table 12.2 Predisposing conditions for mucormycosis, pathogenic mechanisms and clinical presentation

Predisposing conditions
for mucormycosis Pathogenic mechanism(s)

Clinical presentation forms
(in order of frequency)

Haematological malignancies Prolonged neutropenia 1. Pulmonary, rhinocerebral
Haematopoietic stem cell

transplantation
2. Cutaneous
3. Sino-orbital

Diabetic ketoacidosis Impairment of neutrophil activation
(functional neutropenia)/Fe usage
by Mucormycetes for growth

1. Rhinocerebral
Uncontrolled diabetes mellitus 2. Sino-orbital

3. Pulmonary
4. Cutaneous

Prolonged treatment with
corticosteroids

Defects in macrophages and neutrophils,
corticosteroid induced diabetes,
hypocomplementaemia

1. Disseminated
2. Renal

Autoimmune disease 3. Cutaneous
4. Rhinocerebral
5. Gastrointestinal

Solid organ transplantation
(SOT)/graft-versus-host disease

Cellular immune suppression, corticosteroid
induced diabetes

1. Pulmonary
2. Sinus
3. Cutaneous
4. Rhinocerebral
5. Disseminated

HIV infection/intravenous
illicit drug use

Injection of spores contained
in drugs

1. Cerebral
2. Cutaneous
3. Renal, heart
4. Rhinocerebral
5. Disseminated

Iron overload Fe usage by Mucormycetes for growth 1. Disseminated
2. Pulmonary

Iron/aluminium chelation therapy
with desferrioxamine (DFO)

Fe-DFO action as siderophore 3. Rhinocerebral
4. Cerebral
5. Cutaneous
6. Gastrointestinal

Skin or soft-tissue breakdown Direct cutaneous inoculation with
high number of spores

1. Cutaneous
Burn/trauma/surgical

wound/insect bite
2. Pulmonary
3. Sino-orbital
4. Rhinocerebral
5. Gastrointestinal

Prolonged use of broad-spectrum
antifungal agents (voriconazole,
itraconazole and caspofungin)

Breakthrough infection due to
resistance to these agents

1. Sino-pulmonary

Miscellaneous
Neonatal prematurity Ingestion of spores 1. Gastrointestinal

2. Cutaneous
Malnourishment Ingestion of spores 3. Pulmonary

4. Sino-orbital
Prolonged use of broad-spectrum
antimicrobial agents

Replacement of normal
bacterial biota

5. Rhinocerebral

Taken (with minor adaptations) from Petrikkos and Drogari-Apiranthitou (2011)
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Immunocompetent individuals can develop
cutaneous infection, largely after penetrating
trauma, burns or road traffic accidents
(Meis and Chakrabarti 2009; Petrikkos and
Drogari- Apiranthitou 2011; Garcia-Hermoso
et al. 2011; Sun and Singh 2011; Richardson
and Warnock 2012).

1. Haematological Malignancies,
Haematopoietic Stem Cell and Solid
Organ Transplantation

Patients with acute leukaemia and recipients of
allogeneic haematopoietic stem cells are at high
risk of developing mucormycosis, especially
pulmonary infection. Most cases occur later
(more than 3 months) after transplantation,
when patients have developed graft-versus-
host disease (GVHD), with resulting treatment
with systemic steroids. The incidence of mucor-
mycosis in bone marrow transplant patients is
<0.25% in the first 6 months following trans-
plant, and accounts for 8% of invasive fungal
infections in these patients (Marr et al. 2002;
Kontoyiannis et al. 2010; Garcia-Hermoso et al.
2011). SOT patients, particularly kidney recipi-
ents, are at risk of developing Mucorales infec-
tion, with mucormycosis representing 2% of
invasive fungal infections in this setting. Liver
transplantation carries a higher risk of dissem-
ination, compared to other SOT recipients, with
infection occurring earlier after transplantation
(Garcia-Hermoso et al. 2011).

Voriconazole was introduced in 2002, and
is extensively used in patients with high-risk
malignancies or following haematopoietic stem
cell transplant (HSCT), for prophylaxis and
treatment of aspergillosis. However, the drug
has no activity against Mucorales (Alastruey-
Izquierdo et al. 2009; Petrikkos and Drogari-
Apiranthitou 2011). Whole genome sequencing
has revealed duplication of the ergosterol bio-
synthetic pathway in R. oryzae, and this
may contribute to this lack of susceptibility
(Ma et al. 2009). Furthermore, fruit fly and
murine models have shown an increased viru-
lence in R. oryzae strains pre-exposed to vorico-
nazole (Lamaris et al. 2009). Prophylactic use of
voriconazole, and less commonly caspofungin,

has corresponded to an increase in mucormyco-
sis in many institutions worldwide, and has
been suggested as a causal factor (Meis and
Chakrabarti 2009; Cuenca-Estrella et al. 2009;
Richardson and Warnock 2012). Indeed, pub-
lished reports detail voriconazole breakthrough
infections in at least 23 cases (Reiss et al. 2012).
Breakthrough mucormycosis in individuals whilst
on caspofungin therapy has also been described
(Ramos et al. 2009; Pang et al. 2012).

Although several factors may contribute to an increase
in mucormycosis, it is clear that the use of broader-
spectrum antifungal agents for prophylaxis has the
potential to lead to the selection of organisms, such as
the Mucorales, that are intrinsically resistant to avail-
able antifungal agents, and moreover, such use may
selectively enhance Mucorales virulence (Lamaris
et al. 2009; Richardson and Warnock 2012).

2. Diabetes Mellitus

Diabetes mellitus provides a significant risk
factor for developing mucormycosis; around
17–36% of Mucorales infections in Europe are
associated with this condition and around 74%
of cases in India. Type 2 diabetes represents the
major threat, and indeed mucormycosis can
present as the diabetes-defining illness (Roden
et al. 2005; Rüping et al. 2010; Rammaert et al.
2012). Although diabetes is increasing world-
wide, rates of diabetes-associated Mucorales
disease across Europe are largely falling,
which has been attributed to the increased use
of statins (Petrikkos and Drogari-Apiranthitou
2011). Fulminant rhino-orbital-cerebral disease
represents the primary site of infection (Ram-
maert et al. 2012). Impairment of macrophage
and neutrophil function has been recognised as
the key factor responsible for this increased
risk. Ketoacidosis can further increase the
risk, although most infections are seen in
poorly controlled diabetics without ketoacidosis
(Rammaert et al. 2012).

Iron has an important role in the pathogen-
esis of infections caused by the Mucorales, with
fungal growth being promoted in the presence
of increased iron uptake. The availability of
serum iron is increased in the presence of an
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acidic pH, and this could help to account for the
development of mucormycosis in patients with
diabetic ketoacidosis (Richardson and War-
nock 2012). Uncontrolled diabetes mellitus is
the main cause of acidosis in the majority of
patients with mucormycosis; however, the dis-
ease is also manifest in patients with persistent
metabolic acidosis due to other causes, such as
renal disease (Waness et al. 2009). Desferriox-
amine is an iron chelator that mobilises iron
from the host and makes it available to the
infecting fungus. The use of this drug in
patients with iron overload or on dialysis has
been associated with the development of more
severe, disseminated, and often lethal mucor-
mycosis (Richardson and Warnock 2012).

3. Infection of the Immunocompetent Host

Immunocompetent individuals are at risk of
developing cutaneous mucormycosis, most
commonly after experiencing burns (Fig. 12.2)
or penetrating trauma, including motorcycle
or other road traffic accidents (Richardson
2009). Insect bites, scorpion stings or bird
pecks have also been implicated in disease
transmission in cases of cutaneous disease
(Lechevalier et al. 2008; Wilson 2008; Richard-
son 2009; Pourahmad et al. 2013). Subcutane-
ous Mucorales infection of a tattoo site in an
otherwise healthy individual has been reported

(Fig. 12.3) (Parker et al. 1986). Mucoraceous
infections have also been observed after combat
injuries (Hospenthal et al. 2011; Evriviades et al.
2011). Natural disasters, including tsunamis and
tornados, have given rise to numerous cases of
mucormycosis after traumatic implantation of
spores from dirt or contaminated water into
sustained wounds (Richardson 2009; Slavin and
Chakrabarti 2012; Neblett Fanfair et al. 2012).

E. Mortality Rates

Without appropriate and timely treatment, the
survival rate of mucormycosis is extremely
low, around 3%, depending on underlying ill-
ness and clinical manifestation of Mucorales
disease (Petrikkos and Drogari-Apiranthitou
2011). Regardless of treatment, prognosis can
still be poor. Overall, the survival rate of
patients with mucormycosis is around 50%,
but varies greatly depending on the form of
the disease (Meis and Chakrabarti 2009). Mor-
tality ranges from 35% among individuals with
no underlying condition, 44% among patients
with diabetes and 66% in patients with malig-
nancies. The higher survival rate among dia-
betics than among those with underlying
malignancies has been attributed to the relative
ease with which the underlying ketoacidosis
can be reversed. Mortality rates also vary

Fig. 12.2. Subcutaneous mucormycosis caused by Apophysomyces elegans following extensive burns
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according to the site of infection, ranging from
62% among those with rhinocerebral disease,
76% in those with pulmonary disease, 85%
among those with gastrointestinal disease and
96% in those with disseminated disease. Pul-
monary mucormycosis has a high mortality
rate because it is difficult to diagnose, fre-
quently occurs in neutropenic patients and
because surgical intervention is seldom possi-
ble (Roden et al. 2005; Meis and Chakrabarti
2009; Richardson and Warnock 2012).

Breakthrough infections after voriconazole therapy
carry a high degree of mortality, reportedly 73% in
one series of patients with haematological malignancies
(Trifilio et al. 2007). Other poor prognostic indicators
include disseminated disease, renal failure and infec-
tion with Cunninghamella species (Roden et al. 2005;
Lass-Flörl 2009a). Furthermore, improved outcomes
are observed when surgery is combined with medical
therapy, rather than medical treatment alone (Petrik-
kos and Drogari-Apiranthitou 2011).

F. Prevention of Disease

Since mortality rates are so high, prevention of
mucormycosis is paramount and centres
around two main control measures: reduction
of environmental exposure to the fungus and

prompt correction of underlying risk factors
(Petrikkos and Drogari-Apiranthitou 2011;
Richardson and Warnock 2012).

In the non-immunocompromised individ-
ual, preventive measures should focus on cor-
recting any underlying risk factors that could
lead to the development of mucormycosis.
Patient education in the control of diabetes mel-
litus, the use of iron chelators other than desfer-
rioxamine, and limiting the use of aluminium-
containing buffers in dialysis are among the best
preventive measures that can be taken. Indivi-
duals, in particular those with diabetes, should
avoid and report to their health care provider any
kind of trauma, especially if the incident resulted
in contact with contaminated water or soil
(Gomes et al. 2011; Richardson and Warnock
2012).

The first steps in the prevention of infection
in the immunocompromised patient, should
consist of measures to reduce or eliminate
obvious sources of environmental exposure,
such as removing plants and flower arrange-
ments from rooms where these individuals are
being treated. Food items, such as old bread
and fruit that are often contaminated with
mucoraceous moulds, should not be offered to
immunocompromised patients.

Fig. 12.3. An ulcerated, erythematous plaque on a tat-
tooed area of the left forearm of an otherwise healthy
25-year-old male. The lesion had begun 15 months

previously as a papule following a scratch. Saksenaea
vasiformis was isolated
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Inhalation of spores is thought to be the
commonest mode of infection with mucormy-
cosis in immunocompromised patients. The
most effective, and expensive, method of pro-
tecting these individuals from nosocomial infec-
tion is to confine them to hospital rooms
provided with HEPA-filtered air. Although this
reduces the risk of disease to an insignificant
level, infection can still occur if patients are
colonised before their admission to hospital, or
are moved from the protected environment to
other parts of the hospital for essential proce-
dures to be performed. Immunocompromised
patients should not be nursed in units with on-
going, adjacent construction work, but if this
cannot be avoided, measures should be insti-
tuted to minimise the entry of dust and con-
taminated air (Richardson and Warnock 2012).

Regardless of immune status of the host,
care should be taken to use only sterile dres-
sings for wounds and aseptic techniques for
percutaneous procedures (Gomes et al. 2011).
On hospital discharge, patients most at risk
should also be given guidance on measures to
limit potential environmental exposure, such as
ensuring good ventilation and dust control in
housing, avoidance of building works and close
contact with soil, such as gardening (Gomes
et al. 2011; Richardson and Warnock 2012).

There is currently no effective antifungal
prophylaxis available for prevention of mucor-
mycosis.

VI. Clinical Manifestations

There are five major clinical forms of mucor-
mycosis (Table 12.2), of which rhinocerebral
and pulmonary infections are by far the most
common (Richardson and Warnock 2012).
Other manifestations include cutaneous, gas-
trointestinal and disseminated disease. Like
the aetiological agents of aspergillosis, the
causal organisms of mucormycosis have a pre-
dilection for vascular invasion causing throm-
bosis, infarction and necrosis of the
surrounding tissue. The clinical hallmark of
mucormycosis is the rapid onset of necrosis
and fever. In most cases, progress is rapid

and death follows unless aggressive treatment
is initiated.

A. Rhinocerebral Mucormycosis

The terms rhinocerebral and craniofacial mucor-
mycosis are used to describe an infection that
begins in the paranasal sinuses and then spreads
to involve the orbit, face, palate and/or brain
(Teixeira et al. 2013). The clinical presentation
is similar to that of acute invasive Aspergillus
rhinosinusitis. This is a rapidly progressive dis-
ease that is most commonly seen in diabetics
with uncontrolled ketoacidosis, as well as in
neutropenic cancer patients and HSCT recipi-
ents. Immunocompetent individuals are seldom
affected. It is the commonest clinical form of
mucormycosis, accounting for 39% of all cases
of the disease, and 66% of cases in diabetics. If
left untreated, the infection is often fatal within a
week of onset.

The presenting symptoms include fever, unilateral
facial swelling, unilateral headache, nasal or sinus con-
gestion or pain, and a blood-tinged nasal discharge.
Necrotic black ulcerations on the hard palate or nasal
turbinate are a characteristic diagnostic sign. As the
infection spreads into the orbit, periorbital or perinasal
swelling occurs and progresses to disfiguring destruc-
tion of facial tissue. Ptosis, proptosis, ophthalmoplegia
and loss of vision can occur. Drainage of black pus from
the eye is a useful diagnostic sign. From the orbit,
infection may spread into the brain leading to frontal
lobe necrosis and abscess formation.

Imaging studies are helpful in assessing the
extent of bone and soft-tissue involvement, but
are more useful in guiding invasive procedures
to obtain biopsy specimens than in establishing
a diagnosis. Computed tomographic (CT) scans
often reveal involvement of several sinuses (in
particular ethmoid and sphenoid), but with a
clear unilateral predilection, no air-fluid levels,
thickening of sinus linings, and destruction of
surrounding bone. Magnetic resonance imag-
ing (MRI) is superior to CT scanning for detect-
ing the extension of infection to the adjacent
soft tissue of the orbit and brain, and may be
preferred for the diabetic patient in whom CT
contrast agents may be contraindicated.
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B. Pulmonary Mucormycosis

This is the second most common clinical form
of mucormycosis. It is most commonly seen in
neutropenic patients with underlying haemato-
logical malignancies who are undergoing remis-
sion induction treatment. It has also been
reported in allogeneic HSCT recipients, SOT
recipients and those receiving desferrioxamine
treatment. Mucormycosis may develop in the
lungs as a result of aspiration of infectious mate-
rial, following inhalation, or from haematogen-
ous or lymphatic spread during dissemination.
In about 50% of reported cases, the infection
remains confined to the lung; in the remainder it
spreads into adjacent tissues or becomes more
widely disseminated. If left untreated, the infec-
tion is usually fatal within 2–3 weeks.

The clinical presentation is non-specific. Patients often
present with an unremitting fever (greater than 38 �C)
that fails to respond to broad-spectrum antibacterial
treatment. Non-productive cough is a common pre-
senting symptom. Haemoptysis and pleuritic chest
pain are uncommon, but when present are helpful in
suggesting a fungal infection. However, there are no
characteristic symptoms or clinical signs to distinguish
mucormycosis from aspergillosis. The radiological
signs are also non-specific, but infiltrates and nodules
are more frequent than consolidation or cavitation.
Pleural effusion is uncommon. As with pulmonary
aspergillosis, high-resolution CT scanning is more sen-
sitive than plain chest radiographs for early diagnosis
of infection and is the best method for determining the
extent of the disease. The halo and air crescent signs,
which are recognised radiological signs of aspergillosis,
have also been reported in patients with mucormycosis.
In patients with pulmonary mucormycosis, the pres-
ence of an air crescent sign is associated with an
increased risk of massive haemoptysis. Mucormycosis
has been reported to have a predilection for the upper
lobes; however, any part of the lung may be involved,
and bilateral disease is not uncommon.

C. Cutaneous Mucormycosis

Although inhalation is the usual route of infec-
tion in patients with mucormycosis, traumatic
inoculation of spores can lead to extensive
necrotic cutaneous infections. This form of dis-
ease is most often seen in patients with burns
and severe soft-tissue trauma. Cutaneous

mucormycosis has sometimes developed as a
result of the application of contaminated surgi-
cal dressings, tape, adhesive bandages and
splints. In diabetic or immunosuppressed
patients, cutaneous lesions may arise at an insu-
lin injection site or a catheter insertion site.
Cutaneous mucormycosis is an aggressive dis-
ease, even in the face of surgical débridement
and antifungal treatment. In 44% of cases, it
leads to extensive local necrotising fasciitis or
widespread disseminated infection.

The initial signs include cutaneous erythema and sub-
cutaneous swelling. The margins of the lesion become
raised and indurated, and the central region becomes
necrotic and evolves into an ulcer covered with a black
eschar. The lesions are indistinguishable from those
caused by Aspergillus species, and can resemble
ecthyma gangrenosum. The lesions are painful, and
the patient can be febrile. The development of severe
underlying necrosis and infarction in a burn should
suggest the diagnosis.

Much less commonly, cutaneous mucor-
mycosis develops following haematogenous
dissemination of the fungus in immunosup-
pressed patients. The lesions begin as an ery-
thematous, indurated painful cellulitis, then
evolve into ulcers covered with a black eschar.

D. Gastrointestinal Mucormycosis

This is a rare condition that has usually been
encountered in malnourished individuals and
low-birthweight infants, in whom it may pres-
ent as necrotising enterocolitis. All segments of
the gastrointestinal tract can be involved, but
lesions are most common in the stomach,
colon and ileum. The disease is seldom diag-
nosed during life.

The symptoms are varied and depend on the site
affected. Fever, abdominal pain, distention, vomiting
and haematemesis are typical. Complications include
gastric or intestinal perforation, perirenal abscesses
and renal infarction. Intestinal mucormycosis is a
fulminant illness ending in death within several
weeks due to bowel infarction, sepsis or haemorrhagic
shock.
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E. Disseminated Mucormycosis

This may follow any of the four forms of
mucormycosis described so far, but it is most
frequently associated with pulmonary disease.
Less commonly, dissemination occurs from the
gastrointestinal tract, burns or other cutaneous
lesions. The commonest site of spread is the
brain, but metastatic necrotic lesions have
also been found in the spleen, heart and other
organs. Disseminated mucormycosis is seldom
diagnosed during life, but occasionally patients
develop metastatic cutaneous lesions, which
permit an earlier diagnosis.

F. Other Forms of Mucormycosis

Isolated mucormycotic brain lesions without
rhino-orbital involvement have been reported
in leukaemic patients and injection drug users.
The lesions often lead to focal neurological
signs. The diagnosis is difficult, but should be
considered in a neutropenic patient who
becomes lethargic, confused or obtunded. CT
and MRI scans are useful in locating the
lesions, but the findings are non-specific.
Other rare forms of mucormycosis include
endocarditis, osteomyelitis and pyelonephritis.
Isolated peritonitis has been associated with
peritoneal dialysis.

G. Differential Diagnosis

Rhinocerebral mucormycosis is a dramatic and
distinctive condition, but it can be confused
with cavernous sinus thrombosis, bacterial
orbital cellulitis and other forms of acute inva-
sive fungal sinusitis, such as aspergillosis. The
clinical manifestations of pulmonary mucor-
mycosis cannot be distinguished from Gram-
negative bacterial pneumonia, aspergillosis or
hyalohyphomycosis.

VII. Laboratory Diagnosis

Early and reliable diagnosis of infections
caused by fungi of the order Mucorales is

crucial. These agents of disease are aggressive
and rapidly invade tissue; thus infections often
prove fatal. Furthermore, Mucorales fungi are
frequently resistant to widely used antifungal
agents, including voriconazole and caspofungin
(Alastruey-Izquierdo et al. 2009), and break-
through infections have occurred during pro-
phylaxis (Reiss et al. 2012; Pang et al. 2012).
Prompt initiation of appropriate antifungal
therapy may increase survival rates and
improve morbidity (Lass-Flörl et al. 2007;
Walsh et al. 2012).

A. Microscopic Investigations

Microscopic investigation of clinical specimens
can be performed using direct, cytopathological
or histopathological techniques. Microscopy
can be performed rapidly and provides a
same-day diagnosis. This allows optimal ther-
apy to be commenced at the soonest, and other
strategies, including surgery, to be evaluated.
Appropriate clinical specimens depend on the
site of infection (Table 12.3). Biopsied tissue is
the preferred specimen type; however, it may
not be appropriate to obtain tissue during
thrombocytopenia and from critically ill
patients, thus preventing histopathological
examination.

1. Direct and Cytopathological Examination

Microscopic evidence of Mucorales fungi in
clinical specimens is of increased significance
compared to their isolation in culture, especially
from necrotic wound material and upper respi-
ratory tract secretions. Furthermore, positive
microscopy must be regarded as significant
even if the culture result is negative (Lass-
Flörl 2009b; Richardson and Warnock 2012).

Gram stain is generally the most commonly
used stain in laboratories, and may be used to
detect fungal hyphae. Generally, hyphae stain
Gram-negative; however, the staining pattern
may be irregular (Brandt and Warnock 2011;
Walsh et al. 2012). Potassium hydroxide (KOH)
preparations are traditionally used to examine
clinical material for fungal elements (Fig. 12.4),
although observation of hyphae in KOH wet
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mounts can be difficult. Sensitivity can be
improved by the addition of a fluorescent whit-
ener, such as Blankophor or Calcofluor white,
which binds to chitin in the fungal cell wall and
is visualised using fluorescence microscopy.
Calcofluor white staining has been demon-
strated to aid differentiation between septate
and non-septate hyphae in lung biopsied tissue
(Lass-Flörl et al. 2007). Fluorescent brighteners
may also be applied to previously Gram-
stained slides if necessary. Giemsa stain is not
appropriate for Mucorales hyphae due to poor
uptake of stain (Shea 2011).

Typically, these fungi are characterised by
broad (6–16 mm), non-septate (or occasionally
sparsely septate) thin-walled hyaline hyphae
showing wide-angled branching of 90� or
more (Fig. 12.4). Due to lack of support from
septal walls, hyphae can collapse and fold into
irregular shapes, often appearing as ribbon-like
structures, with bulbous areas. These fragile
hyphae can easily become fragmented during
collection and processing of clinical material.
Difficulties in detecting these fragments in pre-
parations may result in a falsely negative
report. Thus, multiple specimens should be

Table 12.3 Specimen types for main manifestations of mucormycosis

Clinical manifestation Appropriate clinical specimens

Rhino-orbital-cerebral (craniofacial) Sinus aspirates or scrapings
Nasal discharge, scrapings or tissue

With evidence of CNS involvement Brain biopsy
(Cerebrospinal fluid)

Pulmonary Biopsies of lesions – guided by transbronchial or
percutaneous computerised tomography

Bronchoalveolar lavage fluid
(Sputum)

Cutaneous Skin biopsy or scrapings
Gastrointestinal Biopsy tissue of the affected area
Disseminated Biopsy tissue of the affected organ

Adapted from Lass-Flörl (2009b)
Specimen types in parentheses are alternatives but not optimal

Fig. 12.4. Direct mount in potassium hydroxide of aspirated material from a case of subcutaneous mucormycosis,
showing distinctive thin-walled hyphae with focal bulbous dilations and irregular branching
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taken in an attempt to increase the probability
of obtaining a positive result and clinicians
should be guided in handling of the specimen
(Lass-Flörl 2009b; Brandt and Warnock 2011;
Walsh et al. 2012).

Due to differing susceptibilities, it is cru-
cially important to distinguish between Mucor-
ales fungi and other hyaline moulds, including
the more commonly encountered Aspergillus
species. These non-mucoraceous moulds char-
acteristically have thinner, septate hyphae dis-
playing acute-angled branching. Nevertheless,
care should be taken when patients have
received prior antifungal therapy as hyphal
appearance can be atypical, leading to difficul-
ties in differentiation of filamentous fungi.

2. Histopathological Examination

Because Mucorales species may represent con-
tamination in culture, direct demonstration of
organisms in tissue provides conclusive evi-
dence of invasive disease. However, as with
direct microscopy, such detection may prove
problematic. Specialised fungal stains, such as
periodic acid-Schiff (PAS) or Gomori methena-
mine silver (GMS) stains are preferable to the

standard haematoxylin and eosin (H&E) stain
(Fig. 12.5). Hyphal appearance is generally sim-
ilar to that seen in direct preparations, with
fragmentation and distortion also occurring
(Fig. 12.5). Furthermore, hyphal cross-sections,
of varying diameter, will be evident in tissue
sections, resulting in a vacuolated appearance
and might be misinterpreted as yeast cells
(Lass-Flörl 2009b; Walsh et al. 2012; Shea 2011).

An acute inflammatory response is com-
monly observed, with neutrophil infiltration.
Foci of granulomatous inflammation may also
be present. Angioinvasion is typically seen,
which results in thrombosis and tissue infarc-
tion. Penetration of the perineural space has
also been reported in biopsies containing
nerves (Frater et al. 2001; Garcia-Hermoso
et al. 2011). Immunohistochemistry using com-
mercially available monoclonal antibodies has
been reported to increase diagnostic specificity
in mucormycosis (Jensen et al. 1997). Regard-
less of staining methods, microscopy alone is
generally insufficient to enable identification
of any Mucorales species; cultures are required.
Therefore, all specimens should also be sent to
the clinical microbiology laboratory with a
request for culture.

Fig. 12.5. Stained section (H&E) of tissue from an
enlarging necrotic ulcer from a patient’s leg, showing
broad, infrequently septate, thin-walled hyphae with

focal bulbous dilations and irregular, non-
dichotomous, often right-angled, branching. Saksenaea
vasiformis was isolated
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B. Microbiology

Obtaining a positive culture is helpful, both for
identification of the causative agent and also to
allow in vitro susceptibility testing to be per-
formed. Studies have suggested that suscepti-
bility profiles vary between different Mucorales
species and between geographic areas (Rüping
et al. 2010; Gomes et al. 2011). However, not all
samples are optimal for recovery of fungus.
Blood cultures are almost always negative
despite the predilection for invading blood ves-
sels seen with Mucorales. With central nervous
system involvement, cultures of cerebrospinal
fluid are of rare diagnostic value, and in pulmo-
nary disease, sputum cultures lack sensitivity.
Isolation of mucoraceous fungi in patients with
definitive invasive disease is around 75%,
although higher yields may be obtained when
tissue samples are not ground (Torres-
Narbona et al. 2008).

Culture results must be interpreted in con-
junction with microscopy and clinical data
because positive cultures may be a reflection
of patient colonisation or environmental con-
tamination, especially for material from
necrotic lesions and upper respiratory tract
fluids (Torres-Narbona et al. 2008; Petrikkos
and Drogari-Apiranthitou 2011). Importantly,
if the patient is diabetic or immunosuppressed,
a fungal isolate should never be disregarded
(Richardson and Warnock 2012).

All clinical material should be transferred
to the laboratory for culture as quickly as pos-
sible, without refrigeration, to maximise poten-
tial fungal yield (Denning et al. 2003). Cultures
of tissue samples should be prepared with as
little manipulation as is necessary. Since
mucoraceous hyphae lack septal walls, they
are easily damaged, resulting in cytoplasm leak-
age and a decrease in viability. Tissue samples
should be carefully teased apart into small
pieces, without grinding, and placed onto regu-
lar mycological media, such as Sabouraud dex-
trose agar, at 30 �C and 37 �C for a minimum of
5 days. An incubation temperature of 37 �C
enhances recovery of Mucorales hyphae from
deep sites of infection (Kontoyiannis et al.
2007). Mucorales species grow well on most
microbiological media, with the exception of

cycloheximide-containing agar. Most Mucor-
ales are inhibited by cycloheximide (actidione)
and such media should be avoided. Some
species, such as Apophysomyces elegans and
S. vasiformis, require specialist media to induce
sporulation. If necessary, sterile bread without
preservatives can be employed as a growth
medium for Mucorales from clinical samples
(Petrikkos and Drogari-Apiranthitou 2011).
Many species are thermotolerant and can grow
at temperatures above 40 �C; indeed maximal
growth temperatures can be helpful in the iden-
tification process.

Mucorales species grow very rapidly
in vitro, up to 20 mm per day. Lack of septal
walls results in faster streaming of cytoplasm
contents, allowing easier transport within the
hyphae. Furthermore, sequencing studies sug-
gest that R. oryzae has undergone an ancestral
whole-genome duplication event; doubling of
genes responsible for metabolism could help
explain this fast growth rate (Ma et al. 2009;
Reiss et al. 2012). Clinical cultures are positive
generally within 24–48 h, producing profusely
sporing floccose (woolly), cottony white, grey
or brownish colonies (Fig. 12.6), and micro-
scopically are characterised by wide
(6–15 mm) non-septate (or almost so) hyphae
showing�90� branching.Asexual reproductive
structures are also produced and, depending on
species, may include branched or unbranched
sporangiophores, sporangia, columellae and
sporangiospores (Fig. 12.1). Other structures
such as root-like rhizoids may also be seen
(Fig. 12.7). Phenotypic speciation of these
fungi relies on such macroscopic and micro-
scopic characteristics, can be time-consuming
and requires expertise. Carbon assimilation
profiling using commercial kits has been
reported to be a useful technique in identifying
these moulds (Schwarz et al. 2007). Molecular
methods have also been reported for genotypic
identification, providing the potential advan-
tages of speed and accuracy. However, no stan-
dardised method has been published.
Nonetheless, recommendations of the Interna-
tional Society for Human and Animal Mycol-
ogy Working Group suggest that the use of
ribosomal DNA sequencing of the ITS region
(see also chapter “Diagnostics of Fungal
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Infections” by Willinger et al.) provides reli-
able identification of most medically impor-
tant species of Mucorales, and would be a
suitable choice for identification of an
unknown organism with no a priori knowledge
(Dannaoui 2009). However, discrimination
between closely related species may not be

possible with ITS sequencing, and heterogene-
ity of the ITS sequence has been noted for
members of the order Mucorales. Sequencing
of other gene targets, such as the D1/D2 region
of the 28S rDNA or a conserved region of the
Mucormycetes cytochrome, may also be valu-
able (Balajee et al. 2009; Gomes et al. 2011).

Fig. 12.7. Microscopic morphology of Rhizopus oryzae

Fig. 12.6. Rhizopus oryzae on Sabouraud dextrose agar.
Colonies are very fast growing at 25 �C, about 5–8 mm
high, with some tendency to collapse. They are white

cottony at first becoming brownish grey to blackish-
grey depending on the amount of sporulation
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C. Serological Methods of Detection

Over the years, several authors have endea-
voured to develop methods for sero-diagnosis
of mucormycosis. These have included immu-
nodiffusion and ELISA techniques, with varying
levels of sensitivity and specificity (Kaufman
et al. 1989; Sankapal and Abraham 2011).
None have proved clinically useful and, cur-
rently, no specific antigen or antibody detection
methods are commercially available (Ribes
et al. 2000; Garcia-Hermoso et al. 2011).

Testing for b-glucan as a biomarker in
mucormycosis is futile because most of these
fungi do not possess (1,3)-b-D-glucan in their
cell wall. However, a negative result may help to
rule out invasive aspergillosis, the most likely
differential diagnosis (Skiada et al. 2013).

D. Molecular Methods of Detection
and Identification

Molecular procedures have been developed for
the detection of mucoraceous fungi directly
from clinical specimens (Bernal-Martı́nez et al.
2013). Such methods have the potential to offer
greater speed and enhanced sensitivity, espe-
cially because these fragile organisms can be
difficult to grow and to induce sporulation.
Discrimination between morphologically simi-
lar species may also be faster and easier. PCR-
based techniques have been the most widely
described, although no standardised or com-
mercial methods are currently available. Ide-
ally, tissue specimens should be fresh or
frozen because formalin will damage DNA
(Gomes et al. 2011). Nevertheless, formalin-
fixed paraffin-embedded tissues may be the
only samples available and reported methods
can be utilised, although yields are likely to be
lower (Garcia-Hermoso et al. 2011).

The advantage of increased sensitivity of
molecular detection can also be problematic;
false-positive results can occur as a result of
environmental contamination, especially when
the clinical specimen is not collected aseptically
or contains material from necrotic lesions and
upper respiratory tract fluids (Gomes et al. 2011).

Different regions of DNA, including ribosomal DNA
genes, have been used for molecular detection of
Mucorales fungi. Assays have often used the small-
subunit (18S) or ITS rDNA gene region as targets
because of the conserved nature and high copy number
of these regions (Gomes et al. 2011). However, in both
murine models and clinical samples, histopathology
results had demonstrably better sensitivity compared
with panfungal PCR followed by ITS1 sequencing
(Garcia-Hermoso et al. 2011). Other targets, such as
the 28S rRNA gene and a conserved region of the
Mucormycetes cytochrome, have been shown to be
specific for Mucorales species (Gomes et al. 2011). A
recent study demonstrated the utility of specific quan-
titative PCR assays using hydrolysis probes targeting
several species of Mucorales, with positive serum
results obtained between 3 and 68 days prior to diagno-
sis by means of histopathology and/or positive culture.
Such tests could be useful in screening high-risk
patients (Millon et al. 2013).

Currently, molecular diagnosis of mucor-
mycosis is limited to the research laboratory;
further work is required to optimise methods,
particularly to improve the sensitivity with
fixed-tissue specimens, before routine clinical
use is achieved (Gomes et al. 2011; Garcia-
Hermoso et al. 2011; Walsh et al. 2012).
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I. Introduction

Whereas invasive fungal infections were once a
rare event, a constant increase has been
observed for decades and fungi nowadays rep-
resent a major threat for hospitalized and
immunocompromised patients all over the
world (Leone et al. 2003; Lehrnbecher et al.
2010; Miceli et al. 2011; Martin 2012). This
development is mainly related to the constant
increase in patients with compromised immu-
nity. The rise of human immunodeficiency
virus (HIV), introduction of increasingly inva-
sive therapeutic measures in intensive care
medicine, and iatrogenic immunosuppression
associated with solid organ transplants and
bone marrow/stem cell transplantation has
generated new – and constantly growing – risk
collectives for invasive fungal infections. Newly
arising forms of immunosuppression have also
significantly changed epidemiology of fungal
infections. The worldwide spread of HIV infec-
tion has resulted in a dramatic increase in
opportunistic mycoses like Cryptococcus men-
ingitis or Pneumocystis pneumonia. In fact, the
latter was originally a disease entity known to
affect malnourished or premature infants and
has now become a classical infection in patients
with defects in T cell responses, including AIDS
patients (Vanek and Jirovec 1952). The increasing
number of fungal infections is not solely due to
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an increase in well-known pathogenic fungi like
Candida albicans, Aspergillus fumigatus, Cryp-
tococcus neoformans, and Pneumocystis jirove-
cii (formerly known as P. carinii), although
these species are still responsible for the major-
ity of cases. In contrast, descriptions of infec-
tions caused by fungi that were previously
considered apathogenic or of species that have
never been observed before are now found in
the literature in increasing numbers
(Chakrabarti and Slavin 2011). The identifica-
tion of these “novel” pathogens presents major
problems for the diagnostic laboratories.
In addition, the diagnosis of even the most
common invasive fungal infections like candi-
demia and aspergillosis by conventional meth-
ods is fairly insensitive and often only available
at late (sometimes too late) phases of the infec-
tion. This is especially true for invasive asper-
gillosis (IA), a disease entity for which the need
for early specific therapy has unequivocally
been shown. This chapter summarizes current
diagnostic procedures in medical mycology,
including classical culture- and morphology-
based methods as well as novel molecular
tools. These latter including protocols targeted
at molecular species identification and molecu-
lar approaches to the diagnosis of fungal infec-
tions directly from patient samples and mass
spectrometry. In a recent editorial in Science, it
has been estimated, that “billions of people
each year” are infected by fungi, with the
majority being “relatively minor infections”
(Brown et al. 2012).

However, exact numbers for invasive fungal infections
are scarce and although studies have suggested a dra-
matic increase in the 1980s, incidence rates available
have mostly been estimated for defined risk collectives
in single centers (Wilson et al. 2002). Based on the
analysis of large patient cohort data from hospital
discharge surveys, Wilson et al. calculated incidences
from candidiasis, aspergillosis, cryptococcosis, and
histoplasmosis (Wilson et al. 2002). Based on these
data, the authors estimated incidence rates of approx-
imately 228 per million US population for candidiasis,
34 per million for aspergillosis and 30 per million for
cryptococcosis. Accordingly, candidiasis accounts for
80% of all invasive fungal infections in the USA.
Whereas, as expected, HIV-patients accounted for

most cases of invasive cryptococcosis (79%) and can-
cer patients accounted for 42% of cases of IA, most
patients hospitalized for invasive fungal infections
were neither HIV-positive nor transplant or cancer
patients (56%). Several studies from the USA and
European countries have estimated the incidence of
candidemia to be between 20 and 110 per million;
however, other analyses reported numbers of up to
240 per million (Pfaller and Diekema 2005), which is
in line with the above-mentioned study by Wilson
et al. (2002).

II. Clinical Considerations
in Diagnosing Fungal Infections

With the notable exception of endemic mycoses
due to the dimorphic fungal pathogens and
infection by Cryptococcus gattii (Byrnes et al.
2011), systemic fungal infection mainly occurs
in immunocompromised patients. Conse-
quently, the rapid evolvement of clinical impor-
tance is tightly linked to a growing number of
immunocompromised patients. Major develop-
ments in the last 100 years that have contributed
to this are solid organ transplantations, bone
marrow or hematopoietic stem cell transplanta-
tion (BMT/HSCT), and modern intensive care
therapy (see chapter “Invasive Aspergillosis in
the Intensive Care Unit” by Meersseman).
In addition to this, the HIV pandemia has
resulted in a dramatic increase in immunocom-
promised patients in some parts of the world
that are also predisposed to fungal infections.
Whereas the type and degree of immunosup-
pression may not always be well defined (e.g., in
surgical intensive care unit patients), it seems
clear that a fully functional human immune
system is largely protective against invasive
mycoses. Knowledge about the specific immune
status of a patient on the other hand allows
predictions about the risk of fungal infections
that may aid in both diagnosis and clinical man-
agement. Rather than providing an exhaustive
review of known risk factors for all kinds of
fungal infections, some defined clinical situa-
tions will be highlighted in the following section
to underline basic concepts in protective immu-
nity against fungal infection.
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A. Fungal Infections in Chronic
Granulomatous Disease

Several congenital immune defects are asso-
ciated with an increased risk of invasive fungal
infections. Among the most important condi-
tions is chronic granulomatous disease (CGD),
which is characterized by dramatically reduced
or absent formation of reactive oxygen
intermediates due to a defect in the enzyme
complex NADPH-oxidase, responsible for gen-
erating superoxide in neutrophilic granulo-
cytes. Invasive aspergillosis (IA) is one of the
most common infections in these patients and
frequently results in dissemination, with Asper-
gillus species being one of the most common
causative agents of brain abscesses. These
infections tend to have a high case fatality rate
and IA is responsible for more than one third of
all fatalities in CGD patients (Winkelstein et al.
2000; van den Berg et al. 2009; Antachopoulos
2010). In contrast to IA, the incidence of inva-
sive candidiasis is only slightly elevated in CGD
patients. Whereas this may indicate a higher
functional redundancy of immune effector
mechanisms against C. albicans, this finding
may also be related to functional integrity of
the gastrointestinal epithelial barrier, which
prevents translocation of C. albicans from its
natural reservoir (Koh et al. 2008). Recently, it
has been shown that the genetic defect underly-
ing CGD also prevents the formation of neutro-
phil extracellular traps (NETs) (Bianchi et al.
2009). Successful treatment of invasive infec-
tion due to Aspergillus nidulans was achieved
by gene therapy and speculated to be related to
restoration of NET formation in the patients’
neutrophils (Bianchi et al. 2009), which may
indicate that the role of NADPH-oxidase goes
beyond the direct effects of reactive oxygen
intermediates. CGD patients are also at risk of
other mold infections, including many genera
that are known to cause infection in humans
(Antachopoulos 2010).

B. Fungal Infections in HIV/AIDS

The discovery of AIDS and its causative agent
HIV resulted from descriptions of unusual

occurrences of several opportunistic infections
in young adult men. Among those infections
was Pneumocystis carinii (now Pneumocystis
jirovecii) pneumonia (PcP). PcP is still one of
the most important AIDS-defining diseases
in Western Europe and the USA. Before the
HIV/AIDS epidemic, PcP was rather uncom-
mon and had, in fact, been recognized initially
as a pulmonal infection in malnourished low-
birthweight infants (Vanek and Jirovec 1952).
After the emergence of AIDS, PcP became the
leading AIDS-defining diagnosis in the USA
and in Europe (Huang and Hecht 2000).
In addition to PcP, invasive cryptococcosis is
of major importance in HIV-infected patients
(Warkentien and Crum-Cianflone 2010) and
has developed into one of the most important
HIV-related opportunistic infections. Espe-
cially in Africa, cases of cryptococcal meningi-
tis may outnumber cases of bacterial meningitis
in countries with a high AIDS prevalence, and it
has been estimated that each year one million
cases of cryptococcal meningitis occur world-
wide (Park et al. 2009). However, due to the
introduction of highly active combination anti-
retroviral therapy (HAART), numbers of cryp-
tococcosis have declined substantially in North
America andWestern Europe (Park et al. 2009).
With regard to infections by Candida spp., oral
candidiasis (thrush) is very common in HIV-
infected patients. More importantly, esophageal
candidiasis is one of the major AIDS-defining
illnesses. Oropharyngeal candidiasis may be
one of the first clinical signs of HIV infection,
occurring in 50–95% of all HIV-infected
patients (Rabeneck et al. 1993; Fidel 2006).
In contrast, systemic candidiasis is much rarer
in HIV.

C. Fungal Infections in Hematopoietic
Stem Cell Transplantation

Since its beginnings, transplantation of bone
marrow cells or peripheral blood hematopoietic
stem cells (HSCT) has developed into a
curative approach for several diseases. Congen-
ital immune deficiencies, benign hematological
disorders, autoimmune diseases, and hemato-
logical malignancies are the major fields of
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application of HSCT (Jenq and van den Brink
2010). In the latter case, rather than just “repla-
cing” a patient’s own hematopoietic system,
HSCT can also be considered one of the most
effective immune therapies, as the newly trans-
planted immune system has been shown to
attack remaining tumor cells in what has been
termed the graft-versus-tumor (GVT) effect
(Jenq and van den Brink 2010). Several factors
contribute to immunosuppression in HSCT
patients and increased risk of fungal
(and other) infections, including the underlying
disease, the conditioning treatment leading to
more or less complete eradication of the
patients own hematopoietic system, and (later
in the course) the immunomodulatory treat-
ment required for treating graft-versus-host
disease (GvHD), a major complication of allo-
geneic stem cell transplantation. Consequently,
several risk factors for developing invasive fun-
gal infection in HSCT recipients, including the
intensity of total body irradiation, the degree of
donor human leukocyte antigen (HLA) mis-
match, time to engraftment, corticosteroid
therapy, and many others have been described.
Fungal infections have been as high as 20% in
allogeneic HSCT recipients and could increase
to 40% in patients with severe GvHD (Jenq and
van den Brink 2010). Initially, systemic candi-
diasis was the major fungal infection in alloge-
neic HSCT patients, with an incidence of
about 11% and an associated mortality of
39% (Goodrich et al. 1991; Marr 2008). Both
Candida sepsis (acute invasive candidiasis)
and chronic disseminated candidiasis (typically
with hepatosplenic involvement) were observed
in HSCT patients. However, invasive Candida
infections have decreased considerably follow-
ing the implementation of azole prophylaxis,
which has proven to be highly effective in
preventing these infections (Marr 2008). The
introduction of new conditioning regimens
with less myeloablation and less damage to
mucosal barriers has further decreased the inci-
dence of invasive candidiasis (Fukuda et al.
2003). During the 1990s, invasive infections
caused by Aspergillus fumigatus were noted in
HSCT recipients and found to be associated
with very high mortality rates of 80–90%
(Marr 2008). Since then and despite the

availability of new and more effective treatment
regimens (Herbrecht et al. 2002) and antifungal
prophylaxis regimens covering A. fumigatus
(Cornely et al. 2007), IA continues to be a
major infectious complication in allogenic
HSCT. In recent years, increasing frequencies
of other mold infections have been observed in
many centers. Of particular importance are
infections caused by zygomycetes (Vehreschild
et al. 2013), but other fungal genera including
Fusarium and Scedosporium have also been
described as emerging fungal pathogens.
Therefore, the epidemiology of fungal infec-
tions in allogenic HSCT patients has been
constantly changing during the clinical devel-
opment of clinical protocols and will most
likely continue to do so, demanding epidemio-
logical awareness and high-quality mycological
diagnostics to be available at HSCT centers.

D. Fungal Infections in Solid Organ
Transplant Recipients

The risk of infectious complications in solid organ
transplant recipients is increased by the immuno-
suppressive therapyandby thepotential introduc-
tion of pathogens through the transplanted
organs. In addition, the underlying organ failure
and the surgical intervention itself can add to the
individual risk of infection (Grim andClark 2011).
Early infectious complications (generally defined
as occurring up to day 30 post transplant) are
often related to surgery. Maximal immuno-
suppression usually occurs after that period and
up to 6 months after transplantation (Grim and
Clark 2011). In most solid organ transplants, with
the notable exception of lung transplantation,
invasive candidiasis is the most common fungal
infection. It ismost common in transplants affect-
ing the integrity of the gastrointestinal tract,
including liver, small bowel, and enterically
drained pancreas transplant recipients. In these
patients antifungal prophylaxis is generally
recommended. In lung transplant recipients, IA
is the most common fungal infection, most prob-
ably due to the constant exposure of the trans-
planted organ to the ubiquitous spores of this
pathogen. In addition, impaired ciliary clearance
and decreased cough reflex may add to the risk of

232 B. Willinger et al.



aerogenic IA (Grim and Clark 2011). In recent
years, other mold infections have increasingly
been observed in these patients, including zygo-
mycosis (Lanternier et al. 2012). Finally, infections
with P. jirovecii have been frequently diagnosed in
solid organ transplants, including several out-
breaks in kidney transplant recipients. The under-
lying reasons for the observed increase in
outbreaks of PcP in these patients remains
unclear. As a result, trimethoprim-sulfa-
methoxazole prophylaxis has become a widely
accepted practice incorporated into many kidney
transplantation guidelines (de Boer et al. 2011).
Outbreak situations of PcP,withup to 28 cases in a
given setting, may require the use of molecular
typing methods for unequivocal documentation
of epidemiological coherence. These approaches
are described in chapter “Molecular Epidemiology
of Pneumocystis Outbreaks” by Hauser and
Kovacs. Invasive cryptococcosis plays a minor
role in solid organ transplant recipients (Osawa
et al. 2010).

III. Diagnostic Criteria for Invasive
Fungal Infections

The unequivocal diagnosis of invasive fungal
infections (IFI) is still a major problem in the
clinical setting. Patients at risk of IFI in general
are also prone to a number of other infections
as well as several syndromes or pathophysiolo-
gies that may cause related or even identical
symptoms. It has been conceived that this diag-
nostic uncertainty leads to over-diagnosis and
over-treatment of fungal infections in at-risk
cohorts (Kibbler 2005) due to empirical treat-
ment of suspected cases. Recognizing the prac-
tical problems arising from this situation – and
most importantly a notable discrepancy
between cases of IFI included in therapeutic
studies (mostly fulfilling quite rigorous criteria
for diagnosis of infection) and the average
patient in clinical routine – the Invasive Fungal
Infections Cooperative Group of the European
Organization for Research and Treatment of
Cancer (EORTC) and the Mycoses Study
Group (MSG) of the National Institute of
Allergy and Infectious Diseases established a

consensus effort to standardize the definitions
of IFI. This standardization was (and still is)
explicitly targeted towards clinical research and
notably was never designed to guide clinical
decisions on therapeutic intervention –
although the definitions may of course aid in
these decisions (Ascioglu et al. 2002).

In the first version of the EORTC/MSG criteria, three
levels of diagnostic certainty were defined: “proven”,
“probable,” and “possible.” Patients classified as “pos-
sible” according to the initial version of the definitions
were considered to present enough information to war-
rant some form of empirical treatment but, at the same
time, inclusion of these patients into clinical trials for
antifungal drugs was discouraged due to the low speci-
ficity of the diagnosis (Ascioglu et al. 2002). Assignment
to a level of diagnostic accuracy was based on a combi-
nation of “host factors,” “clinical manifestations”
(with two levels of evidence, termed major and minor,
within this category), and “mycological results” (Ascio-
glu et al. 2002). Importantly, usage of the definitions
was restricted to patients with cancer and to HSCT
recipients, thus addressing two major populations at
risk of IFI but clearly also excluding several other risk
cohorts, e.g., patients in an intensive care unit (ICU).

In 2008, the EORTC/MSG consensus group
published a revised version of these definitions
(De Pauw et al. 2008). In the meantime, the
original definitions had formed the basis for
several large scale clinical trials of antifungal
drug efficacy and several other studies including
the formulation of clinical practice guidelines
(Herbrecht et al. 2002; Walsh et al. 2002a, b;
Cornely et al. 2007; Ullmann et al. 2007;
De Pauw et al. 2008; O’Connell and Walsh
2008) and evidently gained considerable accep-
tance worldwide. In the revised definitions, now
targeted towards diagnosis of invasive fungal
disease (IFD) rather than IFI, only minor
changes were introduced in the “proven” level,
whereas the definitions of probable and possible
cases were modified significantly. In the revised
version, probable cases required the presence of
host factor+clinical feature+mycological crite-
rion, whereas possible cases were defined by the
presence of host factor+clinical feature but
absence of mycological evidence for IFD (De
Pauw et al. 2008). The impact of the revision
published in 2008 on classification of patients
should not be underestimated: In a study ana-
lyzing 589 high-risk patients, as many as 81% of
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“possible” and 75% of “probable” cases
according to the initial definition had to be
regrouped as “non-classifiable” (Tsitsikas
et al. 2012), indicating that the overall specificity
was increased by the criteria modification. This
was mainly due to the elimination of minor
clinical criteria and the emphasis placed on
specific computed tomography (CT) findings
(Tsitsikas et al. 2012). One major problem of
the revised definitions is the fact that patients
with host-factor and mycological criteria but
without defined clinical symptoms are grouped
as non-classifiable. In addition, application of
the EORTC/MSG criteria is still restricted to
immunocompromised patients and therefore
does not allow a general application, especially
when regarding intensive care patients, which
have become a major at-risk cohort (Martin
et al. 2003; Meersseman and Van Wijngaerden
2007; De Pauw et al. 2008). Furthermore, it has
to be emphasized, that the EORTC/MSG defini-
tions are still intended for use in clinical and
epidemiological research and are not meant to
guide clinical diagnosis in individual cases (De
Pauw et al. 2008). Despite this and beside facil-
itating our ability to test the efficacy of thera-
peutic regimens and strategies (De Pauw et al.
2008), these definitions also set the standards
for evaluating diagnostic tools and provide a
commonly accepted reference in the absence
of a reliable gold standard for unequivocal diag-
nosis of invasive fungal disease.

IV. Radiology in the Diagnosis
of Fungal Infections

Early detection of fungal infections is very
important because the morbidity and mortality
rates of the disease are high, especially in
immunocompromised patients (Krowka et al.
1985; Soubani et al. 1996). The radiological
diagnosis of intrapulmonary fungal infections,
in particular, is sometimes challenging due to
the multitude of either infectious or malignant
differential diagnoses. Although the diagnostic
value for the detection of fungal infections
on chest radiographs (CXR) is poor (Korones
et al. 1997), in cases of clinical suspicion of a

pulmonary fungal infection CXR should be the
first-line modality. In more severe cases, com-
puter tomography (CT) needs to be performed,
even if the CXR is normal. In contrast to radi-
ography, CT can give a picture of the whole
extent of disease and, in some cases, point to
specific pathogens involved in the disease (Wah
et al. 2003). Particularly in younger patients, CT
should be performed at a low dose (LDCT).
Magnetic resonance imaging (MRI) is an imag-
ing method especially suited for detecting vis-
ceral mycotic lesions. In these cases, MRI is
more sensitive in detecting, as well as in defin-
ing, the stage of the disease than is contrast-
enhanced CT (Semelka et al. 1992). The most
common pathogens of pulmonary fungal infec-
tions in immunocompromised patients are
Aspergillus species, Cryptococcus neoformans,
and Candida species. Pulmonary Aspergillus
infections in immunocompromised patients
can be grouped into angio-invasive aspergillo-
sis (AIA) and the less common broncho-inva-
sive aspergillosis (BIA). CT findings of AIA
include a halo sign (defined as a ground glass
opacity surrounding the circumference of a
nodule or mass), infarct-shaped consolidations,
and an internal, low-attenuation cavity or air-
crescent sign (Figs. 13.1, 13.2, and 13.3). Typical
CT patterns of BIA are small airway lesions,
peribronchial consolidations, and/or bronchi-
ectasis. In a late manifestation of AIA, an air-
crescent sign can be observed, which is caused
by an intracavitary fungus mass of AIA that
moves when the patient changes position
(Aquino et al. 1994; Shibuya et al. 2004). The
air-crescent sign can also appear in saprophytic
aspergillosis in immunocompetent and immu-
nosuppressed patients when pre-formed cav-
ities are colonized with Aspergillus spp. (Fred
and Gardiner 2009). Pulmonary cryptococcosis
is an emerging disease in neutropenic patients.
The most common radiological features in pul-
monary infection with cryptococcosis are
poorly defined nodules (commonly between 7
and 20 mm) or patchy air space consolidations.
Cavities, ground glass opacities, the halo sign,
mediastinal lymphadenopathy, and pleural
effusion are rarely seen in pulmonary manifes-
tations (Chang et al. 2006). Common CT
findings in patients with Candida infections
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include random bilateral nodules with a diame-
ter between 3 and 30 mm. Consolidations and
centrilobular nodules are rarely seen (Althoff
Souza et al. 2006). In hematogenous fungal
disseminations that affect the central nervous
system and the hepatosplenic system, micro-
abscesses can be observed by using MR imag-
ing rather than contrast-enhanced CT (Semelka
et al. 1992; Anttila et al. 1996). However, MRI is
sometimes not available and the examination
can last about 30–40 min, which, in many cases,
is not feasible for the critically ill patient.
Contrast-enhanced CT and ultrasound (US)
are the routinely performed first-line modal-
ities in the radiological assessment of hepatos-
plenic fungal abscesses.

V. Classical Laboratory Diagnosis

A. Pre-analytical Considerations
in Diagnosing Fungal Infections

As with other microbial infections, the diagno-
sis of fungal infections depends upon a combi-
nation of clinical observation and the
application of various laboratory techniques.
Superficial fungal infections are often asso-
ciated with suspicious lesions, which guide

clinical diagnosis. In contrast, invasive fungal
infections rarely show specific signs. As a con-
sequence, the selection, collection, possible
storage, and transportation of diagnostic mate-
rial are of utmost importance in order to estab-
lish the diagnosis. During transportation, fungi
must remain viable in order to be recovered on
culture, and specimens should not be allowed
to desiccate. Transportation to the laboratory
should occur at room temperature. Specimens
should be delivered within 2 h after sampling
but should not arrive at the laboratory later
than 24 h after collection. Specimen collections
from the central nervous system should be pro-
cessed as soon as possible. When immediate
processing is not possible, the specimen should
be held at ambient temperature (CLSI 2012).

To establish or confirm diagnosis, it is
essential that the laboratory is provided with
an adequate specimen. For the diagnosis of
invasive fungal infections, specimens originat-
ing from sterile locations are preferred. Blood
cultures should be performed whenever deep
fungal infections are suspected. All Candida
species or other organisms such asHistoplasma
spp. have been shown to be reliably detected by
the current available blood culture systems. For
aspergillosis and mucormycosis, blood cultures
are of limited utility. However, disseminated

Fig. 13.1. Angioinvasive aspergillosis in a 35-year-old
man with acute lymphatic leukemia. CT scan shows
bilateral peribronchovascular nodular lung lesions

with surrounding halo of ground-glass attenuation
representing adjacent hemorrhage
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infections caused by Fusarium spp. and Scedos-
porium spp. are associated with the recovery of
the pathogen in blood cultures in approxi-
mately 50% of all cases (Arendrup et al. 2012).

In case of suspected meningitis, 3–5 ml of
cerebrospinal fluid (CSF) should be collected in
sterile, screw-capped tubes. Immediate transport
of all collected fluid to the laboratory at room
temperature is mandatory (CLSI 2012). CSF is
best for detection of Cryptococcus meningitis
(Denning et al. 2003), but is less sensitive for
the detection of central nervous system aspergil-
losis or candidiasis (Arendrup et al. 2012).

Tissue biopsies are of high diagnostic
value. However, for some fungi (e.g. Mucor-
ales), homogenization of the biopsy material
reduces the culture yield and is it preferable to
inoculate culture plates with slices of minimally
manipulated tissue (Arendrup et al. 2012).

The confirmation of many fungal infections
is based on samples obtained from lower respi-
ratory tract specimens. Sputum specimens are
acceptable, but increasing the number of
sputum samples examined increases the sensi-
tivity of detection, with three samples pro-
viding optimum yield in invasive aspergillosis.

Fig. 13.2. Invasive aspergillosis of the brain in a 70-
year-old male patient with lung carcinoma and chemo-
therapy. (a) Axial T2 tirm MR image shows bihemi-
spheric hyperintense lesions. (b) Unenhanced axial T1
weighted MR image shows bihemispheric hypointense
lesions with a rim of high signal intensity representing

blood products. (c) Diffusion-weighted images shows
high signal intensity in all lesions. (d) Apparent diffu-
sion coefficient (ADC) map shows low signal intensity
in the center of the lesions, a finding indicative of
restricted diffusion
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Bronchoalveolar lavage (BAL) fluid provides a
more representative sample from the lower
respiratory tract and allows CT scan abnormal-
ities to be directly sampled. The presence of
Candida spp. in BAL fluid, similarly, does not
correlate with invasive lung infection and
should be interpreted as of low significance
(Meersseman et al. 2009; Arendrup et al. 2012).

B. Currently Available Diagnostic Methods

Currently available laboratory methods for
diagnosing invasive fungal infections include
microscopic detection, isolation of the fungus,
serologic detection of antibodies and antigen,
and histopathologic evidence of invasion
(Alexander 2002). For definite diagnosis of
proven invasive fungal infections, histological
and cultural evidence from biopsies, resection
material, or other specimens obtained from
normally sterile body sites is required
(De Pauw et al. 2008). However, it is not always
possible to fulfill these criteria and a combina-
tion of different methods is necessary to detect
and identify the fungal organism causing the
disease.

1. Histopathology

Histopathology is the cornerstone for diagnosis
and identification of fungal pathogens. How-
ever, as with culture methods, it may not be
possible to obtain a tissue sample from criti-
cally ill patients. In addition, identifying the
specific pathogen based solely on morphologi-
cal characteristics can be difficult or impossible
because several different organisms may have
similar histopathological characteristics, e.g.,
Fusarium spp. and other filamentous fungi are
indistinguishable from Aspergillus in tissue
biopsies (Alexander and Pfaller 2006). Because
Aspergillus is far more commonly encountered
than the other pathogens mentioned, a pathol-
ogist often may describe an organism as Asper-
gillus or Aspergillus-like on the basis of
morphological features alone. This can hinder
diagnosis and may entail inappropriate therapy
(Chandrasekar 2010). Molecular tools can aid
in the identification of fungal pathogens from
histopathology samples (see Sect.6).

2. Microscopy

Direct microscopy is most useful in the diagno-
sis of superficial and subcutaneous fungal

Fig. 13.3. Systemic candidiasis in a 40-year-old male
patient with chronic myeloic leukemia. (a) Axial CT
scan shows multiple bilateral intrapulmonary nodules

smaller than 1 cm. (b) Axial contrast-enhanced CT
shows countless hypoattenuating lesions in the liver
and the spleen representing Candida microabscesses
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infections. Recognition of fungal elements can
provide a reliable and rapid indication of the
mycosis involved. Various methods can be
used: unstained wet-mount preparations can
be examined by light-field, dark-field, or phase
contrast illumination (Richardson and War-
nock 2003).

The most common direct microscopic pro-
cedure relies on the use of 10–20% potassium
hydroxide (KOH; Fig. 13.4), which degrades the
proteinaceous components of specimens while
leaving the fungal cell wall intact, thus allowing
their visualization (Lease and Alexander 2011).

The visibility of fungi within clinical speci-
mens can be further enhanced by the addition
of calcofluor white or blankophores (Willinger
2006). These are fluorophores, which are
members of a group of compounds known as
fluorescent brighteners, optical brighteners, or
“whitening agents” and bind to b-1-3 and b-1-4
polysaccharides, such as found in cellulose and
chitin. When excited with ultraviolet or violet
radiation, these substances will fluoresce with
an intense bluish/white color (Harrington and
Hageage 2003). The high intensity of the eli-
cited fluorescence allows rapid and reliable
microscopic screening (Fig. 13.5). Optical
brightener methods have been shown to be
more sensitive than KOH wet mount.

This has also been shown in a study of respiratory
samples (mostly BAL) from transplant recipients and

neutropenic patients, indicating a sensitivity of 88%
and a specificity of 99% for the detection of Aspergil-
lus-like elements by blankophor in comparison with a
76% sensitivity for culture (Andreas et al. 2000; Vyzan-
tiadis et al. 2012). The procedure is also suitable for
disclosing fungi in Gram-stained microscopical
mounts. Filamentous fungi like aspergilli, which stain
poorly by the Gram procedure, may be unveiled on
Gram-stained microscopic mounts after removal of
immersion oil by subsequent blankophor staining
(Ruchel and Schaffrinski 1999). In addition, optical
brightener methods have been shown to be more
sensitive than KOH wet mount in a number of speci-
men types (Chander et al. 1993). Furthermore, calco-
fluor or blankophor can be combined with 10–20%
KOH, although it is better to pre-soften the tissue with
KOH before adding the fluorescent stain (Vyzantiadis
et al. 2012).

Because optical brighteners provide a rapid
and sensitive method for the detection of most
fungi, their use is encouraged for respiratory
samples, pus, tissue samples, and fluids from
sterile sites when a fluorescence microscope is
available.

Similarly, lactophenol cotton blue is easy to handle and
often used for the detection and identification of fungi
(Fig. 13.6). Other stains are frequently used in direct
microscopy, such as the India ink wet mount, which is
useful for visualization of encapsulated fungi, particu-
larly Cryptococcus neoformans. Although a negative
direct examination cannot rule out fungal disease, visu-
alization of fungal elements in specimens can often
secure initial information helpful in the selection of
empirical antifungal therapy (Lease and Alexander
2011).

Fig. 13.4 KOH preparation demonstrating pseudohy-
phae of Candida spp.

Fig. 13.5 Microscopy with an optical brightener
showing dichotomously branched hyphae indicative
of Aspergillus
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Because yeast and molds can stain variably
with the Gram stain, a more specific fungal
stain is recommended (CLSI 2012). Microscopy
may help to discern whether an infection is
caused by yeast or molds (Table 13.1). The
presence of pseudohyphae and optionally blas-
toconidia indicates the presence of yeast. Molds
are most commonly seen as hyaline hyphomy-
cetes, generally characterized by parallel cell
walls, septation (cross-wall formation in
hyphae), lack of pigmentation, and progressive
dichotomous branching as in Aspergillus,
Fusarium, or Scedosporium species (Vyzantia-
dis et al. 2012). Aspergillus septate hyphae have
a diameter of 3–6 mm and each branch is
approximately equal in width to the originating
stem. Branching at 45� angles is characteristic.
Because many other filamentous fungi present
with a similar appearance in clinical samples on
direct microscopy, one can usually only say that
the infection is due to one of the agents of
hyalohyphomycosis, although the balance of
probability is that most infections will be due
to Aspergillus (Patterson 2003).

In addition, it is important to look for sep-
tate and non-septate hyphae, thus allowing to
distinguish between Aspergillus spp. and mem-
bers of the Mucorales.Mucoraceous molds have
large (3–25 mm in diameter, average 12 mm)
ribbon-like, multinucleated hyphal cells with
nonparallel walls and infrequent septa. The
branching is not dichotomous, irregular, and

sometimes at right angles. Hyphae can appear
distorted with swollen cells, or compressed,
twisted, and folded (Vyzantiadis et al. 2012).
Another group of molds causing tissue invasion
with a distinctive appearance are the agents of
phaeohyphomycosis, such as Alternaria and
Curvularia. These fungi have melanin in their
cell walls and appear as pigmented, septate
hyphae. These are the agents of phaeohyphomy-
cosis (Revankar 2007). The detection of fungal
hyphae and/or arthrospores in skin, nail, or hair
samples may indicate the presence of dermato-
phytes but give no special hint as to the species
involved.

3. Antigen and Antibody Detection

Except for cryptococcosis, where antigen test-
ing can reliably prove infection, serological
tests mainly provide supplemental information
for the diagnosis of invasive fungal infections.
Antibody tests are often used in the diagnosis of
endemic mycoses, which may be difficult to
detect by traditional methods. In some cases,
antibody tests are a supplemental test in the
diagnosis of invasive candidosis, but have two
major drawbacks: detection of anti-Candida
antibodies fails to discriminate between
disseminated and superficial infections, and
antibodies are often present in colonized but
uninfected patients. In order to diagnose inva-
sive candidosis, a rise in antibody titers has to
be observed in serial serum samples. However,
because immunocompromised patients do
not reliably produce antibodies it is rendered
nearly impossible to diagnose invasive candi-
dosis in these patients solely by antibody detec-
tion (Willinger 2006). Aspergillus antibodies
are only infrequently detectable in immuno-
compromised patients, but are often helpful in
patients with aspergilloma or allergic broncho-
pulmonary aspergillosis and in patients with
cystic fibrosis (Kappe and Rimek 2010).
Another approach to the diagnosis of fungal
infections is the detection of antigens in blood
or other body fluids, whether it is used as a
single test or in combination with antibody
detection.

Fig. 13.6. Staining of Lichtheimia corymbifera using
lactophenol cotton blue
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Table 13.1. Characteristic morphology of fungi in clinical specimens by direct microscopic examination (selection
of certain fungi)

Fungal group and
representatives Microscopic morphology in clinical specimens

Yeasts
Candida spp.
(except C. glabrata)

Single budding of moderately variable size
2.5–7.5 mm in size
Pseudohyphae and true hyphae may be present in certain species

C. glabrata Blastoconidia of uniform size (2.5–4 mm)
No production of hyphae or pseudohyphae

Cryptococcus
neoformans

Spherical budding yeasts of variable size
2–15 mm in diameter
Capsule may be present or absent
No hyphae or pseudohyphae

Pneumocystis jirovecii Intracystic bodies that resemble parentheses facing one another are pathognomonic
4–6 mm in size
Seen on histological stains
Cysts often found in clusters
No budding
Best visualized in histological sections using special stains
Trophozoites seen on staining with giemsa or immunofluorescent stains

Hyaline hyphomycetes
Aspergillus Hyaline, septate, dichotomously branching hyphae
Acremonium Uniform width (3–6 mm)
Fusarium Aspergillus may produce conidial heads in specimens from cavitary pulmonary

lesions
Paecilomyces Conidiation may be visualized on histopathological examination of some of the

non-Aspergillus hyphomycetesScedosporium
Scopulariopsis
Trichoderma

Mucorales
Cunninghamella Broad, thin-walled, non-septated hyphae
Lichtheimia
(formerly Absidia)

6–25 mm wide

Mucor Nonparallel sides and random branches
Rhizomucor
Rhizopus
Saksenaea

Dematiaceous fungi
Alternaria Pigmented (brown, tan, or black)
Bipolaris Septate hyphae
Curvularia 2–6 mm wide
Cladophialophora

Dimorphic fungi
Blastomyces dermatitidis Large, spherical, thick-walled, budding yeast cells

8–15 (max. 40) mm diameter
Typically broad-based junction between mother and daughter cells
Cells may appear multinucleate

Coccidioides immitis Spherical, thick-walled spherules
Vary in size (20–30 mm)
Mature spherules contain endospores
Released endospores may be mistaken for yeast
Hyphae and arthroconidia may be found in cavitary lesions

Histoplasma capsulatum Small budding yeasts
2–5 mm in size

Paracoccidoides
brasiliensis

Large, multiple-budding yeasts
Variable size
2–30 mm in diameter
Large cells are surrounded by smaller buds around the periphery (“mariner’s

wheel appearance”)
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(a) Invasive Candidosis

Mannan is a Candida cell wall constituent
and can be detected in the serum of patients with
invasive candidosis (IC), but it is quickly
degraded and cleared from the bloodstream.
Furthermore, antimannan antibodies are found
in patients either colonized or infected by Can-
dida spp. However, it has been shown in patients
developing IC that mannan and antimannan
antibody titers complement each other (Peman
and Zaragoza 2012). In fact, when these tests are
used together, their sensitivity and specificity for
diagnosing IC improves significantly (Marchetti
et al. 2012). In practice, the two more commonly
used tests are Platelia Candida Ag1 and Platelia
Candida Ab1 assays (Bio-Rad Laboratories,
Marnes-la-Coquette, France). It has been
shown that detection of both antigen and anti-
body is superior to evaluation of each one sepa-
rately as it presents a sensitivity of 83% and a
specificity of 86% in IC; consequently, its use
might be helpful in these patients (Mikulska
et al. 2010). Nevertheless, the results of mannan
antigen and antibody detection varies depending
on the Candida species implicated; the tests per-
form best for C. albicans, C. glabrata, and
C. tropicalis and worst for C. parapsilosis and
C. krusei. Another important benefit of this com-
bined antigen–antibody detection is the ability
to make an earlier diagnosis than with blood
cultures, in some cases. Serial determinations
may be necessary. These assays can help to
detect the infection early because they can be
positive 6 days, on average, prior to blood cul-
tures. The method also shows very high negative
predictive value (>85%) and can be used to rule
out infection (Cuenca-Estrella et al. 2012). How-
ever convincing this may be, many experts feel
that these assays do not have sufficient sensitiv-
ity or specificity to influence their clinical
decision-making (Kullberg et al. 2011).

Another option is the Cand-Tec latex agglutination test
(Ramco Laboratories, Houston, TX, USA), which
detects an antigen, not specifically defined. Though the
sensitivity and specificity of this test vary among reports
(Yeo and Wong 2002), it is still widely used. However,
false-positive reactions due to the rheumatoid factor and

renal insufficiency (Ruchel 1993) have been observed and
it is generally recommended to use better-defined assays.

An indirect immunofluorescence assay to detect
Candida albicans germ tube-specific antibodies
(CAGTA) is commercially available as C. albicans IFA
IgG1 (Vircell Laboratories, Granada, Spain) and has
shown an overall sensitivity of 77–89% and a specificity
of 91–100% thus being useful in the diagnosis of IC in
critically and noncritically ill patients (Quindos et al.
2004). In addition, Peman et al. (2011) found a high rate
of positive results when using this test. The presence of
this biomarker was the only protective factor indepen-
dently associated with mortality, and positivity was not
modified by either colonization or previous antifungal
treatment. However, there are no recommendations to
use this biomarker yet.

(b) Cryptococcosis

The detection of cryptococcal capsular poly-
saccharide is one of the most valuable rapid
serodiagnostic tests for fungi performed on a
routine basis. The cryptococcal antigen can be
detected either by the latex agglutination test or
by enzyme-linked immunosorbent assay
(ELISA). The test has gained widespread appeal
and is suited to prove disseminated cryptococ-
cosis (De Pauw et al. 2008). False-positive reac-
tions have been reported in patients with
disseminated trichosporonosis, Capnocytophaga
canimorsus septicemia, malignancy, and positive
rheumatoid factor. Another assay format is the
Premier Cryptococcal Antigen enzyme immuno-
assay (Meridian Diagnostics, Inc., Cincinnati,
OH, USA) that utilizes a polyclonal capture sys-
tem and a monoclonal detection system. The
Premier EIA was reported to be as sensitive as
the latex agglutination system for the detection
of capsular polysaccharide in serum and cere-
brospinal fluid. In addition, it does not react
with rheumatoid factor and gives fewer false-
positive results (Yeo and Wong 2002).

(c) Invasive Aspergillosis

The most commonly used, commercially
available antigen test for Aspergillus detection
is the double-sandwich ELISA test Platelia
Aspergillus1 (Bio-Rad Laboratories, Marnes,
France), which is validated for use in serum
and bronchoalveolar lavage (BAL) fluid and
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has been evaluated in oncohematologic patients
and in receptors of hematopoietic precursors
with prolonged neutropenia (Table 13.2). This
test has also been evaluated in non-
hematological ICU patients and patients
suffering from chronic obstructive pulmonary
disease (COPD) (Meersseman et al. 2008;
Guinea et al. 2010; Hage et al. 2011; He et al.
2011; He et al. 2012). The Platelia Aspergillus1
detects galactomannan (GM), which represents
a heteropolysaccharide cell wall component of
the Aspergillus cell wall and is released by
Aspergillus species during hyphal growth. To
optimize its diagnostic value in patients at risk
of infection, it is recommended to perform two
GM determinations a week, mainly in oncohe-
matologic patients and in hematopoietic stem
cell transplant recipients with prolonged
neutropenia (Peman and Zaragoza 2012).
Circulating GM may be detected at a median
of 5–8 days before clinical signs and symptoms
of IA become evident. Furthermore, its concen-
tration corresponds to the fungal tissue burden,
and may therefore be used to monitor the

patient’s response to antifungal treatment
(Maertens et al. 2009).

Pfeiffer et al. (2006) presented a meta-
analysis of the diagnostic value of GM detection
with the Platelia Aspergillus1 assay, showing
that for proven and probable cases of IA, the
pooled (adult and pediatric) sensitivity was
only 61%, whereas the overall specificity was
93%. In general, the negative predictive value
(NPV) and the specificity are excellent (>95%),
suggesting that the assay can be used to rule out
the diagnosis of IA. However, false positive and
negative results of GM have been described in
certain patient groups (Table 13.3) by various
authors (Wheat and Walsh 2008; Hage et al.
2011; Peman and Zaragoza 2012). Solely testing
for antigenemia does not replace other tests for
IA. To maximize sensitivity, testing should pre-
cede empiric antifungal therapy and positive
results should be confirmed on a new specimen
(Wheat 2003). Generally lower sensitivity rates
have been obtained from pediatric patients
than adult patients in studies evaluating the
utility of GM antigenemia test in early diagnosis

Table 13.2. Characteristics of the galactomannan antigenemia test

Parameter Description

Specimen Serum, BAL
Criteria for positivity Two consecutive serum specimens with GMI �0.5

Always repeat the test before implementing therapy for IA
Population Prolonged neutropenia, allogeneic SCT, ICU patients, COPD patients

GMI galactomannan index, SCT stem cell transplantation

Table 13.3. Causes for false-positivity or cross-reactivity in the galactomannan antigenemia test

Patient groups with
false-positive results

False-positivity caused by galactomannan
contamination

Cross-reactivity caused by
similar cell wall galactomannan

Infants with intestinal
colonization by
Bifidobacterium spp.

Piperacillin-tazobactam Penicillium spp.
Amoxicillin-clavulanate Alternaria spp.

Chronic graft- versus-host
disease

Other beta-lactam antibiotics Paecilomyces spp.
Plasmalyte (sodium gluconate) Cryptococcus spp.

People following diets rich in
soy protein and other foods

Other intravenous hydration or nutrition
fluids containing sodium gluconate

Histoplasma capsulatum
Geotrichum

Echinocandins Neosartoria
Chronic graft- versus-host disease Lichtheimia ramosa
Diets rich in soy protein and other foods
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of IA (Oz and Kiraz 2011). When using this test
it has to be considered that results may be
falsely positive or negative and have to be cor-
related with clinical and laboratory findings.

Antigen has been detected in body fluids
other than sera. The detection of antigen in
BAL fluid was described in various studies,
indicating the presence of pulmonary aspergil-
losis. A meta-analysis evaluating the accuracy
of BAL galactomannan determined the sensitiv-
ity to be 90% and specificity 94% (Guo et al.
2010). A positive result increased the
probability of having IA by about sixfold,
whereas a negative result decreased the proba-
bility to 1%. Whereas the sensitivity remained
unchanged, at about 85%, the specificity
increased from 89% to 94% by using a cut-off
of 1.0 instead of 0.5. BAL was judged to be
more useful than serum, by comparison with
results of another meta-analysis (Pfeiffer
et al. 2006).

Hage et al. (2011) state when using BAL,
positive results caused by airway colonization
may complicate the use of the test for diagnosis.
As shown, results may be false-positive in
patients colonized with Aspergillus, Penicil-
lium, and Paecilomyces (Clancy et al. 2007;
Husain et al. 2007). When combined results of
those studies were analyzed, sensitivity was
unchanged but specificity increased using a
cut-off of 1.0 (Muller et al. 2002). Results in
colonized specimens were at least 1.0 in 8 out
of 12 cases (Husain et al. 2008). However, BAL
galactomannan was negative in hematology
patients who were colonized with Aspergillus
species (Bergeron et al. 2010). As colonization
is undesirable in solid organ transplant or
hematology patients at high risk of IA, results
attributed to colonization should not be disre-
garded, but rather prompt additional investiga-
tion to exclude invasive disease or to assess the
effectiveness of antifungal prophylaxis or ther-
apy, and follow-up evaluation for subsequent
invasive disease (Hage et al. 2011). All in all,
GM detection in BAL fluid seems to be useful
in establishing or excluding the diagnosis of
IA in ICU patients (Hage et al. 2011).

In addition, the test might allow the detec-
tion of GM in other specimens such as cerebro-
spinal fluid, urine, and homogenates/extracts of

tissue specimens. Few data exist on the perfor-
mance of the galactomannan assay for homo-
genized tissue specimens, nevertheless the data
are promising (Lackner and Lass-Flörl 2013).

Monitoring for antigen clearance or
rebound may provide useful information for
assessing the effectiveness of therapy. Declining
levels in patients responding to therapy and
rising concentrations in those with fatal out-
comes have been observed by several authors
(Bretagne et al. 1997; Maertens et al. 2001).
Thus, failure of antigenemia to decline may
suggest treatment failure and support consider-
ation of modifying the therapy.

Studies on patients who have undergone
solid organ transplantation report sensitivity
ranging from 67% to 100% and specificity
from 40% to 98% (Clancy et al. 2007; Husain
et al. 2007; Pasqualotto et al. 2010). Detection of
antigen in BAL was more sensitive than detec-
tion of antigen in serum or isolation of Asper-
gillus from the BAL or lung biopsy, as
highlighted in an evaluation of proven cases in
hematology patients (Maertens et al. 2010).
In that study, the sensitivity was 100% for
BAL antigen, 55% for serum antigen, 62% for
culture, and 74% for microscopy. In organ
transplant recipients, sensitivity was 82% for
antigen detection compared to 73% for culture
and/or microscopy (Husain et al. 2008).

Recently Thornton et al. (2012) described a new
promising diagnostic method for the detection of
Aspergillus in patients suffering from hematological
malignancies. The technology is based on the detection
of Aspergillus-specific JF5 by MabJF5 monoclonal anti-
bodies. The JF5 is an extracellular glycoprotein that is
exclusively secreted during active growth of the fungus
and represents a surrogate marker of Aspergillus infec-
tion. Evaluating exclusively the activity of Aspergillus
rather than the antigen presents a major advantage
compared with the GM test and, at the same time, limits
the risk of cross-reactivity or a false-positive result due
to contaminated materials because the JF5 test only
detects germinating conidia that represent a potential
infectious risk. The technique has been incorporated
into an immuno-chromatographic lateral-flow device
(‘point of care’ diagnostic tool), which is easy to use.
The test aims to detect invasive pulmonary aspergillosis
using blood or/and serum samples from patients in
only 15 min. However, further studies are needed to
prove the test’s performance in a clinical setting
(Lackner and Lass-Flörl 2013).
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4. (1,3)-b-D-Glucan as a Marker for Invasive
Fungal Infection

(1,3)-b-D-Glucan (BDG) is a component of the
cell walls of many fungal organisms; its pres-
ence can be detected in sera when observing
activation of the factor G of the horseshoe crab
coagulation cascade (Bellanger et al. 2011).
The presence of BDG in serum has been
shown to be a reliable marker of invasive fungal
infection (Karageorgopoulos et al. 2011), and it
has recently been added to the EORTC/MSG
guidelines as a biological criterion for invasive
fungal diseases other than zygomycosis and
cryptococcosis (De Pauw et al. 2008). It has
also been proposed as a noninvasive marker
for pneumocystosis (Bellanger et al. 2011).
However, one has to be aware that this test
does not detect cryptococcosis and fungal colo-
nization or superficial infections.

The contribution of BDG to IFI screening
has mainly been investigated for patients with
hematological malignancies. More recently,
studies have reported the contribution of the
BDG assay for detecting invasive candidiasis in
patients in surgical intensive care units (Mohr
et al. 2011; Ostrosky-Zeichner et al. 2011).

Karageorgopoulos et al. (2011) recently
presented a meta-analysis including 2979
patients (594 with proven or probable IFIs)
showing a pooled sensitivity of 76.8% and a
specificity of 85.3%. However, marked statisti-
cal heterogeneity was noted. BDG has good
diagnostic accuracy for distinguishing proven
or probable IFIs from no IFIs and can be useful
in clinical practice, if implemented in the
proper setting and interpreted after consider-
ation of its limitations. In addition, the detec-
tion of BDG precedes the appearance of
symptoms, radiologic signs, and the empirical
antifungal treatment in some patients (Peman
and Zaragoza 2012).

5. Culturing Techniques

Culture remains one of the key methods for
diagnosing fungal infection. Though often
slow, sometimes insensitive, and sometimes
confusing with respect to contamination, cul-
ture may yield the specific etiological agent and

may allow susceptibility testing to be per-
formed. Proper collection and transportation
of the specimen is essential. In particular, ster-
ile materials are important for diagnosis of IFI.

Blood cultures (BC) are the first-line test
and currently considered the “gold standard”
in the event of any suspected case of systemic
mycosis (Ostrosky-Zeichner 2012). Several
commercial blood culture systems are available.

Lysis centrifugation has been considered the “gold
standard” for recovering pathogenic yeasts, as well as
thermally dimorphic fungi from blood (Willinger
2006). In particular, dimorphic molds can be most
reliably and rapidly recovered in the lysis centrifuga-
tion system. Lysis centrifugation involves incorpora-
tion of a tube containing an anticoagulant and a lytic
agent and exploits the possibility that white blood cell
lysis releases viable fungal cells. However, it is time
consuming and prone to contamination (Berenguer
et al. 1993). When older BC systems are used as com-
parators, lysis centrifugation procedures show higher
efficacy, whereas current automated systems have
improved the sensitivity of blood cultures for detecting
microorganisms (Cuenca-Estrella et al. 2012). In com-
parison to current automated blood culture systems, in
recent studies lysis centrifugation does not appear
more sensitive for the majority of invasive fungi
(Morrell et al. 1996; Arendrup et al. 2010).

Of the automated systems, there are two
that are widely used: the Bactec System
(BD Diagnostic System, Sparks, MD) and the
BacT/Alert System (bioMérieux, Marcy l’Etoile,
France). Studies have documented that these
systems match the performance of lysis centri-
fugation methods for the detection of yeast. The
Bactec system proposes a specifically formu-
lated medium for the isolation of fungi, called
Mycosis IC/F medium. This medium is a brain–
heart broth enriched with sucrose, chloram-
phenicol, and tobramycin to inhibit bacterial
growth, and a lysis agent, saponin. The incuba-
tion period recommended by the manufac-
turers for Bactec Mycosis IC/F and BacT/Alert
FA vials is 14 and 5 days, respectively. In vari-
ous studies, the vast majority of the Candida
species were detected in 5 days (Meyer et al.
2004; Ericson et al. 2012). The main reason for
14 days of incubation for Bactec Mycosis IC/F
vials is to detect the growth of filamentous
fungi, which may take longer.
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In 2012, recommendations concerning diag-
nostic procedures for detection of Candida dis-
eases were published by the ESCMID Fungal
Infection Study Group (Cuenca-Estrella et al.
2012). Concerning candidemia, the number of
BC recommended in a single session is 3 (2–4),
with a total volume varying according to the age
of the patient: 40–60 ml for adults, 2–4 ml for
children under 2 kg, 6 ml between 2 and 12 kg,
and 20 ml between 12 and 36 kg. The timing for
obtaining the BC is one right after the other from
different sites, and venipuncture remains the
technique of choice. A BC set comprises 60 ml
blood for adults obtained in a single session
within a 30-min period and divided into 10-ml
aliquots among three aerobic and three anaero-
bic bottles. The frequency recommended is daily
when candidemia is suspected, and the incuba-
tion period must be at least 5 days.

When these recommendations have been
followed, the sensitivity of BC to detect Can-
dida is 50–75% although lower sensitivity rates
in neutropenic patients and those undergoing
antifungal treatment have been reported
(Arendrup et al. 2008, 2011). It should be
noted that fungal pathology in direct Gram
stain from positive BC flasks can provide a
reasonably reliable basis for discrimination
between C. albicans and non-albicans species
(Harrington et al. 2007).

Despite the advances in blood culture technology, the
recovery of fungi from blood remains an insensitive
marker for IFI. Filamentous fungi will be detected to a
much lesser extent than yeasts. For IA, BCs represent a
limited diagnostic tool because Aspergillus fungaemia
is rarely encountered, even in the setting of dis-
seminated disease (Duthie and Denning 1995; Denning
1998; Girmenia et al. 2001). Mainly, A. terreus has been
described as being detected by blood cultures, other
Aspergillus species very rarely. However, recently it
has been described (Rosa et al. 2011) that BACTEC
automated systems may allow detection of A. fumiga-
tus, A. flavus, and A. terreus. In this study, BACTEC
Plus Aerobic/F vials seemed to be advantageous for
Aspergillus detection in blood samples collected from
patients under antifungal treatment.

Culture is highly sensitive (98%) in patients
with Cryptococcus meningitis (Denning et al.
2003). However, in central nervous system
aspergillosis or candidiasis, cerebrospinal fluid

(CSF) cultures are less sensitive (Arendrup
et al. 2012). For Candida meningitis, 80% of
CSF cultures have been described as positive
(Sanchez-Portocarrero et al. 2000). All yeasts
and molds obtained from sterile sites, including
blood and continuous ambulatory peritoneal
dialysis (CAPD) fluids, and intravenous-line
tips should be identified to species level. This
is also valid for bronchoscopically gained speci-
mens. Treatment of clinically obvious or
severe cases should not be delayed for culture
results, although treatment may need to be
altered according to the species. The presence
or absence of fungal elements on microscopy is
not always predictive of positive culture results,
and if a clinician is faced with unexpectedly
negative results, investigations should be
repeated while alternative diagnoses are con-
sidered (Moriarty et al. 2012).

However, the interpretation of results
obtained from a culture of the respiratory
tract specimens is difficult because of the pos-
sible transient colonization by yeasts, on the
one hand, and the ubiquitous nature of air-
borne conidia and the risk of accidental con-
tamination with molds, on the other hand.
It has been observed that the cultivation of
Aspergillus spp. from normally sterile sites
and the presence of Aspergillus in respiratory
samples from immunocompromised children
at risk of IA are highly indicative of infection
(Muller et al. 2002). Detection of Aspergillus
species in BAL fluid is highly suspicious for
invasive disease in febrile granulocytopenic
patients with new pulmonal infiltrates.
However, the absence of hyphal elements or a
negative culture does not exclude the diagnosis.

6. Identification of Cultured Fungi

Yeasts are identified by their assimilation pat-
tern and their microscopic morphology, and
molds by their macroscopic and microscopic
morphology. Due to the slow growth of some
species/isolates this can take days to weeks.
As for Candida spp., the use of chromogenic
media and test kits allows rapid identification
and can accelerate the otherwise slow identifi-
cation of yeasts. Identification of the most com-
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mon yeasts can be performed immediately
when visible growth is observed (Fig. 13.7).
Chromagar Candida (Becton Dickinson,
Franklin Lakes, NJ, USA) and Candida ID
Agar (bioMérieux, Marcy l’Etoile, France)
have been shown to allow easier differentiation
of Candida species in mixed yeast populations
than the traditional Sabouraud Glucose agar.
Moreover, more rapid identification of Candida
species can be achieved on these media than
with conventional test kits. These media reduce
the need for subculture and further biochemical
tests and considerably simplify and shorten
the identification procedure, mainly for C. albi-
cans, C. tropicalis, and C. krusei (Willinger
and Manafi 1999; Fricker-Hidalgo et al. 2001;
Willinger et al. 2001). However, C. glabrata the
second most common Candida species cannot
be identified reliably on chromogenic media.

Identifying filamentous fungi can be much
more cumbersome. Generally, macroscopic
and microscopic morphology is the key to iden-
tification (de Hoog et al. 2009). Macroscopic
examination of the colonies can reveal impor-
tant characteristics concerning color, texture,
exudates, pigments, specific structures, growth
rate and growth zones, and aerial (the hyphae
projecting above the medium surface) and
submerged or vegetative mycelium (the portion
that penetrates the medium in order to secure
the colony and absorb nutrients). The color of
the reverse of the colony must be recorded
along with any pigment that diffuses into the
medium. In addition, microscopic elements
have to be evaluated for identification. The
production of characteristic conidia and
hyphae enables the identification of a large
number of molds, at least to the genus level
(Vyzantiadis et al. 2012). Standard references
including identification algorithms are avail-
able (de Hoog et al. 2009) but, despite this,
morphology-based identification of molds
requires a high degree of experience.

Commercially available biochemical test
systems identify most of the commonly isolated
species of yeast accurately but may result in
no identification or misidentification of more
unusual isolates (Freydiere et al. 2001).
Furthermore, samples for these tests must be
incubated for 1–3 days before results are

obtained. Identification of molds may also be
cumbersome and tedious because it is mainly
based on morphology. As an alternative to the
conventional identification schemes, proteomic
profiling by mass spectral analysis was recently
evaluated for use in species differentiation of a
variety of microorganisms. Matrix-assisted laser
desorption ionization–time-of-flight mass spec-
trometry (MALDI-TOF) is emerging as a rapid
and accurate tool for identifying pathogens, not
only for bacteria but also for molds and yeast
species. This technology generates characteristic
mass spectral fingerprints that are unique signa-
tures for each microorganism and are thus ideal
for an accurate microbial identification at the
genus and species levels and have the potential
to be used for strain typing and identification
(Stevenson et al. 2010; Croxatto et al. 2012).
Furthermore, molecular tools can aid in the
identification of cultured fungi (see below)

Fig. 13.7. Pigmentation of various Candida species on
ChromagarCandida1 : (a) C. albicans and (b) C. para-
psilosis)
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7. Mass-Spectrometry-Based Identification
of Fungal Pathogens

This technique probably presents the major
paradigm change of the past decades in the
way in which species are determined in micro-
biology because it allows the identification of
microorganisms within a few minutes. Cur-
rently, there are four commercial systems avail-
able: the MALDI Biotyper (Bruker Daltonics,
Bremen, Germany), the AXIMA@SARAMIS
database (AnagnosTec, Potsdam, Germany
and Shimadzu, Duisburg, Germany), and the
Andromas (Andromas, Paris, France) and
VITEK MS systems (bioMérieux, Marcy
l’Etoile, France). Among fungi, ascomycetous
and basidiomycetous yeasts including Candida,
Pichia, and Cryptococcus genera are most easily
processed and analyzed (Bader 2013).

Recent studies showed that far more than 90% of clini-
cal Candida isolates from different species could be
correctly identified by MALDI-TOF MS (Marklein
et al. 2009; van Veen et al. 2010). Furthermore, closely
related yeast species that cannot be discriminated with
common biochemical methods, such as Candida
ortho-/meta-/parapsilosis, Candida glabrata/bracaren-
sis/nivariensis, Candida albicans/dubliniensis, Candida
haemulonii group I and II complexes, or the phenotyp-
ically similar species Candida palmioleophila, Candida
famata, and Candida guilliermondii, can be resolved
without difficulty by MALDI-TOF MS (Bader 2013).

This technique has also been applied
directly on positive blood cultures without the
need for prior culturing and has thus reducing
the time required for microbiological diagnosis.
The reliability of this technique has not only
been evaluated for bacteria but also for yeasts
directly from blood culture bottles. Spanu et al.
(2012) demonstrated that the identification
results were concordant with those of the con-
ventional culture-based method for 95.9% of
Candida albicans and 86.5% of non-albicans
Candida species. Results were available in
30 min, suggesting that this approach is a reli-
able, time-saving tool for routine identification
of Candida species causing bloodstream
infection.

Far less data are available for the differenti-
ation of molds like Aspergillus spp., Penicillium
spp., Fusarium spp., and dermatophytes
(Wieser et al. 2012). As MALDI-TOF MS iden-
tification can only be performed from cultured
fungi, the various growth forms of molds, such
as mycelium and conidia, complicate the anal-
ysis due to differences in protein composition.
Also, in strongly pigmented isolates such as
those from Fusarium spp. or A. niger, the
conidial melanin pigment inhibits the ioniza-
tion of the analyte (Dong et al. 2009; Buskirk
et al. 2011). This can be overcome by growth in
liquid cultures suppressing pigment formation
or by pre-analytical washing steps. However,
adjustments and optimizations are needed to
enhance the performance of MALDI-TOF
MS-based identification systems for routine
diagnostics of molds (Bader 2013).

MALDI-TOF MS also has the potential to be a useful
and rapid identification method for dermatophytes.
The identification of dermatophytes is currently based
on morphological criteria, is time consuming, and is
hindered by intraspecies morphological variability and
the atypical morphology of some clinical isolates.
A more rapid method seems to be important for
improving and shortening the period of identification.
In recent studies using different systems, a high level of
identification was obtained for the most important
clinical fungal dermatophytes species, Trichophyton
rubrum, T. interdigitale, T. tonsurans, and Arthroderma
benhamiae, thus demonstrating that MALDI-TOF
MS might also represent a fast and very specific
method for species identification of dermatophytes
(Erhard et al. 2008; de Respinis et al. 2012; Nenoff et al.
2013).

C. Antifungal Susceptibility Testing

In vitro antifungal susceptibility testing (AST)
is often used to select agents with likely activity
for a given infection, but perhaps its most
important use is in identifying agents that will
not work, i.e., to detect resistance. Currently,
there are two independent standards for broth
microdilution (BMD) susceptibility testing of
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Candida and filamentous fungi: the Clinical
and Laboratory Standards Institute (CLSI)
methods and the European Committee on Anti-
microbial Susceptibility Testing (EUCAST)
methods (Lass-Flörl et al. 2010; Pfaller 2012).
Both of these methods use BMD, although there
are some differences in inoculum size and min-
imum inhibitory concentration (MIC) endpoint
determination, results obtained when testing
azoles and echinocandins against Candida and
azoles against Aspergillus species are in close
agreement (Pfaller et al. 2011).

Data gathered by these standardized tests
are useful (in conjunction with other forms of
data) for calculating clinical breakpoints and
epidemiologic cut-off values (ECOFFs). Clinical
breakpoints should be selected to optimize
detection of non-wild-type strains of pathogens
and should be species-specific and not divide
wild-type distributions of important target spe-
cies. ECOFFs are the most sensitive means of
identifying strains with acquired resistance
mechanisms (Pfaller 2012). The wild-type dis-
tribution for a species is defined as the distri-
bution of the MIC for isolates that exhibit no
acquired or mutational resistance to the drug in
question. This also means that a non-wild-type
isolate possesses an acquired or mutational
resistance mechanism. The upper limit of the
wild-type population is defined as the ECOFF.
Breakpoints should never divide the wild-type
population, as this will lead to a random sus-
ceptibility classification (Rodriguez-Tudela
et al. 2010). Both reference test methods offer
breakpoints and interpretative data for
Candida spp. and Aspergillus. The CLSI break-
points for fluconazole, voriconazole, and the
echinocandins have recently been revised for
Candida species (Pfaller and Diekema 2012).
Although the CLSI documents only provide
guidelines for Candida spp., some investigators
have applied the CLSI breakpoints to Crypto-
coccus spp. and correlations have been demon-
strated between higher MICs and treatment
failures (Jenkins and Schuetz 2012). For Asper-
gillus species, breakpoints do not yet exist, but
susceptibility results can be interpreted as wild
type or higher than wild type using ECOFFs
(Arendrup et al. 2012).

Because the BMD testing method is difficult
to perform in daily practice in clinical microbi-
ology laboratories, other testing approaches
have been investigated. Disk diffusion antifun-
gal susceptibility testing is a simple and cost-
effective method for both yeasts and molds
(Fig. 13.8). The CLSI has developed agar-
based, disk diffusion testing for yeasts (CLSI
2004, 2009) and molds (CLSI 2010a, b). Disk
diffusion testing has been standardized for
fluconazole and voriconazole, as well as for
echinocandins versus Candida species. Also,
interpretative breakpoints have been provided
for azoles, caspofungin, and micafungin.

There are also commercially available test kits for MIC
determination that exhibit potential advantages in
terms of ease of use, flexibility, standardization, and
rapidity of results. Etest (bioMérieux, Marcy l’ Etoile,
France) is very often used and directly quantifies anti-
fungal susceptibility in terms of discrete MIC values
(Fig. 13.9). RPMI-based agars are recommended for
use (Pfaller et al. 2000). Also, it is recommended that
Mueller-Hinton agar is supplemented with 2% glucose
and 0.5 mg/ml methylene blue, which appears to
enhance the formation of inhibition ellipses with clear
edges and less growth within the ellipse (Pfaller et al.
2004). The method is reliable and reproducible, is suit-
able for yeast and molds, and has been shown to corre-
late well with the CLSI methodology (Szekely et al.
1999). A clear benefit of utilizing Etest is in assessing
the susceptibility to amphotericin B, as this method
gives much broader MIC ranges than BMD. Etest is
also highly suitable for determining the activity of
echinocandins against yeasts because it produces
easy-to-read, sharp zones of inhibition. However, for
echinocandins the so-called paradoxical effect has been

Fig. 13.8. Disk diffusion test (RPMI Agar)
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observed for Candida and Aspergillus in vitro. The
paradoxical effect refers to an attenuation of echino-
candin activity at higher concentrations despite an
inhibitory effect at lower drug levels. It appears to be
species-related and varies with the echinocandin. The
effect has been noted most often for caspofungin and is
not related to FKS1 mutations or upregulation of echi-
nocandin sensitivity of the glucan synthase complex in
the presence of drug. The clinical relevance of this
in vitro effect is uncertain (Wiederhold 2009; Chen
et al. 2011).Another test system is the VITEK 2, a fully
automated commercial system (bioMérieux, Marcy
l’Etoile, France) intended for antifungal susceptibility
testing of yeasts. The system reliably detects resistance
among Candida spp. and demonstrates excellent quan-
titative, qualitative, and categorical agreement with the
reference method in various studies (Pfaller et al. 2004,
2007; Posteraro et al. 2009). However, correct discrimi-
nation between fluconazole-susceptible and intermedi-
ate C. glabrata isolates is not possible because the
revised species-specific susceptibility breakpoint is
not included in the VITEK 2 detection range (MIC of
�0.250 to �4 mg/l). Astvad et al. (2013) demonstrated
that the VITEK 2 allowed correct categorization of all
wild-type isolates as susceptible for caspofungin.
However, despite an acceptable categorical agreement,
it failed to reliably classify isolates harboring fks hot
spot mutations as intermediate or resistant, which was
in part due to the fact that the detection range did not
span the susceptibility breakpoint for C. glabrata. Fur-
thermore, EUCAST breakpoints for Caspofungin have
not been established, thus the VITEK 2 cannot be used
with echinocandins as an alternative for the EUCAST
reference method. Sensititre YeastOne (Trek Diagnos-
tic Systems, Sun Prairie, WI, USA) is a colorimetric
antifungal susceptibility testing MIC plate that exhibits
high agreement with the CLSI BMD method
(Pfaller et al. 2008).

Susceptibility testing is indicated to provide
a basis for selection of appropriate antifungal
treatment in individual patient cases and for
epidemiological reasons in order to continu-
ously follow susceptibility patterns and thereby
detect any emergence of resistance at an early
stage. Recommendations for AST are displayed
in Table 13.4. However, for individual patient
care the isolate should be identified to species
level to predict the susceptibility pattern.
Important examples of fungi that have low sus-
ceptibility to antifungal agents include:
C. krusei, which is intrinsically resistant to flu-
conazole and less susceptible to amphotericin B
than other Candida spp.; Aspergillus spp., Sce-
dosporium apiospermum, Trichosporon spp.,
and Scopulariopsis spp., which are resistant to
amphotericin B; zygomycetes, which are resis-
tant to all licensed azoles; and C. glabrata,
which is frequently less susceptible to flucona-
zole than other Candida spp. For better illus-
tration, Table 13.5 shows the susceptibility
pattern of the most common Candida spp. In
cases where the susceptibility pattern cannot be
reliably predicted on the basis of species iden-
tification alone, antifungal susceptibility testing
should be performed (Arendrup et al. 2012).

VI. Molecular Tools in the Diagnosis
of Fungal Pathogens

Molecular species identification has become
increasingly important in medical mycology.
In the past, this method was mainly applied to
fungal isolates that did not form fruiting bodies
in culture or to rare isolates that could not be
identified by classical phenotype-based meth-
ods. However, there is a constantly increasing
demand for fast diagnosis in the clinical setting
and molecular tools allow rapid species (or at
least genus) identification from minute
amounts of culture without the need for pro-
longed subculture to induce fruiting body for-
mation. Only recently have these advantages
have been challenged by MS-based identifica-
tion (see above). Furthermore, molecular

Fig. 13.9. Candida albicans and Etest (fluconazole,
voriconazole), RPMI-medium
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species identification (as with MS-based species
identification) requires a far lesser expertise
of the personnel and – if reliable databases
are used for species identification – is likely to
generate more reliable results than phenotype-
based identification. Consequently, modern
medical mycology has incorporated molecular
tools for standard diagnostic procedures. It is
likely that these tools will continue to find their
niches in medical mycology even in view of the
growing applicability of MS-based species iden-
tification. The reason for this is that even with
new, as-yet unrecognized fungal pathogens that
are not available within identification data-
bases, molecular data can assign an unidenti-
fied pathogen to a group of fungi much better
than MS patterns.

A. Identification of Cultured Fungal Pathogens

Several technologies have been used in the past
for species identification of fungal pathogens.
These include restriction-fragment-length
polymorphism, random amplified polymorphic
DNA, and hybridization-based tools including
microarrays and others (Balajee et al. 2007).
However, with sequence-based tools having
become affordable and technically accessible
for many medical mycology laboratories, these
tools have certainly evolved to be of major
importance in the medical mycology labora-
tory. These techniques can also identify rare
species as long as the database is sufficiently
large and can suggest related species in the case
of novel fungal pathogens (Kurzai et al. 2003).

Table 13.5. General susceptibility patterns of Candida species

Candida spp. AmB Flucytosin FLU ITRA VOR POS EC

C. albicans S S S S S S S
C. tropicalis S S S S S S S
C. parapsilosis S S S S S S S to R
C. glabrata S to I S S-DD to R S-DD to R S-DD to R S-DD to R S
C. krusei S to I I to R R S-DD to R S S S
C. lusitaniae S to R S S S S S S

As described by Pappas et al. (2009) – modified

AmB amphotericin B, FLU fluconazole, ITRA itraconazole, VOR voriconazole, POS posaconazol, EC echinocandins, S susceptible,
SDD susceptible dose-dependent, I intermediate, R resistant

Table 13.4. Antifungal susceptibility testing: when and how to test

When to test?
Routine antifungal testing of fluconazole and an echinocandin against C. glabrata from deep sites
In invasive fungal infections
In invasive and mucosal infections failing therapy
For Candida species from sterile sites
For isolates considered clinically relevant particularly in patients exposed to antifungals

How to test?
Identify the isolate to species level
Perform routine susceptibility testing for fluconazole and, according to the local epidemiology, include other
azoles
No testing of isolates with a high rate of intrinsic resistance
C. lusitaniae and amphotericin
C. krusei and fluconazole, flucytosine
C. guilliermondii and echinocandins
A. terreus and amphotericin B

As described by Lass-Flörl et al. (2010), Arendrup et al. (2012), Pfaller and Diekema (2012) – modified

250 B. Willinger et al.



DNA extraction and PCR amplification from
cultured fungi are normally unproblematic
and several protocols for extraction of fungal
DNA have been described in the literature.
A simple protocol, which generally results in
sufficient amounts and quality of DNA, is
included in the Atlas of Clinical Fungi
(de Hoog et al. 2009). Some available protocols
have much lower yields, mostly due to subopti-
mal procedures for breaking the fungal cell wall
(e.g., protocols based on repeated freezing/
thawing), but due to sufficient amounts of
DNA in the culture material they can still be
useful for extracting fungal DNA. Conventional
PCR amplification with 25–35 cycles is suffi-
cient to amplify the target region for sequenc-
ing. Several target regions have been described
in older literature, including parts of the ribo-
somal gene clusters like the D1/D2 domain of
the large subunit (LSU). Sequencing of the LSU
in the British reference laboratory between
2004 and 2006 allowed an identification of all
clinical isolates that could not be identified by
conventional methods (Linton et al. 2007). The
most useful target regions for species identifi-
cation in general are the internal transcribed
spacer regions (ITS1/ITS2) (Guarro et al. 1999;
Balajee et al. 2007).

These regions are intercalated between the more con-
served sequences encoding for the ribosomal RNAs
(rRNAs), which can be used as a starting point for
PCR amplification using “universal” primers, and accu-
mulate mutations with higher frequency than the
“functional” rRNAs. The typical fungal ribosomal
gene cluster encodes for the 18S rRNA followed by the
first internal spacer (ITS1), the 5,8S rRNA, ITS2, and
the 28S rRNA gene, which is similar to the arrange-
ments found in other eukaryotic cells (Iwen et al. 2002).

It has been shown that ITS sequencing is
regularly sufficient to identify unknown fungal
isolates (Rakeman et al. 2005). However, it must
be kept in mind that the variability of the ITS
regions may differ between fungal species. In
fact, ITS sequencing has been used for subspe-
cies strain typing in some species (e.g., for
Pneumocystis jirovecii), whereas other species
have been found to have highly conserved ITS
sequences (Iwen et al. 2002). Disadvantages of
ribosomal target sequences include a lack of

discriminative power in some clinical situa-
tions (e.g., discrimination of Aspergillus species
complexes) (Balajee and Marr 2006) or the
presence of heterologous copies in some genera
(e.g., some Fusarium spp.) that may interfere
with amplification and/or sequencing
(O’Donnell and Cigelnik 1997). In these cases,
other target sequences like elongation factor 1
(EF-1), the RNA-polymerase subunit RPB2,
rodlet protein RodA, or b-tubulin can be useful
(O’Donnell et al. 1998; Balajee et al. 2007). It has
been stated that the success of a sequencing
strategy in a clinical microbiology laboratory
lies in: (i) the choice of locus, (ii) the amenabil-
ity of the region to PCR amplification and
sequencing, (iii) the reliability of interpretation
of the results, and (iv) the availability of a
sequence database for comparison (Balajee
et al. 2007). The last step of sequence-based
species identification relies on sequence com-
parisons using BLAST tools (most commonly
BLAST for comparison of nucleotide
sequences) and is strongly dependent on the
quality of the database. In most cases,
GenBank, a non-curated open-source database
is used for initial BLAST analysis. Several stud-
ies have clearly demonstrated, that GenBank
includes wrong and wrongly assigned
sequences, low quality sequences, and other
traps that may interfere with a correct species
identification (de Hoog and Horre 2002;
Nilsson et al. 2006).

The study by Nilsson et al. (2006) suggested that many
entries are to some degree incorrect (20%!) and lack
reasonable and up-to-date annotation. This problem is
further aggravated by constant changes in fungal tax-
onomy, which are normally not reflected by the data-
base, and the fungal specificity of several names
reflecting an identical organism (names for teleo-
morph, anamorph, and synanamorph). Because
sequences deposited in GenBank cannot easily be cor-
rected – it requires action by the initial depositor –
erroneous database entries do accumulate over time.

Thus, although GenBank is undoubtedly a
highly important tool, a rigorous evaluation of
all molecular species identification results is
mandatory and a reference laboratory should
always be involved in cases of remaining doubt.
Evaluation can be achieved by selectively

Diagnostics of Fungal Infections 251



looking for homology with type strain-derived
sequences from known sources and/or authors.
In addition, the presence of a number of
homologous sequences from the same species
but from different sources is usually an encour-
aging sign. Finally, all molecular results should
be carefully evaluated together with the mor-
phological characteristics of the respective iso-
late and current taxonomic resources. In fact,
other web-based repositories can be used for
this purpose, including for example the home-
page of the Centraalbureau voor Schimmelcul-
tures (CBS), DoctorFungus, or MycoBank
(Crous et al. 2004; Robert et al. 2005). When
these limitations are kept in mind, species iden-
tification based on ITS sequencing is usually
reliable with homologies >98%, although
there is no clear cut-off for unequivocal species
identification (Nilsson et al. 2008). Some com-
mercial databases have become available but
are so far not used broadly (Balajee et al. 2007).

B. Molecular Tools for Diagnosing
Invasive Aspergillosis

Although a vast variety of PCR protocols for
detecting Aspergillus species in specimens now
exist, no standard protocol has been defined
and included in the internationally accepted
criteria for the diagnosis of IA (EORTC/MSG)
(Löffler and Kurzai 2011). Reasons for this are
the missing evaluation of the clinical usefulness
and the lack of standardization. Because Asper-
gillus spores are ubiquitously present, it is a
great challenge to avoid false-positive results
due to contamination, especially in respiratory
samples. Therefore, the focus has changed to
blood or serum samples with lower risk of con-
tamination. However, recently, the analysis of
respiratory samples has been reconsidered for
PCR diagnostics of IA.

In general, fungal DNA concentration in
blood or serum samples is very low. Therefore,
a sample volume of at least 3 ml needs to be
used for DNA isolation to gain a sufficient
amount of Aspergillus DNA for PCR analysis,
as recommended by the European Aspergillus
PCR Initiative (EAPCRI). Due to its inhibitory
effect on DNA-degrading enzymes, EDTA

should be the anticoagulant of choice. Also,
EDTA does not interfere with PCR as other
anticoagulants may do. Choosing the right
DNA isolation protocol has great impact on
the diagnostic quality of Aspergillus PCR
(White et al. 2010; White et al. 2011). Critical
steps in DNA isolation that influence the effi-
cacy of DNA extraction are the lysis of erythro-
cytes and leucocytes, fungal cell wall
disruption, and the elution volume. Omitting
lysis of either blood cells or fungal cell wall is
associated with a decreased analytic sensitivity.
As recommended by EAPCRI, fungal cell wall
disruption following blood cell lysis should not
be performed with protocols based on enzy-
matic digestion because they are time consum-
ing, costly, and bear the risk of fungal DNA-
contaminated enzyme preparations. For
subsequent DNA purification and DNA extrac-
tion, commercially available kits can be used
(Loeffler et al. 2002). Controls are essential to
detect possible fungal DNA contamination of
buffers, which has been reported (Loeffler et al.
1999). The optimum elution volume is 60 ml.
Neither an increase above 100 ml nor an arbi-
trary reduction of the elution volume is useful
because they lead to a significant decrease in
detection rate and in DNA concentration,
respectively (White et al. 2010).

The impact of fungal DNA amplification on the diag-
nostic quality is not as high as the previously described
DNA extraction. To ensure enhanced sensitivity of the
PCR, a target sequence with multiple genomic copies,
high cycle numbers, and amplification with real-time
PCR should be preferred. The target sequences most
commonly used are within the ribosomal gene clusters
5,8S rRNA, 18S rRNA, and 26 rRNA, with the internal
spacers ITS-1 and ITS-2 in between, as mentioned ear-
lier. The genome of A. fumigatus contains 38–91 copies
of this gene cluster, although this may vary strongly
between different strains (Herrera et al. 2009). Mito-
chondrial DNA sequences also exist in high copy
numbers and can also be used (Costa et al. 2002).
Combining both target sequences could gain additional
sensitivity (Millon et al. 2011).

Several commercial assay are available.
MycAssayTM Aspergillus from Myconostica
(Manchester, UK) detects Aspergillus DNA
from lower respiratory tract specimens
and serum by real-time PCR. An appropriate
fungal DNA extraction and purification kit
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(MycXtra1) is offered as well. Another diag-
nostic assay based on real-time PCR analysis is
the SeptiFast kit offered by Roche Diagnostics
(Mannheim, Germany). Although originally
designed for sepsis diagnostics, it was the first
PCR system on the market to detect A. fumiga-
tus (Steinmann et al. 2009). SeptiFast not only
detects A. fumigatus, but also five different
Candida species. It appears that, for Candida
spp. and A. fumigatus, the SeptiFast methodol-
ogy is more sensitive than conventional BC
(Westh et al. 2009). ViraCor-IBT Laboratories
(Lee’s Summit, MO, USA) provides a laboratory
service for detection of Aspergillus spp. that is
also based on real-time PCR. Molzym (Bremen,
Germany) offers a variety of kits depending on
the type of specimen (e.g., SepsiTest for whole
blood samples) to detect more than 345 differ-
ent pathogens including C. albicans, C. tropica-
lis, C. parapsilosis, C. krusei, C. glabrata,
Cryptococcus neoformans, and A. fumigatus by
DNA sequencing. In the case of SepsiTest,
broad range primers hybridize within con-
served sequences on rRNA genes. SIRS Lab
(Jena, Germany) created the DNA detection
system VYOO that allows multiplex PCR and
detection of 34 bacteria and 7 fungal pathogens
(C. albicans, C. dubliniensis, C. tropicalis,
C. parapsilosis, C. krusei, C. glabrata, and
A. fumigatus) as well as 5 antibiotic resistance
genes in one step by hybridization of microbial
DNA onto microarrays. Prior to DNA detec-
tion, pathogen DNA is selectively purified
using a novel protocol designed by SIRS LAB
(Bruns et al. 2009; Sachse et al. 2009). Pathogen
DNA can be enriched by affinity chromatogra-
phy due to selective binding of a specific pro-
tein to non-methylated CpG dinucleotide
motifs mainly found in microbes. However,
this method is not feasible for samples from
neutropenic patients (Springer et al. 2011).

C. Other Molecular Tools for Diagnosing
Fungal Infection from Clinical Specimens

A vast variety of PCR protocols ranging from
specific protocols for selected pathogens to
pan-fungal PCRs have been described in the

literature and we have restricted ourselves
here to describing protocols for diagnosis of
IA because these are clearly the best-evaluated
molecular tools in medical mycology. However,
with the changing epidemiology of fungal infec-
tions and the constant emergence of rare patho-
gens, new studies on molecular tools for aiding
diagnosis of invasive mycoses are certainly
warranted. The example of Aspergillus PCR
can serve as a role-model and will most likely
open the way to standardization and defined
quality control, which are urgently required
for diagnostic tools in the twenty-first century.
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I. Definition of Antifungal
Treatment Strategies

In the care of patients at risk for invasive asper-
gillosis (IA), candidiasis (IC), or other invasive
fungal diseases (IFD), clinicians may consider
different treatment strategies. The choice for or
against a particular strategy should take risk for
development of IFD, timing of treatment initia-
tion, and diagnostic aspects into account. Four
terms are commonly used in the literature to
facilitate classification and communication on
the subject: prophylactic, empiric, pre-emptive,
and targeted treatment (Fig. 14.1). In the pro-
phylactic treatment situation, an antifungal
agent is administered to patients at risk for

IFD, but in the absence of any attributable
signs and symptoms. Depending on the local
incidence of IFD, this may require treatment of
a considerable number of patients who may
never develop IFD. Empiric treatment is com-
monly defined as antifungal treatment in
patients at risk of IFD and with established
clinical signs and symptoms. In clinical prac-
tice, persistent fever under broad-spectrum
antibiotics is the most common trigger for ini-
tiation of empiric antifungal treatment, partic-
ularly in the neutropenic patient. If results of a
diagnostic workup (e.g., chest CT scans, blood
cultures, or galactomannan testing) have
yielded results suspicious of IFD, the treatment
situation is commonly termed pre-emptive.
A targeted treatment strategy may be applied
if diagnostic criteria allow for definite pathogen
identification, i.e. culture from a physiologi-
cally sterile site or histopathological evidence
of IFD.

In clinical practice, these situations may
often overlap, making an exact classification
difficult. However, the implied categorization
of the probability of IFD can be of considerable
help in the evaluation and choice of antifungal
treatment for particular patients and entire
patient populations.

II. Prophylaxis

IFD have a profoundly negative impact on
patient survival (Gudlaugsson et al. 2003). If
treatment is delayed, mortality increases even
further (Morrell et al. 2005; Garey et al. 2006).
This is a severe clinical problem in the context
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of unreliable diagnostic tools, such that the
concept of prophylaxis becomes attractive.

Prophylactic strategies follow the a priori
risk assessment of a patient, or – more likely – a
patient group because prophylaxis should be an
institutional policy rather than a case-by-case
decision.

Classical immunosuppressed patient
groups, i.e., long-lasting neutropenia and allo-
geneic hematopoietic stem cell transplant
(HSCT) recipients, need a different approach
to patients in intensive care or undergoing
abdominal surgery.

A. Neutropenia and Hematopoietic Stem
Cell Transplantation

Neutropenic patients and hematopoietic stem
cell recipients have been treated prophylacti-
cally in about 100 clinical trials (Cornely et al.
2003). Some of these trials showed convincing
benefits. In the mid-1990s, fluconazole was
shown to improve survival in stem cell trans-
plantation (Slavin et al. 1995; Marr et al. 2000).
It almost instantly became standard in
many transplant protocols, although lacking
activity against filamentous fungi, specifically
aspergillosis. The logical next step were rando-
mized comparisons of fluconazole versus

itraconazole. In stem cell transplantation,
itraconazole improved protection from asper-
gillosis, but did not lead to a further increase in
survival rates. Approximately one third of the
patients receiving itraconazole had gastrointes-
tinal adverse effects and were finally unable to
tolerate this prophylaxis (Marr et al. 2004b).
Micafungin proved to be as effective as flucon-
azole in the hematopoietic transplant setting
(van Burik et al. 2004). Posaconazole was eval-
uated in a randomized clinical trial in patients
immunosuppressed for graft-versus-host dis-
ease. Numerically more fungal infections were
diagnosed in patients receiving the comparator
drug fluconazole, although this difference did
not reach statistical significance (Ullmann et al.
2007). In neutropenic patients undergoing che-
motherapy for remission induction in acute
myelogenous leukemia, posaconazole reduced
the incidence rate of invasive fungal infection
to a mere 2 %, whereas the comparators flucon-
azole and itraconazole resulted in a rate of 8 %.
This difference had a profound impact on
100-day survival (Cornely et al. 2007b). The
patient numbers needed to treat to prevent a
fungal infection and to prevent a death until
day 100 were 16 and 14, respectively, which
has been considered low (Cornely and Ullmann
2008). Posaconazole became the standard
approach for the above populations.

Pre-emptive:
laboratory tests or radiographic signs 
conclusive of IFI, no definitive 
histopathological or cultural proof

Prophylactic:
no attributable signs and symptoms

Empiric:
clinical signs and symptoms of 
infection, no pathogen identified

Targeted:
definitive histopathological of cultural
proof of pathogen and invasiveness
of disease

Fig. 14.1. Antifungal treatment strategies for patients at high risk for fungal infection [Taken from Ruping
et al. (2008)]
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Other trials compared voriconazole and fluconazole,
and voriconazole and itraconazole. Although no
benefit of voriconazole over these comparators was
demonstrated, voriconazole was non-inferior and bet-
ter tolerable than itraconazole (Wingard et al. 2010;
Marks et al. 2011). Table 14.1 summarizes our recom-
mendations on the use of antifungal prophylaxis in the
neutropenic and/or transplanted patient.

B. Intensive Care

In contrast to the patient populations menti-
oned above, the number of clinical trials in inten-
sive care unit (ICU) populations is very limited.
One likely reason is the heterogeneity of patient
groups. Today, the patients groups appropriate
for prophylaxis have not been defined.

Many trials have aimed to identify risk
factors that might enable physicians to predict
occurrence of IC; however, none of these risk
scores has made its way into clinical practice,
so far (Michalopoulos et al. 2003; Ostrosky-
Zeichner et al. 2007; Dupont et al. 2003; Shorr
et al. 2009; Paphitou et al. 2005). The most
promising approach evaluated fluconazole in a
placebo-controlled clinical trial in a population
of patients who had undergone recent abdomi-
nal surgery and who had recurrent gastrointes-
tinal perforations or anastomotic leakages.
Intraabdominal candidiasis occurred signifi-
cantly less often with fluconazole prophylaxis
(Eggimann et al. 1999). The study was well
designed, and the population was successfully
predicted to be at high risk. However, the study
was too small to warrant a strong recommen-
dation (Cornely et al. 2012). A larger trial
evaluated the comparison in a population of
surgical patients with an expected ICU stay of
�3 days. Time to fungal infection was signifi-
cantly longer under fluconazole prophylaxis
(Pelz et al. 2001). From today’s perspective,
the study used outdated definitions of invasive
fungal infection and was conducted in a setting
of unusually high Candida infection incidence
rates. This might have prevented the study from
leading to widespread use of fluconazole in this
indication (Pelz et al. 2001).

Meta-analyses found fluconazole at
400 mg/day to be superior to placebo in pre-
venting invasive fungal infection in critically

ill surgical patients, but could not identify a
patient population appropriate for prophy-
laxis (Cruciani et al. 2005; Shorr et al. 2005;
Playford et al. 2006a, b; Vardakas et al. 2006).

In contrast to trials in the hematological
settings above, none of the clinical trials in
ICU settings have led to reduced mortality.

III. Empiric Treatment

Most studies on empiric antifungal treatment
have been performed in the setting of persistent
febrile neutropenia. In this setting, amphoter-
icin B deoxycholate (D-AmB) used to be
considered the gold standard until it was
challenged by three major randomized trials.
All three trials used similar composite end-
points, including survival, defervescence dur-
ing neutropenia, successful treatment of
baseline IFD, prevention of breakthrough infec-
tions, and absence of early discontinuation due
to side effects.

Initially, D-AmB and liposomal amphoter-
icin B (L-AmB) were compared in a rando-
mized, double blind, multicenter study. There
was no difference in treatment success and sur-
vival rates between groups, but breakthrough
infections and nephrotoxicity were observed
less often in the L-AmB group. Thereafter,
L-AmB was established as the new standard
treatment in the setting of persistent febrile
neutropenia (Walsh et al. 1999).

Voriconazole was compared to this new
gold standard in a subsequent open-label, ran-
domized, multicenter trial. Although break-
through IFD and nephrotoxic events were
significantly lower in the voriconazole arm,
non-inferiority criteria for voriconazole were
not met. In addition, voriconazole was asso-
ciated with more episodes of transient visual
changes and hallucinations (Walsh et al.
2002). Voriconazole was thus not established
as an antifungal of choice in the empiric setting.

Finally, caspofungin and L-AmB were com-
pared in a double-blind, multinational non-
inferiority trial including 1,095 patients with
hematological cancer. Overall success rates
were similar in both treatment groups, and
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caspofungin fulfilled statistical criteria for non-
inferiority. Furthermore, fewer premature treat-
ment discontinuations due to adverse events
were recorded in the caspofungin group
(Abzug and Walsh 2004).

Table 14.1 summarizes the outcome of
these trials with respect to current empiric
treatment recommendations.

The current basis of evidence does not
favor empiric antifungal therapy in non-
neutropenic ICU patients with blood cultures
negative for Candida spp. (Zilberberg et al.
2010). Some authors would classify patients
with blood cultures positive for Candida spp.,
but pending information on species and
susceptibility, as potential recipients of empiric
treatment (Cruciani and Serpelloni 2008). How-
ever, we prefer to discuss these patients in the
context of targeted treatment.

IV. Targeted and Pre-emptive
Treatment

A. Invasive Aspergillosis

Three major groups are at high risk for
contracting IA: patients with hematologic
cancer, recipients of solid organ or stem cell
transplants, and a heterogeneous group of
otherwise immunosuppressed patients, e.g. by
long-term corticosteroid administration,
acquired immunodeficiency syndrome without
antiretroviral therapy, chronic obstructive
pulmonary disease (COPD), or liver failure. In
patients outside these risk groups, occurrence
of IA is unlikely and suggestive clinical signs
and symptoms should be scrutinized to avoid
initiation of unwarranted antifungal treatment.
Even in patients at risk, a suspected diagnosis
of IA should be consolidated by a thorough
diagnostic workup. Nevertheless, many
patients remain without proof of IFD such
that treatment is initiated in a pre-emptive as
opposed to a targeted treatment setting. This is
also reflected in the design of clinical studies
assessing the treatment of IA. Usually, they
allow for the inclusion of patients in both pre-
emptive and targeted settings. In this section,
relevant results from these studies will be pre-
sented and discussed.

A milestone randomized, open-label clini-
cal trial focused on immunocompromised
patients undergoing allogeneic HSCT, autolo-
gous HSCT, or chemotherapy for acute leuke-
mia. As a minimum diagnostic requirement
for inclusion into the study and randomization
to intravenous treatment with voriconazole
or amphotericin B deoxycholate (D-AmB),
patients needed to present with an infiltration
considered typical of IA (halo or air-crescent
sign). Presentation of further microbiological
proof of IFD was encouraged, but not compul-
sory. Based on these criteria, 144 patients in the
voriconazole arm and 133 patients in the
D-AmB arm were included into the final effi-
cacy analysis. Treatment success had been
defined as complete or partial clinical and
radiological response and was observed in
53 % and 32 % of patients in the voriconazole
and D-AmB groups, respectively. At week 12,
survival rates of 71 % and 58 %, respectively,
were reported. Based on these findings,
the primary endpoint, defined as the non-
inferiority of voriconazole as compared with
D-AmB at week 12, could be fulfilled. Further-
more, significantly fewer severe drug-related
adverse events were observed in the voricona-
zole arm. This trial established voriconazole as
the treatment of choice for IFD in the pre-
emptive and targeted treatment setting
(Herbrecht et al. 2002).

A consecutive multinational, double-blind
trial compared the clinical efficacy of liposomal
amphotericin B (L-AmB) 3 mg/kg qd iv (once
daily, intravenously) or 10 mg/kg qd iv for 14
days, followed by 3 mg/kg qd iv. Concerning
patient eligibility, the same risk factors and
diagnostic criteria as in the previously
described trial were applied. However, for
patients with radiological criteria, only, confir-
matory microbiology or pathology results
needed to be obtained within 4 days of random-
ization (“up-grading”) to allow for continua-
tion of study treatment. The primary endpoint
was defined as favorable outcome, i.e. complete
or partial response at the end of study treat-
ment. Secondary endpoints included survival
up to 12 weeks and the safety profiles of the
treatment regimens.

Favorable response rates of 50 % and 46 %
were reported from the 3 and 10 mg/kg group,
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respectively, revealing no significant difference.
However, significantly higher rates of nephro-
toxicity and hypokalemia were observed in the
high-dose L-AmB group (Cornely et al. 2007a).

Based on these findings, L-AmB at a dosage
of 3 mg/kg qd is commonly recommended as an
alternative to voriconazole in the setting of
targeted or pre-emptive treatment. Although
preference in patients without prior azole ther-
apy and lack of contraindications may be given
to voriconazole as first-line treatment, L-AmB
may be preferred in patients with prior azole
exposition, e.g. those receiving posaconazole
prophylaxis.

For both studies, analyses of outcome by
presence of diagnostic criteria (radiology,
microbiology, and pathology) revealed superior
response rates for patients included into the
studies on the basis of a halo or air-crescent
sign, only (Cornely et al. 2007a; Herbrecht et al.
2002; Greene et al. 2007). In these patients,
therapy of IA was probably initiated earlier
than in patients who had undergone a thorough
workup and presented with further diagnostic
criteria at randomization. These findings
underline the necessity of early treatment initi-
ation. However, this interpretation should not
discourage physicians from completion of fur-
ther diagnostic procedures, even after initiation
of antifungal treatment, because alternative
diagnoses might otherwise be missed.

The role of echinocandins as first-line treatment agents
for IA has not been satisfactorily assessed. A small
number of uncontrolled studies evaluated the role of
caspofungin and micafungin in neutropenic cancer
patients and/or those undergoing allogeneic SCT.
From these studies, success rates between 33 % and
44 % have been reported (Herbrecht et al. 2010; Viscoli
et al. 2009; Denning et al. 2006). The large number of
severely ill patients enrolled into these studies might be
partly responsible for these comparatively unfavorable
response rates. Of note, in a phase II dosage escalation
study using caspofungin 70, 100, 150 and 200 mg as
first-line treatment for IA, escalation was associated
with an increase of response to treatment (Cornely
et al. 2011). However, further studies will be necessary
to consolidate this hypothesis.

Concerning the efficacy of combination
antifungal therapy as first-line treatment, there
are no results available from properly rando-

mized, controlled clinical trials. However,
observational studies have provided some
evidence for the use of voriconazole plus
caspofungin (Marr et al. 2004a) or L-AmB
plus caspofungin as second-line treatment
(Raad et al. 2008; Maertens et al. 2006; Caillot
et al. 2007).

Based on the presented evidence, a treat-
ment approach for patients at risk of IA has
been compiled (Fig. 14.2). Available antifungal
agents are given in Table 14.1.

B. Invasive Candidiasis

Although the only reliable diagnosis of IC is
currently based on positive results from blood
cultures, the true diagnostic yield of this
method remains unknown, as no other gold
standard has been established so far. This
unsatisfactory situation has led to the develop-
ment of various surrogate markers and risk
scores, intended for early identification of
patients at risk of IC. Similar attempts have
been made to identify patients who might profit
from early initiation of antifungal prophylaxis
for IC (see Sect. II); however, these scoring
systems usually do not include any surrogate
markers. In the following section, an overview
on the most relevant concepts will be given
(Table 14.3).

In the 1990s, Pittet et al. identified the high
relevance of colonization with Candida spp.
prior to the development of candidemia on
the basis of a prospective cohort study. To
identify patients at risk, the Candida coloniza-
tion index (CI) and the corrected Candida col-
onization index (CCI) were developed
(Table 14.3) (Pittet et al. 1994). This work estab-
lished colonization as a crucial risk factor to be
incorporated in most successive scoring sys-
tems. For example, in a prospective study
including surgical ICU patients, the CCI with a
threshold of 0.4 was used to identify patients
eligible for pre-emptive therapy with flucona-
zole. In this setting, the incidence of proven IC
acquired in the ICU decreased from 2.2 % to
0 % (P< .001). This intervention did not lead to
a detectable emergence of Candida strains
resistant to fluconazole (Piarroux et al. 2004).
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Two further analyses in medical and surgical
ICU patients, however, failed to identify an
association between previous colonization
with Candida spp. and patient outcome
(Charles et al. 2005; Troughton et al. 2010). It
was hypothesized that the identification of fur-
ther independent risk factors for IC, besides
colonization, might result in an improved pre-
dictive model.

Consequently, Leon et al. identified four
independent risk factors for development of IC
in a population of 1,669 non-neutropenic ICU
patients. The statistical weight of each of these
risk factors was used to create the Candida
score. Patients with at least 2.5 points were
found to be at a 7.75-fold risk of IC and therefore
eligible for pre-emptive treatment (Leon et al.
2006). In a follow-up study by the same authors,
the optimum cutoff was adjusted to 3 points
(Leon et al. 2009). In a more recent study, the
authors presented the combination of a b-D-glu-
can value of >259 pg/ml and a positive Candida
albicans germ tube antibody test as a reliable
predictor of IC (Leon et al. 2012). Table 14.3
provides an overview on studies analyzing scor-
ing systems for pre-emptive treatment.

D-AmB used to be considered the gold
standard in the treatment of candidemia until
a series of clinical trials assessing the clinical
efficacy of less toxic antifungals was initiated in
the 1990s with a multicenter, randomized trial
comparing the clinical efficacy of D-AmB and
fluconazole in the treatment of IC in immuno-
competent, non-neutropenic patients. With
corresponding response rates of 79 (n¼81)
and 70 % (n¼72), respectively, there was no
significant difference in treatment outcome
(P¼0.22). However, treatment with fluconazole
was accompanied by less side effects than with
D-AmB (Rex et al. 1994).

Because the proportion of fluconazole-
resistant Candida non-albicans strains (e.g.
Candida krusei or Candida glabrata) has been
continuously growing, other antifungals with a
broader spectrum than fluconazole have
quickly become the focus of further studies.
A multicenter, randomized, non-inferiority
study compared intravenous voriconazole to
D-AmB followed by oral or intravenous flucon-
azole in non-neutropenic patients with candi-
demia. The primary endpoint, defined as
sustained clinical and mycological response,

Table 14.2 Treatment of invasive candidiasis in ICU and neutropenic patients

Indication Antifungal agent Dosage Reference

Non-neutropenic
patients

Anidulafungin 200 mg qd loading
dose and 100 mg
qd maintenance iv

Reboli et al. (2007)

Micafungin 100 mg qd iv Kuse et al. (2007);
Pappas et al. (2007)

Caspofungin 70 mg qd loading
dose, 50 mg qd
maintenance iv

Mora-Duarte et al. (2002);
Pappas et al. (2007)

Neutropenic
patients

Micafungin 100 mg qd iv Pappas et al. (2007);
Kuse et al. (2007);
van Burik et al. (2004)

Caspofungin 70 mg qd loading
dose and 50 mg qd
maintenance iv

Mora-Duarte et al. (2002);
Abzug and Walsh (2004);
Pappas et al. (2007)

Second-line
neutropenic and
non-neutropenic
patients

L-AmB 3 mg/kg qd iv Kuse et al. (2007)
Voriconazole 6 mg/kg bid loading

dose, followed by
4 mg/kg bid iv

Kullberg et al. (2005)

Adapted after Ruping et al. (2008)
qd once daily, bid twice a day, iv intravenously
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12 weeks after end of treatment, was reached by
41 % of patients in each group. In the vorico-
nazole group, fewer serious adverse events,
especially those classified as renal toxicity
were observed (Kullberg et al. 2005).

Similarly favorable results were expected
from the newly developed echinocandins. Cas-
pofungin was compared to D-AmB in the treat-
ment of IC in a mixed population of non-
neutropenic (n¼200) and neutropenic patients
(n¼24). With 73.4 % and 61.7 %, respectively,
response rates between caspofugin and D-AmB
did not differ significantly. Patients in the
D-AmB group, however, experienced more
nephrotoxic effects and hypokalemia (Mora-
Duarte et al. 2002). In a double-blind, rando-
mized, multinational non-inferiority trial, first-
line treatment with micafungin and L-AmB was
compared in non-neutropenic (n¼469) and
neutropenic (n¼62) patients. Non-inferiority
criteria were met, and micafungin was asso-
ciated with fewer treatment-related adverse
events than L-AmB (Kuse et al. 2007). Another
randomized, double-blind trial compared
micafungin 100 mg qd (n¼191) to micafungin
150 mg qd (n¼199) and the standard dosage of
caspofungin (n¼188) in patients with invasive
candidiasis. There was no significant difference
in the response rate between the three treat-
ment arms. Therefore, dosages of micafungin
100 mg qd and 150 mg qd were regarded as
non-inferior to a standard dosage of caspofun-
gin (Pappas et al. 2007).

Finally, a randomized, double-blind, multi-
center trial comparing anidulafungin with flu-
conazole for the treatment of IC was conducted
in a predominantly non-neutropenic popula-
tion. Significantly higher response rates
(75.6 % versus 60.2 %) and better survival
(74 % versus 69 %) were documented for
patients treated with anidulafungin (P¼0.01)
(Reboli et al. 2007). Results from clinical trials
on the treatment of IC are summarized in
Table 14.2.

C. Emerging Fungi

As the range of emerging fungi is diverse, only
the clinically most important ones will be

covered in this section, including Mucorales,
Fusarium spp., Scedosporium spp., and rare
yeasts. There is very limited data from con-
trolled randomized clinical trials available for
any of the emerging fungi. Available data
remains mostly restricted to microbiological
studies, case series, and animal studies.

For all patients suffering from infections
with emerging fungi, consideration of antifun-
gal and surgical treatment are of primary inter-
est; however, reduction of immunosuppression
or time and duration of neutropenia should
also be included into any treatment strategy.

Because no data on optimum therapy dura-
tion is available for these infections, decisions
should be made on an individual basis. In gen-
eral, complete resolution of clinical and radio-
logical signs and symptoms is recommended
before termination of antifungal therapy. Fur-
thermore, antifungal treatment should be
continued in the sense of secondary antifungal
prophylaxis if subsequent periods of immuno-
suppression are to be expected.

For initial treatment of mucormycosis,
most authors advocate L-AmB at a dosage of
at least 5 mg/kg. In addition, the possibility of a
surgical resection should be assessed, because
response to antifungal treatment is often lim-
ited (Rüping et al. 2009; Skiada et al. 2011).
Posaconazole at 200 mg po qid (by mouth,
four times a day) or 400 mg po bid (by mouth,
twice a day) is a valuable option as salvage
therapy or if a switch to oral treatment is
desired after a satisfactory response to L-AmB
(Rüping et al. 2009; van Burik et al. 2006;
Greenberg et al. 2006; Skiada et al. 2011). Com-
bination therapy of L-AmB with an echinocan-
din has shown promising results in murine
models of disseminated mucormycosis
(Ibrahim et al. 2008; Spellberg et al. 2005), but
clinical data remains limited to retrospective
cases series (Reed et al. 2008).

One of the few randomized controlled trials conducted
in patients with emerging fungal infections assessed the
efficacy of deferasirox as an add-on to L-AmB in 20
patients with proven or probable mucormycosis.
Unfortunately, death was more frequent in the defera-
sirox than in the placebo arm at 30 days (45 % versus
11 %, P¼0.1) and 90 days (82 % versus 22 %, P¼0.01)
(Spellberg et al. 2012).
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Influencing the intensity and duration of
neutropenia in immunocompromised patients
may also impact on patient outcome. Case
reports have shown favorable outcomes for
patients receiving granulocyte transfusions or
granulocyte colony-stimulating factor (G-CSF).
Even in non-neutropenic patients with refractory
infection, administration of other recombinant
growth factors, i.e., granulocyte-macrophage
colony-stimulating factor (GM-CSF) or inter-
feron (IFN)-g is supposed to augment antifungal
host responses (Abzug andWalsh 2004; Kullberg
and Anaissie 1998; Grigull et al. 2006; Slavin et al.
2002; Gonzalez et al. 1997; Ma et al. 2001; Mas-
troianni 2004).

Few antifungals seem useful as first-line
treatment agents for invasive fusarosis. AmB
formulations have long been considered the
standard of care for these infections; however,
in vitro susceptibility results are not uniformly
favorable for all species (Tortorano et al. 2008).
Although the echonocandins and older azoles
(i.e., fluconazole and itraconazole) display no
or minimal activity against Fusarium spp., at
least some potency has been reported for vor-
iconazole and posaconazole (Gonzalez et al.
2005; Lewis et al. 2005; Paphitou et al. 2002).
Furthermore, these new generation azoles
have been shown to be effective in animal mod-
els of invasive fusariosis (Graybill et al. 2003;
Lozano-Chiu et al. 1999; Ruiz-Cendoya et al.
2009). As for L-AmB, susceptibility by species
may vary substantially for posaconazole and
voriconazole, e.g., Fusarium verticilloides dis-
plays significantly lower posaconazole mini-
mum inhibitory concentrations (MICs) than
other Fusarium spp. (Tortorano et al. 2008).

In clinical practice, initial treatment with a
combination of L-AmB and a new generation
azole may be a safe and effective strategy to
avoid problems arising from unexpected varia-
tions in susceptibility. Once identification to
the species level and resistance testing have
been completed, treatment may be reduced to
one of the two antifungals.

The duration of neutropenia has been
shown to be significantly associated with
patient outcome (Nucci et al. 2003), and favor-
able results were reported from a retrospective
study on the efficacy of granulocyte transfu-

sions for the treatment of invasive fusariosis
in patients with hematologic malignancies
(Boutati and Anaissie 1997). However, granulo-
cyte infusions should be initiated soon after the
diagnosis of infection has been established and
may only be used to gain time for patients who
are soon expected to recover from neutropenia
by themselves (Dignani et al. 1997).

Within the genus Scedosporium, two
hyphomycetes of medical importance have
been identified, Scedosporium apiospermum
and Scedosporium prolificans. In the literature,
S. apiospermum is often referred to by use of its
teleomorph (sexual state), Pseudallescheria
boydii. Infections with Scedosporium spp. have
been observed in immunocompetent and
immunocompromised patients and are partic-
ularly difficult to treat if caused by S. prolifi-
cans, which is largely refractory to antifungal
treatment (Cortez et al. 2008; Guarro et al. 2006;
Rodriguez-Tudela et al. 2009). Nevertheless,
based on a large case series, targeted treatment
with voriconazole has been established as first-
line treatment for both S. apiospermum and
S. prolificans (Troke et al. 2008). However, anti-
fungal drug susceptibilities of individual
isolates are difficult to predict. Therefore, sus-
ceptibility testing of clinical isolates remains
essential for targeted treatment (Lackner et al.
2012).

In addition to antifungal treatment,
improved response rates have been reported
for patients undergoing surgical resection of
infected tissues (Rodriguez-Tudela et al. 2009).
In vitro studies further suggest synergistic
activity between neutrophils and certain
antifungal agents, i.e., amphotericin B lipid
complex and triazoles (Gil-Lamaignere et al.
2002a, b). Because there are no case series on
granulocyte transfusions available in the litera-
ture, the practical value of these findings
remains uncertain. Similarly, in animal models
of scedosporiosis, modest protective effects
were observed after addition of G-CSF or
GM-CSF, but clinical data is currently lacking
(Ortoneda et al. 2002, 2004).

The treatment of infections with rare yeasts
(e.g., Trichosporon spp., Geotrichum spp.,
Rhodotorula spp., or Saccharomyces spp.)
depends largely on the individual susceptibility
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pattern of each isolated species. Although some
case series have been published, they do not
contain any analyses relating in vitro suscept-
ibilities with actual response to treatment
(Ruan et al. 2009; Thompson et al. 2010; Guinea
et al. 2010b; Girmenia et al. 2003; Zaas et al.
2003). Table 14.4 displays a summary of sus-
ceptibility patterns found for the most common
emerging yeasts identified in the literature. As
for all emerging fungi, susceptibility testing
should always be attempted to ensure adequate
targeted treatment.

V. Conclusion

In the treatment of patients at risk for invasive
aspergillosis (IA), candidiasis (IC), or an
emerging invasive fungal disease (IFD), the
risk for development of IFD, timing of treat-
ment initiation, and diagnostic aspects should
be taken into account. Although physicians
should strive for a thorough diagnostic workup,
its completion should not delay timely initia-
tion of antifungal treatment, which has a major
impact on morbidity and mortality rates. To
this end, early treatment strategies, i.e. prophy-
lactic, empiric, and pre-emptive, have been
assessed for different risk groups. The results
are presented in this chapter and summarized
in Tables 14.1 and 14.2, as well as in Fig. 14.2. In
the case of a proven IFD, these strategies should
be abandoned in favor of an appropriate tar-
geted therapy (Tables 14.1, 14.2 and 14.4).
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I. Introduction

The introduction of new antifungal drugs has
led to a considerable improvement in the
therapeutic options against invasive fungal
diseases (IFD). However, despite new targeted
antifungal therapies, the attributable mortality
of IFD is still high at 5–71% for invasive
Candida infections (candidiasis) and 60–90%
for invasive aspergillosis (IA) (Lin et al. 2001;
Falagas et al. 2006; Wisplinghoff et al. 2004).
Unreliable pharmacokinetics, with vast
inter- and intra-individual variances in the
plasma concentrations, may be one cause for
treatment failures. Hence, there is an increas-
ing demand for therapeutic drug monitoring
during antifungal therapies. Understanding
the pharmacokinetics and pharmacodynamics
of a compound measured is crucial for the
interpretation of, e.g., serum concentrations.

Knowledge about the tissue distribution of anti-
fungal drugs is often very limited. In some
animal models, the ratio of the area under the
concentration–time curve (AUC) to minimal
inhibitory concentration (MIC) (AUC:MIC
ratio), as well as the ratio of peak concentration
(Cmax) to MIC (Cmax:MIC ratio), and the ratio of
Cmax to the minimum effective concentration
(MEC) (Cmax:MEC ratio) have been suggested
as predictors for outcome. However, it is not
fully understood which antifungal plasma
concentrations are required to effectively treat
infections caused by pathogens with a certain
MIC in humans (Pound et al. 2010).

II. Pharmacokinetic Profiles
of Common Antifungal Drugs

Currently, there are three major classes of
systemic antifungal drugs, i.e., the polyenes,
the echinocandins, and the azoles, in use for
the treatment of IFD. Pharmacokinetic proper-
ties of selected antifungal drugs are presented
in Table 15.1.

A. Polyenes

Amphotericin B (AmB) and its various formu-
lations, deoxycholate AmB (D-AmB), AmB col-
loidal dispersion (ABCD), AmB lipid complex
(ABLC), and liposomal AmB (L-AmB), belong
to the class of polyene antifungals. For many
years, AmB was the “gold standard” and has
proven to be a reliable antifungal agent, but a
toxic compound. However, details regarding its
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pharmacokinetics, especially the impact of
either renal or hepatic organ dysfunction on
its pharmacokinetics, are not available (Lepak
and Andes 2011). Thus, whereas the
dose-limiting toxicity is predominantly
nephrotoxicity, dose reductions are unlikely
to produce sufficient infection site concentra-
tions (Lepak and Andes 2011). Among the lipid
formulations there are marked differences in
kinetic profiles (Groll et al. 2000a, 2006; Lewis
et al. 2007). Lewis et al. compared the pharma-
cokinetics of AmB lung accumulation and
fungal clearance in ABLC- and L-AmB-treated
mice; both formulations were effective in
reducing the fungal burden at a dose of �
5 mg/kg/day. Though ABLC produced a more
rapid antifungal clearance than L-AmB at 5 mg/
kg/day, there was no difference at a higher
dose of 10 mg/kg/day (Groll et al. 2006). With-
in the cerebrospinal fluid (CSF), the concentra-
tions of all four polyenes were remarkable
similar. L-AmB achieved 6–10 times higher
brain tissue concentrations than all other AmB
formulations (Groll et al. 2000a). In another
study, the distributions of D-AmB, ABCD,
ABLC, and L-AmB were investigated. At a

dose of 5 mg/kg/day all AmB lipid formula-
tions achieved at least fourfold higher concen-
trations in the bone marrow than conventional
AmB at a dose of 1 mg/kg/day. In contrast, all
AmB formulations accumulated relatively
poorly within fat tissue, with L-AmB achieving
the highest absolute concentration (Groll et al.
2000b).

B. Echinocandins

Echinocandins are also only available for intra-
venous administration. They all share a low
oral bioavailability, high protein binding, and
extensive distribution into most tissues
including liver, spleen, lungs, and kidneys
(Eschenauer et al. 2007; Dowell et al. 2007;
Hebert et al. 2005; Goicoechea et al. 2004;
Carver 2004; Pfizer 2006; Merck 2001; Astellas
2005). However, due to their high protein bind-
ing and large molecular weights, they only
exhibit low penetration into urine, CSF,
brain, and ocular fluid (Vazquez and Sobel
2006; Deresinski and Stevens 2003; Chandrase-
kar and Sobel 2006; Okugawa et al. 2007). The

Table 15.1 Pharmacokinetic parameters of selected antifungal drugs

Pharmacokine�c 
Parameter

D-AmB L-AmB Anid Cas Mica Flu Itr Pos Vor

Oral
bioavailability (%)

< 5 < 5 2-7 < 10 < 10 95 50 8-47 96

t½ (h) 50 100-153 24-26 9-11 11-17 31 24 25-31 6
Protein binding (%) > 95 > 95 > 99 96-97 99.8 10 99.8 99 58
Metabolism Hepa�c Unknown None Hepa�c Hepa�c Hepa�c Hepa�c Hepa�c Hepa�c
Elimina�on Feces Unknown Feces Urine Feces Urine Hepa�c Feces Renal
Food effect n.a. n.a. n.a. n.a. n.a. No effect Solid oral: 

increased 
absorp�on
Liquid oral: 
decreased 
absorp�on

Increased 
absorp�on 
(with high fat 
food)

Decreased 
absorp�on

Acid effect n.a. n.a. n.a. n.a. n.a. No effect Solid oral: 
increased 
absorp�on
Liquid oral: 
No effect

Increased 
absorp�on

No effect

Dose adjustment in 
renal insufficiency

None None None None None Decrease 
Dose

Cau�on: CrCl 
< 30 mL/min 
(IV formul.)

None Cau�on: CrCl  
< 50 mL/min 
(IV formul.)

Dose adjustment in 
hepa�c insufficiency

None None None Moderate 
insufficiency: 
Decrease 
Dose

None None None None Moderate 
cirrhosis: 
Decrease 
Dose

Pharmacokine�c parameters of selected an�fungal drugs, i.e. deoxycholate Amphotericin B (D-AmB), liposomal Amphotericin B (L-AmB), anidulafungin (Anid),
caspofungin (CAS), micafungin (Mica), fluconazole (Flu), intraconazole (Itr), posaconazole (Pos), and voriconazole (Vor).

D-AmB deoxycholate Amphotericin B, L-AmB liposomal Amphotericin B, Anid anidulafungin, CAS caspofungin,Micamicafungin,

Flu fluconazole, Itr intraconazole, Pos posaconazole Vor voriconazole, n.a. not applicable, IV formul. intravenous formulation
containing sulfobutylether-b-cyclodextrin
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pharmacokinetics of all three echinocandins are
linear, but whereas caspofungin andmicafungin
are mainly degraded in the liver by hydrolysis
and N-acetylation (Eschenauer et al. 2007), ani-
dulafungin undergoes chemical degradation
within the plasma and not within the liver
(Pfizer 2006). The mainly inactive metabolites
of the echinocandins are then slowly excreted
over many days, primarily via the bile. Echino-
candins are usually administered once daily and
have half-lives ranging from 9 to 26 h, i.e.,
9–11 h for caspofungin, 11–17 h for micafungin,
and 24–26 h for anidulafungin (Astellas 2005;
Merck 2001; Pfizer 2006).

C. Triazoles

Among the currently used triazole antifungals,
fluconazole is the only drug that is soluble in
water without the need for a solvent. Flucona-
zole is very well absorbed from the gastrointes-
tinal tract and it exhibits very low protein
binding and good distribution in all kinds of
tissues, including ocular and central nervous
system (CNS) sites (Brammer et al. 1990;
O’Day et al. 1990; Savani et al. 1987; Mian
et al. 1998; Arndt et al. 1988; Foulds et al.
1988). In the CSF, the fluconazole concentra-
tions reach ~70% of the serum concentration.
The pharmacokinetics of fluconazole are linear
over dosages ranging from 50 to 800 mg/day
(McLachlan and Tett 1996; Anaissie et al. 1995).
Most of the drug (~80%) is excreted unchanged
via the urine; hence, the hepatic CYP2C9
enzyme only plays a minor role in its metabo-
lism. Fluconazole dosage reduction is recom-
mended in cases of marked renal dysfunction
(Pfizer 1990).

Voriconazole is available as an oral and as a
sulfobutylether-b-cyclodextrin intravenous
formulation (Pfizer 2002). Despite its structural
similarity to fluconazole it is only poorly solu-
ble in water. The oral bioavailability of vorico-
nazole as tablet or solution is 96%; however, its
absorption may be decreased by 22% by
the concomitant intake of food. Voriconazole
disseminates into most infection sites, includ-
ing the CNS and eye (Lutsar et al. 2003; Har-
iprasad et al. 2004). It is metabolized in the

liver, mainly by CYP2C19, CYP3A4, and to a
lesser extent by CYP2C9; hence, the genotype
status for CYP2C19 and/or co-administration
of drugs that modulate CYP2C19 or CYP3A4
activities may affect voriconazole plasma levels
(Hyland et al. 2003).

The effect of CYP2C19 polymorphism on the pharma-
cokinetics of voriconazole was studied for healthy
CYP2C19 homozygous extensive metabolizers (EMs),
heterozygous extensive metabolizers (HEMs), and
poor metabolizers (PMs) (Lee et al. 2012). The steady
state trough concentrations and AUCs were five and
three times higher for PMs than for EMs, respectively.
Thus, the CYP2C19 polymorphism is a major covariate
and accountable for some of the wide pharmacokinetic
variability of voriconazole (Lee et al. 2012). But still, the
total variability of voriconazole plasma concentrations
is only partly accounted for by sex, age, and CYP2C19
genotype (FDA 2001).

Although voriconazole is usually well toler-
ated (Walsh et al. 2002; Ally et al. 2001), high
concentrations may be associated with visual
changes and hepatotoxicity, which mainly
manifests by elevation of AST/ALT (Tan et al.
2006). Congruently, various studies have shown
that therapeutic drug monitoring of trough
concentrations is important as a guide to ther-
apy (Smith et al. 2006; Pascual et al. 2008;
Denning et al. 2002). Because the sulfobuty-
lether-b-cyclodextrin, which is used as solvent
for the intravenous formulation, may accumu-
late in patients with impaired renal function
extended use of this formulation should be
avoided in patients with moderate to severe
renal dysfunction, defined as a creatinine clear-
ance (CrCl) below 50 ml/min or a creatinine
concentration above 2.5 mg/dl (FDA 2001).

Itraconazole is another member of the
triazole antifungal class. Like voriconazole, it
is poorly soluble in water at physiological pH,
hence its liquid formulations, i.e., the liquid
oral (LO) and intravenous formulations,
contain cyclodextrin as a solubilizing agent
(Janssen 1999). Similar to the cyclodextrin-
containing parenteral formulation of voricona-
zole, the parenteral formulations of itracona-
zole are indicated in patients with severe renal
impairment (defined as CrCl below 30 ml/min)
only if the benefit outweighs the risk (Janssen
1999). In patients with mild (defined as CrCl
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50–80 ml/min) and moderate (defined as CrCl
30–49 ml/min) renal impairment, parenteral
formulations should be used with caution,
while monitoring serum creatinine concentra-
tions (Janssen 1999). The pharmacokinetic
parameters of the drug are not markedly
affected by renal or hepatic dysfunction.
Capsules containing itraconazole (i.e., solid
oral formulations) do not require any solvent;
however, its absorption is influenced by the
gastric acidity and significantly varies with the
intake of food or acidic beverages (Barone et al.
1993; Jaruratanasirikul and Kleepkaew 1997).
The absorption of the LO formulation is not
affected by the gastric acidity and, in contrast
to the solid oral formulation, is best absorbed
without a meal (Janssen 1999; Johnson et al.
2003; Barone et al. 1998; Van de Velde et al.
1996). One study compared the relative bio-
availability of the solid oral and LO formulation
in adult cystic fibrosis patients; relative bio-
availability for itraconazole capsules was 82%
compared with the solution (Hennig et al.
2007). Nausea and diarrhea is more common
with the LO formulation, possibly due to the
osmotic effects of the cyclodextrin. The distri-
bution of itraconazole into most infection sites,
except the CNS and eye, is good (Janssen 1999;
Savani et al. 1987). The pharmacokinetics of
itraconazole have been described using nonlin-
ear (Hardin et al. 1988) and linear concentra-
tion–time profile models (Hardin et al. 1988;
Hennig et al. 2006, 2007; Koks et al. 2003). In
healthy volunteers, the terminal half-life was
24 h, and the steady state was reached after
13–14 days (Hardin et al. 1988). Itraconazole
is mainly metabolized within the liver and/or
the intestine, facilitating the CYP3A4 pathway
(Poirier and Cheymol 1998). The first step con-
sists of the formation of hydroxy-itraconazole
(OH-itraconazole), which, unlike metabolites of
other azoles, exhibits similar antifungal activity
to the native drug (Odds and Bossche 2000).
Later on, this metabolite is converted to the
inactive keto-itraconazole and N-dealkyl-itra-
conazole (ND-itraconazole). Both active com-
pounds (i.e., itraconazole and OH-itraconazole)
usually circulate at comparable concentrations,
whereas the concentrations of keto-
itraconazole and ND-itraconazole are

significantly lower (Templeton et al. 2008).
Itraconazole is predicted to partially saturate
CYP3A4, but its metabolites, and
ND-itraconazole in particular, also contribute
to inhibition of CYP3A4-mediated metabolism
(Templeton et al. 2008). Because the half-life
of ND-itraconazole appears to be longer it
might be responsible for the clinically
observed persistent inhibition of CYP3A4-
mediated clearance of immunosuppressants
co-administered with itraconazole (Templeton
et al. 2008; Banerjee et al. 2001; Kwan et al.
1987).

Posaconazole is currently only available as
an oral solution (Schering 2006), but solid oral
and intravenous formulations are in develop-
ment (Merck 2010; Merck 2013). Posaconazole
displays linear pharmacokinetics between 50
and 800 mg, with saturation of absorption
occurring above 800 mg/day (Courtney et al.
2003). The terminal half-life ranges from 25 to
31 h, supporting once- or twice-daily dosing
(Courtney et al. 2003). However, divided daily
doses (every 12 or 6 h) significantly increases
the posaconazole exposure in healthy adults
under fasting conditions (Ezzet et al. 2005),
while administration with food also increases
the bioavailability (Courtney et al. 2004). The
relative oral bioavailability of posaconazole
significantly depends on the prandial state.
When posaconazole is administered with a
high-fat or non-fat meal, its mean AUC
(0, 72 h) and maximum concentrations (Cmax)
are increased fourfold and 2.6- to 3.0-fold,
respectively, compared with administration in
the fasting state (Courtney et al. 2004). Still, the
pharmacokinetics of posaconazole are not very
predictable and subject to huge inter-individual
variability (Smith et al. 2009). The elimination
of posaconazole is increased in patients with
diarrhea (Kohl et al. 2010). However, despite
the relatively frequent occurrence of low
posaconazole serum concentrations, no cut-off
for its prophylactic efficacy has yet been estab-
lished. Therefore, it is currently unclear whether
therapeutic drug monitoring (TDM) may
increase its clinical efficacy (Kohl et al. 2010;
Hope et al. 2008a). Posaconazole is mainly
metabolized by hepatic glucuronidation, but
not by the CYP450 system enzymes; however,
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it is a moderate inhibitor of CYP3A4 (Wexler
et al. 2004). The drug is primarily excreted via
the bile and the urine as unchanged drug or
inactive metabolites.

Common to all systemic triazole antifun-
gals is that they are inhibitors of cytochrome
P450 (CYP) isozymes, such as CYP3A4,
CYP2C9, and CYP2C19, to varying degrees.
Whereas fluconazole and voriconazole inhibit
CYP2C9, CYP2C19, and CYP3A4; itraconazole
and posaconazole only inhibit CYP3A4. Some
triazoles are substrates (fluconazole, itracona-
zole, and posaconazole) and/or inhibitors
(itraconazole) of drug transporters such as the
multidrug resistance-1 gene product,
P-glycoprotein (Nivoix et al. 2008). A detailed
review of this important topic has been pub-
lished by Nivoix et al. (2008).

III. Pharmacodynamics of Common
Antifungal Drugs

Different indices are commonly used to mea-
sure or describe the relationship between the
pharmacokinetic parameters of a drug and the
MIC of a pathogen. Various studies have been
undertaken to address the question of which
index best describes the activity of a certain
antifungal drug against different pathogens in
order to predict treatment outcomes. For AmB
it was shown that the Cmax:MIC is closely linked
to treatment efficacy, with drug concentrations
exceeding the MIC two- to tenfold (Andes et al.
2001; Lewis et al. 2005; Wiederhold et al. 2006).

In a neutropenic mouse model of
disseminated candidiasis, AmB efficacy corre-
lated with the percentage of time above MIC
(%t>MIC), AUC:MIC, and Cmax:MIC (Andes
et al. 2001). The best predictive index to
determine the treatment outcome was Cmax:
MIC, whereas the AUC:MIC and %t>MIC
were only slightly less predictive (Andes
et al. 2001). For filamentous fungi, a species-
specific concentration-dependent activity of
AmB (Lewis et al. 2005) and a close correla-
tion between increased survival and Cmax:MIC
ratio was shown (Wiederhold et al. 2006). For

the echinocandins, similar results regarding
their activity against Candida spp. have been
shown, with a maximum efficacy at free-drug
AUC:MIC ratios close to 10 (Ernst et al. 1999,
2002a; Andes et al. 2008a, b, 2003a; Andes and
Safdar 2005; Gumbo et al. 2006, 2007; Groll
et al. 2001; Hope et al. 2008b; Clancy et al.
2006; Walsh et al. 1991). In a murine model of
invasive pulmonary aspergillosis, a Cmax:MEC
ratio for caspofungin appeared to be the
parameter most closely associated with the
reduction of pulmonary fungal burden (Wie-
derhold et al. 2004). However, increasing drug
concentration of echinocandins above the
organism’s MIC may result in a paradoxical
increase of in vitro fungal growth (Pound
et al. 2010). For the triazole antifungals, expo-
sure–response relationships are well studied,
with concentrations one to two times above
the MIC showing optimal time–dependent
(t>MIC) antifungal activity (Turnidge et al.
1994; Ernst et al. 2000, 2002b; Andes and van
Ogtrop 1999; Andes et al. 2003b, c, 2004, 2006;
Ernst et al. 1998; Warn et al. 2009; Louie et al.
1998). A study on the pharmacodynamics of
fluconazole in patients with candidemia
showed that AUC:MIC ratios below 11.5 were
associated with an increased mortality (Badd-
ley et al. 2008). For multiple Candida isolates,
efficacy was observed with free-drug 24 h
AUC:MIC ratios near 25 (Lepak and Andes
2011). The in vivo efficacy of posaconazole
against four clinical Aspergillus fumigatus iso-
lates, with posaconazole MICs ranging from
0.03 to 16 mg/l, was assessed in a non-
neutropenic murine model of disseminated
aspergillosis. Near-maximum and 50% sur-
vival were reached at AUC:MIC ratios of
nearly 1,000 (corresponding to a free-drug
AUC:MIC ratio of 10) and 321.3, respectively
(Mavridou et al. 2010). Similar results were
observed using a murine inhalational model
of invasive pulmonary aspergillosis, with a
dose-dependent decline in serum galactoman-
nan concentrations. AUC:MIC ratios of 89.88,
166.90, 308.51, and 440.91 resulted in 20%,
50%, 80%, and 90% of the maximum antifun-
gal effect, respectively (Howard et al. 2011).
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