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Surface components in fungal cells include cell wall
molecules and, in certain cases, capsular structures. In
pathogens, these components are responsible for key
events during interaction with the host. These events
include recognition of pathogens by the immune system
and generation of damage to host cells and tissues. The
molecular nature of surface structures in fungi is vast and
may include (glyco)proteins, polysaccharides, lipids and
pigments. Many of them have been strictly associated
with the antifungal immune response, as well as with
steps of fungal adhesion and dissemination during
interaction with host cells. For many fungal pathogens,
surface composition and architecture are determinant
for either disease progression or control. The diversity

of the composition of the cell surface and its molecular
architecture are believed to include targets for the action
of new antifungals, as well as immunogens with potential
to interfere with fungal diseases in favor of the host.
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Surface components in fungal cells include cell wall molecules
and, in certain cases, capsular structures (Figure 1) and extra-
cellular matrix components. In pathogens, surface molecules
are responsible for key events during interaction with the host
(Nimrichter et al., 2005). These events include recognition of
pathogens by the immune system and generation of damage to
host cells and tissues (Roeder et al., 2004 ). The molecular diver-
sity of surface structures in fungi is vast and may include (glyco)
proteins, polysaccharides, lipids, and pigments (Nimrichter
et al., 2005). Many of them have been associated with the anti-
fungal immune response, as well as with steps of fungal adhesion
and dissemination during interaction with host cells. For many
fungal pathogens, surface composition and architecture are
determinant for either disease progression or control (Roeder
etal., 2004; Nimrichter et al., 2005; Latgé, 2010; Figueiredo et al.,
2011). The diversity of the composition of the cell surface and
its molecular architecture are believed to reveal targets for the
action of new antifungals, as well as immunogens with potential
to interfere with fungal diseases in favor of the host (Nimrichter
et al., 2005).

In the Research Topic “Surface Architecture of Fungal Cells,”
many of the important aspects related to structure and function
of surface components of fungi were covered. It was, of course,
impossible to discuss the same research topic for each important
fungal pathogen. In addition, surface architecture of some of the
most important fungal pathogens has been extensively reviewed
before (Cassone, 1989; Poulain and Jouault, 2004; Ruiz-Herrera
etal., 2006; Chaffin, 2008; Nather and Munro, 2008; Latgé, 2010).
We therefore selected a group of pathogens as prototypes for the
topic, and this list included Cryptococcus neoformans, Histoplasma
capsulatum, Paracoccidioides brasiliensis, Sporothrix schenckii,
Pseudallescheria boydii, Aspergillus nidulans, Aspergillus fumiga-
tus, and Colletotrichum gloeosporioides. Components of the cell
surface that were discussed in this topic included cell wall and
capsular polysaccharides (Frases et al., 2011; Rodrigues et al.,
2011; Zaragoza, 2011), peptidopolysaccharides (Lopes-Bezerra,
2011), proteins (Figueiredo et al., 2011; Guimaraes et al., 2011;
Puccia et al., 2011), pigments (Zaragoza, 2011), and glycolipids
(Barreto-Bergter et al., 2011; Nimrichter and Rodrigues, 2011).
In this context, articles in this topic were focused on (i) how
fungal molecules are assembled at the cell surface (Guimaraes
et al., 2011; Lopes-Bezerra, 2011; Nimrichter and Rodrigues,
2011; Puccia et al., 2011; Zaragoza, 2011), (ii) how they impact

FIGURE 1 | Surface architecture of a fungal pathogen. This image
illustrates how some of the surface components of the human pathogen
Cryptococcus neoformans are distributed at the cell surface. Cell
wall-associated chitin is stained in blue, chitooligomers are stained in red, and
capsular polysaccharides are stained in green. Courtesy of Dr. Fernanda L.
Fonseca.

the immune response (Figueiredo et al., 2011; Guimaraes et al.,
2011; Lopes-Bezerra, 2011; Nimrichter and Rodrigues, 2011;
Puccia etal., 2011; Rodrigues et al., 2011), (iii) the role of surface
components in fungal physiology (Guimaraes etal., 2011; Lopes-
Bezerra, 2011; Nimrichter and Rodrigues, 2011; Puccia etal.,2011;
Zaragoza, 2011), (iv) their potential to work as target for preven-
tive or therapeutic agents (Figueiredo et al., 2011; Guimaraes
etal.,2011; Lopes-Bezerra, 2011; Nimrichter and Rodrigues, 2011;
Puccia et al., 2011; Rodrigues et al., 2011), and (v) how to study
structure and function of these molecules (Barreto-Bergter et al.,
2011; Frases et al.,2011). The extensive work of each contributor
resulted in a clear notion that surface molecules of fungal cells are
essential to fungal pathogenesis, physiology, and immune recogni-
tion. Essentially, these articles strongly indicate that knowledge
on structure and functions of surface molecules in fungi can be
translated soon into the discovery of new diagnostic, therapeutic,
and preventive alternatives.
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The dimorphic fungal pathogen Histoplasma capsulatum is the most frequent cause of
clinically significant fungal pneumonia in humans. H. capsulatum virulence is achieved, in

part, through diverse and dynamic alterations to the fungal cell surface. Surface compo-

Reviewed by:

Bjorn Sandrock, University of
Marburg, Germany

Jose M. Diaz-Minguez, University of
Salamanca CIALE, Spain

Erika Kothe, Friedrich Schiller
University, Germany

pathobiology of disease.

*Correspondence:

Allan J. Guimaraes, Departamento de
Imunologia, Centro de Ciéncias da
Saude, Bloco |, Instituto de
Microbiologia Paulo de Goes,
Universidade Federal do Rio de
Janeiro, Avenida Carlos Chagas Filho
373, Rio de Janeiro 21941-902, Brazil.
e-mail: allan.guimaraes@phd.einstein.
yu.edu;

Joshua D. Nosanchuk, Albert Einstein
College of Medicine, 1300 Morris
Park Avenue, Bronx, NY 10461, USA.
e-mail: josh.nosanchuk@einstein.
yu.edu

INTRODUCTION

Histoplasma capsulatum variety capsulatum (Hc) is the causative
agent of classical histoplasmosis (Meloan, 1952; Kwon-Chung,
1972, 1975; Bradsher, 1996) and the fungus has a worldwide dis-
tribution. The fungus is heterothallic and compatible (+) and
(—) mating types unite to form the ascomycetous perfect stage
designated Ajellomyces capsulatus.

Hc is a dimorphic fungal pathogen with two distinct mor-
phological forms, filamentous and yeast, depending on a variety
of nutritional factors and temperature (Maresca and Kobayashi,
1989). Hc is found in nature primarily as a saprophytic mold, and
exists in soils enriched with organic nitrogen sources, like animal
excrements (Emmons, 1950, 1956a,b; Zeidberg et al., 1952; Alteras,
1966; Emmons et al., 1966; Disalvo et al., 1970; Smith, 1971a,b).
Additionally, the fungus can grow as a mold when cultured on lab-
oratory mediums at less than 35°C. The mold form is composed
by hyaline septate hyphae that are 1-2.5 pm diameter. Moreover,
hyphae produce two different hyaline asexual reproduction struc-
tures. Macroconidia are large, thick-walled, round, and 7-15 pm in
diameter, typically tuberculate, knobby, or with short cylindrical
projections, although they occasionally may be smooth. Micro-
conidia are smooth-walled spherical, pyriform, or cigar shaped,
ranging in size from 2 to 6 pm in diameter (Edwards et al., 1960;
Pine, 19605 Berliner, 1973; Garrison and Boyd, 1977). In contrast,
the pathogenic single, budding yeast-like form is predominately
isolated from infected tissue specimens and occurs when the

nents associated with H. capsulatum pathogenicity include carbohydrates, lipids, proteins,
and melanins. Here, we describe the various structures comprising the cell surface of H.
capsulatum that have been associated with virulence and discuss their involvement in the

Keywords: Histoplasma capsulatum, surface, cell wall, architecture, proteins, carbohydrates

microbe is grown at >37°C on specific media (Smith, 1971a,b; Hay,
1992). Hc var. capsulatum are generally small yeast cells (2—4 um
inlength), thick-walled and ovoid with a narrow base at the smaller
end, whereas variants found predominantly in Africa (Hc variety
duboisii) produced larger yeast cells (8—15 pm in length).

Infection typically occurs after disturbances in the environ-
ment which results in aerosolization of fungal propagules with
subsequent inhalation of microconidia or hyphal fragments by
a susceptible host (Guimaraes et al., 2006). Histoplasmosis is not
generally associated with person to person spread of disease. How-
ever, vertical transmission was once observed in a human neonate
(Kwon-Chung and Bennett, 1992). Rarely, histoplasmosis can be
acquired by cutaneous inoculation of the fungus.

Histoplasmosis is a cosmopolitan fungal infection with areas
of high endemicity. However, patients are usually unaware of their
potential exposure (Wheat, 2003). Generally, the environmental
conditions present in areas of high endemicity are a moderate cli-
mate with a relatively constant humidity (Maresca and Kobayashi,
1989). Endemic regions in North America are located in the Mid-
western and Southeastern parts of the United States (USA), espe-
cially the Mississippi, Ohio, and Missouri river valleys, where 80%
of the resident population has been shown to react to histoplasmin
by skin testing (Ajello, 1971; Goodwin and Des Prez, 1978; Wheat,
1997). It is estimated that Hc is responsible for approximately half
a million new human infections in the USA each year, making it
the most prevalent pulmonary fungal pathogen (Cano and Hajjeh,
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2001). In Latin America, the most prevalent areas of endemicity are
present within Brazil, Venezuela, Ecuador, Paraguay, Uruguay, and
Argentina (Borelli, 1970; Wheat, 1997, 2001). In Brazil, endemic
areas are located in the Midwestern and Southeastern portions of
the country (Zancope-Oliveira et al., 2005; Guimaraes et al., 2006),
where the prevalence ranges from 4.4 to 63.1% and 3.0 to 93.2%,
respectively (Londero and Ramos, 1978; Zancope-Oliveira et al.,
2005; Guimaraes et al., 2006).

Exposure to Hc is exceedingly common for persons living
within areas of high endemicity (Wheat and Kauffman, 2003).
The clinical manifestations of disease range from asymptomatic
infection or a mild influenza-like illness to a disseminated sepsis
form that may involve virtually any tissue (Meloan, 1952; Csil-
lag and Wermer, 1956; Goodwin and Des Prez, 1978; Wheat, 1994;
Bradsher, 1996). These manifestations depend mainly on the mag-
nitude of exposure (i.e., the number of fungal particles inhaled),
the immunological status of the host, and the virulence of the
infective strain, indicating that environmental and genetic factors
regulate the manifestation of disease (Goodwin et al., 1981; Kauft-
man, 2007). The vast majority of infected persons have either no
symptoms or a very mild illness that is never recognized as being
histoplasmosis (Wheat et al., 2007). In fact, 95-99% of the primary
infections are not recognized in immunologically normal hosts
in endemic areas (Saliba and Beatty, 1960; Isbister et al., 1976;
Goodwin et al., 1981). Although the majority of symptomatic
infections follow primary exposures to Hc, reactivation of latent
infection can result in significant disease, particularly in the setting
of immunosuppression, such as individuals chronically receiving
steroids or patients on chemotherapy (Kauffman, 2007). Further-
more, reactivation disease can be developed in liver transplant
recipients with disease originating from latent infections in the
transplanted organs (Limaye et al., 2000). Additionally, reactiva-
tion has increasingly occurred in patients receiving anti-cytokine
therapies, especially inhibitors of gamma interferon (INF-y) and
tumor necrosis factor alpha (TNF-o; Deepe, 2005; Deepe et al.,
2005; Scheckelhoff and Deepe, 2005). Individuals with advanced
HIV disease are also at significant risk for severe infection due to
primary disease or reactivation of latent lesions, and disseminated
disease occurs in 95% of individuals with AIDS (Wheat, 1996).
Additionally, in the setting of severe immunocompromised, Hc
strains previously considered avirulent have been able to cause
fatal disease (Davies et al., 1978; Wheat et al., 1990).

Hc is a model dimorphic pathogen for the study of invasive
mycotic diseases. After inhalation, the fungal propagules reach the
terminal bronchioles of the lung and deposits in alveoli, undergo-
ing conversion to the pathogenic yeast form (Couto et al., 1994;
Allendoerfer et al., 1997). As a facultative intracellular parasite, the
interaction of Hc with macrophage cells is a critical component of
the host response to infection (Newman, 2005) and is a complex
and obscure phenomenon. Hc yeasts also have critical interactions
with inflammatory neutrophils, and with dendritic cells (DCs) in
the lung and other organs. Indeed, recent evidence suggests that
DCs can restrict the differentiation of conidia into yeast (Newman,
2005; Newman et al., 2011) and may be the key antigen-presenting
cells that initiate cell-mediated immunity (Deepe et al., 2008). Hc
yeast cells must survive and/or subvert the hostile anti-microbial
environmental within phagocytes (Allendoerfer et al., 1997),
including fungicidal mechanisms dependent on hydrogen

peroxide and products of the nitric oxide synthase (NOS) path-
way (Eissenberg and Goldman, 1987). Yeast cells actively inhibit
phagolysosomal fusion, thereby preventing exposure to the acidic
hydrolytic enzymes of the lysosomes. Hc also prohibits accumula-
tion of vacuolar ATPase, which is important for proton accumula-
tion in phagosomes, and the fungus can actively alkalinize phago-
somal pH to 6.5 (Strasser et al., 1999). Within the phagocytes, yeast
may travel to hilar and mediastinal lymph nodes where they can
gain access to the blood circulation for dissemination to various
organs, such as liver and spleen (Wheat and Kauffman, 2003).

YEAST CELL SURFACE

The components of the yeast surface are the main interface of Hc
to communicate with its environment and to interact with cells of
the immune system. In particular, Hc yeast display several surface
molecules involved in entry and survival within the host (Figures 1
and 2). The cell wall is essential to diverse aspects of Hc biology
and pathogenicity (Table 1). As discussed, uptake of Hc yeast by
macrophages provides a protected environment for yeast growth
and replication. However, in promoting its phagocytosis, Hc must
also subvert or avoid activating macrophage antifungal defenses.

CELL WALL CARBOHYDRATES

The cell wall is composed of about 80% of saccharides in dry
weight (Bernard and Latg, 2001). The monosaccharide compo-
sition consists in glucose (Glc), which is the most abundant
monosaccharide in filamentous and yeast cell wall, followed by
mannose (Man), and galactose (Gal). Structurally, the sugars form
a rigid polysaccharide structure that varies in composition ratios
depending on the chemotype of the strain (Reiss, 1977; Reiss et al.,
1977). Although different glycans comprise the structure; some
fluctuations can occur in certain isolates from a single chemotype,
such as shown with a major fibrillar chitin skeleton component, a-
1,3-glucan, B-1,3-glucan, and soluble galactomannan (Kanetsuna
etal., 1974).

The yeast and mycelia phases of Hc contain different chitin fib-
ril arrangements within their cell walls (Kanetsuna, 1981). These
structures are the foundation of the dynamic immunoreactive
construction that comprises the Hc cell wall.

The a and p-glucans present in the cell wall also change during
morphogenesis and have different biological roles (Domer et al.,
1967; Domer, 1971). At room temperature, the production of -
glucan is favored, resulting in increased amounts of this glucans
which is predominant in the fungal mycelial phase. Also, induction
of 3-glucanase activity promotes a decrease of cell wall rigid-
ity, resulting in elongation or budding (2, 3). The B-1,3-glucan
consists of a linear p-1,3-glucosyl-linked backbone with p-1,6-
glucosyl-linked side chains that vary in length and distribution,
while forming a complex tertiary structure stabilized by inter-
chain hydrogen bonding (Kanetsuna et al., 1974). This structure is
antigenic and participates in the modulation of the host immune
response (Gorocica et al., 2009).

A shift to 37°C favors a-1,3-glucan synthesis and low f-
1,3-glucan synthetic activity during yeast growth. During phase
transition from mycelia to yeast, the synthesis of a-glucans
increases rapidly (Kanetsuna et al., 1972; Kanetsuna, 1981) and
this effect is strictly dependent on temperature, with a lower syn-
thesis at 20 than 37°C. Hc a-glucan contains a-1,3-glucosyl linear
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residues and topographically overlaps the B-glucan surrounding
this last polymer in the yeast cell wall and it is considered relevant
for Hc yeast virulence (Klimpel and Goldman, 1988; Rappleye
et al., 2004).

Based on the a-1,3-glucan content of the yeast cell wall, Hc
is classified as chemotype I or II (Domer et al.,, 1967; Domer,
1971). A strain is classified as chemotype I when the a-1,3-glucan
is absent and it the fibers are entirely B-linked (Davis et al,

1977). A chemotype II cell wall contains a mixture of o and p-1,

3-glucans.

Chitin

The major cell wall component is an inner layer of chitin, a
polysaccharide composed by polymers of glucans and p-1,4-N-
acetyl-glucosamine (GIcNAc) residues (Kanetsuna et al., 1974).
The chitin fibrils are considered to be the skeleton of the cell
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Table 1 | Components of Hc cell surface and their role in pathogenicity/virulence.

Surface component

Role in virulence/pathogenicity

SURFACE CARBOHYDRATES

Chitin

B-1,3-glucan

a-1,3-glucan

Gallactomannan

Lectin-like components

Mannoproteins

LIPIDS
Ceramide monohexoside

Extracellular vesicles

PROTEINS
Hsp60

Hsp70

M antigen

Maintenance of cell wall integrity and rigidity, as well as in resisting the extracellular environment (Ruiz-Herrera and Osorio,
1974); immunomodulatory; and immunosuppressing molecule recognized by dectin-1 (Mora-Montes et al., 2011) inducing
activation of anti-microbial activities of macrophages and PBMCs, (Rementeria et al., 1997; Mora-Montes et al., 2011); bind
diverse products in supernatant, such as polysaccharides such as Cryptococcus neoformans capsule or self-proteins like
YPS3 (Bohse and Woods, 2005).

Major constituent of the cell wall of the filamentous phase of Hc (Davis et al., 1977); promotes inflammatory cell recruit-
ment and production of pro-inflammatory cytokines including TNF-a (Figueiredo et al., 1993; Medeiros et al., 1999, 2004;
Anjos et al., 2002). Dectin-1 and DC-SIGN (CD209) are receptors for p-1,3-glucan polymers (Brown, 2006).

Presence correlated with virulence (Kugler et al., 2000; Rappleye et al., 2007); regulates yeast proliferation inside host
phagocytes (Kugler et al., 2000) by protecting the yeast within phagolysosomes (Eissenberg and Goldman, 1991), result-
ing in a state called intracellular latency (Eissenberg et al., 1996, 1997); Hc displaying a-1,3-glucans can persist for several
weeks inside these cells and induce the formation of granulomas, which result in chronic infected tissues (Klimpel and
Goldman, 1988); loss of a-1,3-glucan impaired Hc yeast proliferation within macrophages killing of cultured macrophages
(Rappleye et al., 2004); in vivo, loss of a-1,3-glucan resulted in reduction in lung colonization (Marion et al., 2006); subverts
the host immune mechanisms of recognition of cell wall components and contributes to yeast survival. By blocking the
innate recognition of the fungal PAMP B-1,3-glucan by its PRR dectin-1 receptor on host phagocytes (Rappleye et al., 2007).
Involved in DTH with inhibition of macrophage migration factor release (Azuma et al., 1974; Reiss et al., 1974). In Paracoc-
cidioides brasiliensis, it appears to be involved in the protection against its own serine-thiol protease, an enzyme associated
with pathogen dissemination through the extracellular matrix (Matsuo et al., 2006).

Binds to a 68 KDa galactosylated surface molecule (mainly B-anomer) on murine macrophages (Taylor et al., 1998; Duarte-
Escalante et al., 2003), and participates in macrophage activation, and regulation of phagocytosis (Maldonado et al., 1998).
Also involved in agglutination of human erythrocytes (Taylor et al., 2004).

Highly antigenic and can lead to dendritic cell maturation and activation with pro-inflammatory cytokine production, (Pietrella
et al., 2006). Also involved in host tissue adherence (Ross, 2002).

Expressed in almost all fungal species (Barreto-Bergter et al., 2004); found in the mycelia and yeast phases of Hc (Barr
and Lester, 1984; Barr et al., 1984) and appears to be required for fungal survival (Dickson and Lester, 1999).

Carry lipids, proteins, polysaccharides, and pigment-like structures involved in diverse processes including metabolism,
cell recycling, signaling, and virulence (Yoneda and Doering, 2006; Rodrigues et al., 2007, 2008a; Albuquerque et al., 2008;
Vallejo et al., 2011); some proteins found in Hc vesicles are pathogenic determinants and/or are involved in host—-pathogen
interactions. Hc extracellular vesicle may function as a “virulence bag,” since virulence factors are concentrated within
them and these molecules can modulate the host—-pathogen interaction and immune response (Albuquerque et al., 2008;
Rodrigues et al., 2008b; Casadevall et al., 2009; Oliveira et al., 2010).

Major ligand that mediates attachment of Hc to macrophage/monocyte CR3 integrin (CD11b/CD18; Long et al., 2003),
resulting in phagocytosis (Long et al., 2003; Habich et al., 2006); it is also an immunogenic molecule, being a potential
target for passive immunization therapy (Guimaraes et al., 2009, 2011a); contributes with cell wall changes that allow the
pathogen to survive under stress conditions (Shaner et al., 2008); interacts with a large diversity proteins in both cyto-
plasmic and cell wall fractions, participating as a key regulator of several cellular processes, including amino acid, protein,
lipid, and carbohydrate metabolism, cell signaling, replication, and expression of virulence associated proteins (Guimaraes
etal., 2011c).

Recombinant Hsp70 elicits a cutaneous delayed-type hypersensitive response in mice; however, vaccination with Hsp70
did not confer protection against Hc infection (Allendoerfer et al., 1996); Hsp70 is highly expressed by the fungus when
undergoing transition from mycelium-to-yeast (Kamei et al., 1992) and has its peak of expression at 37°C (Shearer et al.,
1987). Hsp70 synthesis increases soon after heat shock (Lambowitz et al., 1983; Shearer et al., 1987) and we demonstrated
more interactions between Hsp70 and Hsp60 at elevated temperatures.

Major diagnostic antigen of Hc as it elicits intense humoral and cellular immune responses (Hamilton et al., 1990; Deepe,
1994; Deepe and Durose, 1995; Hamilton, 1998; Zancopé-Oliveira et al., 1999; Guimaraes et al., 2006). Its cell surface
localization makes the M antigen the most important catalase for detoxification of host derived peroxides, protecting the
fungus against oxidative stress, and also makes this protein accessible to host immune cells and antibody (Guimaraes
et al., 2008).

(Continued)
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Table 1| Continued

Surface component

Role in virulence/pathogenicity

H antigen

H2B

YPS3

Melanin

Involved in nutrient acquisition (Woodward and Wiseman, 1982) or modulation of cell wall architecture (Kruse and Cole,
1992; Deepe and Durose, 1995; Akiyama et al., 1998; Fisher et al., 1999; Fisher and Woods, 2000); vaccination with H
antigen protected mice in a pulmonary histoplasmosis model (Deepe and Gibbons, 2001) associated with production of
IFN-y, GM-CSF, IL-4, and I-10 by splenocytes and in parallel, there was major expansion of CD4™ or CD8™ cells in spleens
of mice (Deepe and Gibbons, 2001).

Important in cell-cell signaling and modulation of the immunoresponse by the fungus (Nosanchuk et al., 2003); mAbs
againt this protein enhanced levels of I1-4, -6, and IFN-gamma in the lungs of infected mice. The mAbs increased phago-
cytosis of yeast by J774.16 cells through a CR3-dependent process and uptake of the opsonized yeast cells was associated
with yeast cell growth inhibition and killing (Nosanchuk et al., 2003; Nosanchuk, 2005). The altered intracellular fate of the
opsonized Hc yeast was characterized by significantly enchanced macrophage phagosome activation and maturation and
also a reduced ability of the organism to regulate the phagosomal pH. Opsonization also increased antigen processing and
reduced negative PD-1/PDL:-1 co-stimulation in macrophages, resulting in more-efficient T-cell activation (Shi et al., 2008).
YPS3 is able to bind chitin and it is linked to Hc virulence in vivo and associated with increased fungal burden in
phagocyte-rich tissues, such spleen and liver (Bohse and \Woods, 2007b).

Hence, Hc cell wall melanin protects the fungus from a myriad of insults and the polymeric nature of the pigment enhances
its structural strength. It protects against extremes in temperatures, radiation, and predation in the environment, free rad-
icals, defensins, and other toxic responses within a host. Melanization of Hc protects the fungus against chemotherapy
with amphotericin B or echinocandins (van Duin et al., 2002; Gomez and Nosanchuk, 2003).

wall, playing a structural role in maintaining cell wall integrity
and rigidity, as well as in resisting the extracellular environment
(Ruiz-Herrera and Osorio, 1974). The chitin layer is attached to
the non-reducing end of the outer $-1,3-glucan chain by a $-1,4
linkage (Mol and Wessels, 1987), and as for the number of chitin-
B-1,3-glucan linkages compared to the total number of linkages in
the cell wall, the ratio is about one chitin—glucan bond per 8,000
hexose units. Experiments with appropriate mutants lacking such
linkage, have shown that their cell wall are weaker and more prone
to damage (Bulawa et al., 1995).

The immunoreactivity of Hc chitin with host cells has not
been formally investigated. Nevertheless, several chitin-binding
proteins had been described, such as Reglllg (HIP/PAP), a C-type
lectin expressed in the neutrophil-like Paneth cells of the small
intestine (Cash et al., 2006), and FIBCDI, a calcium-dependent
acetyl group-binding receptor that is also expressed in the gas-
trointestinal tract (Schlosser et al., 2009). The cells of the immune
system seem to use dectin-1 to recognize Candida albicans (Mora-
Montes et al., 2011) through chitin, but in Hc, the role of chitin
in the interaction with the components of the immune system
is unclear. However, it is possible that chitin functions as an
immunomodulatory molecule, immunosuppressing, or activating
anti-microbial activities of macrophages and PBMCs, as described
in C. albicans (Rementeria et al., 1997; Mora-Montes et al., 2011).
Intriguingly, He chitin can bind diverse products in supernatant,
such as polysaccharides from the capsule of Cryptococcus neo-
formans or self-proteins like YPS3 (Bohse and Woods, 2005),
described later in this essay. Hence, chitin plays diverse roles in
interacting with host cells and diverse compounds in the local
environment.

B-1,3-glucan
Surrounding chitin, there is a layer comprised of glucans polymers
linked by a B-1,3 linkage. This polymer is a major constituent

of the cell wall of the filamentous phase of Hc and in chemo-
type I Hc yeasts, where the glycan layer is entirely $-linked (Davis
et al., 1977). Some biological functions have been attributed to
the B-1,3-glucan, such as promotion of inflammatory cell recruit-
ment to the site of infection and production of pro-inflammatory
cytokines including TNF-a (Figueiredo et al., 1993; Medeiros et al.,
1999, 2004; Anjos et al., 2002). Intriguingly, B-glucans possess
many of the characteristics attributed to PAMPs and are known
to be potent triggers of innate immunity (Brown, 2006). Dectin-1
and DC-SIGN (CD209) are receptors for f-1,3-glucan polymers
(Brown, 2006). Dectin-1, a non-classical C-type lectin major non-
opsonic f-glucan receptor, was one of the first PRRs identified that
can mediate its own signaling or act synergistically with Toll-like
receptors (TLR) to initiate specific responses to infectious agents.
Dectin-1 has been shown to mediate inflammatory responses to
fungi and facilitate pathogen clearance (Steele et al., 2005). Detec-
tion of glycosylated fungal components by this receptor occurs
in DCs, neutrophils, natural killer, and subsets of T cells and
can result in the induction of cellular responses, including ligand
uptake by phagocytosis and endocytosis, DC maturation, respira-
tory burst, and synthesis of a number cytokines, including TNF,
IL-10, IL-2, IL-23, and IL-6 as well as chemokines like CXCL2
(Brown, 2006; Dennehy and Brown, 2007). DC-SIGN, another
C-type lectin involved in recognition of B-glucans, is expressed
primarily by DCs (Koppel et al., 2005) and has been proposed to
mediate engulfment of certain fungi (Cambi et al., 2003; Koppel
et al., 2005; Serrano-Gomez et al., 2005).

Due to its immunogenicity and predominance in cell wall, #-
glucans have been studied as a potential target for vaccination.
In fact, a vaccine based on glucan-laminarin conjugate with the
recombinant diphtheria toxoid CRM197 (Lam-CRM197) recently
tested was able to induce a protective immunity against different
pathogenic fungi, such as C. albicans and A. fumigates in vivo
(Torosantucci et al., 2005; Bromuro et al., 2010). Limitation of

www.frontiersin.org

November 2011 | Volume 2 | Article 225 | 10


http://www.frontiersin.org
http://www.frontiersin.org/Fungi_and_Their_Interactions/archive

Guimaréaes et al.

Surface architecture of Histoplasma capsulatum

B-glucan exposure is one mechanism shaping the overall patho-
genic potential of different medically important fungi including
Hc. However, several membrane components, such as CR3 can
interact with B-glucan (Kataoka et al., 2002). Consequently, the
abrogation of the host immune response by blocking Dectin-1
may be circumvented by other B-glucan receptors during natural
host interactions. However, certain Hc pathogenic strains mask
B-glucan by an outer a-1,3-glucan layer.

o-1,3-glucan

Morphological transition from filamentous to yeast phase mod-
ifies the biosynthesis of the glucans pool, with the production
of the a-1,3-glucan, which is a specific attribute of the Hc yeast
phase (Kanetsuna et al., 1974; Klimpel and Goldman, 1988). a-
1,3-Glucan is also common to most medically important fungi,
including all the other dimorphic pathogenic species. However,
the cell walls of Hc chemotype I strains lack the a-1,3-glucan
polymer, but contain more chitin and less glucan than chemo-
type II (Domer et al., 1967; Domer, 1971). Some strains of Hc
spontaneously produce variants lacking a-1,3-glucan that display
reduced virulence (Kugler et al., 2000; Rappleye et al., 2007). Such
phenomena can also be induced by successive laboratory pas-
sages of the Hc yeast (Klimpel and Goldman, 1988; Hogan and
Klein, 1994). In other dimorphic fungi, spontaneous loss of a-
1,3-glucan also correlates with reduced virulence, indicating this
may be a conserved mechanism of fungal pathogenicity (Klimpel
and Goldman, 1988; Hogan and Klein, 1994). In general, several
studies have demonstrated that virulent Hc strains contain up to
1,000-fold more a-1,3-glucan than avirulent strains.

Most recently, the importance of a-1,3-glucan in chemotype II
Hec virulence was examined in spontaneous mutants, and by RNA
interference and traditional allelic replacement of the gene that
encodes for a-1,3-Glucansynthase (agsl; Rappleye et al., 2007).
Loss of a-1,3-glucan does not impair growth of Hc in vitro. How-
ever, the loss significantly impaired the proliferation of the yeast
in macrophages in vitro and these yeast were less able to kill cul-
tured macrophages (Rappleye et al., 2004). In an in vivo model,
loss of a-1,3-glucan resulted in a substantial reduction in lung
colonization, suggesting that a-1,3-glucan might be a virulence
determinant designed specifically for survival and replication in
murine respiratory infection models (Marion et al., 2006).

The regulation of a-1,3-glucan occurs upstream AGS-1, by the
function of the amyl and ugpl gene products, respectively, an
a-1,4-amylase involved in the synthesis of a-1,3-glucan (Marion
et al., 2006) and an UTP-glucose-1-phosphate uridylyltransferase
that synthesizes UDP-glucose monomers. As observed with AGS-
1, loss of AMY1 and UGP1 function reduces the virulence of Hg,
with attenuation of yeast to grow within or kill macrophages, and
a reduced capacity to colonize murine lungs (Marion et al., 2006).

However, the exact mechanism for how a-1,3-glucans alters
Hc pathogenesis remains poorly understood and, to date, there
is no identified receptor to Hc cell wall a-1,3-glucans. In a
Pseudallescheria boydii model, this carbohydrate seems to be
important in phagocytic internalization, which stimulates the
secretion of inflammatory cytokines trough the involvement of
TLR2, CD14, and MyD88 (Bittencourt et al., 2006). As described
above, the explanation for their modifying effect on virulence

may primarily be due to their influence in the host—pathogen
interactions achieved by subverting the host immune mechanisms
of recognition of cell wall components and contributing to yeast
survival. As the a-1,3-glucans are expressed as the most exter-
nal cell wall layer, they block innate recognition of the fungal
B-1,3-glucan by dectin-1 receptor on host phagocytes (Rappleye
et al., 2007). Blockage of this receptor suppresses the production
of pro-inflammatory cytokine TNF-q, consisting in an important
virulence mechanism for Hg, but it also helps explain mechanis-
tically the higher native pathogenicity of dimorphic fungi. Yeasts
which also lack a-1,3-glucan have reduced capacity to cause signif-
icant disease. Consistent with this hypothesis, the parasitic forms
of the dimorphic fungal pathogens each possess a-1,3-glucan and
can cause disease even in the face of normal host immune func-
tion. However, this does not explain how chemotype I strains
maintain virulence in the absence of «-1,3-glucans. Additional
functions have been attributed to a-1,3-glucans, such regulation
of yeast proliferation inside host phagocytes (Kugler etal., 2000) by
protecting the yeast within phagolysosomes (Eissenberg and Gold-
man, 1991), thus resulting in a state called intracellular latency
(Eissenberg et al., 1996, 1997). Hc displaying a-1,3-glucans can
persist for several weeks inside these cells and induce the forma-
tion of granulomas, which result in chronically infected tissues
(Klimpel and Goldman, 1988).

Galactomannans

Hc galactomannan—protein complexes have antigenic activities,
and can induce delayed-type hypersensitivity (DHT) in guinea
pigs with inhibition of macrophage migration factor release
(Azuma et al., 1974; Reiss et al., 1974). It is noteworthy that fungal
galactomannan complexes in the related dimorphic fungus Para-
coccidioides brasiliensis appear to be involved in the protection
of the organism against its own serine-thiol protease, an enzyme
associated with pathogen dissemination through the extracellular
matrix (Matsuo et al., 2006).

Lectin-like components

Interactions between carbohydrates and lectins are considered the
basis of recognition of target particles by phagocytes (Sharon,
1984). The expression of lectins by pathogenic microorganisms
has been correlated to the organism attachment and invasion to
host tissues (Mendes-Giannini et al., 2000; Singh et al., 2011).
Interestingly, Hc has components with lectin activity on the yeast
surface that can bind to surface molecules on murine macrophages
(Taylor et al., 1998; Duarte-Escalante et al., 2003). It has been
shown that a lectin-like molecule plays a role in the bind-
ing to macrophage surface proteins suggesting that the specific
receptor for histoplasmin components on macrophage could be
an oligosaccharide—protein complex containing galactose (mainly
B-anomer) as determinant, since enzymatic cleavage of galacto-
syl residues or a galactose N-acetyl-p-galactosamine compound
reduced this interaction (Maldonado et al., 1994, 1998; Taylor
et al., 1998). The macrophage surface ligand is a 68 kDa protein
and seems to participate in macrophage activation and regulation
of phagocytosis (Maldonado et al., 1998; Taylor et al., 1998). Hc
also has the ability to bind and agglutinate human erythrocytes
using this lectin-like component (Taylor et al., 2004).
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Hc also expresses a 50kDa lectin that recognizes sialic acid
residues on laminin, a key component of the membrane base-
ment protein (Mcmahon et al., 1995) and might function as a
possible mechanism for dissemination or is involved in cell—cell
interactions.

Other cell wall associated carbohydrates

Several additional carbohydrates contribute to the composition of
the Hc cell wall. Mannans and mannosylated proteins are found in
the cell wall of Hc and several fungi, and their importance has been
best described in C. albicans (Lipke and Ovalle, 1998; Pietrella et al.,
2008). These mannoproteins are highly antigenic and can lead
to DCs maturation and activation followed by pro-inflammatory
cytokine production, which drives a protective T-cell response
(Pietrella et al., 2006). In addition, mannans have been implicated
in host tissue adherence (Ross, 2002).

CELL WALL LIPIDS

Lipids have recently emerged as important bioactive molecules in
fungi in addition to being critical structural components of cellu-
lar membranes. Several structurally and functionally distinct lipids
have been characterized in fungi. Based on simple extractions with
organic solvents and determination of the total lipid content in Hc
cell wall fractions, earlier reports have shown that it corresponded
to 3—10% of the cell wall dry weight (Macwilliam, 1970; Cox and
Best, 1972). For example, ceramide monohexoside (CMHs) con-
sists of a lipid (ceramide) moiety linked to a single sugar residue.
This molecule is the simplest glycosphingolipid of eukaryotic cells
and it is expressed in almost all fungal species (Barreto-Bergter
et al., 2004). In C. neoformans, glucosylceramide has been shown
to be cell wall associated and concentrates at specific sites during
cell division (Rodrigues et al., 2000). Additionally, antibodies to
glucosylceramide have been shown to inhibit C. neoformans and F.
pedrosoi growth and budding (Rodrigues et al., 2000; Nimrichter
et al., 2004), block mycelium formation in the plant pathogen
Colletotrichum gloeosporioides (Da Silva et al., 2004), interfere
with filamentation in P. boydii, and inhibit germ-tube forma-
tion in C. albicans (Pinto et al., 2002). CMHs components have
been identified in neutral lipids extracted from both filamentous
and yeast Hc (Toledo et al., 2001a). Indirect immunofluorescence
using an IgG2a monoclonal antibody (mAb) to glucosylceramide,
termed MEST-2, labeled the surface of Hc yeast suggesting a cell
wall/membrane localization of this molecule (Toledo et al.,2001b).
In Hg, the significance of this molecule has not been elucidated.
However, the glycosylinositol phosphorylceramides found in the
mycelia and yeast phases of Hc (Barr and Lester, 1984; Barr et al.,
1984) appears to be required for fungal survival (Dickson and
Lester, 1999).

EXTRACELLULAR VESICLES

Macromolecules need to be transferred from the intracellular to
the extracellular space through the rigid, complex, and dense cell
wall environment.

Recently, He extracellular vesicles composed by a lipid bilayer
have been described and appear to be secreted through and are
present at least transiently in the cell wall (Albuquerque et al,
2008). Using transmission electron microscopy, biochemistry,
proteomics, and lipidomics analysis, we and other investigators

have described the vesicular transport in fungal pathogens (Yoneda
and Doering, 2006; Rodrigues et al., 2007, 2008a; Albuquerque
et al., 2008; Vallejo et al., 2011), including C. neoformans, C. albi-
cans, C. parapsilosis, Sporothrix schenckii, Saccharomyces cerevisiae,
P. brasiliensis, and Hc. The cellular origin of the extracellular vesi-
cles remains unknown but there is evidence for the participation of
different pathways of cellular traffic in vesicle biogenesis (Oliveira
etal.,2010). Remarkably, morphological and biochemical features
indicate that they are similar to mammalian exosomes (Rodrigues
et al., 2008b; Casadevall et al., 2009).

Compositional analysis of Hc vesicles have revealed a very
diverse pool of molecules. The lipid content included common
components of biological membranes that can be involved in
immune response, such as phosphatidylcholine, phosphatidyl-
ethanolamine, and phosphatidylserine (Gilbreath et al., 1986; Ara-
maki, 2000; Hoffmann et al., 2005; Albuquerque et al., 2008).
In addition, 206 proteins were identified in Hc vesicles with a
broad range of functions, such chaperones (Hsp30, Hsp70, and
Hsp60), superoxide dismutase, catalase B, signal transduction
proteins, vesicle formation, cell wall and cytoskeleton regula-
tion, cell growth, and sugar, lipid, and amino acid metabolism
(Albuquerque et al., 2008).

Hence, some proteins found in Hc vesicles are pathogenic deter-
minants and/or are involved in host—pathogen interactions, so,
hypothetically, the concentration of these molecules could pro-
vide an efficient release mechanism of virulence factors into host
tissues and during infection could directly mediate host cell dam-
age (Rodrigues et al., 2008b; Casadevall et al., 2009; Oliveira et al.,
2010). In conclusion, Hc extracellular vesicle may function as “vir-
ulence bags,” since virulence factors are concentrated within them
and these molecules can modulate the host—pathogen interaction
(Rodrigues et al., 2008b; Casadevall et al., 2009; Oliveira et al.,
2010). In accord with this hypothesis, proteins extracted from Hc
vesicles reacted with immune sera from patients with histoplas-
mosis, showing that vesicles can modulate the immune response
(Albuquerque et al., 2008).

CELL WALL PROTEINS

The dynamic nature of the cell wall of Hc includes the chang-
ing composition of several proteins that participate in sens-
ing the environment, modifying host—pathogen interactions, and
defending the fungus against oxidative stress.

Heat shock proteins

Heat shock proteins (Hsps) are among the most evolutionary
highly conserved proteins across all species (Lindquist, 1986).
Hsps are essential for maintaining cellular functions, playing cru-
cial roles in protein folding/unfolding, preventing aggregation
of nascent polypeptides and toxicity by facilitating protein fold-
ing, directing assembly and disassembly of protein complexes,
coordinating translocation/sorting of newly synthesized proteins
into correct intracellular target compartments, degradation of
aged/damaged proteins via the proteasome, regulating cell cycle
and signaling, and also protecting cells against apoptosis (Li and
Srivastava, 2004; Saibil, 2008). As a key component of the heat
shock response, Hsp expression is markedly upregulated when a
cell is exposed to challenging conditions (e.g., high temperature,
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oxidative stress, radiation, inflammation, exposure to toxins, star-
vation, hypoxia, nitrogen deficiency, or water deprivation; Wu,
1995).

Hsp60

A Hsp of 60kDa (Hsp60) has been identified on the surface of
Hc, as well as within the cell and within vesicles. Hsp60 can be
visualized as clusters on the cell wall by immunogold electron
microscopy (Long et al., 2003). It appears to be the major lig-
and that mediates attachment of Hc to macrophage/monocyte
CR3 integrin (CD11b/CD18; Long et al., 2003), resulting in
phagocytosis (Long et al., 2003; Habich et al., 2006). Interest-
ingly, a study of seven different Hsp60 species from microbes
and mammals revealed that all proteins bound the CR3 recep-
tor, although using different binding sites, and all elicited an
inflammatory response in mouse macrophages (Habich et al,
2003). This implies the existence of distinct receptor structures
responsible for Hsp60 binding and for Hsp60-induced release
of pro-inflammatory mediators. In addition, the interaction of
Hsp60 with immune cells exhibits immunoregulatory properties,
controlling innate, and adaptive immune reactions (Habich and
Burkart, 2007). Besides the interaction of Hsp60 from Hc with
CR3 receptor complex on the cell surface of macrophages (Long
et al., 2003), this protein could be interacting with other critical
macrophages surface proteins, regulating the effector functions
of these cells, or even exerting other important chaperonin-like
functions that modify the pathogenesis of Hc (Guimaraes et al.,
2011c).

Hsp60 from Hc is also an immunogenic molecule and has
been described as a potential target for passive immunization ther-
apy (Guimaraes et al., 2009, 2011a). Vaccination with Hc Hsp60
induces protection in a lethal murine infection model. The deple-
tion of CD4+ cells during vaccination completely abolishes this
protective effect (Gomez et al., 1995; Deepe and Gibbons, 2002).
However, studies in the expressive phase of vaccination show that
the elimination of CD4(+) or CD8(+) cells does not significantly
modify fungal recovery from organs of infected animals or survival
from a lethal challenge. Passive immunization with antibodies to
Hsp60 offered protection against Hc, as mice treated with IgG1 or
IgG2a mAbs to Hsp60 have significantly prolonged survival, with
a reduction in the pulmonary and splenic CFUs after a week and
a decrease up to 2.5logs of yeast numbers in the lungs at 2 weeks
(Guimaraes et al., 2009, 2011b).

Hsp60 expression levels are strain and temperature depen-
dent, with an expression peak between 34 and 37°C (Shearer
et al., 1987). The mechanism by which the heat shock response
to environmental stressors occurs has not been fully elucidated.
However, some evidence suggests that an increase in damaged
or abnormal proteins activate Hsps (Santoro, 2000). Our group
has shown that Hsp60 levels increase in response to tempera-
ture stress in both cytoplasm and cell wall subcellular fractions
(Guimaraes et al., 2011c). However, Hsp60 cell wall levels was not
significantly changed during heat shock, suggesting that in the
conditions tested Hsp60 had a constitutive and regulatory func-
tion in the cell, orchestrating traffic of proteins to the cell surface
where it is present at levels close to saturation, independent of
overall expression in the cell.

The capacity of the Hsp60 to interact and work as a carrier mol-
ecule suggests innumerous regulatory functions of these proteins.
Differential interactions have been dissected in both cytoplasmic
and cell wall, and we identified common and unique interactions
within each subcellular compartment (Guimaraes et al., 2011c¢).
The interactome reveals that Hc Hsp60 engages nuclear chaper-
ones, small chaperones,and Hsp90 families. Temperature increases
interactions between Hsp60 and Hsp70 in the cell wall. Further-
more, cell wall Hsp60 more broadly interacts with enzymes related
to carbohydrate metabolism, suggesting a trafficking function of
Hsp60 related to enhanced energy acquisition under stress con-
ditions. Additionally, Hsp60 apparently contributes with cell wall
changes that allow the pathogen to survive under stress conditions
(Shaner et al., 2008). Hence, this protein participates as a key reg-
ulator of diverse cellular processes, including amino acid, protein,
lipid, and carbohydrate metabolism, cell signaling, replication, and
expression of virulence associated proteins.

Hsp70

Hsp70 is a putative chaperone secreted by Hc to the extracellular
milieu, probably within vesicles (Albuquerque et al., 2008), but
also found on the cellular surface of the fungus (Gomez et al,,
1992, 1997; Lopes et al., 2010). Little is known about the function
of this protein in Hc. Recombinant He Hsp70 elicits a cutaneous
delayed-type hypersensitive response in mice. However, vaccina-
tion with Hsp70 did not confer protection against Hc infection
(Allendoerfer et al., 1996). Hc Hsps, such as Hsp70 and Hsp82
(an Hsp recently associated with virulence, albeit by unknown
mechanisms (Edwards et al., 2011), display a similar expression
pattern to Hsp60 (Caruso et al., 1987; Minchiotti et al., 1992).
Hsp70 is highly expressed by the fungus when undergoing tran-
sition from mycelium-to-yeast (Kamei et al., 1992) and it is also
strain and temperature dependent, having its peak of expression
at 37°C (Shearer et al.,, 1987). Hsp70 synthesis increases soon
after heat shock (Lambowitz et al., 1983; Shearer et al., 1987) and
we demonstrated more interactions between Hsp70 and Hsp60
at elevated temperatures. Thus, Hc Hsp70 interacts with Hsp60,
in various cellular compartments, and might communicate with
other intracellular chaperones, composing a heat shock regulon
complex.

M antigen

The M antigen is the major diagnostic antigen of Hc as elicits
intense humoral and cellular immune responses (Hamilton et al.,
1990; Deepe, 1994; Deepe and Durose, 1995; Hamilton, 1998;
Zancopé-Oliveira et al., 1999; Guimaraes et al., 2006). Antibod-
ies to M antigen appear soon after infection and, importantly,
antibodies to M antigen can indicate prior exposure, acute disease
or a chronic progressive disease. The M precipitin reaction can
persist for up to 3 years after disease resolution and people who
have never had contact with Hc can become reactive after skin
testing with histoplasmin (Klite, 1965; Kaufman, 1992).

Based on its amino acid sequence and cross reactivity of mAbs
raised against the M antigen with other fungal catalases, the M pro-
tein has been characterized as a B catalase (Hamilton et al., 1990;
Zancopé-Oliveira et al., 1999). The M antigen has been detected
in cell-free extracts and in solution after permeabilizing Hc yeast,
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suggesting that the M antigen is a secreted enzyme (Howard, 1983).
Hc expresses two other catalases, CatP, and CatA, both located
intracellularly, and all of these proteins are involved in detoxifi-
cation of reactive oxygen species generated by fungal metabolism
and respiration (Johnson et al., 2002).

Our group sought to further characterize the M antigen
and confirm its catalase activity. Initially, we constructed a 3-
D rendering by homology modeling, and found structures and
domains that closely resembled characterized catalases. Specific
mAbs against recombinant M antigen labeled the yeast cell sur-
face of Hc and provided a single band in immunoblots using
cell wall/membrane preparations. Hence, these mAbs further con-
firmed the cell surface location of the M antigen. Additionally, we
demonstrated that the majority of catalase activity was concen-
trated in fungal surface preparations. The localization of the M
antigen to the cell surface makes the M antigen the most important
catalase for detoxification of host derived peroxides, protecting the
fungus against oxidative stress, and also makes this protein acces-
sible to host immune cells and antibody (Guimaraes et al., 2008).
However, its importance during establishment of infection and as
a vaccine candidate awaits characterization.

H antigen

The H antigen has been described as a secreted component of
histoplasmin, the most important immunodiagnostic reagent of
Hc obtained from culture supernatant of the filamentous culture
of the fungus (Ehrhard and Pine, 1972a,b; Zancope-Oliveira et al.,
1994; Guimaraes et al., 2006). This antigen consistently reacts with
sera from histoplasmosis patient, and antibodies to the H antigen
may be detected 1-2 years after the resolution of acute disease.
Antibodies to the H antigen usually disappear more quickly than
the anti-M antibodies (Davies, 1986). The H precipitin rarely is
detected after HMIN skin testing.

Although this protein has been extensively studied as an
immunodiagnostic reagent for more than 50 years, its biological
function has not been precisely elucidated. The deduced amino
acid sequence of the H gene displays homology to secreted fungal
B-glucosidases and has a molecular weight from 108 to 120 kDa.
However, recombinant protein expressed in a prokaryotic host
(Fisher et al., 1999) did not demonstrate B-glucosidase enzymatic
activity, probably due to incorrect folding and altered protein
structure. Subsequently, expression in the native organism has
resulted in production of a full-size, glycosylated H antigen with
functional p-glucosidase activity (Fisher et al., 1999). Potential
biological activities for this enzyme include nutrient acquisition
(by the breakdown of environmental cellulosic or carbohydrate
substrates to acquire glucose; Woodward and Wiseman, 1982) or
modulation of cell wall architecture (Deepe and Durose, 1995;
Fisher et al., 1999; Fisher and Woods, 2000; by the breakdown
of cell wall polymers and carbohydrates; Kruse and Cole, 1992;
Akiyama et al., 1998).

Recombinant H antigen can stimulate splenocytes from mice
immunized with viable yeast or with antigen suspended in adju-
vant (Deepe and Durose, 1995; Deepe and Gibbons, 2001). How-
ever, despite stimulating a cell-mediated immune response, vac-
cination with the antigen was not able to protect against either a
lethal or a sub-lethal intravenous inoculum of yeast (Deepe and

Durose, 1995). Interestingly, vaccination with H antigen protected
mice in a pulmonary histoplasmosis model (Deepe and Gibbons,
2001). The protective immunization was associated with pro-
duction of IFN-y, granulocyte-macrophage colony-stimulating
factor (GM-CSF), interleukin-4 (IL-4), and interleukin-10 (IL-
10) by splenocytes and in parallel, there was major expansion of
CD4*" or CD8™" cells in spleens of mice (Deepe and Gibbons,
2001).

Histone 2B

Histones are proteins commonly associated with DNA and have
high conserved structure and functions. Although they are clas-
sically located in the nucleus, cell surface histones have been
described in both eukaryotic and prokaryotic organisms. His-
tones have been described in the plasma membrane of leukocytes
(Rekvig et al., 1987), T cells (functioning as proteoglycan recep-
tors; Ojcius et al., 1991; Khan et al., 1998), B cells (Mecheri et al.,
1993), and a human lung carcinoma cell line (as an adhesin to
the extracellular matrix; Bilozur and Biswas, 1990). A histone 2B
of Mycobacterium leprae can be located on the bacterial cell sur-
face and this expressed protein facilitates invasion of Schwann
cells (Shimoji et al., 1999; De Melo Marques et al., 2000) by
binding laminin on peripheral nerves (Pessolani et al., 1993; De
Melo Marques et al., 2000). Similarly Mycobacterium smegma-
tis binds to laminin on human pneumocytes and macrophages
through a histone-like protein located on its surface (Pethe et al.,
2001). We have described a histone 2B-like protein of 17-kDa
antigen expressed on the surface of Hc, and it is speculated
that the protein is important in cell-cell signaling and modula-
tion of the immune response by the fungus (Nosanchuk et al,,
2003).

Administration of mAbs that bind histone 2B-like protein on
the surface of Hc has been shown to reduce fungal burden, decrease
pulmonary inflammation, and prolong survival in a murine infec-
tion model (Nosanchuk, 2005). The protective response mediated
by these mAbs was associated with enhanced levels of IL-4, IL-
6, and IFN-y in the lungs of infected mice. The mAbs increased
phagocytosis of yeast by J774.16 cells through a CR3-dependent
process and uptake of the opsonized yeast was associated with yeast
growth inhibition and killing (Nosanchuk et al., 2003; Nosanchulk,
2005). The altered intracellular fate of the opsonized Hc yeast
was characterized by significantly enhanced macrophage phago-
some activation and maturation and also a reduced ability of
the organism to regulate the phagosomal pH. Opsonization also
increased antigen processing and reduced negative PD-1/PDL-1
co-stimulation in macrophages, resulting in more-efficient T-cell
activation (Shi et al., 2008).

YPSs3

YPS3 is both resident in the cell wall and released in significant
quantities into the culture medium during growth of Hc. This
protein is expressed only by the pathogenic yeast phase in vitro
or infecting tissues (Bohse and Woods, 2005). The yps3 locus is
present in all the strains of Hc, but protein production seems to be
limited to the North American restriction fragment length poly-
morphism class 2/NAm 2 group of strains (Bohse and Woods,
2007b). These strains have the highest virulence among all the
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Hc isolates and the expression of Yps3 is likely associated with
increased virulence (Bohse and Woods, 2005). The Yps3 protein
in the NAm 2 strains has an average length of 137 amino acids.
However, intragenic hypervariable region of tandem repeats in
the yps3 gene might result in different size fluctuation or protein
isoforms among Hc strains (Bohse and Woods, 2007a). Another
important feature of this protein is the presence of an N-terminal
secretion signal sequence (Bohse and Woods, 2005). As this pro-
tein is secreted by the yeast, it binds to the polysaccharide chitin
and becomes exposed on the cell wall.

Intriguingly, silencing of the YPS3 transcript did not result in
any detectable phenotypic differences in vitro (Bohse and Woods,
2007b). Silenced yeast displayed normal growth at 37°C and simi-
lar virulence to wild-type yeasts in co-cultures with a RAW 264.7
murine macrophage-like cell line. However, in an in vivo murine
infection model, silenced yeast caused significantly less disease
than wild-type yeast. Reductions in fungal burden were partic-
ularly evident in phagocyte-rich tissues, such spleen and liver.
Hence, YPS3 is clearly linked to Hc virulence in vivo.

MELANIN

Many pathogenic fungi produce the enigmatic polymer pigment
melanin in their cell wall (Nosanchuk and Casadevall, 2006).
Hc is also able to synthesize melanin, on both conidia and
yeast (Nosanchuk et al., 2002). Melanins are negatively charged,
hydrophobic pigments of high molecular weight, formed by the
oxidative polymerization of exogenous phenolic and/or indolic
compounds. Since Hc conidia synthesize melanin in the absence
of exogenous phenolic substrate, it is probable that conidia are
melanized in the environment (Nosanchuk et al., 2002). Thus,
melanization may protect the conidia from environmental insults,
such as damage by solar UV radiation, extreme temperatures and
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The 60s and 70s were prolific decades in the study of the
morphological and biochemical aspects of the Paracoccidioides
brasiliensis cell wall (San Blas and San Blas, 1984, 1994). This
fungus belongs to a group of pathogens whose morphology
changes according to the temperature of growth: a mycelial
phase develops under mild environmental temperatures up to
26°C, while multi-budding yeasts develop at temperatures near
37°C. The infectious particles are supposedly inhaled conidia
produced by environmental mycelia (Bustamante-Simon et al,,
1985; San Blas, 1986; Samsonoff et al., 1991); transition to yeasts
in the lungs is mandatory for the establishment of paracoccid-
ioidomycosis (McEwen et al., 1987), which is a granulomatous
mycosis prevalent in Latin America (San Blas et al., 2002). Cur-
rently, Paracoccidioides isolates from Brazilian central-western
areas are considered a new species — P. lutzii (“Pb01-like”; Teix-
eira et al., 2009), whereas P. brasiliensis represents a complex
of three phylogenetic groups (Matute et al., 2006). There is
free access to complete genomic information for isolates Pb18,
Pb3, and PbO01 at the Dimorphic Fungal Database of the Broad
Institute site (http://www.broadinstitute.org/annotation/genome/
dimorph_collab/MultiHome.html), and genome comparative
analyses have been reported (Desjardins et al., 2011). Transcrip-
tome data have long been available for Pb18 and Pb01 and dif-
ferentially expressed genes have been detected (Felipe et al., 2003,
2005; Goldman et al., 2003; Andrade et al., 2005; Nunes et al.,
2005; Baildo et al., 2006; Borges et al., 2011). Yet, genetic manipu-
lation in Paracoccidioides is only starting (Sturme et al., 2011), thus
the association between translated proteins and the cell wall has
generally been inferred by comparison with other fungal systems.

is given on cell wall carbohydrate and protein contents, their immune-stimulatory features,
adhesion properties, drug target characteristics, and morphological phase specificity. We
offer a journey toward the future understanding of the dynamic nature of the cell wall and
of the changes that may occur when the fungus infects the human host.

Keywords: cell wall, Paracoccidioides brasiliensis, P lutzii, polysaccharides, adhesins, enzymes, host interaction

The relationship among P. brasiliensis cell wall, dimorphism,
and virulence has intrigued pioneer researchers (San Blas, 1982).
They used sophisticated high resolution microscopy and biochem-
ical techniques available at the time to compare the surface struc-
ture of the yeast and budding forms (Carbonell, 1967), hyphae
(Carbonell and Rodriguez, 1968), transition phases (Carbonell,
1969), isolated cell walls (Carbonell et al., 1970), and to iden-
tify the main cell wall components (Kanetsuna et al., 1969, 1972;
Kanetsunaand Carbonell, 1970). They studied a Venezuelan fungal
isolate whose cell wall was thicker in yeasts (0.2—0.6 pm) than in
hyphae (80-150 nm). Both showed a wide translucent and homo-
geneous layer that lied over the plasma membrane. In yeasts, an
electron dense outer layer decorated with fibrils covered this inner
layer. Conidia cell walls (150 to 300-nm wide) were studied only
later: they showed homogeneous appearance of medium electron
density, being surrounded by a thick coat of long electron dense
microfibrils (Edwards et al., 1991).

Carefully isolated yeast cell wall preparations were composed
of around 81% carbohydrates (38% hexoses; 43% amino sugars),
10% amino acids, and 11% lipids; for mycelia, these percent-
ages were, respectively, 51% (38% hexoses; 13% amino sugars),
33%, and 8% (Kanetsuna et al., 1972). Isolated cell walls were bio-
chemically fractionated into alkali-insoluble (F1) or alkali-soluble
components precipitated (F2) or not (F3) upon neutralization
with acetic acid. Striking structural differences were then observed
(Kanetsunaetal., 1972):in yeasts, 95% of the glucans were a-linked
(F2) and 5% were B-linked (F1), while only B-linked glucans (F1)
were found in mycelia. In both anomeric forms, long 1,3-linked
chains were prevalent, with few 1,6-linked side chains. Chitin (F1)
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was more abundant in yeasts. Freeze-section-shadow techniques
(Carbonell etal., 1970) revealed that F3, composed of galactoman-
nan and amino acids, was amorphous. In yeasts, F2 contained only
a-1,3-glucans and appeared as thick (100 nm) and short microfib-
rils that resembled the cell wall outer layer. F1, containing chitin,
B-glucan, and amino acids, displayed delicate nets of irregularly
disposed thin fibers (20 nm), similar to those seen in the cell wall
inner layer. Successive treatments with NaOH, $-1,3-glucanase and
pronase damaged the mycelium cell wall, while the round yeast
shape was maintained (Kanetsuna, 1981). The importance of ran-
domly orientated chitin microfibrils for rigidity was then stressed.
The round yeast shape was also kept in a mutant strain where
most a-glucan was replaced by 1,3-mannan, as well as in the par-
ent strain that presented only reduced amounts of a-glucan due to
the effect of multiple sub-culturing (San Blas et al., 1976, 1977b).
Later analysis of cell wall polysaccharides proved that their com-
position, however, could vary not only with culture conditions, but
also among isolates (San Blas and Vernet, 1977; San Blas and San
Blas, 1982; San Blas et al., 1984), and especially in mutants with
defects in phase transition (San Blas et al., 1977a; Hallak et al.,
1982; San Blas and San Blas, 1992). At that time, these mutants
were useful to review the models of dimorphism (Kanetsuna et al.,
1972; Kanetsuna, 1981; San Blas and San Blas, 1984, 1994). It has
recently been reported that a few single residues of a-1,4-linked
glucose may be attached to the linear a-1,3-glucan chains (Sorais
et al., 2010).

Although arole for a-glucan in the yeast shape was discarded, its
relationship with fungal virulence has long been speculated, espe-
cially because decreased virulence and loss of externally arranged
a-glucan have been observed to occur concomitantly (San Blas
etal., 1976, 1977b; San Blas and Vernet, 1977; Goihman-Yahr et al.,
1980; Hallak et al., 1982; Brummer et al., 1990; Kashino et al.,
1990). The role of fungal cell wall polysaccharides as pathogen-
associated molecular patterns (PAMPs) has been widely explored
in Candida albicans (Netea et al., 2008). B-glucan is a cell wall
PAMP that is mainly recognized by macrophage dectin-1 (Brown
et al., 2002) and may interact with TLR2 (toll-like receptor 2)
to activate NF-kB signaling (Gantner et al., 2003). The role of
external a-glucan to prevent dectin-1 recognition and stimulus of
protective immune response has been recently demonstrated in
genetically manipulated Histoplasma capsulatum (Rappleye et al.,
2004, 2007). Dectin-1 activation by wild type P. brasiliensis has
been suggested (Diniz et al., 2004), as well as cellular immune-
stimulatory responses by P. brasiliensis F1 cell wall fraction have
been demonstrated (Silva and Fazioli, 1985; Alves et al., 1987; Silva
etal.,, 1997, 2011; Anjos et al., 2002; de Pddua Queiroz et al., 2010).
Cell wall F1 obtained from avirulent P. brasiliensis elicited in mice
higher levels of tumor necrosis factor (TNF-o; Figueiredo et al.,
1993),leukocyte recruitment, and granuloma formation (Silva and
Fazioli, 1985) when compared with F1 from a virulent isolate. The
effects correlated with higher B-glucan levels in the cell wall of the
avirulent yeasts. Therefore, the amount of both a- and p-glucans
might contribute to differential virulence among Paracoccidioides
isolates.

B-cell activation by P. brasiliensis cell wall fractions has also
been reported (de Oliveiraetal., 1993; Benard et al., 1995; Silvaand
Silva, 1995; Silva et al., 1997). Complement activation (Crott et al.,

1997) and neutrophil chemotaxis (Crott et al., 1993) stimulated by
F1 have been observed. It has been demonstrated by immunofluo-
rescence that C3, C3a, C3d, C3g, C4, C5b-9, and factors Hand B are
present on the cell surface of P. brasiliensis yeasts (Munk and Silva,
1992) and that complement 3 and mannose receptors are impor-
tant for phagocytosis by macrophages (Jiménez et al., 2006). Also,
an opsonized cell wall preparation was able to regulate B lympho-
cyte by complement receptors 1 and 2, which recognize activated
C3 and C4 (de Agostino Biella et al., 2006). The results concern-
ing stimulation with whole and fractionated cell wall preparations
should be viewed critically, though, taking into consideration the
purity of the preparations and the fact that F1 contains chitin,
proteins, and B-glucans.

Water soluble galactomannan extracted in P. brasiliensis cell
wall F3 (Kanetsuna et al., 1972) bears common antibody epi-
topes among dimorphs (Azuma et al., 1974). The galactoman-
nan backbone has long a-1,6-Manp chains, which in hyphae
are mostly decorated with a-1,6-Manp-a-1,2-Galf ramifications
(Ahrazem et al., 2003). In yeasts, these are minor structures,
while B-1,6-Galf-a-1,2-Manp and a-1,2-Manp prevail. Terminal
pB-galactofuranosyl residues are common fungal epitopes that can
evoke cross-reactivity (Puccia and Travassos, 1991; Latge, 2009).
Conversely, terminal a-galactofuranose has seldom been described
in fungi (San Blas et al., 2005). We have recently characterized
a-galactopyranosyl epitopes distributed along the cell wall and
inside cytoplasmic vacuoles that were partially mapped in protein
O-linked sugar chains (Vallejo et al., 2011). They are highly reac-
tive with paracoccidioidomycosis patients’ sera; however their role
in the interaction with the host remains unknown. On the other
hand, non-reducing units of terminal N-acetylneuraminic acid
linked to sub-terminal B-galactopyranosyl units were observed on
the yeast surface forming an anionic layer that possibly protects
the fungus against phagocytosis (Soares et al., 1998). The nature of
the glycoconjugates bearing these residues has not been described.

Cell wall-related sequences identified in the Paracoccidioides
transcriptomes (Goldman et al., 2003; Felipe et al., 2005; Tomazett
etal.,2005) and genomes (Desjardins et al., 2011) encode enzymes
related to carbohydrate synthesis, remodeling, and degradation, as
well as cell wall structural or associated molecules. A screening
in the PbO01 transcriptome for GPI-anchored sequences (Castro
et al., 2005) yielded six expression sequencing tags (ESTs) from
possible cell wall structural proteins. A putative GPI-anchored
membrane/cell wall B-1,3-glucan elongase capable of mediating
fungal cell wall integrity (PbGel3p) was immunolocalized at the
yeast surface (Castro et al., 2009).

The structural uniqueness and essentiality of fungal cell
wall components indicate that proteins involved in their syn-
thesis/degradation are potential drug targets, e.g., a-1,3-glucan
synthase, glucanases [ex0-f-1,3, endo-B-1,3(4)], a-1,2- and a-
1,6-mannosyltransferases, chitinase, and dolichyl phosphate-p-
mannose:protein  O-b-mannosyltransferase (Desjardins et al,
2011). Paracoccidioides has a single B-1,3-glucan synthase gene
that is overexpressed in Pb01 yeasts (Tomazett et al., 2010); how-
ever, echinocandin inhibitors of B-1,3-glucan synthesis have little
effect against the yeast pathogenic phase due to the prevalence
of a-glucan (San Blas and Nifio-Vega, 2008; Rodriguez-Brito
etal., 2010). Thus, a better target would be a-1,3-glucan synthase
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and its regulatory molecules including GTPase proteins Rhol,
Rho2, Racl, and Cdc42 (Sorais et al., 2010). Not coincidentally,
P. brasiliensis mutants knocked down for CDC42 expression pre-
sented altered growth pattern and decreased virulence (Almeida
et al., 2009).

Chitin synthases are broader targets for fungi. Genome analysis
revealed the existence of seven chitin synthases in Paracoccid-
ioides, one of each class, including a functional class III (Bar-
reto et al., 2010), not described previously (Nino-Vega et al.,
2000), and Pbrchs6 originally detected in transcriptome studies
only in mycelia (Tomazett et al., 2005). Microarray hybridization
analysis identified some chitin synthases up-regulated during the
mycelium-to-yeast transition, while chitinases and endochitinases
were downregulated (Nunes et al., 2005). A chitin deacetylase tran-
script (CDA), which encodes an enzyme that converts chitin to
chitosan, was overexpressed in Pb01 yeasts (Felipe et al., 2005).

A number of intracellular proteins, particularly enzymes, have
also been localized to the cell wall in Paracoccidioides and other
fungi (Nombela et al., 2006). Their presumptive roles at the sur-
face might involve essential activities like cell wall biosynthesis and
remodeling, microorganism adaptation to different conditions,
and also interaction with the host. We reported on a mitochondr-
ial heat-shock chaperone Mdj1 labeled at the P. brasiliensis yeast
cell wall (Batista et al., 2006, 2007), which is the preferential site in
fully formed mycelia (Dourado et al., unpublished). Alkaline phos-
phatase activity on the cell wall was demonstrated by histochemical
techniques in P. brasiliensis yeast phase (Campo-Aasen and Albor-
noz, 1994). A secreted 75-kDa protein with phosphatase activity
was identified by confocal microscopy and flow cytometry on the
cell surface, preferentially at the budding site of P. brasiliensis (Xan-
deretal.,2007). Yeast cells opsonized with anti-75 kDa monoclonal
antibodies showed growth inhibition, increasing phagocytic index,
and in vivo protection against murine paracoccidioidomycosis.
Formamidase, which participates in the nitrogen metabolism, was
detected by immunoelectron microscopy on the cell wall of Pb01
yeast cells (Borges et al., 2009), as well as a 66-kDa secreted aspartyl
protease (PbSAP) that was more abundantly expressed in the yeast
phase (Tacco et al., 2009).

Adhesion of pathogens to host components is an impor-
tant step in microorganism infection and dissemination. The
dataset of a recently developed Fungal RV adhesin predictor algo-
rithm (Chaudhuri et al., 2011) identified 27 proteins from P.
lutzii (Pb01). Among them, only triosephosphate isomerase and
glyceraldehyde-3-phosphate dehydrogenase (GADPH), two cyto-
plasmic glycolytic enzymes, have already been identified as cell wall
adhesins (Barbosa et al., 2006; Pereira et al., 2007). Both can bind
to cell culture pneumocytes and to proteins associated with the
extracellular matrix (ECM). Similar results have been observed for
glyoxylate pathway malate synthase (da Silva Neto et al.,2009) and
for putative a-1,6-mannosidase PbDfg5p (defective for filamen-
tous growth protein), both localizing mainly to budding yeast cell
walls (da Silva et al., 2008). PbDfg5p transcripts were preferentially
expressed in yeasts, where it was shown to be linked to B-glucan.
Enolase is another glycolytic enzyme with fibronectin-binding fea-
tures and double localization in P. brasiliensis (Donofrio et al.,
2009; Nogueira et al., 2010). This protein is also capable of activat-
ing plasminogen conversion to plasmin, a serine protease that can

facilitate pathogen dissemination. Host cell exposure to recombi-
nant enolase had enhanced fungal adhesion, possibly due to an
increased exposure of N-acetylglucosamine, which might be rec-
ognized by paracoccin, a TNF-a stimulatory lectin (Coltri et al,,
2006). Paracoccin is a cell wall chitin-binding protein with N-
acetyl-B-p-glucosaminidase activity that plays a role in fungal
growth, supposedly by participating in cell wall remodeling and
organization (Ganiko et al., 2007; dos Reis Almeida et al., 2010).
Secreted gp43 is a major diagnostic P. brasiliensis antigen (Puc-
cia and Travassos, 1991) that partly resides on the cell wall (Straus
et al., 1996). It presents vaccine features due to the presence of T-
cell epitopes that stimulate Th-1 protective responses (Taborda
et al., 1998; Travassos et al., 2008), but apparently it can also
stimulate innate immunity (Nakaira-Takahagi et al., 2011). Gp43
has been appointed as a virulence factor considering its broadly
demonstrated adhesive properties to ECM (Vicentini et al., 1994;
Gesztesi et al., 1996; Hanna et al., 2000), while an internal peptide
(NLGRDAKRHL) was able to compete in binding assays (Mendes-
Giannini et al., 2006). A 32-kDa ligand to laminin, fibronectin,
and fibrinogen was observed on the surface of yeasts, mycelia,
and conidia, which could play a role in the initial attachment of
the infectious particles to the lungs (Gonzdlez et al., 2005, 2008).
In general, experimental data have positively correlated fungal
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FIGURE 1 | Schematic representation of an updated view of
Paracoccidioides yeast phase cell wall components. Structural
polysaccharides are represented: an outer layer of alpha-1,3-glucan (with
eventual single alpha-1,4-linked glucose residues) in higher amounts than
beta-1,3-glucan, which lies in internal layers and is decorated with small
beta-1,6-glucan side chains. Internal chitin fibers maintain the round shape
and galactomannan composes an external fibrillar layer. Melanin is shown
on the surface. Extracellular membranous vesicles containing monohexosyl
ceramide transport components outside the plasma membrane, including
numerous intracellular proteins. A number of intracellular proteins that have
been immunolocalized to the cell wall in yeast cells using TEM or confocal
microscopy (see text) are represented, as well as a-Gal epitopes. Some of
them have also been detected in isolated extracellular vesicles, like
enolase, GADPH, formamidase, and triosephosphate isomerase.
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adhesion with the degree of virulence among isolates (Hanna
etal.,2000), and also with in vivo passage (Mendes-Giannini et al.,
2006): higher expression of the 30-kDa laminin-binding protein
(Andreotti et al., 2005) and enolase (Donofrio et al., 2009) was
observed in the latter situation, suggesting once again the induc-
tion of cell wall virulence factors within the host or in host-like
culture conditions.

Apart from polysaccharides and (glyco)proteins, the negatively
charged pigment melanin was found in vitro and in vivo in the P.
brasiliensis conidia and yeast cell wall (Gomez et al., 2001), confer-
ring resistance to phagocytosis, antifungal drugs, and antimicro-
bial oxidants (da Silva et al., 2006, 2009). Data on the composition
of cell wall lipids are hard to find, although early works reported
up to 80% of lipids in the cell wall F3 fraction of highly sub-
cultured and mutant P. brasiliensis strains (San Blas et al., 1976,
1977a). Neutral and acidic glycosphingolipids, specifically glu-
cosylceramide (GlcCer) and glycoinositol phosphoryl-ceramides
(GIPCs), have later been fully characterized and found to proba-
bly interfere in dimorphism; they bear antigenic oligosaccharide
epitopes and present surface localization, possibly residing on the
cell wall (Toledo et al., 2001, 2010; Bertini et al., 2007; Takahashi
etal.,2009). In C. neoformans, a similar GlcCer was localized to the
cell wall and correlated with cell wall thickening; anti-GlcCer anti-
bodies were able to inhibit fungal growth and budding (Rodrigues
et al, 2000). Later, this component was observed in vesicle
membranes that crossed the cell wall toward the extracellular
compartment of C. neoformans (Rodrigues et al., 2007).

We have recently characterized extracellular membranous vesi-
cles in the yeast phase of P. brasiliensis (Vallejo et al., 2011), where
a monohexosyl ceramide has also been detected (Vallejo et al.,
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GENERAL ASPECTS OF S. SCHENCKII

Sporotrichosis is a subcutaneous mycosis caused by the dimorphic
fungus Sporothrix schenckii. This disease has several clinical forms
and, until now, no clear scientific evidence can explain the occur-
rence of cutaneous disseminated and/or extracutaneous forms of
sporotrichosis in immunocompetent patients (Lima Barros et al.,
2003; Schubach et al., 2008). These clinical observations indicate
that besides the immunological background of the host, other
factors associated with the pathogen can impair the clinical man-
ifestations of this disease, such as virulence factors (i.e., adhesins)
and antigenic molecules. Some of these factors of S. schenckii will
be briefly discussed in this review article, focusing on the fungus
surface.

Another important feature that should be highlighted is the
recent description of several genotypes indicating that S. schenckii
is a complex of cryptic species, denominated the S. schenckii com-
plex (Marimon et al., 2006, 2007). Within this complex, at least five
species are considered of interest due to their pathogenic potential
(Arrillaga-Moncrieff et al., 2009). Among these, S. globosa have
already been associated with human cases (Oliveira et al., 2010)
and S. brasiliensis with feline sporotrichosis (Lopes-Bezerra L. M.,
unpublished results) in Brazil. The genome project of two path-
ogenic species, S. schenckii and S. brasiliensis, are currently under
development (Felipe M. S. and Lopes-Bezerra L. M., personal
communication) and will bring new insights regarding virulence
factors and other relevant biological aspects of these two path-
ogenic species, which can be further associated with noteworthy
clinical and epidemiological aspects of sporotrichosis.

Subcutaneous fungal infections are usually chronic conditions.
They often begin after the skin has been pierced following an
injury of some kind, since this allows infectious fungi to pene-
trate the skin and establish themselves inside the host. Eventually,
a subcutaneous infection like sporotrichosis can evolve to severe
systemic or disseminated forms. In this rather complicated puzzle,

cules present on the surface of the yeast parasitic phase. Other structural glycoconjugates
present on the fungus cell surface are also described here. Knowledge of the fine struc-
ture of carbohydrate epitopes expressed on the surface in both morphological phases
of S. schenckii permitted the development of non-invasive immunochemical methods to
diagnose human and feline sporotrichosis.

Keywords: Sporothrix schenckii, cell wall, antigens, gp70, peptidorhamnomannan

the first step for a pathogen to succeed is its capacity to adhere
to and colonize host tissues. The binding of pathogen-associated
molecular patterns (PAMPs) as cell wall sugar polymers and pro-
teins, to pattern recognition receptors (PRRs) on innate immune
cells triggers the activation of the immune system (Bourgeois et al.,
2010; Latgé, 2010). Additionally, adhesion molecules expressed on
the fungus cell surface can mediate their interaction with host cells
and extracellular matrix components (Tronchin et al., 2008).

One of the well known cell wall components of S. schenckii
is the peptidorhamnomannan. This glycopeptide or glycoconju-
gate is a complex of molecules with a wide range of molecular
weights that are hard to purify as individual components (Lima
and Lopes-Bezerra, 1997). This cell wall peptidorhamnomannan
fraction (CWPR) can be recognized by IgG antibodies present in
patient sera (Lloyd and Bitoon, 1971; Penha and Lopes-Bezerra,
2000) and by host cell receptors and matricial proteins (Lima et al.,
2001; Figueiredo et al., 2004). Another interesting cell wall compo-
nent, also present in the fungus culture filtrate, is a 70-kDa antigen
(Lima and Lopes-Bezerra, 1997; Nascimento and Almeida, 2005).
Furthermore, several groups have reported evidence of the role
of gp70 as an important adhesin that can mediate fungus adhe-
sion to host tissues and to matricial proteins of the basal lamina
(Lépez-Romero et al., 2011).

CELL WALL GLYCOCONJUGATES

Sporothrix schenckii has two morphological phases: a mycelial
saprophytic form and a parasitic yeast-like form. Alkali-soluble
and -insoluble glucans were detected in both morphological
phases of this fungus. Alkali-soluble glucans of the yeast form
of S. schenckii are linked by (1,3), $(1,6), and B(1,4) bonds at 44,
28, and 28%, respectively. Insoluble glucans contain 66, 29, and
5%, respectively, of B(1,3), B(1,6), and $(1,4) bonds. No variations
in B-glucan composition were correlated with the fungus mor-
phological transition (Previato et al., 1979). Furthermore, there
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is no evidence in the literature concerning the presence of an a-
glucan on the fungus surface, similar to that described for other
dimorphic fungi.

The cell wall peptidorhamnomannan is composed of 33.5%
rhamnose, 57% mannose, and 14.2% protein and was character-
ized in the yeast-phase of S. schenckii (Lloyd and Bitoon, 1971). In
addition to rhamnose and mannose, polysaccharides containing
galactose have also been identified on the surface of this fun-
gus. A similar component containing rhamnose and mannose
was detected in a fraction isolated from the culture filtrate of S.
schenckii (Ishizaki, 1970). This culture filtrate glycopeptide was
also shown to be antigenic and its antigenicity varied according
to the rhamnose:mannose molar ratio, which is influenced by the
culture conditions (Takata and Ishizaki, 1983).

Another intriguing finding was the observation that S. schenckii
peptidorhamnomannans reacted with the carbohydrate-binding
protein Concanavalin A (lectin ConA), but the rhamnomannans
extracted by hot alkali treatment was non-reactive (Travassos et al.,
1977). These findings did not confirm the preliminary struc-
tural evidence indicating the presence of mannose residues at
non-reducing ends of the carbohydrate moiety of peptidorham-
nomannan (Lloyd and Bitoon, 1971). Further biochemical studies
verified that ConA reactivity was associated with the presence of
O-glycosidically linked chains in the CWPR structure (Lopes-
Alves et al., 1992). The O-linked oligosaccharides had a com-
mon internal core of a-pD-Man 1— 2 a-p-Man (illustrated in
Figure 1) and the 2-O substituted mannose residue was identified
as the lectin binding domain present on the fungus cell surface

A
v v @ D-Manp
w14 \ /a2 \/ L-Rhap
<> D-GlIcA
[ a12 [ a1,2 <> P
[ a1,2 [ a1,2 Con A
. . binding domains
| o1 |o1
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FIGURE 1 | (A,B) Schematic representation showing the general structure
of the main antigenic epitopes and ConA-binding sites described on the cell
wall peptidorhamonomannan of both the yeast (Y) and mycelial (M) phases
of S. schenckii.

(Lopes-Alves et al., 1992). Immunocytochemical analysis of anti-
gens in the outermost layer of yeast cells of S. schenckii revealed
labeling of these antigens by polyclonal antibodies colocalized with
regions reactive with ConA (Castillo et al., 1990).

The peptidorhamnomannan fraction described by Lloyd and
Bitoon (1971) reacted with sera from patients with sporotri-
chosis. The main carbohydrate epitopes identified in the N-
and O-glycosidically linked chains of CWPR are illustrated in
Figures 1A,B. In addition, an enriched glycopeptide cell wall frac-
tion inhibited the adhesion of the yeast-phase of S. schenckii to
extracellular matrix proteins, suggesting the presence of adhesins
on the surface of this pathogen (Lima et al., 2001, 2004). In addi-
tion to rhamnose and mannose, polysaccharides containing galac-
tose have been identified on the surface of this fungus, suggesting
the presence of a cell wall galactomannan (Mendonga et al., 19765
Mendonga-Previato et al., 1980). A peptidorhamnogalactan has
previously been isolated from yeast-like cells (Nakamura, 1976).
Glucuronic acid residues have been described in an acidic frac-
tion of rhamnomannans from S. schenckii (Gorin et al., 1977). In
addition, the O-glycosidic chains showed important antigen deter-
minants involving a-b-glucuronic acid residues mono- and disub-
stituted by terminal non-reducing rhamnose residues (Figure 1A;
Lopes-Alves et al., 1994).

Interestingly, a structurally similar cell surface peptidorhamno-
mannan was described in the pathogenic fungus Pseudallescheria
boydii and, this peptidopolysaccharide also presented O-linked
chains (Pinto et al., 2005). Similarly to S. schenckii, the rhamnose
containing structures appear to be immunodominant epitopes.

S. SCHENCKII ANTIGENS

Antigens isolated from both the culture filtrate and the cell wall
have been used for intradermal tests in guinea pigs and humans
(Nielsen, 1968). Sporotrichin tests, however, have yielded false-
positive results in individuals with no history of sporotrichosis
(Schneidau et al., 1964). Furthermore, antigens isolated from the
culture filtrate are highly heterogeneous (Takata and Ishizaki,
1983).

Since the cell wall is the surface structure of the fungal cell
and therefore mediates the relation with the host, it represents
an important source of antigens. Several studies have been con-
ducted with the objective of isolating and identifying antigens
on the cell wall of S. schenckii. The evidence that the O-linked
tetra- and pentasaccharides carry important antigenic epitopes
(Table 1), a-L-Rhap 1—2 a-p-GLcAp and a-L-Rhap 1—4

Table 1 | Maximum inhibition (%) of S. schenckii
peptidorhamnomannan immunoprecipitation with its derived
O-linked oligosaccharides (at 1 mol).

Oligosaccharide % Inhibition
Trisaccharide 28
Tetrasaccharide 63
Pentasaccharide 82
Tri + pentasaccharide 95

Adapted from Lopes-Alves et al. (1994).
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a-D-GlcAp (Figure 1), which had not been described in other
species, suggested that they could be used as potential markers
for serodiagnosis (Lopes-Alves et al., 1994). Using the recogni-
tion and binding capacity of these CWPR O-glycosidic chains
to the lectin ConA, Lima and Lopes-Bezerra (1997) purified a
cell wall ConA-binding fraction, called SsCBF (S. schenckii ConA-
binding fraction). In ELISA assays using human sera (gold stan-
dard), this antigenic fraction was recognized by IgG antibodies
present in the sera of patients with all clinical forms of sporotri-
chosis (Bernardes-Engemann et al., 2005) and this recognition
was specifically blocked by the purified O-linked tetra- and pen-
tasaccharides (Penha and Lopes-Bezerra, 2000). This serological
test has also been useful for therapeutic follow-up of patients
(Bernardes-Engemann et al., 2005). Another serological ELISA test
was proposed in the literature (Almeida-Paes et al., 2007), based on
a culture filtrate antigenic preparation. The ELISA tests described
in the current literature showed values of specificity and sensibility
ranging from 80 to 95%. Another recent study confirmed that the
SsCBF antigen could also be useful for the serodiagnosis of feline
sporotrichosis (Fernandes et al., 2011).

In conclusion, non-invasive diagnostic tools are available to
promptly diagnose not only the classic lymphocutaneous or fixed
cutaneous forms of sporotrichosis, but also the disseminated and
atypical forms of this disease or unresolved cases that are negative
according to the routine mycological test.

S. SCHENCKII gp70

In the cell wall SsCBF antigenic fraction three main antigens
with approximate molecular weights of 84 (gp84), 70 (gp70), and
58 kDa which reacted with a rabbit anti-S. schenckii serum were
identified (Lima and Lopes-Bezerra, 1997). 2D-immunoblotting
with anti-S. schenckii antibodies had shown that a 70-kDa

glycoprotein was the major antigen detected in the cell wall of
the mycelial and the yeast-like phases of S. schenckii and, a 60-kDa
antigenic glycoprotein was present only on the surface of yeast-like
cells (Ruiz-Baca et al., 2011).

Further studies had shown that sera from mice infected with
S. schenckii had IgG1 and IgG3 antibodies reacting with a gp70
antigenic component present in the fungus culture filtrate (Nasci-
mento and Almeida, 2005). A monoclonal antibody was raised
against the secreted gp70 antigen, mAb P6E7. This monoclonal
antibody had a protective effect in vivo by passive immunization of
mice infected with S. schenckii (Nascimento et al., 2008). Besides,
the secreted gp70 antigen was also shown to be expressed on the
cell wall of the yeast-like phase of several clinical isolates of S.
schenckii (Teixeira et al., 2009). This antigenic glycoprotein seems
to have other important functions. There is strong evidence for its
role as an adhesin which mediates S. schenckii interaction with the
extracellular matrix protein fibronectin and also, adhesion of this
fungus to the dermis of mouse tails (Ruiz-Baca et al., 2009; Teix-
eira et al., 2009). The co-localization on the yeast cell surface of
a fibronectin adhesin and the mAb P6E7 antibody was confirmed
by confocal microscopy, suggesting that the gp70 exoantigen and
the cell wall protein with apparent MW of 70kDa are similar
components (Teixeira et al., 2009).

The purified gp70 exhibited a pI of 4.1 and about 5.7% of
its molecular mass was contributed by N-linked glycans with no
evidence for O-linked oligosaccharides (Ruiz-Baca et al., 2009).
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Although morphological transitions (such as hyphae and pseudohyphae formation) are
a common feature among fungi, the encapsulated pathogenic yeast Cryptococcus
neoformans is found during infection as blastoconidia. However, this fungus exhibits strik-
ing variations in cellular structure and size, which have important consequences during
infection. This review will summarize the main aspects related with phenotypic and mor-
phological variations in C. neoformans, which can be divided in three classes. Two of them
are related to changes in the capsule, while the third one involves changes in the whole
cell. The three morphological and phenotypic variations in C. neoformans can be classified
as: (1) changes in capsule structure, (2) changes in capsule size, and (3) changes in the total
size of the cell, which can be achieved by the formation of cryptococcal giant/titan cells
or microforms. These changes have profound consequences on the interaction with the
host, involving survival, phagocytosis escape and immune evasion and dissemination. This
article will summarize the main features of these changes, and highlight their importance
during the interaction with the host and how they contribute to the development of the
disease.

Keywords: Cryptococcus neoformans, morphogenesis, capsule enlargement, giant cells, micro-cells, antigenic

variations

INTRODUCTION
Adaptation of pathogenic fungi to the host environment is key
to understanding the diseases caused by these microorganisms.
During infection, adaptive responses are triggered to evade the
immune response and survive in the host. Most of these responses
are regulated by signaling pathways, which induce adaptation to
the host nutritional environment, pH and osmotic pressure, and
also provide resistance to free radicals and antimicrobial mole-
cules. In addition, pathogenic fungi frequently change their cellu-
lar morphology. For example, it is well known how different yeasts
induce pseudohyphae and hyphae during infection. These cellular
forms have been well characterized in Candida albicans, and are
produced by other Candida sp (Kurtzman and Fell, 1997; White-
way and Bachewich, 2007). Filamentous fungi, such as Aspergillus
spp also induce the formation of filaments after the germination of
the spores during infection. Other fungi exhibit dimorphism regu-
lated by the temperature, as happens with Histoplasma capsulatum
and Blastomyces dermatitidis (Kane, 1984; Maresca and Kobayashi,
1989). These changes are important for the course of infection, and
provide the fungus a mechanism to reach new nutritional environ-
ments, evade the host immune response, and disseminate through
the organism.

The pathogenic fungus Cryptococcus neoformans represents a
unique example of eukaryotic virulence. Its incidence increased

I dedicate this article to my two sons, Javier and David, for filling up my days with
joy and happiness.

significantly at the end of the twentieth century associated with
the AIDS pandemic (Casadevall and Perfect, 1998). Recent stud-
ies identified that C. neoformans also accounts for 10% of fun-
gal infections in transplant recipients (Singh and Forrest, 2009;
Hosseini-Moghaddam and Husain, 2010). Although its inci-
dence in countries where the highly active antiretroviral therapy
(HAART) is available has decreased, its associated mortality is still
high (Dromer et al., 2007). The incidence in developing coun-
tries remains unacceptable, since it has been estimated that C.
neoformans causes more than 650,000 deaths per year in these
countries (Park et al., 2009).

Cryptococcus neoformans possesses a complex polysaccharide
capsule that surrounds the cell body. The capsule is the main
virulence factor of the yeast because it exerts a large number
of deleterious effects on the host (see review in Zaragoza et al.,
2009). Among others, it confers resistance to stress conditions,
such as dehydration, free radicals, and antimicrobial compounds
(Aksenov et al., 1973; Zaragoza et al., 2008). The capsule can
interfere with the host immune response at multiple levels. For
example, it has antiphagocytic properties, inhibits Ab production,
depletes complement, inhibits leukocyte migration, and induces
apoptosis in macrophages and T cells (Murphy and Cozad, 1972;
Kozel et al., 1977; Macher et al., 1978; Lipovsky et al., 2000; Vec-
chiarelli, 2000; Ellerbroek et al., 2002; Monari et al., 2006). In
addition, C. neoformans expresses other virulence factors during
infection, such as cell wall melanin, proteases, and phospholi-
pases (see reviews in Casadevall and Perfect, 1998; Nosanchuk
and Casadevall, 2003; Heitman et al., 2011).
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Cryptococcus neoformans has traditionally been considered a
yeast that does not exhibit filamentous growth or dimorphism,
except during the mating process (for reviews, see Heitman et al.,
2011; Kozubowski and Heitman, 2011). Although some pseudo-
hyphal forms have occasionally been described during infection
(Neilson et al., 1978; Williamson et al., 1996; Gazzoni et al., 2010),
this is a rare phenomenon, and it is believed that C. neoformans
does not undergo morphological changes in the host. While this
concept is true, many articles demonstrate that C. neoformans
displays a complex morphogenetic program which results in the
appearance of multiple phenotypic forms. In fact, the final result
of these variations is the production of multiple types of yeast cells
that may differ in their recognition by the immune system.

In this review, I discuss the concepts of phenotypic and mor-
phologic variations in C. neoformans with the purpose of illustrat-
ing the complexity of different forms that this pathogen exhibits
in vivo and how they contribute to the development of the disease.
These changes are of three types: changes in capsule structure,
changes in capsule size, and changes in total cell size. Some of
these different variations are illustrated in Figure 1. I describe the
main characteristics of these variations, and also highlight their
importance in infection.

CHANGES IN CAPSULE STRUCTURE

The capsule of C. neoformans is mainly composed of polysac-
charide. The major component is glucuronoxylomannan (GXM),
which comprises around 90-95% of the total mass of the capsule
(Cherniak et al., 1980). The other component has been classically
known as galactoxylomannan (GalXM; Cherniak et al., 1982),
which accounts for 5-10% of the capsular polysaccharide. Both
components have high molecular weights, around 10° Da for GXM
and 10° Da for GalXM (Cherniak et al., 1982; McFadden et al.,
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FIGURE 1 | Heterogeneity of fungal population extracted from the
lungs of infected mice. The yeast cells isolated from the lungs of infected
mice were isolated and suspended in India Ink to visualize the capsule. As
shown, multiple forms of C. neoformans (regular cells, cells with enlarged
capsule, fungal giant/titan cells, and microforms) are present during
infection.

2006b). The structure of these polysaccharides has been largely
studied and revised (see reviews in Doering, 2000; Bose et al., 2003;
Janbon, 2004; Zaragoza et al., 2009; Janbon and Doering, 2011).
Briefly, GXM is composed of a chain of mannose residues, with
substitutions of xylose and glucuronic acid. GalXM was previously
believed to be composed of a chain of galactose with substitutions
of xylose and mannose. Recently, it was found that it also con-
tains residues of glucuronic acid (Heiss et al., 2009), so the name
of glucuronoxylomannangalactan (GXMGal) has been suggested
for this polysaccharide. GXM is highly 6-O-acetylated (Cherniak
et al., 1988a; Cherniak and Sundstrom, 1994; Janbon et al., 2001;
McFadden et al., 2006b). In addition to polysaccharides, the cap-
sule consists of a small proportion of mannoproteins (MPs; Levitz
and Specht, 2006). While GXM localizes throughout the whole
capsule, GXMGal and MPs seem to localize in regions close to
the cell wall (De Jesus et al., 2010). More recently, other compo-
nents have been suggested to be present in the capsule too, such
as sialic acid and chitin-like structures (Rodrigues et al., 2008;
Gahrs et al., 2009), but their role in capsule architecture remains
unknown.

The steps involved in capsule synthesis and fibers assembly
are poorly understood. A few capsular genes necessary to pro-
duce the capsule (known as CAP) have been described (Chang
and Kwon-Chung, 1994, 1998, 1999; Chang et al., 1995), but
their exact biochemical function is not fully characterized. More
recently, more genes have been identified by massive analysis of a
C. neoformans mutant library (Liu et al., 2008), but the interplay
of these, and how they regulate capsule synthesis remains to be
elucidated. Furthermore, it has been shown that secretion of vesi-
cles loaded with capsular polysaccharide is an important process
in capsule synthesis (Rodrigues et al., 2007).

Although the main components of the capsule are charac-
terized, how the polysaccharides are spatially organized is still
unknown. The polysaccharide is organized in fibers that can self-
associate through non-covalent interactions (Pierini and Doering,
2001; McFadden et al., 2006b). In the case of GXM, seven differ-
ent basic structures have been described (Cherniak et al., 1998;
Nimrichter et al., 2007), but how these structures are organized,
and repeated is still unknown. Recent findings indicate that the
capsular fibers are highly branched (Cordero et al., 2011). A clear
conclusion from the basic analysis of the capsule is that multiple
structures, repetitions, and ramifications are possible in the same
GXM or GXMGal molecule (see reviews in McFadden et al., 2006a;
Rodrigues et al., 2011; and in Rodrigues et al. in this same issue).
As a consequence, C. neoformans has classically been classified in
five different serotypes (A, B, C, D, and AD hybrid), based on
the different antigenic properties of the capsular polysaccharide.
The use of structural and analytical techniques, such as NMR or
mass spectrometry has demonstrated that the capsular variation
occurs at inter- and intra-strain levels (Cherniak et al., 1988a,b;
McFadden et al., 2006b). The use of monoclonal antibodies that
bind to the capsule has been extremely useful to understand the
variability and complexity of this structure (Dromer et al., 1987;
Eckert and Kozel, 1987; Todaro-Luck et al., 1989; van de Moer
et al., 1990; Casadevall et al., 1992, 1994; Pirofski et al., 1995).
Most of these mAbs have different affinities and specificities for
different epitopes in the capsule, which indicates that the capsule
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has a complex and heterogeneous structure. Moreover, the epitope
distribution for some of these Abs is not homogeneous through
the capsule (Maxson et al., 2007b).

The use of mAbs has been of particular interest to show, not
only the variability of the capsule between strains, but also how
this structure changes in the same strain depending on the envi-
ronment. McFadden et al. (2007) demonstrated that the binding
of two different antibodies to the capsule changed when the fun-
gal strain was grown in different media. Consistent with these
findings, the capsule exhibits a high heterogeneity in the expres-
sion of epitopes, which depends on cell age, growth conditions,
and serotype (Garcia-Hermoso et al., 2004; Gates-Hollingsworth
and Kozel, 2009). The relationship between cell age and capsule
structure is supported by the fact that the capsule of the buds is
structurally different from the capsule of the mother cells (Pierini
and Doering, 2001; Zaragoza et al., 2006; Gates-Hollingsworth
and Kozel, 2009). Taken together, these findings clearly illustrate
how the capsule is a dynamic structure that undergoes important
rearrangements.

Changes of the capsule structure also occur in vivo, which sug-
gest that these variations have consequences on the interaction
with the host. A seminal article by Charlier et al. (2005) elegantly
demonstrates how the capsule undergoes significant rearrange-
ments during infection. The authors use two mAbs which present
different in vitro serotype specificity (E1 mAb, which binds to
serotype A, and CRND-8, which binds to serotype D). When ani-
mals are challenged with a serotype A strain, the fungus bound
E1 mAb at early times of infection. After several days of infection,
the binding specificity changed, and the fungal cells preferentially
bound the CRND-8 mAb. This evolution of the capsule structure
seems to be organ specific (Garcia-Hermoso et al., 2004). More-
over, there is evidence that similar capsular rearrangements occur
during human cryptococcal meningitis (Cherniak et al., 1995),
where structural changes in the capsule of isolates from patients
with recurrent cryptococcosis have been described. The molecu-
lar basis underlying the variability in capsule structures are not yet
known.

The capsule can also significantly change the polysaccharide
density. Many reports indicate that the density of the capsule
varies according to its spatial distribution, being denser at the
inner locations close to the cell wall (Pierini and Doering, 2001;
Gates et al., 2004; Zaragoza et al., 2006; Maxson et al., 2007b). In
addition, the density can significantly increase with cellular age
and independently of capsule size (Maxson et al., 2007b). This
change is associated with a higher resistance of the capsule to fac-
tors that induce its separation from the cell, such as y-radiation,
which suggests that increase in density is associated with a higher
crosslinking of the polysaccharide fibers (Maxson et al., 2007b).
Increase in polysaccharide density also occurs during infection
(Gates et al., 2004).

IMPORTANCE OF CAPSULE STRUCTURE CHANGES DURING THE
INTERACTION WITH THE HOST

The fact that capsule structure can change depending on the
environmental conditions has profound consequences for the
interaction with the host, since this structure is the first barrier
recognized by the immune cells. An example of this situation is
provided by the opsonic effect of some antibodies that do not bind

to Fc receptors in the macrophages, such as IgM or Fab fragments,
and that in consequence, are not opsonic by themselves. In these
cases, the binding of the antibody produces a structural change in
the capsule that exposes polysaccharide epitopes that can bind to
CD18 and induce phagocytosis through the complement receptors
(Netski and Kozel, 2002; Taborda and Casadevall, 2002). Con-
versely, changes in capsule structure alter the recognition of Abs.
For example, changes in the acetylation can dramatically influence
the binding of Abs to the capsule (Todaro-Luck et al., 1989; Kozel
et al., 2003). Capsular differences between serotypes also influ-
ence the binding pattern of the same Ab (which can be annular
or punctuate, depending on the serotype), and this correlates with
opsonic efficiency and protection during infection (Cleare and
Casadevall, 1998; Mukherjee et al., 1998). These findings suggest
that if a specific adaptive response elicits certain Abs during infec-
tion, the ability to change the capsular structure will yield fungal
cells which will not be recognized by those antibodies.

Changes in capsular structures occur during the cross of
the brain-blood barrier, suggesting that capsular variations are
required for dissemination and organ colonization (Garcia-
Hermoso et al., 2004; Charlier et al., 2005).

In addition to Ab recognition, capsule structure affects the
deposition of other molecules of the immune system. For exam-
ple, the capsule is a potent inducer of the alternative pathway of
complement activation, and it has been shown that differences in
capsular structure influence the rate of complement deposition on
the capsule. While all the serotypes accumulated the same amount
of C3 molecules, the kinetics of the process was much faster when
strains from serotypes A and D were used compared to strains
from serotypes B and C (Young and Kozel, 1993).

The change in capsule density is another factor that determines
some aspects of the interaction with the host. In particular, capsule
density influences the penetration of different molecules of the
immune system, such as complement or Abs, in the capsule, and
affects the biological activity of these molecules (Zaragoza et al.,
2003b; Gates and Kozel, 2006; Zaragoza and Casadevall, 2006).
More recently, it has been demonstrated that a high degree of
branching and viscosity of the capsule enhances some properties
of the polysaccharide that are important during the interaction
with the host, such as complement activation and phagocytosis
avoidance, and the ability to act as a protective agent against free
radicals (Cordero et al., 2011).

Another phenomenon that highlights the importance of cap-
sule structure during infection is phenotypic switching. In C.
neoformans, two different types of colony morphologies, smooth
and mucoid, have been described (Goldman et al., 1998) that
present differences in capsule viscosity (McFadden et al., 2007).
These phenotypic variations are involved in virulence, since
mucoid isolates are hypervirulent (Goldman et al., 1998; Guerrero
etal., 2010).

Changes in capsular structure can influence not only the inter-
action between the yeast cells and the immune system, but can also
affect the diagnosis of the infection. The most widely diagnostic
tool used for cryptococcosis is based on serological tests which
use reactive sera against the capsular polysaccharide which circu-
lates in the serum. However, this circulating polysaccharide can
change its structure over time, resulting in lack of reactivity, and
false negative diagnoses (McFadden et al., 2004).
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CHANGES IN CAPSULE SIZE

A striking feature of the capsule is that it can undergo significant
changes in its size according to the environmental conditions. This
finding was first described in the 1950s (Littman, 1958), and in this
work, a medium which produced capsule growth was described.
More factors that induce capsule enlargement have been described,
such as CO,, iron limitation, mammalian serum, low nutrient
concentration at moderate basic pH and mannitol (Anna, 1979;
Granger et al., 1985; Vartivarian et al., 1993; Zaragoza et al., 2003a;
Zaragoza and Casadevall, 2004; Guimaraes et al., 2010). More
importantly, while the capsule of C. neoformans is small in the
environment and in regular laboratory conditions, it significantly
increases in size after a few hours post-infection (Feldmesser et al.,
2001).

Capsule enlargement represents a significant change for the
cell. In cells with large capsule, this structure accounts for approx-
imately 95% of the total volume of the cell (Maxson et al., 2007a).
Capsule enlargement is achieved by addition of new polysaccha-
ride to the old capsule (Maxson et al., 2007b; Frases et al., 2009).
An estimation of the mass of the capsule has been made, and
it has been found that in media where the capsule enlarges, the
total mass of the polysaccharide increases by a 20% in only a
few hours. (Maxson et al., 2007a). These changes indicate that
capsule enlargement is a dramatic change for the cell, and sug-
gest that it is a high energy cost process. Structural studies have
shown that the new polysaccharide fibers are different from the
ones that are previously attached to the cell (Frases et al., 2008).
Capsule growth is a regulated process, and does not occur indefi-
nitely. After enlargement, the capsule size reaches a limit, which is
directly proportional to the size of the cell body, delimited by the
cell wall (Zaragoza et al., 2006).

IMPORTANCE OF CAPSULE GROWTH DURING THE INTERACTION WITH
THE HOST
Capsule growth occurs during the first hours after being inhaled
(Feldmesseretal.,2001),and is considered an “early” response of C.
neoformans during the interaction with the host. Different studies
have shown that this process confers advantages to the pathogen.
By increasing the size of the capsule, the pathogen increases its
total size, which may impair phagocytosis. However, phagocytosis
of C. neoformans can occur in the presence of opsonins, such as
proteins of the complement (C) system or antibodies. In the case of
C-mediated phagocytosis, capsule enlargement plays a prominent
role in determining the degree of internalization of the fungus.
The localization of C3 protein, which is the main opsonin of the
complement system involved in C. neoformans uptake, depends
on the size of the capsule. In cells with small capsule, C3 binds
at the edge of the capsule, a location which is accessible for the
complement receptors (Zaragoza et al., 2003b), and phagocyto-
sis occurs. However, when the capsule enlarges, C3 proteins bind
deep in the capsule, several microns away from the edge, and is
not accessible to the receptors (Zaragoza et al., 2003b). In this way,
capsule enlargement promotes phagocytosis avoidance even in the
presence of complement proteins.

Another role of capsule enlargement has been described during
intracellular pathogenesis of C. neoformans. This fungal pathogen
can evade killing by phagocytes once it has been internalized,

and is considered a facultative intracellular pathogen (Diamond
and Bennett, 1973; Levitz et al., 1999; Tucker and Casadevall,
2002). The mechanism of intracellular survival is still unknown. C.
neoformans does not inhibit phagosome maturation or lysosome
fusion and acidification (Levitz et al., 1999), which suggests that
C. neoformans expresses some phenotypic traits that allow killing
escape and survival. In this sense, capsule enlargement confers
resistance to stress factors from the phago-lysosome, such as free
radicals and antimicrobial peptides (Zaragoza et al., 2008). It is
believed that capsule enlargement protects against free radicals
by acting as a buffering structure. In cells with large capsule, free
radicals would mainly exert their action on the capsular polysac-
charide since it constitutes more than 90% of the volume of the
cell (Maxson et al., 2007a). Since the capsule is not required for the
normal growth of the yeast, alterations in the polysaccharide fibers
by free radicals attack would result in increased survival compared
to cells with small capsule. This idea is supported by the finding
that capsule enlargement is in fact induced by macrophage factors
(Ma et al., 2006; Chrisman et al., 2011).

CHANGES IN THE TOTAL SIZE OF THE CELL

Changes in the total cell size of C. neoformans occur during infec-
tion. Although C. neoformans is mainly found as rounded yeast
cells in the host, the size of the blastoconidia found in the tissues
(in particular, lungs) undergoes enormous variations. The regular
cell size of C. neoformans cells in vitro ranges from 5 to 7 pm.
During infection, sizes from 1 to 100 pwm are found (see Figure 1
and Cruickshank et al., 1973; Feldmesser et al., 2001). Hence, C.
neoformans can produce both microforms and macro cells in the
host. These variations have occasionally been described in the liter-
ature, but it has not been until recently that these types of cells have
raised the interest of the scientific community. These phenom-
ena are extremely interesting and suggest multiple consequences
during the interaction with the host.

The best characterized phenomenon is the ability to form cells
of a tremendous size in the lungs of infected mice. This transition
is observed after several days of infection, so it could be considered
as a “late” morphological response of the pathogen. Recently, two
independent articles have characterized these cells in detail (Oka-
gakietal., 2010; Zaragoza et al., 2010). These articles defined them
as “giant” or “titan” cells. So I will refer to them as fungal or cryp-
tococcal “giant/titan cells.” Using different approaches, these two
groups show that fungal giant/titan cells are reproducibly found
during infection, but their proportion is highly variable. During
infection in murine models, where disseminated disease is accom-
panied by a strong inflammatory response, the proportion of
fungal giant/titan cells is very low, around 5-10% of the total fungal
burden. Okagaki etal. (2010) find that this proportion significantly
increases when co-infections with MATa and MATo mating types
are performed, indicating that the pheromone signaling pathway
plays an important role in the development of giant/titan cells. On
the other hand, the proportion of cryptococcal giant/titan cells also
increases when the fungal burden in the lungs is low and the mice
develop chronic asymptomatic infection (Zaragoza et al., 2010).
In addition, cAMP signaling pathway is required for cryptococcal
giant/titan cell formation (Zaragoza et al., 2010). In agreement,
other elements involved in the cAMP signaling pathway have been
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recently described to affect giant/titan cell formation, such as Ste3a
and Gpr5 (G-protein coupled receptors), and the transcription
factor Rim101 (Okagaki et al., 2011). Moreover, analysis of a col-
lection of gene deletion mutants have identified other proteins
involved in cellular enlargement, like G1 cyclins, Rho-GTPases,
and GTPases-activating proteins, suggesting that titan formation
requires the interplay of different pathways in the cell (Okagaki
et al., 2011). Rasl and MAPK signaling pathway do not seem to
participate in giant/titan cell induction (Zaragoza et al.,2010; Oka-
gaki et al., 2011). Fungal giant/titan cells are polyploid (Okagaki
etal.,2010; Zaragoza et al., 2010), suggesting that the formation of
these cells is achieved by endoreduplication, a well known process
that yields cells of enormous size. In addition to an increase in the
DNA content, fungal giant/titan cells present other phenotypic
differences compared to regular cells. The capsule of titan cells has
a higher polysaccharide density and presents different antigenic
properties compared to cells grown in vitro (Zaragoza et al., 2010).
In addition, the cell wall is significantly thicker, reaching a width of
2-3 wm (Zaragoza et al., 2010). Titan cells present peculiar intra-
cellular features, such as the presence of a fragmented vacuole.
Cryptococcal giant/titan cell formation is achieved not only by an
increase in the capsule size, but also in the cell body size, which
in some cases could reach a diameter of 100 um (Okagaki et al.,
2010).

Besides the formation of titan cells, C. neoformans can also form
micro-cells, of a size lower than 1 wm (Feldmesser et al., 2001).
These cells have not been studied in detail, but they are a common
feature of the C. neoformans infection. The fact that C. neoformans
can exhibit giant/titan and micro-cells during infection sug-
gests that this pathogen has developed a complex morphogenetic
program that allows adaptation to the host environment.

IMPORTANCE OF CHANGES IN TOTAL CELL SIZE DURING THE
INTERACTION WITH THE HOST

The presence of cryptococcal giant/titan cells during infection
represents a multilevel problem for the immune system. These
cells present a higher resistance to oxidative agents (Okagaki et al.,
20105 Zaragoza et al., 2010). In addition, titan cells avoid phago-
cytosis, although macrophages seem to recognize and bind to
these fungal cellular forms (see Figure 2 and Okagaki et al., 2010;
Zaragoza et al., 2010). These two features confirm that cryptococ-
cal giant/titan cells can evade the host immune system. However,
the role of these cells in the pathogenesis of the yeast is still unclear.
Co-infection with MATa and MATu cells produced an increase in
the proportion of fungal giant/titan cells in the lung, and this cor-
related with decreased dissemination of the fungus to the brain
(Okagaki et al., 2010), suggesting that their large size impairs
their ability to exit the lungs and cross biological barriers. Dur-
ing chronic infection, where a low number of yeasts are found in
the lungs and there is no inflammation, the proportion of fun-
gal giant cells was around 70-90% (Zaragoza et al., 2010). These
observations suggest that, in fact, fungal giant/titan cells are not
involved in the development of a disseminated disease. Instead,
they provide fungal resistant forms that can persist in the host
for long time periods. However, recent findings demonstrate that
fungal giant/titan cells are virulent in the non conventional host
Galleria mellonella (Garcia-Rodas et al., 2011), suggesting that this

Macrophage
l Yeast cell
'

. 3 .

-

..
-

»
.

FIGURE 2 | Interaction between macrophages and cryptococcal
giant/titan cells. Fungal giant/titan cells obtained from infected mice were
co-incubated in vitro with RAW264.7 macrophage-like cells. As shown in
the figure, the macrophages can recognize and bind to the fungal giant/titan
cells, but they cannot internalize the fungal cells due to their enormous size.

type of cells can also contribute to the development of the disease
in certain situations, most probably by producing a progeny of
cells of regular size.

Cryptococcal giant/titan cells have been also described in other
model hosts. Recently, it has been found that incubation of C.
neoformans in ameba extracts results in capsule enlargement
(Chrisman et al., 2011), and occasionally, also in the appearance
of titan cells (Chrisman et al., 2011). Furthermore, unpublished
results from our group indicate that during infection in the non-
conventional host Galleria mellonella, C. neoformans also forms
giant/titan cells (Garcia-Rodas et al., 2011). These findings indicate
that gigantism is a general feature elicited by C. neoformans that
occurs during infection in different types of hosts, which highlights
the idea that this morphological transition plays an important role
in fungal survival and persistence in the host.

Cryptococcus neoformans can also produce cells of a smaller
size, known as micro-cells. Although their role in virulence has
not been described, their presence during infection raises chal-
lenging questions. For example, it is tempting to hypothesize that
due to their reduced size, these cells could have a particular abil-
ity to disseminate and cross biological barriers, such as endothelia
and the brain-blood barrier, and in consequence, contribute to
the development of cryptococcal meningitis.

FINAL REMARKS ABOUT THE ROLE OF MORPHOLOGICAL
AND PHENOTYPIC VARIATIONS IN DIFFERENT PHASES OF
THE INFECTION AND DISEASE CAUSED BY CRYPTOCOCCUS
NEOFORMANS

As it has been described in this review, C. neoformans can produce
a large number of phenotypic forms by inducing changes in the
structure and/or size of the capsule, and in the total size of the
cell. These changes have profound effects during the interaction
with the host. They contribute to immune evasion, adaptation
to the host environment, dissemination, and long term survival
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during infection. These phenotypic and morphological variations
constitute mechanisms that contribute to the cryptococcal infec-
tion, in addition to the well established role of the cryptococcal
exopolysaccharide as a virulence factor (see review in Zaragoza
etal.,2009). The molecular mechanisms involved in the regulation
of these changes, and their contribution to the cryptococcal patho-
genesis remain unknown, but it is reasonable to hypothesize that
they participate in different states of the cryptococcal disease. After
the first contact of the yeast with the host, capsule enlargement
(an “early” response of the fungus) contributes to phagocytosis
escape and intracellular survival, which allows the yeast to evade
the first line of defense elicited by the host. In immunocompe-
tent hosts, the infection is controlled, but the fungal cells are
not completely cleared, and it is believed that C. neoformans can
develop a latent state (Dromer et al., 2011). In these conditions,
the production of fungal giant/titan cells (a “late” fungal response)
could be a key factor to ensure long term survival. During the
most typical clinical manifestation, which is dissemination and
meningitis, morphological changes also contribute to the disease.
First, the ability to produce capsular rearrangements contributes
to the avoidance of recognition by immune cells and antibod-
ies. In addition, capsular rearrangements seem to contribute to
yeast dissemination and cross of biological barriers. The capac-
ity to produce micro-cells could also facilitate the dissemination
of the fungus and the consequent invasion of the brain. Finally,
the large number of different yeast forms that could be found
during infection could also play a role in another well known
disease caused by C. neoformans, which is the immune recon-
stitution inflammatory syndrome (IRIS) also known as immune
restoration disease (IRD). This is a disease developed by some HIV
patients who recover their immune system after the initiation of
the HAART. In these conditions, if an infection is encountered
by the immune system, an exaggerated inflammatory response is
elicited, which develops an acute disease. The pathogens which
are associated with this disorder are Mycobacterium tuberculosis
and C. neoformans (French, 2009), most probably because their
incidence is particularly significant among HIV patients. In the
case of C. neoformans, I hypothesize that in situations of immune
recovery, the presence of multiple variants of cryptococcal cells,
with different capsule structures and cell sizes may elicit multiple

immune responses simultaneously, which can contribute to the
appearance of the IRIS.

FUTURE PERSPECTIVES

In conclusion, although C. neoformans has not been classically
considered a fungus able to undergo morphological changes, it can
in fact elicit multiple cellular types which contribute to the survival
of the yeast in vivo. Although some effects of cryptococcal mor-
phogenesis have been described, many important questions still
need to be addressed. These transitions have been described in vitro
and in murine models, but their presence during human infection
has not been fully demonstrated. Clinical and histopathological
studies are needed to confirm the occurrence of capsular varia-
tions and the formation of micro- and giant/titan cells in humans.
In addition, the cellular mechanisms that regulate the variations
in structure and size of the capsule and the formation of fun-
gal giant/titan and micro-cells are unknown, and future studies
are required to unveil these molecular processes. For this pur-
pose, it is necessary to better characterize the genes involved in
capsule synthesis, and in particular, the interplay between them.
The finding that vesicle secretion is involved in capsule synthesis
suggests that exocytosis processes might be involved in capsular
rearrangements, and that induction or inhibition of extracellular
transport could result in variations of capsule structure. Concern-
ing the changes in total cell size, the formation of cryptococcal
giant/titan and micro-cells implies that C. neoformans can induce
alterations in their cell cycle, to undergo endoreduplication (to
produce gigantic cells), or to reduce the length of the cell cycle (to
produce micro-cells). The idea that cell cycle regulation depends
on host factors is a challenging hypothesis that deserves special
interest in future studies. To conclude, the full characterization of
morphological changes in C. neoformans,and in particular, the elu-
cidation of the molecular mechanisms involved in these processes
will also contribute to the design of new therapeutical strategies.
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neoformans

Polysaccharides are cellular structural components found in the
three domains of life. In microorganisms, several studies have
shown that polysaccharides play crucial roles in the architecture
of the cell envelope (Roberts, 1996; Nimrichter et al., 2005). In
both prokaryotic and eukaryotic microbial pathogens, polysaccha-
rides are major cell wall components (Roberts, 1996; Nimrichter
etal.,2005). This surface distribution is in agreement with the fact
that polysaccharide molecules directly influence host—pathogen
interactions (Moxon and Kroll, 1990; Smith, 1990; Levitz, 2004;
Zaragoza et al., 2009).

Polysaccharides consist of polymeric structures composed of
at least ten monosaccharides sequentially connected by glycosidic
bonds (Bertozzi and Rabuka, 2009; Mulloy et al., 2009; Stan-
ley and Cummings, 2009). These structures may be linear or
branched, a characteristic that is observed when a monosaccharide
constituent of a polysaccharide is involved in more than two gly-
cosidic bonds. Polysaccharides can be classified as homopolymers,
a term used to indicate a polymer composed of identical mono-
saccharides, or heteropolymers, a term used for classification of
polysaccharides composed of two or more types of monosaccha-
rides. Classic approaches for the determination of polysaccharide
structure include chromatographic methods in association with
spectrometric and spectroscopic techniques. These approaches
allow determination of sequence and composition, anomeric con-
figuration, type of glycosidic linkage, and presence of substituents
(Mulloy et al., 2009).

Capsular polysaccharides were amongst the earliest microbial
virulence determinants described in the literature, as demon-
strated in the classic Griffith’s experiment [review in (Smith,
1990)]. This pioneering study established a direct relationship
between the presence of polysaccharide capsules in bacterial

Studies on structure and function of polysaccharides in biological systems classically involve
sequence and compositional analyses, anomeric configuration, type of glycosidic linkage,
and presence of substituents. Recent studies, however, indicates that other structural
parameters, so far little explored, can directly influence the biological activity of microbial
polysaccharides. Among these parameters, we highlight the molecular dimensions of Cryp-
tococcus neoformans polysaccharides, which appear to be inversely correlated with their
immunobiological activity. These recent observations raise new concepts about the struc-
ture and function of polysaccharides, which stimulates the design of new experimental
approaches and suggests previously unknown applications.

Keywords: polysaccharides, fungal pathogens, immunity, structure and function of polysaccharides, Cryptococcus

pathogens and protection against host defenses. Subsequently,
over several decades, the association between microbial virulence
and capsular polysaccharides has been consolidated (Moxon and
Kroll, 1990; Monari et al., 2006; Vecchiarelli, 2007; Zaragoza et al.,
2009), although it is clear that in some cases, these structures work
in favor of the host (Mazmanian and Kasper, 2006; Pletz et al.,
2008;Kumar et al., 2009). Consequently, microbial polysaccharides
may work in favor of the pathogen or induce immune responses
that promote infection control, depending on their chemistry
and/or structural aspects.

Classically, polysaccharide antigens have been considered poor
inducers of cellular immunity. In fact, polysaccharide molecules
are considered T-cell independent antigens that are more efficient
activators of antibody production than of cell-mediated immune
responses (Weintraub, 2003). In the last decade, however, a num-
ber of studies have demonstrated the role of polysaccharides in
the activation of innate immunological mechanisms [reviewed in
(Raetz and Whitfield, 2002; Kumar et al., 2009)]. In addition, the
conjugation of polysaccharides to protein structures can generate
hybrid molecules of increased immunogenicity. In fact, vaccines
containing polysaccharides against several prokaryotic pathogens
have proven successful and are commercially available (Pichichero,
2005; Pletz et al., 2008).

Polysaccharides are essential for pathogenic mechanisms and
for the immune response during fungal infections (Roeder et al.,
2004). Unlike mammalian cells, fungi have a cell wall, a complex
compartment mainly composed of polysaccharides (Nimrichter
et al., 2005). Glucans, chitin, and mannans (polymers consisting
of repeating units of, respectively, glucose, N-acetylglucosamine,
and mannose) are particularly abundant in the fungal cell
wall. Depending on their structural particularities, cell wall
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polysaccharides function as regulators of virulence or activators of
innate immunity (Roeder et al., 2004; Zaragoza et al., 2009). Well
characterized immunoactive polysaccharides produced by fungi
include a- and B-glucans (Brown et al., 2003; Hohl et al., 2005;
Bittencourt et al., 2006; Rappleye et al., 2007; Wheeler et al., 2008;
van de Veerdonk et al., 2009; Chai et al., 2011) and complex man-
nans (Leitao et al., 2003; Cambi et al., 2008; van de Veerdonk et al.,
2009). Candida albicans, Aspergillus fumigatus, Histoplasma cap-
sulatum, Cryptococcus neoformans, and C. gattii are examples of
fungal pathogens in which the immune functions of polysaccha-
rides are known in great detail (Monari et al., 2006; Rappleye et al.,
2007; Cambi et al., 2008; Chai et al., 2011).

Cryptococcus neoformans and C. gattii are the etiologic agents
of cryptococcosis, a disease that presumably begins in the lung. In
immunocompromised individuals, C. neoformans can disseminate
to the central nervous system and other organs (Bicanic and Har-
rison, 2004). C. gattii, on the other hand, can cause disseminated
disease in immunocompetent individuals (Byrnes et al., 2011).
It is estimated that about one million new cases of cryptococco-
sis occur annually, with mortality rates that can reach 60% (Park
et al., 2009). In Brazil, cryptococcosis is the fungal disease with
highest mortality rates among HIV-positive individuals (Prado
etal., 2009). C. neoformans and C. gattii have polysaccharide cap-
sules surrounding the cell body. Bacterial capsules are common
in bacterial pathogens, but relatively rare and still poorly defined
among eukaryotic organisms.

In C. neoformans and C. gattii, the capsule is mainly composed
of the polysaccharides glucuronoxylomannan (GXM) and galac-
toxylomannan (GalXM; Zaragoza et al., 2009; Rodrigues et al.,
2011). An alteration in the GalXM nomenclature to glucuronoxy-
lomannogalactan (GXMGal) has been recently proposed based
on structural aspects and monosaccharide composition (Heiss
et al.,, 2009). The principal capsular polysaccharide component
in both species is GXM, which consists of a polymer composed
of an al,3 linked mannosyl backbone with 1,2 and $1,4 xylo-
syl and glucuronyl substitutions (for details, see Zaragoza et al,,
2009). Structural variation resulting from differences in composi-
tion, substitution, and conformation results in different serological
properties. These GXM properties divide C. neoformans strains
into four main serotypes: A and D, produced by C. neoformans, and
B and C, produced by C. gattii [review in (Zaragoza et al., 2009;
Rodrigues et al., 2011)]. Hybrid serotypes have been also charac-
terized in different regions (Xu et al., 2002). GXM is believed to
be synthesized intracellularly, possibly in close association to lipid
structures (Rodrigues et al., 2007; Oliveira et al., 2009). For con-
struction of the capsule, yeast cells secrete polysaccharides into the
extracellular environment by mechanisms that involve the release
of vesicles for subsequent polysaccharide incorporation into the
cell surface, for distal capsular enlargement (Zaragoza et al., 20065
Rodrigues et al., 2007).

It is assumed that synthesis of GXM and its release to the
extracellular space are crucial for the immunopathogenesis of
cryptococcosis. In general, GXM is deleterious to the immune
system (Monari et al., 2006), although several reports indicate
that this polysaccharide is a potent activator of the comple-
ment system and of the innate immunity [review in (Zaragoza
et al., 2009)]. Fractions of extracellular GXM released into the

medium were recently shown to differ in structure and func-
tion from capsular polysaccharide extracts (Frases et al., 2008).
These observations suggested that C. neoformans and C. gattii cells
produce highly diverse populations of GXM that show structural
peculiarities with possible implications on their biological roles.
In fact, various studies have established that the production of
polysaccharides by C. neoformans includes GXM molecules with
highly variable dimensions, which interact through several mech-
anisms to form the capsular network (Nimrichter et al., 2007;
Frases et al., 2009). These studies raised an important question:
do polysaccharide samples of identical composition but vari-
able size and degree of polymerization present distinct biological
functions?

The hypothesis raised above is supported by observations
that have recently become available in the literature. Chitin, a
linear polysaccharide found in fungi, crustaceous, insects, and
parasites, is a water insoluble polymer composed of units of
B1,4-linked N-acetylglucosamine. As described by Da Silva et al.
(2008, 2009), fractions of chitin with high molecular dimen-
sions are immunologically inert. Polysaccharide samples with
reduced dimensions, however, were associated with the effective
stimulation of innate immunity and production of pro- and anti-
inflammatory cytokines. These observations have established a
clear precedent in the literature indicating that polysaccharide
samples of identical composition but with varying dimensions
may have different functions.

The observation described above and the fact that capsular
structures of Cryptococcus species are composed of GXM mole-
cules of various sizes (Mcfadden et al., 2006; Frases et al., 2009)
support the hypothesis that variation in these structures could
translate into different biological effects. In fact, Fonseca et al.
(2010) recently established a parallel between the functions of
GXM fractions and their dimensions. Through the use of an
experimental model that included tests of the activation of cellu-
lar responses resulting in nitric oxide production by phagocytes
and activation of Toll-like receptors in epithelial cells, it was
observed that GXM samples isolated from C. gattii (serotype B)
with monosaccharide compositions that were similar to other
polysaccharide fractions produced by C. neoformans (serotypes
A and D) and even by other strains of C. gattii (serotype C)
generated very distinct cellular responses. Measurements of poly-
saccharide diameter by dynamic light scattering (for details about
the technique, see Frases et al., this issue) revealed that the
increased capacity of C. gattii GXM to induce cellular responses
was correlated with a reduced molecular diameter (Fonseca et al.,
2010). These results led to the conclusion that serotype B GXM
samples with reduced dimensions have greater immunobiologi-
cal potential, as demonstrated for chitin (Da Silva et al., 2008,
2009; Lee et al., 2008). It remains unknown, however, whether
this concept would be pertinent to other GXM-producing species,
including members of the Trichosporon genus (Fonseca et al,
2009).

The findings discussed above imply new concepts about the
structure and function of fungal polysaccharides. Besides struc-
tural aspects traditionally studied, such as sequence analysis,
compositional determination, anomeric configuration, type of
glycosidic linkage type, and presence of substituents, it becomes
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clear that other structural parameters, including molecular diam-
eter and degree of polymerization, must be considered for func-
tional studies. In fact, the conclusion that polysaccharide functions
are influenced by these additional parameters was further sup-
ported by Cordero et al. (2011). Using static and dynamic light
scattering, viscosity analysis, and high-resolution microscopy of C.
neoformans polysaccharides, this study demonstrated that spatial
conformation (branching) influences phagocytosis, nitric oxide
production by macrophage-like cells, and susceptibility to reactive
oxygen species, serology, and clearance during infection. These
previously unexplored parameters can generate new insights, for
example, on immunogenicity assays of polysaccharides, as well as
their use in therapy or prevention of diseases. Studies in this area
are still embryonic and, clearly, much remains to be discovered. For

conceptual validation, future studies must include evaluation of
the relationship between immunoactivity and molecular dimen-
sions of polysaccharides synthesized by other organisms, as well as
of fungal glycans other than GXM and chitin.
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INTRODUCTION

The challenge in studying the surface architecture of different microbial pathogens is
to integrate the most current biochemical, spectroscopic, microscopic, and processing
techniques. Individually these methods have insufficient sensitivity to reveal complex struc-
tures, such as branched, large, viscous polymers with a high structure hydration, size, and
complexity. However, when used in combination biophysical techniques are our primary
source of information for understanding polydisperse molecules and complex microbial sur
faces. Biophysical methods seek to explain biological function in terms of the molecular
structures and properties of specific molecules. The sizes of the molecules found in micro-
bial surfaces vary greatly from small fatty acids and sugars to macromolecules like proteins,
polysaccharides, and pigments, such as melanin. These molecules, which comprise the
building blocks of living organisms, assemble into cells, tissues, and whole organisms by
forming complex individual structures with dimensions from 10 to 10,000 nm and larger.
Biophysics is directed to determining the structure of specific biological molecules and
of the larger structures into which they assemble. Some of this effort involves developing
new methods, adapting old methods and building new instruments for viewing these struc-
tures. The description of biophysical properties in an experimental model where, properties
such as flexibility, hydrodynamic characteristics, and size can be precisely determined is
of great relevance to study the affinity of the surfaces with biologically active and inert
substrates and the interaction with host molecules. Furthermore, this knowledge could
establish the abilities of different molecules and their structures to differentially activate
cellular responses. Recent studies in the fungal pathogen Cryptococcus neoformans have
demonstrated that the physical properties of its unique polysaccharide capsule correlate
with the biological functions associated with the intact capsule and the components com-
prising the capsule. In this review, we describe the application of biophysical techniques
to study and characterize this highly hydrated and fragile fungal surface structure.

Keywords: Cryptococcus spp., polysaccharides, optical tweezers, light scattering, zeta potential

et al,, 2011). This organism is unusual because it is surrounded

The study of microbial surfaces is critically important because
they contain and display components associated with virulence,
such as adhesins, and surface structures are often major targets
for immune responses. Despite their importance, microbial sur-
faces are difficult to study because they are often heterogeneous
and compositionally complex. Traditional techniques for studying
microbial surfaces include electron microscopy and hydrophobic-
ity, both of which can provide important insights into surface
structure and composition. In recent years a variety of biophysi-
cal techniques have been developed that can be applied to better
understand the nature of microbial surfaces. In this essay, we
review several techniques that have been applied to study the
surface of the pathogenic fungus Cryptococcus neoformans. The
importance of this fungus is underscored by the recent report indi-
cating that globally C. neoformans is responsible for approximately
one million severe infections and ~600,000 deaths annually (Park

by a polysaccharide capsule and has the distinction of being the
only encapsulated human pathogenic fungus (Casadevall and Per-
fect, 1998). Hence, the distal surface of C. neoformans is essentially
that of a gel composed of polysaccharides. Until physical tech-
niques were applied, the polysaccharide surface of C. neoformans
resisted characterization because it was highly vulnerable to any
method used to study. The capsule is composed largely of water
and electron microscopy methods that require drying inevitably
lead to damage and the likely formation of artifactual fibrillar
structures of uncertain relevance to natural capsular structure.
In this regard, the more recent biophysical methods applied to
this problem studied the capsule and capsular components in
hydrated form and avoided concerns resulting from drying. The
individual various biophysical techniques each provided impor-
tant insights that when combined have yielded a new view of
capsular architecture.
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BIOPHYSICAL TECHNIQUES AND APPLICATIONS

OPTICAL TWEEZERS

Optical tweezers or optical trap (OT) is a micromanipulation tool
that is now widely employed to study mechanical properties in
cellular and molecular force scales. It was developed by Arthur
Ashkin and his group at the Bell labs (USA) in the early 1970s
(Ashkin, 1997). They were initially working on an optical atom
trapping experiment and, after encountering certain difficulties in
this project, they decided to examine particles in the micron and
sub-micron diameter range. The forces involved in the interac-
tion of light with micrometric non-absorbent particles are in the
piconewton (1072 N) range. This feature makes OT an appro-
priate tool to investigate mechanical properties in cellular and
molecular scales.

During the first years of development, the attempts to opti-
cally trap a particle were performed with counter propagating
laser beans, similar to that used in a cooling atom experiment
(Ashkin, 1997). In 1987, after placing a Tobacco Mosaic Virus
sample in the microscope to test for contamination, they observed
that they could isolate and trap contaminant bacteria for many
hours by using the laser to illuminate a high numerical aper-
ture lens (Ashkin and Dziedzic, 1987). This result introduced a
configuration that by its simplicity became the most used setup
for optical tweezers experiments and led to its main applica-
tion area, biology or mechanical response of biologically related
materials.

Although the development of OT started in the 1970s it was
only recently that a first principle theory of OT was developed. To
date, this theory has been tested by our group and, even though
it is not complete, the results indicate confidence in the force
measurements performed (Viana et al., 2006, 2007).

Basic optical tweezers applications

Figure 1 shows the basic schematic representation of a simple
optical tweezers setup. A laser emitting light with a wavelength in
the infrared spectrum region is used to avoid water absorption of
light. The laser is directed to the high numerical aperture micro-
scope objective (MO) lens using a dichroic mirror (DM) of the
EPI illumination system of the microscope. After passing by the
objective the interaction of the laser light with micrometric dielec-
tric non-absorbent particles in the water sample (WS) produces
two forces: the radiation pressure (due to the reflection of the light
at the particle in the geometric optics limit) and the gradient force
(due to the refraction of the light at the particle in the geometric
optics limit). When the gradient force is bigger than the radiation
pressure, the particle remains trapped near the focus of the lens.
The sample is illuminated by the microscope illumination (MI)
system and conveniently positioned by step motors (XY Motor) in
the microscope plane of observation. Digitized images of the sam-
ples are obtained using a charged coupled device (CCD) camera
connected to a computer.

The OT is commonly used to manipulate micrometric objects
or as a force sensor in the piconewton range. Recently we devel-
oped methodologies using these two features of the OT to measure
the viscosity of polysaccharide water solutions in order to study the
interaction of yeast cells and to examine the mechanical properties
of the capsule.

Laser

DS

CCD

FIGURE 1 | Schematic representation of an optical tweezers setup.

The OT as a micromanipulation tool

To use the OT as a micromanipulation tool it is usually not nec-
essary to know the force acting on the manipulated object. The
microscope positioning system is employed to move the entire
sample and to put the objects under the action of the focalized
laser light. In this way the object to be trapped can be chosen and
positioned as desired by the investigator. Different applications
that employ OT in this way are: measurements of viscosity of cap-
sule and algae polysaccharide water solutions, measurement of the
Young modulus of the C. neoformans capsule and calculation of
adhesion time of particles.

LIGHT-SCATTERING TECHNIQUES

When electromagnetic radiation passes through a given system,
the electric field radiation induces a polarization of the molecules
that oscillates in time with the same frequency of radiation. The
molecules become secondary sources of radiation, and therefore,
radiate apart from the incident energy beam. This radiation is
called scattered radiation. The frequency changes, the angular dis-
tribution, polarization, and intensity of scattered radiation depend
on the size, shape, and molecular interactions within the irradiated
material. Therefore, from the characteristics of scattered radiation
of a given system, it is possible to obtain information on the mole-
cular structure and dynamics of the scattering medium. The most
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common radiation used in scattering experiments is visible light
(laser). The choice of the type of radiation is based on the length
scale of interest and interaction of radiation with matter.

Static light scattering

In static light scattering (SLS) the angular dependency of the time-
mean-intensity of laser light scattered by the particles is measured.
The course of the scattered intensity as a function of the detector
angle depends on size and structure of the particles. By extrapo-
lating light-scattering measurements made at different angles and
concentrations to zero concentration and zero angle we can obtain
estimates of the average molecular weight, radius of gyration, and
second virial constant without any assumptions.

Dynamic light scattering

When a laser beam is focused on a large number of particles in
solution the light scattered from each particle can be measured
by detectors. Since small particles are moving around randomly
in the liquid, undergoing diffusive Brownian motion, the distance
that the scattered waves travel to a detector varies as a function of
time. Electromagnetic waves, like water and sound waves, exhibit
interference effects. Scattered waves can interfere constructively or
destructively depending on the distances traveled to the detector.
The result is an average intensity with superimposed fluctuations.
The decay times of the fluctuations are related to the diffusion
constants and, therefore, the sizes of the particles. Small particles
moving rapidly cause faster decaying fluctuations than large par-
ticles moving slowly. The decay times of these fluctuations may
be determined either in the frequency domain (using a spectrum
analyzer) or in the time domain (using a correlator). The cor-
relator generally offers the most efficient means for this type of
measurement. Correlation is defined as the average of the prod-
ucts of the two quantities. From this correlation, effective diameter
and polydispersity can be measured. The fluctuating signal, origi-
nated from the random motion of particles in a liquid phase and
the associated alterations in the intensity of the scattered light over
time.

Zeta potential

Particles dispersed in a liquid often have a charge on the surface.
If an electric field is applied in the liquid then these charged par-
ticles will move toward either the positive or the negative pole of
the applied field. The direction they select is a clear indication of
the sign of the charge they carry. The velocity with which they
move is proportional to the magnitude of the charge. Zeta poten-
tial is calculated from this information. Units of zeta potential are
millivolts.

CHARACTERIZATION OF ADHESION TIME BETWEEN
MONOCLONAL ANTIBODIES AND HISTOPLASMA
CAPSULATUM SURFACE PROTEINS

This approach was used to characterize the interaction of Histo-
plasma capsulatum yeast cells in the presence of monoclonal
antibodies (mAbs) to an surface expressed heat shock pro-
tein of 60kDa (Hsp60; Guimaraes et al., 2011). The mAbs
induced different degrees of yeast cell agglutination that corre-
lated with differences in efficacy in a histoplasmosis model of
infection.

CHARACTERIZATION OF C. NEOFORMANS POLYSACCHARIDE
The human pathogenic fungus C. neoformans has a large polysac-
charide (PS) capsule that enlarges during infection and releases
copious amounts of PS (exo-PS) into cultures and infected tissues
(Casadevall and Perfect, 1998). The capsular PS is a major viru-
lence factor that can elicit protective antibody responses (Casade-
vall and Perfect, 1998). The capsule is essential for virulence, but
the mechanism for capsular growth is unknown. During infection,
cryptococcal PS is secreted resulting in deleterious immunologi-
cal effects such as antibody unresponsiveness (Murphy and Cozad,
1972; Kozel et al., 1977), inhibition of leukocyte migration (Dong
and Murphy, 1995), depletion of complement, cytokine produc-
tion (Vecchiarelli et al., 1995), interference with antigen presenta-
tion, and prevention of phagocytosis by macrophages (Kozel and
Gotschlich, 1982). Changes in capsular antigenic structure and
size have been described and these alterations are associated with
the capacity of C. neoformans yeast to invade the central nervous
system, correlating structural variability with yeast cells crossing
the blood-brain barrier. The PS of C. neoformans is the target for
experimental PS conjugate vaccines and passive antibody therapies
(Pirofski, 2001; Larsen et al., 2005).

The PS that is recovered from culture supernatants has his-
torically provided an ample and convenient source of material
for structural and immunological studies. Classical techniques
to study polysaccharides, such as serology, did not discriminate
structural features of the exo-PS and capsular PS However, a com-
parison of exo-PS made by two isolation techniques with capsular
PS stripped from cells with gamma radiation or dimethyl sulfox-
ide revealed significant differences in glycosyl composition, mass,
size, charge, viscosity, circular-dichroism spectra, and reactivity
with mAbs when analyzed by light-scattering techniques (Frases
et al., 2008). These tools permitted working with these PS in
solution in its native state. The results of these studies strongly
suggest that exo-PS and capsular PS are structurally different and
this observation has important implications for current views of
the relationship between capsular PS and exo-PS for the genera-
tion of PS preparations suitable for immunological studies, and
for the formulation of PS-based vaccines for the prevention of
cryptococcosis (Frases et al., 2008).

In addition, an analysis of capsular PS from cells with small and
large capsules by dynamic LS revealed a linear correlation between
PS effective diameter and microscopic capsular diameter (Frases
etal., 2009). This result implied that capsule growth was achieved
by the addition of molecules with larger length, such that some
molecules can span the entire diameter of the capsule. Measure-
ment of polystyrene bead penetration of C. neoformans capsules by
using OT techniques revealed that the outer regions were penetra-
ble, but not the inner regions. These results provided a mechanism
for capsular enlargement based on the axial lengthening of PS
molecules and suggested the first model for the architecture of a
eukaryotic microbial capsule (Frases et al., 2009). In addition, zeta
potential experiments demonstrated that aggregation and interac-
tion of PS molecules could be produced by divalent cations which
could be one of the capsule formation mediators (Nimrichter et al.,
2007).

After determining the basis for the ultra structure of PS cap-
sule, the biophysical techniques allow us to determine the effects
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of carbon sources on the capsule and exo-PS production. For
example, growth of C. neoformans cells in mannitol significantly
increased capsular volume compared with cultivation in glucose
(Guimaraes et al., 2010). The fiber lengths and glycosyl composi-
tion of capsular polysaccharide from yeast grown in mannitol was
structurally different from that of yeast grown in glucose demon-
strated by dynamic light scattering (DLS). Combining physical and
biological data we demonstrated the capacity of the carbohydrate
source and concentration to modify the expression of a major vir-
ulence factor of C. neoformans. These findings may impact the
clinical management of cryptococcosis (Guimaraes et al., 2010).

The capsule of C. neoformans is composed of p-1,4-linked N-
acetylglucosamine (GlcNAc), and deacetylated glucosamine units
play key roles as capsule constituents (Rodrigues et al., 2008).
GlcNAc is the monomeric unit of chitin and chitooligomers,
which participate in the connection of capsular polysaccharides
to the cryptococcal cell wall. Chromatographic and dynamic
light-scattering analyses demonstrated that glucuronoxyloman-
nan (GXM), the major cryptococcal capsular component, interacts
with chitin and chitooligomers. Interestingly, chitooligomers can
form soluble complexes with GXM and interfere with capsular
assembly, as manifested by aberrant capsules with defective con-
nections with the cell wall and no reactivity with a mAb to GXM
(Fonseca et al., 2009a).

By combining static and DLS, viscosity analysis, and high-
resolution microscopy we tried to correlate our biophysical find-
ings with biological properties. Analysis of the dependence of
capsular PS molecular mass and the radius of gyration provided
strong evidence against a simple linear PS configuration. Shape
factors calculated from light-scattering measurements in solution
revealed values consistent with polymer branching. Furthermore,
viscosity measurements by OT provided complementary evidence
for structural branching that interfere in complement mediated
phagocytosis and inhibit nitric oxide (NO) production (Cordero
etal., 2011).

In parallel, analysis of several structural parameters of GXM
samples from C. neoformans (serotypes A and D) and Crypto-
coccus gattii (serotypes B and C) was done in an effort to cor-
relate these variables with the production of NO by phagocytes
and the activation of TLRs (Yauch et al., 2004). TLR-mediated
responses were most effectively activated by a PS fraction from a
C. gattii serotype B GXM. This serotype B polysaccharide, which
was also highly efficient at eliciting the production of NO by
macrophages, was similar to the other GXM samples in monosac-
charide composition, zeta potential, and electrophoretic mobility.
However, immunofluorescence staining using four different mAbs
and dynamic light-scattering analysis revealed that the serotype
B GXM showed differences in serological reactivity and had the
smallest effective diameter among the GXM samples analyzed in
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The insights learned during the surface characterization of C.
neoformans capsule using light-scattering techniques, zeta poten-
tial, and OT have been applied to other organisms. Description of
structural features of Trichosporon asahii surface was done using
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CONCLUSION

In summary, biophysical techniques provide powerful means to
study certain aspects of microbial surfaces. The application of OT
and light scattering has provided new insights into the structure of
the C. neoformans capsule and capsular polysaccharide. However,
unlike techniques such as crystallography, NMR, and biochemistry
that can provide definitive structural information, biophysical
approaches often provide a measurement that must be integrated
with other information to generate testable models. Hence, bio-
physical studies constitute a highly intellectual approach to the
problem of microbial surfaces whereby information from many
different sources must be used to construct a coherent synthesis.
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Of the ceramide monohexosides (CMHs), gluco- and galactosyl-ceramides are the main
neutral glycosphingolipids expressed in fungal cells. Their structural determination is
greatly dependent on the use of mass spectrometric techniques, including fast atom
bombardment-mass spectrometry, electrospray ionization, and energy collision-induced
dissociation mass spectrometry. Nuclear magnetic resonance has also been used success-
fully. Such a combination of techniques, combined with classical analytical separation, such
as high-performance thin layer chromatography and column chromatography, has led to the
structural elucidation of a great number of fungal CMHs. The structure of fungal CMH is
conserved among fungal species and consists of a glucose or galactose residue attached
to a ceramide moiety containing 9-methyl-4,8-sphingadienine with an amidic linkage to
hydroxylated fatty acids, most commonly having 16 or 18 carbon atoms and unsaturation
between C-3 and C-4. Along with their unique structural characteristics, fungal CMHs have
a peculiar subcellular distribution and striking biological properties. Fungal cerebrosides
were also characterized as antigenic molecules directly or indirectly involved in cell growth
or differentiation in Schizophyllum commune, Cryptococcus neoformans, Pseudallescheria
boydii, Candida albicans, Aspergillus nidulans, Aspergillus fumigatus, and Colletotrichum
gloeosporioides. Besides classical techniques for cerebroside (CMH) analysis, we now
describe new approaches, combining conventional thin layer chromatography and mass
spectrometry, as well as emerging technologies for subcellular localization and distribution
of glycosphingolipids by secondary ion mass spectrometry and imaging matrix-assisted

laser desorption ionization time-of-flight.

Keywords: cerebrosides, pathogenic fungi, structural characterization, mass spectrometry, NMR spectroscopy

INTRODUCTION

Cerebrosides are commonly called monohexosylceramides or
ceramide monohexosides (CMH). They are neutral glycosphin-
golipids that usually contain glucose or galactose, with B-glycosidic
linkages to the primary alcohol of an N-acyl sphingoid base
(ceramide). Cerebrosides can be found in plants, fungi, and ani-
mals, although clear differences in the structure of the ceramide
backbone of these organisms are observed. Galactosylceramide
is present only in fungi and animals. In contrast, glucosylce-
ramide is the unique glycosphingolipid which plants, fungi, and
animals have in common. CMHs have been widely detected in
fungal cells (reviewed by Warnecke and Heinz, 2003; Barreto-
Bergter et al., 2004). The current literature indicates that cere-
brosides seem to be present in almost all fungal species studied
so far, with Saccharomyces cerevisiae representing a well-known
exception together with Candida glabrata (Tavares et al., 2008).
Gluco- and galactosyl-ceramides are the main neutral glycosphin-
golipids expressed in fungal pathogens (Figure 1). The long-chain
base (LCB) 9-methyl-4,8-sphingadienine is present in almost all
pathogenic fungi studied (Levery et al., 2000; Barreto-Bergter
et al., 2004). Structural modifications of the ceramide moiety
in these CMHs include different sites of unsaturation as well as
varying lengths of fatty acid residues. LCB was first described
in monohexosylceramides from Aspergillus oryzae (Fujino and
Ohnishi, 1976) and was subsequently isolated from Schizophyllum

commune (Kawai and Ikeda, 1985), from the plant pathogen
Fusicoccum amygdale (Ballio et al., 1979), and the edible fungi
Clitocybe geotropa and Clitocybe nebularis (Fogedal et al., 1986).
CMH:s were further characterized in lipid extracts from the fungal
species Alternaria raphani (Wang et al., 2009), Aspergillus fumi-
gatus (Boas et al., 1994; Toledo et al., 1999), Aspergillus nidulans
(Levery et al., 2002), Aspergillus niger (Levery et al., 2000; Lev-
ery, 2005), Aspergillus versicolor (Boas et al., 1994), Acremonium
chrysogenum (Sakaki et al., 2001), Amanita muscaria (Weiss and
Stiller, 1972), Candida albicans (Matsubara et al., 1987), Can-
dida deformans (Mineki et al., 1994), Candida utilis (Wagner
and Zofcsik, 1966), Colletotrichum gloeosporioides (da Silva et al.,
2004), Cryptococcus neoformans (Rodrigues et al., 2000), Fonse-
caea pedrosoi (Nimrichter et al., 2004), Fusarium graminearum
(Zatiner et al., 2008), Fusarium solani (Duarte et al., 1998), Gano-
derma lucidum (Mizushina et al., 1998), Hansenula anomala (Ng
and Laneelle, 1977), Histoplasma capsulatum (Toledo et al., 2001),
Hypsizygus marmoreus (Sawabe et al., 1994), Kluyveromyces waltii
(Takakuwa et al., 2002), Kluyveromyces thermotolerans (Takakuwa
et al., 2002), Kluyveromyces lactis (Takakuwa et al., 2002), Lenti-
nus edodes (Kawai, 1989), Magnaporthe grisea (Koga et al., 1998;
Umemura et al., 2000; Maciel et al., 2002), Mortierella alpina
(Batrakov et al., 2002), Metrilium senile (Karlsson et al., 1979),
Neurospora crassa (Lester et al., 1974; Park et al., 2005), Paracoccid-
ioides brasilensis (Takahashi et al., 1996), Penicillium chrysogenum
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FIGURE 1 | Typical fungal cerebroside structure, containing a C19 sphingoid base with a C-9 methyl group, and two double bonds (A4, A8).

(Peng et al., 2011), Pichia pastoris (Sakaki et al., 2001), Poly-
porus ellisii (Gao et al., 2001), Polyporus squamosus (Arigi et al.,
2007), Pseudallescheria boydii (Pinto et al., 2002), Rhynchosporium
secalis (Sakaki et al., 2001), Saccharomyces kluyveri (Takakuwa
et al., 2002), Sordaria macrospore (Sakaki et al., 2001), Sporothrix
schenckii (Toledo et al., 2000), Termitomyces albuminosus (Qi et al.,
2001), Zygosaccharomyces cidri, and Zygosaccharomyces fermentati
(Takakuwa et al., 2002).

Whereas many studies have focused on the functional roles of
glycosphingolipids in mammals, relatively little is known about
the structures of glycosphingolipids of pathogenic organisms, and
how such pathogen-derived glycosphingolipids influence immune
functions of their hosts.

CMHs have been characterized in fungal cells as bioactive mol-
ecules with several distinct roles. Fungal cerebrosides induce cell
differentiation in S. commune, and the 8E-double bond and the
methyl group at C-9 in the sphingoid base is essential for this
differentiation (Kawai and Ikeda, 1982). Monohexosylceramides
isolated from the rice pathogen M. grisea are active elicitors of the
hypersensitive response in rice (Koga et al., 1998; Umemura et al.,
2000).

The presence of CMH as a structural component of the fun-
gal cell wall was clearly demonstrated by electron microscopy of
yeast cells of C. neoformans labeled with immunogold antibodies
(Rodrigues et al., 2000) and by immunofluorescence of mycelium
cells of C. gloeosporioides, using a monoclonal antibody to GlcCer
(da Silva et al., 2004). Glucosylceramides from P. boydii, accumu-
lated on the surface of mycelia and pseudo-hyphal forms, were
recognized by antibodies from rabbits immunized with P. boydii
whole cells (Pinto et al., 2002).

A monoclonal antibody to the glucosylceramide synthesized
by P. brasiliensis was produced and reacted with A. fumigatus
conidiophore. This finding supported the idea that CMHs are pref-
erentially accumulated on surface sites related to fungal growth,
but it also suggested that they are involved in the differentiation
process (Toledo et al., 2001).

Using polyclonal antibodies or Mabs anti-monohexosylcera
mides, our group showed that CMHs were associated with fun-
gal growth (Rodrigues et al., 2000; Nimrichter et al., 2005) and
morphological transitions in C. neoformans, P. boydii, C. albicans,
A. fumigatus, C. gloeosporioides, and S. apiospermum (reviewed by
Barreto-Bergter et al., 2004).

We now describe methods to extract neutral glycosphin-
golipids (GSLs) from fungal cells, techniques to separate them by
thin-layer chromatography (TLC) or high-performance thin layer

chromatography (HPTLC) and, finally, strategies to structurally
characterize the glycan and ceramide moieties of the GSLs.

ISOLATION AND PURIFICATION

The methodology described herein follows the steps of purifi-
cation routinely used in our laboratory for CMH extraction and
purification (Boas et al., 1994; Duarte et al., 1998, Pinto et al., 2002;
da Silva et al.,, 2004), although different methods are available
in the current literature for isolation and purification of CMHs
(reviewed by Barreto-Bergter et al., 2004).

Fungal cells are successively extracted with chloroform—
methanol (2:1 and 1:2 v/v). Extracts are combined, dried, and the
crude lipid extract is partitioned according to (Folch et al., 1957).
The lipids recovered from the Folch lower layer are fractionated
on a silica gel column eluted with chloroform, acetone, and then
methanol. The acetone and methanol fractions containing CMHs
are further purified on a silica gel column, which are sequentially
eluted with chloroform-methanol with increasing concentrations
of methanol (95:5, 9:1, 8:2, and 1:1v/v), and finally with 100%
methanol. Fractions eluted with chloroform—methanol (9:1 and
8:2 v/v) are further purified by chromatography on Iatrobeads RS
2060 (Macherey and Nagel, Diiren, Germany), using the same elu-
tion system, to provide a purified glycosphingolipid fraction. A
typical example of the purification of cerebrosides is shown in
Figure 2.

ANALYTICAL TECHNIQUES TO STUDY CEREBROSIDES
HIGH-PERFORMANCE THIN-LAYER CHROMATOGRAPHY

Thin-layer chromatography is a popular and convenient tech-
nique for separation and identification of CMH, and is the
first step in analysis of glycosphingolipids, requiring only small
amounts (3—4nM) of material (Scandroglio et al., 2009). This
technique does not allow determination of chemical structures,
but can give preliminary information on their structures based on
chromatographic mobility, in comparison with standards (Wells
and Dittmer, 1965; Scandroglio et al., 2009) and the reaction
with specific staining reagents (Svennerholm, 1956; Scandroglio
et al., 2009). Cerebrosides are analyzed on HPTLC plates devel-
oped with CHCl3-MeOH-H, O (65:25:4 v/v) or CHCl3—-MeOH-
2M NH4OH (40:10:1 v/v/v; Pinto et al., 2002; Rollin-Pinheiro et
al., unpublished) and visualized through iodine vapor, which is
absorbed by both saturated and unsaturated lipids (Kates, 1986),
and by spraying the plates with orcinol-sulfuric acid, in which case
cerebrosides give violet spots (Svennerholm, 1956).
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FIGURE 2 | (A) Overview of the strategy used for purification of CMHs from
fungal cells. (B) High-performance thin-layer chromatography of fungal neutral
glycosphingolipids isolated by silica gel column chromatography. Lane 1:
cerebroside from bovine brain. Lanes 2-6: Chloroform—methanol (95:5 v/v)
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fractions. Lanes 7-8: Chloroform-methanol (90:10 v/v) fractions. Lanes 9-11:
Chloroform-methanol (80:20 v/v) fractions. Solvent system:
chloroform/methanol 2M NH,OH (40:10:1 v/v/v). Detection: iodine and
orcinol-sulfuric acid reagents.

MASS SPECTROMETRY APPLIED TO FUNGAL LIPID ANALYSIS

Mass spectrometry (MS) is a powerful tool for the analysis of
lipids. However, in the early days of its development, the intact
lipids could not be directly analyzed by MS, since the available
ionization sources produced ions by accelerating electrons elec-
tron ionization (EI), which should provide the molecules in a
gaseous phase, to transfer their energy on ionization. This was the
limiting factor for its application, since the molecules must have
a sufficient vapor pressure to enter into the gaseous phase of the
mass spectrometer’s ion source. Briefly, MS with EI was coupled to
gas chromatography (GC-MS) and lipids could be analyzed. How-
ever, in order to become analyzable, CMHs should be converted
to their constituent moieties (sugar, fatty acids, LCB), submit-
ted to appropriate chemical derivatization and then identified by
GC-MS.

To overcome the requirements for volatilization, the glycosph-
ingolipids were methanolyzed and their components analyzed as
fatty acid methyl esters (FAMEs) (Duarte et al., 1998).

The monosaccharide components of glycosphingolipids were
analyzed by GC-MS, by conversion to alditol acetate deriva-
tives after being liberated by acid hydrolysis (Sawardeker et al,,
1965). Long-chain bases were released (LCB, or sphingoid
base) from CMH by methanolysis and analyzed by GC-MS
as the TMS derivatives after treatment with bis-(trimethylsilyl)
-trifluoroacetamide/pyridine (Zanetta et al., 1999; Sweeley, 1963;
Karlsson and Holm, 1965). A simple derivatization method
established by Sassaki et al. (2008) can also be employed for

GC-MS identification of monosaccharides and LCB, present in
glycosphingolipids.

The highly energetic electrons (70eV) in EI produce radical
ions, but a secondary effect associated with EI is an intense pro-
duction of fragment-ions, due to the extensive covalent-linkage
breakdown promoted by the absorbed energy by the molecules.

In order to overcome the tendency of fragmentation during the
ionization process, other ion sources have been developed, called
soft ionization methods.

SOFT IONIZATION TECHNIQUES FOR THE DETERMINATION OF THE
STRUCTURE OF INTACT LIPIDS

The soft ionization technologies allow ionization and transfer-
ring non-volatile and thermolabile molecules to the gaseous
phase without extensive production of fragments, impossible
with EI. This type of source became available from 1980s with
the introduction of fast atom bombardment-mass spectrometry
(FAB-MS), followed by electrospray ionization mass spectrom-
etry (ESI-MS), and matrix-assisted laser desorption ionization
(MALDI). Another important characteristic is that these tech-
niques allow changing the ion polarity, since it is possible to
produce ions via cation or anion interactions, such as proto-
nation, sodiation, lithiation or deprotonation, chlorination, and
so on. Nowadays, variations of these techniques are also found,
such as nano-ESI-MS, photospray ionization, as well as those
called ambient MS, which include direct analysis in real time-mass
spectrometry (DART-MS) and desorption electrospray (DESI),
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suitable for analysis of analytes deposited on a surface, such as
with HPTLC.

The ions obtained from intact molecules provide information
on their molecular weight, as well as fragmentation being an
important tool for structural analysis. The MS instrumentation
allow separation of a specific ion and subjecting it to a fragmenta-
tion process, as occurring in collision-induced dissociation (CID)
or collision-activated dissociation (CAD). This type of analysis is
usually referred to as tandem-MS and the spectrometers operat-
ing in tandem mode consist of conjugated analyzers, such as triple
quadrupole (TQ or QQQ), quadrupole-time of flight (Q-TOF) or
the ion trap, and Fourier-transform ion cyclotron resonance (FT-
ICR) analyzers, which allow the re-fragmentation of product ions
(fragment-ions from MS/MS) usually referred to as MS".

FAST ATOM BOMBARDMENT-MASS SPECTROMETRY

Fast atom bombardment was first introduced by (Barber et al,,
1981a,b; Morris et al., 1981). The sample is dissolved in a non-
volatile liquid matrix (e.g., glycerol, thioglycerol, triethanolamine),
and the mixture is bombarded by a beam of accelerated atoms
(typically argon or xenon). Non-volatile, polar, and thermola-
bile molecules, such as lipids, could be ionized directly analyzed
(Murphy et al., 1982). FAB-MS is considered to be a relatively soft
ionization technique, since it produces primary the molecular ion
(quasi- or pseudo-molecular ions), although numerous fragments
ions are typically generated.

Since FAB-MS allowed the analysis of a broad range of intact
molecules, it rapidly became one of the most commonly used
techniques for structural characterization of lipids, including a
wide variety of fungal cerebrosides, using native and peracety-
lated samples (reviewed by Levery, 2005). The structure of A.

fumigatus CMH was elucidated, using FAB-MS in the positive
mode (Boas et al,, 1994). Spectra were obtained using per-
acetylated samples, in the presence and the absence of sodium
acetate, and the main CMH from A. fumigatus was iden-
tified as 2’-N-hydroxyoctadecenoyl-1-O-B-D-glucopyranosyl-9-
methyl-4,8-sphingadienine. The presence of an additional
ceramide containing 2-hydroxy-octadecanoic acid was reported
by (Toledo et al., 1999), employing ESI-MS and ESI-MS/CID.
Using peracetylated samples with positive- and negative-ion
FAB-MS, other cerebrosides were characterized by our group from
A. versicolor, C. neoformans, F.pedrosoi, E. solani, Fusarium sp.,
and M. grisea (reviewed by Barreto-Bergter et al., 2004). FAB-
MS analysis of native and peracetylated samples indicated that the
glycolipid from P. boydii consisted of two components that dif-
fer in their fatty acid compositions. In a negative-ion spectrum,
deprotonated molecules appeared at m/z 726 and 754, consistent
with monohexosylceramides containing hydroxyl-hexadecanoic
and hydroxyl-octadecanoic acids, and C19 sphingadienine. On
peracetylation with acetic anhydride/pyridine, [M + Na]* ions
were at m/z 1030 and 1002, indicating addition of six acetyl
groups to the mass of the underivatized glycolipids, consistent
with hydroxyl acid-containing monohexosylceramides (Figure 3).
Over the past decades, FAB-MS/MS has been used to charac-
terize sphingolipids, since it offers many advantages for structural
elucidation and has high-energy CID capabilities (Domon and
Costello, 1988; Pittenauer and Allmaier, 2009a,b; Ann and Adams,
1992; Ann and Adams, 1993). Evidence for the location of double
bonds in the long-chain base was obtained by collisional activation
of the sphingadienine fragments at m/z 276. Cleavages of the
alkyl chain indicated the presence of a 4,8-sphingadienine struc-
ture, with a methyl substituent on C-9. An identical fragment ion
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FIGURE 3 | Fast atom bombardment-mass spectrometry spectra of CMHs from P, boydii. (A) Negative-ion spectrum [M — H]- of native CMHs, and (B)
positive-ion spectrum [M + Nal* of peracetylated CMHs.
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spectrum was obtained from collision activation of m/z 276 in the
FAB spectrum of the CMH from F. solani (Duarte et al., 1998) and
A. fumigatus (Boas et al., 1994).

ELECTROSPRAY IONIZATION MASS SPECTROMETRY

In the mid 1980s, two soft ionization techniques were developed,
ESI by John Fenn (Yamashita and Fenn, 1984) and MALDI (Karas
et al., 1987). These techniques allowed direct analysis by MS of a
great number of lipids.

Electrospray ionization mass spectrometry is an atmospheric
pressure ionization technique, in which the sample can be dis-
solved in common solvents, such as methanol, acetonitrile, water,
or in mixtures. The sample passes through a capillary tube, to
which an intense electrical field is applied creating a spray of
charged particles which are dried with the aid of a nitrogen
flow and the ionized analytes are transferred to mass analyzers
(Yamashita and Fenn, 1984).

Matrix assisted laser desorption ionization is a desorption ion-
ization (DI) method which deserves special attention because,
besides its extraordinary sensitivity, it is efficient in produc-
ing intact molecular ions of large biological compounds. The
MALDI matrix compounds are usually organic acids that have
strong electronic absorption in the region of the applied laser
wavelength.

Tons obtained by the soft ionization processes usually appear as
protonated or deprotonated species, depending on their chemical
characteristics. However, it is also common to find ions pro-
duced by the combination of the analyte with different cations
or anions, such as Na™ or Kt and Cl—, which are referred to
as adducts. These ions are commonly present in the solvent and
could aid the ionization of several polar molecules, such as neu-
tral glycolipids. On the other hand, small amounts of specific
adducts (e.g., Li*) can be added to the solvent, to increase ion
production.

Ions obtained from intact molecules contain information on
their molecular weight, although further information is neces-
sary to define their chemical structures. Accordingly, the majority
of mass spectrometers allow the selection of a specific ion and
its fragmentation. This type of analysis is usually referred to
as tandem-MS (MS/MS). Spectrometers capable of performing
tandem-MS consist of conjugated analyzers, such as TQ or QQQ,
Q-TOF or the ion trap analyzer.

Positive-ion mode ESI-MS employing quadrupole instruments
has been used extensively for fungal cerebroside analysis (Toledo
et al., 1999; Levery et al., 2000; Toledo et al., 2000; da Silva et al.,
2004; Nimrichter et al., 2005). A GlcCer-enriched fraction of C.
gloeosporioides was analyzed in the positive ion ESI-MS mode
[M +H] ™. Two major ion species appeared at m/z 754 and 756,
as well as their corresponding fragments at m/z 736 and 738, gen-
erated by the loss of elements of water (Figure 4A). ESI-MS/MS
has also been applied and major fragment-ions at m/z 594 and
592 were obtained, and assigned to 2’-N-hydroxyoctadecanoyl-
9-methyl-4,8-sphingadienine and 2'-N-hydroxyoctadecenoyl-9-
methyl-4,8-sphingadienine respectively (Figures 4B,C) (da Silva
et al., 2004).

As neutral molecules, CMHs can be analyzed by MS with the aid
of adducts, the most common one being Na™. However, the use of
other adducts could reveal more details from the structures, by evi-
dencing fragments which could be missed. The use of Li™, as LiCl,
or Lil, to aid cationization of neutral molecules containing carbo-
hydrates has proven to be useful, improving ion detection and
fragmentation provided by collision-induced dissociation-mass
spectrometry (CID-MS), using less energies than other common
alkali cations (i.e., Na™ and K*). ESI-MS/CID-MS of lithium
adducts was applied for analysis of cerebrosides from F. pedrosoi
(Nimrichter et al., 2005), A. niger, C. albicans, Cryptococcus spp.,
and yeast and mycelium forms of P, brasiliensis (Levery etal.,2000).
More recently, ESI-MS in the positive ionization mode of lithiated
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FIGURE 5 | Positive ESI-MS [M + Li]* of ceramide monohexosides from
the opportunistic human pathogen Scedosporium apiospermum (A),
and the saprophytic Cladosporium resinae (B).

adducts has been used by our group for cerebroside analysis of S.
apiospermum, an opportunistic human pathogen that belongs to
the P. boydii/ Scedosporium complex (Rollin-Pinheiro et al., unpub-
lished). Ions with ranging from m/z 700 to 800 were detected,
with two major ion species appearing at m/z 734 [M + Li]™ and
750 [M + Li]* (Figure 5A). Although in a different ratio, similar
results were found in the analysis of glycosphingolipids from Cla-
dosporium resinae (Figure 5B), a saprophytic species commonly
found as a contaminant in fuel oil storage tanks (Lindley and Hey-
derman, 1985; Seifert et al., 2007). CID-MS analysis confirmed
their similarities and revealed that the differences were located in
the LCB moieties (Figures 6A-D).

An ESI-MS examination of lipid extracts from F. pedrosoi (Nim-
richter et al., 2005), another human pathogen, also showed the
presence of an ion at m/z 750. This was interpreted as result-
ing from a ceramide with a LCB containing one more hydroxyl
group. This hypothesis was supported by the analysis of the per-
methylated CMH derivative, showing a molecular, monolithiated
ion at m/z 862, consistent with addition of eight methyl groups.
Fragmentation of permethylated CMH suggested that the addi-
tional hydroxyl group is linked to C-4 or C-5 of its long-chain
base (Nimrichter et al., 2005). However, this LCB conserves other
characteristics of fungal LCBs, such as the presence of a double

FIGURE 6 | Characteristic tandem-MS profiles obtained from lithiated
CMHs from Scedosporium apiospermum (A,C) and Cladosporium

resinae (B,D). The fragmentation indicated differences in the LCB moieties
and the putative structures were depicted for each CMH species.
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bond (C8 to C-9) and a CH3 group in C9, distinguishing it from
phytosphingosine.

NMR SPECTROSCOPY

Nuclear magnetic resonance (NMR) spectroscopy is a non-
destructive method capable of furnishing information concerning
the primary structure of cerebrosides, such as monosaccharide
composition, anomeric configuration, and size of the sugar rings.
The assignments of all ceramide signals could also be obtained
without interference of the sugar moiety.

Fungal cerebrosides have been characterized by 1D, 2-D-'H-
NMR, and 3C-NMR spectroscopy as native (underivatized) or
peracetylated samples.

Native glycosphingolipid fractions isolated from Paracoccid-
ioides brasiliensis (Toledo et al., 1999), Aspergillus fumigatus
(Toledo et al., 1999), Sporothrix schenckii (Toledo et al., 2000),
Histoplasma capsulatum (Toledo et al., 2001), dissolved in DMSO-
d6/2% D20 have been extensively analyzed by a series of 1-
and 2-D homonuclear and heteronuclear NMR experiments
(1H-1H TOCSY, NOESY, 'H-3C HSQC, HMBC). According to
the authors, this solvent presents superior solubility character-
istics as compared with CDCI3/CD30D mixtures and chemi-
cal shift reproducibility for cerebrosides without the need for
derivatization. Using these techniques, a native glycosphingolipid

fraction from Fusarium oxysporum dissolved in CDCl3—CD30D
was recently characterized (Figure 7).

'H and '*C-NMR spectra for several fungal glucosylceramides
have been previously recorded as per- O-acetylated compounds in
CDCI3 (Fogedal et al., 1986; Boas et al., 1994; da Silva et al., 1997;
Duarte etal., 1998) and more recently in M. alpina (Batrakov et al.,
2002) and F. graminearum (Zaiiner et al., 2008).

In the 'H-NMR spectrum of the peracetylated GlcCer of A.
fumigatus, protons corresponding to a B-glucopyranosyl unit were
recognized by their characteristic chemical shifts (Boas et al,
1994). The spectrum displayed one sharp doublet at 3 4.47 ppm
with a coupling constant J; = 7.9 Hz due to anomeric nuclei. The
remaining protons appearing in the spectrum were in agreement
with the B-glucopyranose structure. The structure of the long-
chain base was deduced from one- and two-dimensional NMR
spectra. The proton to proton COSY spectrum enabled the con-
nectivity of the long-chain base protons to be traced between H-1
and H-11 and those of the fatty acid from H-2 to H-5. The chem-
ical shifts of 5.30 and 5.50 ppm, assigned to the long-chain base
H-3 and the fatty acid H-2, respectively, were typical of protons
with acetylated OH-groups neighboring the olefinic bonds. For
H-4 and H-5 of the long-chain base, we found a coupling con-
stant of 15.3 Hz and for the protons H-3 and H-4 of the fatty acid
14.3 Hz, respectively, typical of trans-double bonds. An additional
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upfield resonance for the cerebrosides was that of the sphingadie-
nine 9-methyl group which was a singlet at ~1.545 ppm. However,
the chain lengths of the fatty acid and the sphingosine moieties of
GlcCer could not be determined by NMR analysis, in contrast with
mass spectrometric methods (Levery, 2005).

In summary, a series of CMHs were isolated from patho-
genic fungi and their structures elucidated using a combination
of HPTLC, FAB-MS, ESI-MS spectrometry, and NMR. Their
principal structures are shown in Figure 8.

TLC OVERLAY TECHNIQUES

The TLC overlay technique was introduced by Magnani et al.
(1980) and consists of resolution of the glycosphingolipid on a
TLC plate, with detection of the CMH in situ using specific lig-
ands as antibodies, bacterial toxins, carbohydrate-specific viruses,
and bacteria. Crude lipid extracts containing glycosphingolipids
as minor components could also be analyzed, avoiding time con-
suming purification procedures. It is a highly sensitive technique
that only requires nanogram quantities of CMH (Meisen et al.,
2011).

HIGH-PERFORMANCE THIN-LAYER CHROMATOGRAPHY
IMMUNOSTAINING

Using anti-glucosylceramide antibodies, CMH could be identified
in cell wall lipid extracts of C. neoformans separated by HPTLC
(Rodrigues et al., 2000). Using an IgG 2a monoclonal antibody
anti-glucosylceramide (MEST-2), Toledo et al. (2001) showed that
this Mab reacts with glucosylceramide from yeast and mycelium
forms of P. brasiliensis, H. capsulatum, S. schenckii, hyphae of

A. fumigatus, and yeast forms of C. albicans, C. neoformans, C.
laurentii, and C. albidus. The same results were observed using
solid-phase radioimmunoassay (RIA). Studies on the specificity
of MEST-2 showed that the epitope required for binding of this
Mab with glucosylceramide would involve the B-D-Glc residue and
the 2-hydroxyl group of the fatty acid from the ceramide portion
of the GlcCer (Toledo et al., 2001).

NEW APPLICATIONS IN THE MASS SPECTROMETRIC
ANALYSIS OF CEREBROSIDES

THIN-LAYER CHROMATOGRAPHY-IONIZATION ORTHOGONAL
TIME-OF-FLIGHT MASS SPECTROMETRY-MASS SPECTROMETRY

With the recent development of ambient MS, the lipids from dif-
ferent sources have been analyzed by HPTLC, and then subjected
to MS using desorption techniques, such as DESI and MALDI.
The coupling of complementary techniques as TLC and MS could
open new avenues for knowledge of specific structural information
using trace amounts of fungal glycosphingolipids.

Using the TLC overlay assay, combined with infrared matrix-
assisted laser desorption/ionization orthogonal time-of-flight
mass spectrometry (IR-MALDI-O-TOF-MS), Miisken et al.
(2010) carried out the structural characterization of globo-
series neutral GSLs (microbial GSL-receptor), recognized by P-
fimbriated Escherichia coli, the agent of upper urinary tract infec-
tions in humans. The method could be applicable for any GSL-
binding non-pathogenic and/or pathogenic E. coli strain, or other
microbes such as Helicobacter pylori or viruses. A detailed sur-
vey of methodological aspects of this technique is available in the
comprehensive review by Meisen et al. (2011).
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This new methodology was successfully applied to the identifi-
cation of cancer-associated GSLs in several types of human tumors
(Miithing and Distler, 2010).

IMAGING MASS SPECTROMETRY

Current techniques used to identify and quantify glycosph-
ingolipids require a prior extraction and their removal from
biological material (cells, tissues) resulting in aloss of information.

Direct tissue analysis and imaging MS are emerging technolo-
gies that can help in answering questions raised by current ana-
lytical techniques. The subcellular localization and distribution of
glycosphingolipids are now beginning to be probed directly using
secondary ion mass spectrometry (SIMS) and MALDI techniques
(reviewed by Haynes et al., 2009).

In MALDI-MS, the surface of a sample is coated with a matrix
which serves to absorb the laser beam, and then volatilize and
ionize the sample. For SIMS, the sample is directly desorbed by
a primary ion bombardment. A simultaneous acquisition of a
large number of biological compounds in mixtures, with the excel-
lent sensitivity obtained by ToF mass analyzer, are the advantages
of these techniques, when compared with others using chemical
imaging (reviewed by Touboul et al., 2011).

CONCLUSION

This review summarizes classical analytical techniques used
for the identification and structural determination of fun-
gal cerebrosides. MS has emerged as a powerful technique
for the analysis of cerebrosides, including analytical variations
as FAB/MS, ESI-MS, and low energy ESI-MS/CID-MS. 'H
and '3C-NMR have also been successfully used in cerebro-
side structural analysis. The combination of these techniques
is usually sufficient for a complete structural elucidation. A
detailed structural information of fungal cerebrosides is required
in order to elucidate the biological role of these molecules.
Also discussed here are some emerging techniques as TLC-IR-
MALDI-MS and imaging MS in the analysis of glycosphin-
golipids.
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INTRODUCTION

The family of glycosphingolipids (GSL) combines a diversity of
molecules consisting of at least one saccharide unit covalently
linked to a ceramide (Schnaar et al.,2009). The biosynthesis of GSL
is complex and involves a repertoire of enzymes that must be care-
fully expressed and distributed over endoplasmic reticulum (ER)
and Golgi in all eukaryotic cells (Halter et al., 2007; Daniotti and
Iglesias-Bartolome, 2011). Due to their structural properties and
primary cellular location, GSL were initially described as architec-
tural components of cell membranes, straightly connected with
fluidity and stability (Feinstein et al., 1975; Tinker et al., 1976;
Aaronson and Martin, 1983; Campanella, 1992). Recent finding,
however, clearly demonstrate that their role goes beyond the for-
mer concepts, since these molecules are major components of spe-
cialized membrane domains called lipid rafts (Bagnat et al., 2000;
Hakomori, 2003, 2008; Wachtler and Balasubramanian, 2006). In
addition, GSL have been characterized as relevant structures in
events of cell-cell interaction, cell signaling and protein sorting
(Bagnat et al., 2000; Bagnat and Simons, 2002; Nimrichter et al.,
2008; Lopez and Schnaar, 2009; Schnaar et al., 2009; Staubach and
Hanisch, 2011).

In fungal organisms two types of GSL have been reported. Inos-
itol phosphorylceramides (IPC) are used to make complex fungal
GSL and have been extensively studied in the yeast model Sac-
charomyces cerevisiae (Sugimoto et al., 2004; Dickson et al., 2006;
Dickson, 2008). They consist of a ceramide usually containing
phytosphingosine as long chain base, associated with a very long
fatty acid (Cp4:1—Cz6:1)- A unit of inositol is covalently linked to
the ceramide and the preformed molecule, which is not found in
mammalian cells, is the substrate for mannosyltransferases for the
synthesis of mannosylinositol phosphorylceramide (MIPC) and
mannosyldiinositol phosphorylceramide [M(IP),C]. The second

The first work reporting synthesis of glucosylceramide (cerebrin, GlcCer) by yeasts was
published in 1930. During approximately 70years members of this class of glycosphin-
golipids (GSL) were considered merely structural components of plasma membrane in
fungi. However, in the last decade GlcCer was reported to be involved with fungal growth,
differentiation, virulence, immunogenicity, and lipid raft architecture in at least two human
pathogens. Fungal GlcCer are structurally distinct from their mammalian counterparts and
enriched at the cell wall, which makes this molecule an effective target for antifungal activ-
ity of specific ligands (peptides and antibodies to GlcCer). Therefore, GSL are promising
targets for new drugs to combat fungal diseases. This review discusses the most recent
information on biosynthesis and role of GlcCer in fungal pathogens.

Keywords: glucosylceramide, fungal pathogens, antifungal targets

major class of GSL synthesized by fungal cells is the monohexosyl-
ceramide (CMH, glycosylceramide, cerebroside, or cerebrin). The
sugar moiety covalently linked to a distinct ceramide is usually glu-
cose (GlcCer) or, to a minor extent, galactose (GalCer; Boas et al.,
1994; Takahashi et al., 1996; Levery et al., 2000, 2002; Rodrigues
et al., 2000; Toledo et al., 2000; Pinto et al., 2002; Barreto-Bergter
et al., 2004; da Silva et al., 2004; Nimrichter et al., 2004, 2005a).
GlcCer and GalCer are not synthesized by S. cerevisiae but are
part of the lipid arsenal of classical fungal pathogens, excepting
Candida glabrata (Saito et al., 2006; Tavares et al., 2008).

A very conserved structure was described as the major GlcCer in
fungal pathogens, the N-2'-hydroxy(hexa/octa)de(ca/ce)noyl-1-
beta-p-glucopyranosyl-9-methyl-4,8-sphingadienine. GlcCer dis-
tribution is not limited to fungal membranes, since large amounts
of this GSL have been also found at cell wall (Rodrigues et al., 2000,
Nimrichter et al., 2005a; Rhome et al., 2011). Although GlcCer
have been identified as fungal components decades ago, knowledge
about their functions during fungal growth/dimorphism, lipid
raft formation, and correlation with virulence has been recently
reported. In this review we discuss the most recent findings that
characterize the functions of GlcCer and its biosynthetic steps as
potential targets for new antifungal drugs. The putative correla-
tion between GlcCer, lipid rafts and secretion and the potential
role of this GSL as virulence regulators are also reviewed.

THE UNCOVERED PATHWAY FOR FUNGAL GlcCer SYNTHESIS
Sphingoid bases of fungal GlcCer are structurally distinct from
mannosylated IPCs and from their counterparts in animal cells.
They have a methyl group at C-9 and an extra unsaturation at C-8,
forming the typical fungal base mentioned above (for review please
see Barreto-Bergter et al., 2004). However, initial steps of ceramide
biosynthesis are the same independent of the cell type studied.
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Ceramide synthesis always begins with condensation of palmitoyl-
CoA and serine, followed by sphinganine formation through the
activity of a 3-ketosphinganine reductase (Barreto-Bergter et al.,
2004; Li et al., 2006; Schnaar et al., 2009; Gault et al., 2010). The
product, sphinganine, is then N-acylated to generate ceramide.
Two distinct pools of ceramide operate as building blocks for
major fungal GSL (CMH and IPCs). They differ according to the
hydroxylation level of long chain base (dihydroxy or trihydroxy)
and the extension of hydroxylated fatty acids (C6,1—Cig:1 or Coa:1—
Ca6:1)(Barreto-Bergter et al., 2004; Dickson et al., 2006; Takakuwa
etal., 2008; Rittenour et al., 2011; Ternes et al., 2011). All enzymes
involved in fungal ceramide synthesis operate specifically accord-
ing to their substrate leading to precise production of GlcCer or
MIPCs. So far, the only exceptions appear to be Magnaporthe grisea
and Neurospora crassa, discussed later on (Lester etal., 1974; Maciel
et al., 2002). It implies that preformed ceramide must be consid-
erably modified before GlcCer or IPC synthesis. This section is
focused on fungal GlcCer biosynthesis. Approaches utilized for
structural characterization of these molecules are discussed in
detail by Barreto-Bergter et al. (this issue).

Synthesis of IPC and GlcCer must include a branching point,
since the enzymes required for this process make part of common
and specific biosynthetic pathways. A very elegant study published
by Ternes et al. (2011) contributed significantly to the understand-
ing of GlcCer biosynthesis. Briefly, these authors demonstrated
that in Pichia pastoris, similarly to S. cerevisiae, Lagl and Lacl
appear to be the genes responsible for coding the enzymes that
make trihydroxy ceramides carrying very long chain fatty acids
(Ternes et al., 2011). On the other hand, BarA (biocontrol agent
resistance) is related to synthesis of dihydroxy ceramides bearing
hydroxylated C;6—C;g fatty acids in P. pastoris. BarA was originally
identified by a screen assay performed to isolate mutants from A.
nidulans resistant to the polyketide HSAF, a heat-stable antifungal
factor isolated from the biocontrol agent Lysobacter enzymogenes
(Zhang and Yuen, 1999). In A. nidulans, exposure to HSAF leads
to a rapid loss of the formin SepA at growing hyphal tips and
disturbs the polarized growth (Li et al., 2006). Phylogenetic analy-
sis indicated that BarAp belongs to a distinct clade of ceramide
synthases when compared to Laglp and Laclp. Accordingly, A.
nidulans lacking BarAp do not synthesize GlcCer (Li et al., 2006).
In Kluyveromyces lactis, overexpression of Lacl increased GlcCer
synthesis while gene disruption blocked this pathway, leading to
IPC accumulation (Takakuwa et al., 2008). Disruption of Lagl
appears to be lethal in K. lactis. Orthologous expression of Lacl
from K. lactis in S. cerevisiae resulted in IPC with Cyg;; fatty acids,
which are presumably exclusive to GlcCer. Sequence analysis sug-
gests that Lacl of K. lactis belongs to the same clade as BarA
(Rittenour et al., 2011). These data indicated that when BarA is
absent in fungi that express GlcCer, Lacl is the gene involved with
GlcCer production.

The biosynthetic steps occurring right after ceramide hydrox-
ylation at C-2 of fatty acid are A4-desaturation, A8-desaturation,
C-9-methylation, and then glucose addition by ceramide glucosyl
ceramide-synthetase (GCS; Ternes et al., 2002, 2011; Michaelson
et al., 2009). Membrane-bound desaturases are part of a super-
family defined by the histidine boxes HX3-4H, HX2-3HH, and
(H/Q)X2-3HH that usually require NAD(P)H and O, as cofactors

(Sperling et al., 1995; Zauner et al., 2008). Searching proteins with
histidine box sequence motifs a family of A4-desaturase was dis-
covered. Homo sapiens, Mus musculus, Drosophila melanogaster,
and Candida albicans A4-desaturases were expressed in S. cere-
visiae and biochemically characterized (Ternes et al., 2002).
Sphing-4-enine and 4-hydroxysphinganine were characterized as
products in all situations, indicating a bifunctional activity (A4-
desaturase and C14-hydroxylase). This enzymatic step appears to
be essential, given that P. pastoris mutant lacking A4-desaturase is
not able to make GlcCer (Ternes et al., 2011). Insertion of a double
bond between C-8 and C-9 of long chain base, the step catalyzed by
a A8-desaturase, does not appear to be a requirement for GlcCer.
P. pastoris lacking the enzyme is still able to build regular amounts
of GlcCer.

Transference of the C-9-methyl group to the sphingoid base is
the last step of ceramide synthesis used to construct fungal GlcCer.
The enzyme responsible for this step belongs to the superfamily
of S-adenosylmethionine-(SAM)-dependent methyltransferases,
appears to be membrane-bound and requires a A4,8-desaturated
ceramide as substrate (Ternes et al., 2006). As observed for A8-
desaturase, absence of C-9 methyltransferase in P. pastoris (coding
the enzyme Ppmtl1) does not impair GlcCer synthesis, resulting
in the exclusive formation of methylated ceramide. In C. albicans,
strains lacking GlcCer, or C-9 methyltransferase were also viable,
although a deficient hyphal growth was observed when compared
to the wild type strain (Oura and Kajiwara, 2010). Two genes
encoding putative C-9 methyltransferase were found in Fusarium
graminearum, FgMT1, and FgMT2 (Ramamoorthy et al., 2009).
Both genes complemented the lack of C-9 methyltransferase activ-
ity in P, pastoris mutant Ppmt1l. FgMT1 disruption did not change
the ceramide methylation and mutants grew as wild type cells. On
the other hand, disruption of FgMT2 reduced the enzymatic prod-
uct in approximately 35%, decreased growth ratio, altered shape,
and size of conidia, reduced mycelial formation and virulence to
A. thaliana leaves and wheat. Double-knockouts were not viable,
suggesting that C-9 methyltransferase is essential to fungal growth
in F. graminearum.

Glucose transfer to ceramide occurs at Golgi stacks in animal
cells through a CGS (Halter et al., 2007). A fraction of newly
synthesized GlcCer returns to ER and is transported to Golgi
lumen to synthesize LacCer and other complex GSL. Using a
second pathway, intact GlcCer reaches the cell surface through
a non-vesicular pathway. In yeast, ceramide is also transported
to Golgi through vesicular and non-vesicular routes (Funato and
Riezman, 2001) where complex GSL will be synthesized. It is
not clear whether N-2’-hydroxy(hexa/octa)de(ca/ce)noyl-1-beta-
D-glucopyranosyl-9-methyl-4,8-sphingadienine follows a similar
pathway.

The complexity of fungal GSL biosynthesis is supported by
studies on the phytopathogens F. graminearum and M. grisea.
E graminearum is a causative agent of head blight, a plant dis-
ease that results in crop loss or grain unsuitability for animal
consumption due to mycotoxin production (Xu and Nichol-
son, 2009). As observed for A. nidulans, Barl mutants of
E graminearum do not synthesize GlcCer and are resistant to
HSAF (Rittenour et al., 2011). GlcCer was also isolated from
lipid extracts of the rice blast agent M. grisea (Maciel et al,
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2002). The typical fungal GlcCer structure was characterized in
this model, consisting of N-2'-hydroxy(octa/hexa)decanoyl-1-O-
B-p-glucopyranosyl-9-methyl-4,8-sphingadienine. The M. grisea
crude extract showed an extra orcinol positive TLC band migrat-
ing above GlcCer, indicative of a dihexosylceramide (CDH). The
purified molecule was identified as lactosylceramide (LacCer).
Unusually, the lipid moiety of LacCer consisted of a phytosphingo-
sine covalently linked to a Cyq4:; fatty acid. A tetrahexosylceramide
has been also reported in N. crassa (Lester et al., 1974). By using
gas and thin layer chromatography the identified components were
GalsGlc, sphinganine, and a Cyq,; fatty acid.

These results establish that GSL biosynthesis is conserved in
fungal cells; however, it cannot be summarized by a simple path-
way. It seems important to consider that different species must be
investigated individually. Reconstituted strains on GSL pathways
also should be carefully investigated, since proper enzyme location
usually cannot be assured, which may result in unusual products.

CORRELATION BETWEEN FUNGAL GlcCer, LIPID RAFTS, AND
SECRETION MECHANISMS

To our knowledge, the mechanisms displayed by fungal organ-
isms to traffic GlcCer intracellularly have never been investigated.
Fungal GlcCer destiny includes plasma membrane and cell wall
(Rodrigues et al., 2000; Nimrichter et al., 2005a), as well as the
extracellular space (Rodrigues et al., 2007a, 2008a,b; Nosanchuk
et al., 2008).

As mentioned previously, along with sterol and GPI-anchored
proteins, GSL are components of lipid domains or lipid rafts
(Hakomori, 2003, 2008). These lipid platforms are found in dif-
ferent cell types, including non-pathogenic and pathogenic fungi,
where they participate in polarization and compartmentalization
steps of the plasma membrane (Bagnat et al., 2000; Bagnat and
Simons, 2002; Martin and Konopka, 2004; Siafakas et al., 2006;
Wachtler and Balasubramanian, 2006). In the C. albicans model,
the ability of fungal cells to switch from yeast to hyphae is con-
sidered a crucial step for host cell colonization (Mitchell, 1998).
Such morphological changes are dependent on a polarized growth
mediated by cytoskeleton (Whiteway and Bachewich, 2007). The
first correlation between lipid rafts and polarization in C. albi-
cans was suggested by Martin and Konopka (2004). They observed
accumulation of sterols at the growing tip of hyphal cells and at
sites of septum formation in mature hyphae. In addition, treat-
ment with myriocin, an inhibitor of serine palmitoyltransferase,
decreases filipin staining, and reduces Pmalp recruitment to lipid
rafts. Pmalp is a plasma membrane proton pump that is consid-
ered a raft marker in C. albicans and S. cerevisiae (Bagnat et al.,
2001; Insenser et al., 2006). Along with Pmalp, heat shock proteins
(HSP70, HSP90) and molecules required for sterol metabolism,
energy production, and polysaccharide synthesis were compart-
mentalized in lipid domains in C. albicans (Insenser et al., 2006).
A connection between polarized growth, lipid rafts, and GlcCer
was also observed in FE graminearum and A. nidulans lacking
Barlp and GlcCer as well. In F graminearum, germ tube for-
mation occurs regularly in the absence of Barlp, but hyphal tip
organization is considerably altered. Although sterols accumu-
late in hyphal tips of a wild type strain, Abarl mutants lack
this distribution. Similarly, no filipin staining was visualized at

hyphal tips of A. nidulans lacking Barlp. These mutants do not
display regular Spitzenkorper when stained with FM4-64, a fluo-
rescent lipid marker. Polarization defects were confirmed by the
altered tropomyosin distribution. Together, these data suggested
a requirement of GlcCer and intact lipid rafts for hyphal growth
and polarization of fungal cells.

Lipid rafts were also isolated from the opportunistic pathogen
C. neoformans. GlcCer, phospholipase Bl (PLB1), and Cu/Zn
superoxide dismutase (SOD1), molecules involved with fungal
virulence, were characterized as raft components in this fungus
(Siafakas et al., 2006). It was hypothesized that membranes of C.
neoformans contain lipid domains that concentrate some viru-
lence factors at fungal surface. Secretion of virulence factors could
be associated to their aggregation to lipid rafts.

A few years ago, we discussed aspects of cell wall that, at that
point, were considered unusual (Nimrichter etal.,2005b). We then
raised the possibility that compact vesicles capable of crossing
polar environments, such as the fungal cell wall, could be used by
fungal organisms for the extracellular release of macromolecules.
Lipid rafts would be likely necessary to increase vesicle stability. In
fact, we recently demonstrated that C. neoformans produces extra-
cellular vesicles containing GlcCer, sterol, and SOD1 (Rodrigues
et al., 2007a, 2008a). Trans-cell wall traffic of GlcCer-containing
vesicles could in fact explain the high amounts of GlcCer that are
found at the cell wall of fungal pathogens (Rodrigues et al., 2000;
Nimrichter et al., 2005a). Further studies revealed that extracellu-
lar vesicles are produced by different fungal organisms, possibly
representing a conserved mechanism of trans-cell wall transport
(Nosanchuk et al., 2008; Oliveira et al., 2010a,b). A number of pro-
teins can reach the extracellular environment through these vesi-
cles, including other lipid raft components, such as Pmalp, HSP70,
and HSP90 (Albuquerque et al., 2008; Rodrigues et al., 2008a). The
putative correlation between extracellular vesicle formation and
fungal lipid rafts is then suggested.

Molecular exportation to the extracellular space through vesi-
cles is not limited to proteins. The polysaccharide glucuronoxy-
lomannan (GXM), a major capsule component of C. neoformans,
follows a vesicle association pathway to leave the cells, in a process
that apparently requires a close association with GlcCer (Rodrigues
et al., 2007a; Oliveira et al., 2009). These data indicate that Glc-
Cer regulates/participates on polysaccharide and protein sorting
in fungal cells. Such processes involve compartmentalization and
changes in membrane shape. This attribute could be correlated
with another property of some complex GSL, the capacity to con-
trol membrane curvature and vesicle formation (Sonnino et al.,
2007). Recently, a correlation between GlcCer and Golgi morphol-
ogy was observed in plant cells (Melser et al., 2010). Treatment of
A. thaliana with the inhibitor of GlcCer synthesis PDMP disturbed
transport of soluble and membrane-associated secretory proteins
to plant cell surface. This phenotype was accompanied by remark-
able morphological changes and protein retention in the Golgi
of treated cells. Reduction on Golgi cisternal thickness and stack
width together with an increase in the number of vesicular struc-
tures surrounding this organelle was visualized after treatment
with drugs that inhibit ceramide glycosylation.

As depicted above, pharmacological drugs that inhibit GSL syn-
thesis are important tools to investigate the role of GSL and lipid
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rafts physiological events in animal cells (Tifft and Proia, 2000).
Their activity against fungi is controversial, as discussed below.

Treatment of Aspergillus species with D-threo-1-phenyl-
2-palmitoyl-3-pyrrolidino propanol (P4) and b-threo-3P,4P-
ethylenedioxy-P4 (EDO-P4), inhibitors of ceramide glycosylation,
was followed by a decrease on GlcCer expression and defects in
spore germination, cell cycle, and hyphal growth (Levery et al.,
2002). Hillig et al. (2005) extended these findings by evaluating
the activity of GSL inhibitors on P. pastoris expressing heterolo-
gous GCS. The activity of these enzymes was measured in cell-free
membrane fractions in the presence of EDO-P4, a GCS inhibitor.
Although the human enzyme was strongly inhibited by this drug,
it showed no effect over fungal GCS (for instance, C. albicans).
These results, however, must be carefully interpreted, given the
lack of information in the literature on the properties of GCS
activity from other fungal species. However, we could not exclude
the possibility that other fungal species are sensitive to derivatives
of these inhibitors.

GlcCer AND FUNGAL VIRULENCE IN MURINE MODELS

As discussed above it is unquestionable that GlcCer is a key mol-
ecule during physiological events in fungal organisms. However,
mutants lacking GCS are usually viable. These mutant strains have
been used to evaluate the role of GlcCer during infection. In this
section we will debate the capacity of fungal GlcCer to regulate
virulence in animal models of mycoses.

The first report showing that GlcCer could influence the capac-
ity of a fungal organism to cause disease was established by Rit-
tershaus et al. (2006). C. neoformans lacking GlcCer synthesis was
generated after GCS disruption and used in murine models of
cryptococcosis. Although the capacity to produce key virulence
factors of C. neoformans was intact in the mutant, this strain
was avirulent when inhaled by CBA/J mice. Dissemination to
the brain was not observed even after 90 days of infection. When
injected intravenously using the same mouse background, yeasts
of C. neoformans reached different tissues, including the brain,
with a similar outcome observed for WT strain. Histopathological
sections confirmed these data and also showed yeast cells confined
to granulomas in the lung of mice after intranasal infection. These
granulomas were necessary to control fungal growth since brain
dissemination was observed after inhalation of GCS mutants by
T- and NK-cell-immunodeficient mice, where granuloma forma-
tion is impaired (Kechichian et al., 2007). A refined mechanism of
yeast cell cycle transition correlated with pH and CO; concentra-
tion was suggested. For establishment of cryptococcosis, GlcCer
appears to be required for fungal growth in the blood and alveolar
spaces of the lung, which, in contrast to the acidic intracellular
environment in macrophages, have a neutral pH. Corroborating
with these data T- and NK-cell-immunodeficient mice depleted
of alveolar macrophages had decreased dissemination to the brain
and prolonged survival. The hypothesis raised by Rittershaus et al.
(2006) is also in agreement with experiments published by Saito
et al. (2006). These authors reported a relationship between Glc-
Cer synthesis and the capacity of fungal cells to grow under neutral
or alkaline pH.

Results from a meticulous work developed by Noble et al.
(2010) using the model C. albicans reinforce the role of GlcCer

as a virulence regulator. These authors disrupted 674 genes in
C. albicans using auxotrophic markers with no effect on viru-
lence. Mutants were then screened for three major phenotypes: (i)
pathogenicity in mouse model of candidiasis, (ii) morphological
switching (yeast to hypha conversion), and (iii) cell prolifera-
tion in vitro. The experiments in vivo disclosed 115 mutants with
impaired pathogenicity. Among these only 15 mutants displayed
impairment to differentiate and grow as hypha. In addition, in the
group of 115 mutants with impaired pathogenicity, 89 exhibited
growth rates that were close to the WT strain. Therefore, delay in
fungal growth did not correlate with capacity to cause disease in
mice. The authors then analyzed the mutants with impaired capac-
ity to colonize mice but efficient in proliferating and in promoting
morphological changes. Strikingly, four mutants were involved
with synthesis of GlcCer.

Previous studies by Oura and Kajiwara (2010) have shown that
mutants of C. albicans lacking C-9 methyltransferase, GCS, and
A8-saturase have growth rates that are similar to those observed
in WT cells. Delayed morphological changes were visualized when
these mutants were cultivated in spider medium, but hypha forma-
tion was observed in all situations. Contrasting with C. neoformans
mutants lacking GlcCer, mutants of C. albicans isolated by Noble
and colleagues were able to grow under neutral and alkaline pH
similar to WT. Thus, a distinct mechanism of virulence regulation
is dependent on GlcCer in C. albicans. The authors identified Glc-
Cer as the first molecule specifically required to govern virulence
in C. albicans (Noble et al., 2010).

FUNGAL GicCer AS TARGETS TO NEW ANTIFUNGAL DRUGS
Together with other groups we have demonstrated the use of anti-
GlcCer antibodies to prevent fungal differentiation and growth
of fungal pathogens. For instance, these antibodies blocks germ
tube formation in C. albicans, Colletotrichum gloeosporioides, and
Pseudallescheria boydii (Pinto et al., 2002; da Silva et al., 2004).
Furthermore, anti-GlcCer antibodies were able to protect mice in
a lethal infection by C. neoformans (Rodrigues et al., 2007b). The
mechanism of action for these antibodies is still unknown. The
enrichment of GlcCer at budding sites in C. neoformans, suggested
that the antibodies could interfere with the cell wall biosynthesis
and organization as previously described for the lectin WGA (Cio-
praga et al., 1999). Alternatively, these antibodies could associate
to GlcCer on lipid rafts, impairing cleavage of GPI-anchored pro-
teins, essential to cell wall assembly. Cross linking of components
found on lipid rafts by antibodies or ligands could also initiate a
cell signaling response as observed in mammalian cells (Landry
and Xavier, 2006; Marta et al., 2008; Bingaman et al., 2010). In this
context, the only information available was the prominent cellu-
lar damage, with organelle destruction, membrane retraction, and
increased vacuolization observed in yeasts from C. neoformans
treated with anti-GlcCer (Nimrichter et al., 2005b). Some TEM
images suggested an apoptotic mechanism, but no biochemical
evidences were characterized.

A set of experiments published by Thevissen et al. (2004)
strongly suggested that targeting fungal GlcCer could in fact initi-
ate a cell signaling response in fungal organisms (Thevissen et al.,
2004; Aerts et al., 2007). These authors demonstrated that a pep-
tide isolated from radish seeds and named RsAFP2 was able to
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specifically bind to fungal GlcCer (Thevissen et al., 2004). The
peptide displayed a potent microbicidal activity in micromolar
concentrations against fungal species that express GlcCer. The
exact region of GlcCer where the peptide binds is not known,
but apparently C-9 methylation at ceramide is not required, since
mutants where this enzyme was impaired remained susceptible to
the peptide (Ramamoorthy et al., 2009). Binding of peptide was
followed by ROS production and fungal death (Aerts et al., 2007).
The peptide activity was impaired by anti-oxidative molecules,
confirming that fungal death was caused by an oxidative activity.
Further studies by our group demonstrated a prophylactic activ-
ity for RsAFP2 in a murine model of candidiasis (Tavares et al.,
2008). The peptide was biologically active against distinct Candida
species and its potency was proportional to the amount of GlcCer
expressed by the Candida strain tested.

Although the use of current GCS inhibitors is still questionable,
a new alternative to decrease fungal GlcCer content in patho-
genic fungi was recently proposed by Rhome et al. (2011): the
administration of cerezyme (Cz) to mice lethally infected with
C. neoformans. Cz is a human recombinant enzyme that removes
glucose from GlcCer. It has been used as an alternative treatment
for patients with Gaucher’s, disease where hydrolysis of GlcCer is
impaired and the GSL accumulates in lysosomes (Charrow, 2009).
This enzyme was proven to hydrolyze fungal GlcCer and reduce
its content in C. neoformans in vitro and in vivo. Cz-induced Glc-
Cer decrease was associated with reduction of fungal membrane
stability. In a murine model of cryptococcosis Cz was also able to
increase mice survival (Rhome et al., 2011).

CONCLUSION AND PERSPECTIVES
For over half a century, GlcCer was classified as a structural
membrane component of eukaryotic cells. In the last decade,
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control and disease.

INTRODUCTION

Fungal infections are an important cause of morbidity and mor-
tality. Infections caused by filamentous fungi have increased in
incidence, especially in immunosuppressed individuals (Singh,
2001; Marr et al., 2002; Camilos et al., 2006; Enoch et al., 2006;
Segal and Walsh, 2006). Risk factors are generally associated with
immunosuppression and include therapy with corticoids or mye-
loablative drugs, neutropenia, and solid organ transplants (Marr
et al., 2002; Morgan et al., 2005; Camilos et al., 2006). Sporadic
cases of infection in immunocompetent individuals have also been
described, particularly in situations where traumatic inoculation
occurs, like the use of catheters, surgeries, or wounds (Pasqualotto
and Denning, 2006; Meersseman et al., 2008; Murray et al., 2008).

Abbreviations: ASC, apoptosis-associated speck-like protein containing a caspase
recruitment domain; BIR, baculovirus inhibitor of apoptosis protein repeat domain;
CARD, caspase activation and recruitment domain; C/EBP, CCAAT/enhancer biding
protein; CLRs, C-type receptors; CRD, carbohydrate recognition domain; DC-SIGN,
dendritic cell-specific ICAM3 grabbing non-integrin; GMX, glucuronoxyloman-
nans; IL-1, interleukin-1; ITAM, immunoreceptor tyrosine activation based motifs;
LPS, lipopolysaccharides; LRR, leucine-rich repeat; MAP kinases, mitogen-activated
protein kinases; MDP, muramyl dipeptide; mincle, macrophage-inducible C-type
lectin; MR, mannose receptor; NACHT, Naip, CIITA, HET-E (plant het product
involved in vegetative incompatibility) and TP-1 (telomerase-associated protein 1);
NFAT, nuclear factor of activated T-cells; NF-kB, nuclear factor-kB; NLR, Nod-
like receptors; Nod, nucleotide oligomerization domain; PRRs, pattern recognition
receptors; PYD, pyrin; ROS, reactive oxygen species; TLRs, Toll like receptors; TNF-a,
tumor necrosis factor-a.

tous fungi have increased in incidence and represent an important cause of mortality and
morbidity especially in individuals with immunosuppression. This review will discuss the
innate immune recognition of filamentous fungi molecules and its importance to infection

Keywords: fungi, PRRs, innate immunity, inflammation, signaling, macrophages, cytokines

Pathogenic fungi are variable in their biology, and can also include
commensal microorganisms such as Candida albicans, and oppor-
tunist filamentous fungi like Aspergillus fumigatus, Scedosporium
spp.» and Fusarium spp.

Filamentous fungi are saprophytic and widely distributed in
the environment. These fungi present multiseptated forms, the
hyphae, and forms of dispersion referred to as conidia. Conidia
are extremely small and are responsible for the establishment of
the infection once they reach deeper tissues, such as the lung alveoli
or wounds. In the absence of adequate removal by macrophages
and/or killing mediated by neutrophils, conidia germinate giving
rise to hyphae that promote tissue invasion and injury (Groll and
Walsh, 2001).

The pathogenesis of filamentous fungi is related to their ubiqui-
tous presence in the environment, their high capacity of dispersion
and small size of the conidia, which contribute to the access of these
structures to host tissues, like the respiratory tract. Filamentous
fungi are able to survive and grow in a wide range of tempera-
tures, varying from 25 to 37°C or even higher temperatures which,
in association with their low nutritional requirements, permits
host tissue colonization in a context of deficiencies in microbicidal
mechanisms of leukocytes and mobilization of the inflammatory
response (Groll and Walsh, 2001; Latgé, 2001).

Molecules from infectious agents are recognized by the innate
immune system triggering an inflammatory response that is fun-
damental to the initial control of infection. This early response
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dictates the activation of antigen specific lymphocytes, the hall-
mark of the adaptive immune response. Each microorganism is
composed of a peculiar set of molecules and ways to interact
with the host. The innate immune system also recognizes mol-
ecules from damaged host cells and tissues, promoting unique
immune/inflammatory responses.

The specific recognition of conserved microbial molecules from
infectious agents is performed by pattern recognition receptors
(PRRs; Akira et al., 2006; Medzhitov, 2007). Activation of these
receptors triggers intracellular signaling pathways resulting in
the production of cytokines, lipid mediators, and reactive oxy-
gen/nitrogen species. This activation of the immune system is
instrumental for pathogen killing but is also critically involved
in tissue damage (Nathan, 2002).

Toll like receptors (TLRs) and the C-type lectin receptors
(CLRs) are the best defined receptors involved in fungal recog-
nition. They couple pathogen detection to signaling cascades that
promote induction of pro-inflammatory mediators, phagocyto-
sis, and induction of adaptive immunity (Van de Veerdonk et al.,
2008).

Toll like receptors form a group of receptors that share homol-
ogy with Drosophila Toll receptor. Toll receptor was initially
demonstrated to be involved in immunity to fungal infections
in Drosophila through sensing of the protein Spétzle that is pro-
duced by proteolysis during the infection caused by A. fumiga-
tus (Lemaitre et al., 1996). Characterization of the Drosophila
Toll receptor opened the way for identification of mammalian
homologs designated TLRs which have been implicated in detec-
tion of microbial products and activation of innate immunity to
pathogens (Medzhitov, 2007).

TLR4 detects bacterial lipopolysaccharides (Poltorak et al.,
1998; Hoshino et al., 1999; Qureshi et al., 1999). TLR2
forms heterodimers with TLR1 or TLR6, recognizing diacylated
(TLR2/TLR6) and triacylated bacterial lipoproteins (TLR2/TLR1;
Takeuchi et al., 2000, 2001, 2002), lipoteichoic acid (TLR2/TLR6;
Schwandner et al., 1999; Schroder et al., 2003; Travassos et al.,
2004), lipoarabinomannans (TLR2/TLR1; Means et al., 1999; San-
dor et al., 2003; Tapping and Tobias, 2003), and GPI anchors
of protozoans (Campos et al., 2001; Krishnegowda et al., 2005;
Debierre-Grockiego et al., 2007). TLR5 recognizes bacterial fla-
gellin (Hayashi et al., 2001). TLR3, TLR7, TLRS, and TLR9
are present in endosomes and are involved in recognition of
internalized nucleic acids (Kawai and Akira, 2011). TLR3 senses
double-stranded RNA produced during viral infections (Alex-
opoulou et al,, 2001). TLR7/8 is responsible for detection of
single stranded RNA enriched in GU-containing sequences and
nucleotides analogs (Hemmi et al., 2002; Diebold et al., 2004; Heil
et al., 2004; Lund et al., 2004). TLRY recognizes DNA sequences
containing non-methylated CpG (Hemmi et al., 2000).

C-type lectin receptors are transmembrane proteins involved
in pathogen recognition by means of carbohydrate detection.
This group of receptors includes molecules involved in fungal
recognition such as Dectin-1 (CLEC7A), Dectin-2 (CLEC4n),
dendritic cell-specific ICAM3 grabbing non-integrin (DC-SIGN),
Macrophage-inducible C-type lectin (Mincle, CLEC4e), and man-
nose receptor (MR; Willment and Brown, 2008). Dectin-1, Min-
cle, and Dectin-2 recognize fungal products, and signal through

immunoreceptor tyrosine based motifs (ITAM), leading to acti-
vation of transcriptional factors such as NFAT and NF-kB and
induction of cytokines (Kerrigan and Brown, 2010). Furthermore,
some CLRs have been implicated in internalization of pathogens,
such as Dectin-1, DC-SIGN, and MR. Dectin-1 recognizes fun-
gal B-1,3-glucans (Brown and Gordon, 2001; Brown et al., 2003),
Dectin-2 is involved in cellular responses to mannans expressed
on fungal surfaces (Saijo et al., 2010). MR binds to polysaccha-
rides containing mannose and fucose residues and is involved
in recognition of many fungal pathogens (Kerrigan and Brown,
2009). Mincle senses mycobacterial glycolipid, trehalose dimyco-
late, and fungal molecules still uncharacterized, like C. albicans
(Miyake et al., 2010). DC-SIGN is involved in recognition of sev-
eral pathogens and has been implicated in internalization and
cellular infection by microorganisms like Mycobacterium tuber-
culosis, HIV, Dengue virus, and fungal pathogens (van Kooyk and
Geijtenbeek, 2003).

This review will discuss the receptors involved in innate
immune recognition of opportunist filamentous fungi and the
fungal surface molecules recognized by these receptors.

FUNGAL SURFACES AND MOLECULAR PATTERNS

Fungal pathogens have a thick cell wall that is essential for their
survival by providing protection against environmental stress and
allowing interaction with host cells and tissues. The distinct com-
position of the fungal surface in relation to the membrane of
mammalian cells offers a wide array of molecular patterns that
are important targets for recognition by the immune system and
impact the relationship between fungal pathogens and their hosts
(Latgé, 2010).

Zymosan, a particulate material obtained from the Saccha-
romyces cerevisiae cell wall, has been extensively used as a model
for investigation of the mechanisms of innate immune recognition
of fungal pathogens. Zymosan is composed mainly of polysaccha-
rides that include chitin, mannans, and B-glucans, in addition to
fatty acids and proteins (Di Carlo and Fiore, 1958). Zymosan is
promptly phagocytosed by macrophages and is a potent inducer
of pro-inflammatory cytokine release and reactive oxygen species
(ROS) production by macrophages and neutrophils (Murata et al.,
1987; Brown et al., 2003; Gantner et al., 2003).

Candida albicans is a well-studied fungal pathogen and its sur-
face has been characterized in detail. The C. albicans cell wall is
composed of an external coat of mannans and mannoproteins that
covers a deeper layer composed of B-glucans and chitin (Chaffin
etal., 1998; Masuoka, 2004). The mannans found in the C. albicans
surface are polymers of mannose linked by a-1,4, a-1,6, and a-1,2
bonds. The C. albicans cell wall also presents f-1,2 oligoman-
nosides joined to a-1,6 linked chains by phosphodiester bonds.
The surface linked proteins are heavily glycosylated with long
chains of mannans that are components of glycoproteins or gly-
colipids present in the surface. Internally, the C. albicans cell wall
is filled with a tough cross-linked layer of chitin and B-glucan with
glycolipids and glycoproteins anchored by glycosylphosphatidyli-
nositol groups. The core of the internal layer of the C. albicans
cell wall is formed by chains of B-glucans joined through p-1,3
and B-1,6 linkages. Chitin is a polymer of units of N-acetyl-p-
glucosamine linked by $-1,4 bonds that is covalently linked to the
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net of B-glucans, thus conferring extensive cross-linking to the
B-glucan chains (Chaffin et al., 1998; Masuoka, 2004).

Filamentous fungi like A. fumigatus present a distinct com-
position in their surfaces in comparison with C. albicans. The
cell wall of A. fumigatus has an external coat covered with a-
1,3/a-1,4-glucans and galactomannans (Fontaine et al., 2000). In
contrast with yeasts, A. fumigatus presents peptidogalactoman-
nans containing oligomers of galactofurans linked to units of
a-1,2 mannoses and these polysaccharides are antigens released
during infection (Leitdo et al., 2003). Curiously, these mannans
are generally bound to glucans without a peptidic core (Fontaine
et al., 2000). As in yeasts, the A. fumigatus cell wall is consti-
tuted by a rigid insoluble layer of B-1,3-glucans that is branched
by B-1,6 linkages, but in the case of A. fumigatus, B-1,6 glu-
cans are not present and p-1,3/1,4 linear chains are part of the
cell wall (Fontaine et al., 2000). Chitin, galactomannans, and p-
1,3/1,4-glucans are covalently bound to the mesh of p-1,3-glucans
that forms the core of the cell wall (Fontaine et al., 2000). GPI-
anchored glycoproteins and polysaccharides are also present on
the A. fumigatus membrane (Fontaine et al., 2003; Costachel et al.,
2005).

Aspergillus fumigatus resting conidia present a hydrophobic
layer formed by the protein RodA. This layer masks -glucans and
uncharacterized TLR activators, making resting conidia unable to
induce cytokine release by macrophages. During germination, the
rodletlayer of RodA is degraded and molecules that are recognized
by PRRs in macrophages and dendritic cells are then exposed and
promote cytokine production and expression of co-stimulatory
molecules. Similarly, other environmental non-pathogenic fungi
also express a layer of hydrophobins and their resting conidia
are also unable to induce dendritic cell activation, while chemical
removal of hydrophobins permits dendritic cell activation by the
resting conidia. Thus, the outermost hydrophobic layer of many
mold fungi prevents an undesired inflammatory response to rest-
ing conidia in what seems to be an evolutionary interplay between
environmental fungi and mammals. Thus the only morphologi-
cal stages that represent a real threat for host tissue invasion, like
germ tubes, swollen conidia, and hyphae, would be recognized by
the immune system (Aimanianda et al., 2009).

TOLL LIKE RECEPTORS AND RECOGNITION OF PATHOGENIC
FUNGI

TLR2 and TLR4 have been implicated in fungal recognition (Van
de Veerdonk et al., 2008). TLR2/TLR6 heterodimers are responsi-
ble for activation of NF-kB and cytokine induction by zymosan in
macrophages (Underhill et al., 1999; Ozinsky et al., 2000). TLR2
and TLR4 are involved in innate immune recognition of C. albicans
and A. fumigatus (Van de Veerdonk et al., 2008).

Mice with non-functional TLR4 (C3H/He]) present an
increased fungal load in the kidneys and deficiencies in neu-
trophil recruitment upon C. albicans challenge when compared
to TLR4 responsive mice (C3H/HeN; Netea et al., 2002). TLR4 is
required for the production of neutrophil chemoattractants MIP-
2/CXCL2 and KC/CXCL1 by mouse macrophages stimulated with
heat-killed C. albicans blastoconidia, while TLR2 is required for
TNF-a and IL-1 release by human peripheral blood mononuclear
cells (Netea et al., 2002). T2~/ mice are more susceptible to

C. albicans infection showing a reduction in neutrophil mobiliza-
tion during infection. TLR2 is also required for MIP-2/CXCL2
and TNF-a release by murine macrophages in response to C.
albicans yeasts and hyphae (Villamon et al., 2004). Bellocchio
et al. (2004) found that, in a model of gastric colonization by
C. albicans, Tlr4~'~, and TIr2~/~ mice display increased fun-
gal loads. These authors observed a reduced TNF-a release by
Tlr4~/~ macrophages, but not Tlr2~/~ macrophages, stimulated
with C. albicans yeasts or hyphae. On the other hand, these authors
did not observe any increase in the susceptibility of Tlr4~'~ or
TIr2~/~ mice to systemic C. albicans infection in regards to lethal-
ity and fungal load. Even though TLR2 and TLR4 have been clearly
demonstrated to recognize C. albicans, discrepancies among differ-
ent studies probably reflect heterogeneity of experimental settings.
Additionally, the differences in the experimental models of infec-
tion are most likely due to the different routes of infections used
in the study.

TLR2 and TLR4 are also involved in A. fumigatus recognition.
TLR2 is required for TNF-a release by macrophages in response to
A. fumigatus resting conidia and hyphae (Mambula et al., 2002).
In contrast, TLR4 deficiency does not impact TNF-o induction by
A. fumigatus in macrophages. Similar results were obtained with
HEK cells overexpressing TLR4 and TLR2, in which TLR2 expres-
sion promoted NF-kB activation in response to A. fumigatus, while
TLR4 expression failed to do so (Mambula et al., 2002). Meier
et al. (2003) observed that A. fumigatus induces NF-kB activa-
tion in macrophages and overexpression of either TLR2 or TLR4
in HEK cells leads to NF-kB activation upon stimulation with
A. fumigatus conidia and hyphae (Meier et al., 2003). Further-
more, TLR4 but not TLR2 deficiency impaired cytokine release
by murine peritoneal macrophages stimulated with A. fumiga-
tus conidia and hyphae (Meier et al., 2003). Neutrophil recruit-
ment upon A. fumigatus challenge is reduced in C3H/He]J mice,
and although a residual cytokine release and neutrophil recruit-
ment were still observed, C3H/HeJ/TIr2~/~ mice show absence
of the cytokine release by macrophages and a greater reduction
in neutrophil mobilization in vivo, implying that both receptors
are involved in A. fumigatus recognition with TLR2 single defi-
ciency being compensated by TLR4 signaling (Meier et al., 2003).
Human polymorphisms in TLR4, TLR1, and TLR6 have been asso-
ciated with susceptibility to A. fumigatus infections in recipients
of hematopoietic transplants, indicating that these receptors are
involved in immunity to A. fumigatus (Kesh et al., 2005; Bochud
etal.,2008). Latter works demonstrated that innate immune recog-
nition of A. fumigatus requires germination of conidia. Resting
conidia are unable to induce cytokine release by macrophages, but
upon germination swollen conidia and germ tubes are recognized
by TLR2 and Dectin-1, thus triggering cytokine release and ROS
production by macrophages (Hohl et al., 2005; Steele et al., 2005;
Gersuk et al., 2006).

Toll like receptors are also involved in the innate recognition
of Pseudallescheria boydii, an important pathogenic filamentous
fungus. TLR4 is required for cytokine production by macrophages
in response to the stimulation with P. boydii conidia, while TLR2
seems to be dispensable. In contrast, induction of TNF-a by P.
boydii hyphae is independent of either TLR2 or TLR4 mediated
recognition (Figueiredo et al., 2010).
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Recognition of zymosan with subsequent cytokine production
by macrophages requires cooperation between TLR2 and Dectin-1
(Brown et al., 2003; Gantner et al., 2003). The capacity to activate
TLR2 is abolished by hot alkali treatment or oxidation of zymosan,
while Dectin-1 signaling is not impaired (Gantner et al., 2003; Saijo
etal.,2007). Macrophage activation by B-glucans is independent of
TLR signaling, but completely dependent on Dectin-1 triggering
(Rogers et al., 2005; Yoshitomi et al., 2005; Saijo et al., 2007). These
results indicate that different molecules are involved in zymosan
recognition by macrophages, with B-glucans inducing Dectin-1
activation and unknown molecules promoting TLR2 triggering.

Candida albicans phospholipomannans induce NF-kB activa-
tion and TNF-a release in murine macrophages by a mechanism
dependent on TLR2 activation that also requires TLR4 and TLR6
signaling for full-blown activation (Jouault et al., 2003). However,
it is uncertain if other pathogenic fungi express phospholipoman-
nans, in particular filamentous fungi. A phospholipomannan of
C. albicans was structurally characterized and shown to be com-
posed of B-1,2 oligomannosides linked to a phosphoinositol ring
that, in turn, is linked to a C18/C20 phytosphingosine and a ram-
ified C24/C25/C26 fatty acid (Trinel et al., 2002). However, the
structural requirements involved in TLR activation by phospho-
lipomannans are still unknown and direct interaction with TLR2,
TLR4, or TLR6 was not analyzed.

Glucuronoxylomannans (GXM) are central components of the
capsule present in the fungal pathogens Cryptococcus neoformans
and C. gattii. GXMs consist of polyanionic polysaccharides com-
posed of a-1,3 linked mannans, O-acetylated in some mannosyl
residues with substitutions of B-1,2 glucuronyl and B-1,2/8-1,4
xylosyl units (Rodrigues et al., 2011). GXM is recognized by
TLR4 (Shoham et al., 2001), TLR2/TLR1, and TLR2/TLR6 (Fon-
seca et al.,, 2010). Activation of TLR2/TLR1 and TLR2/TLR6
is associated with a smaller size of GXM particles (Fonseca
et al., 2010). Interaction of GXM with TLR4, TLR2/TLR1, or
TLR2/TLR6 promotes NF-kB activation (Shoham et al., 2001;
Fonseca et al., 2010), and expression of co-stimulatory molecules
by macrophages (Monari et al., 2005). However, in contrast to
prototypical TLR agonists, GXM does not induce TNF-a pro-
duction or activation of MAP kinases by macrophages (Shoham
et al., 2001; Monari et al., 2005). Nevertheless, other studies have
demonstrated the induction of cytokines by human neutrophils
and monocytes stimulated with GXM (Retini et al., 1996; Vec-
chiarellietal., 1996; Delfino et al., 1997). Curiously, human mono-
cytes, like macrophages, do not produce the pro-inflammatory
cytokines TNF-a and IL-18 when stimulated with GXM (Retini
et al.,, 1996; Shoham et al., 2001; Monari et al., 2005). Although
TLR2 and TLR4 are clearly involved in recognition of GXM
particles, the structural determinants involved are still unchar-
acterized. In fact, GXMs are highly heterogeneous molecules and
it is possible that GXM recognition could trigger activation of
surface receptors other than TLRs that promote immunomodula-
tory effects distinct from those activated by TLR classical ligands.
Furthermore the heterogenicity of GXM composition could con-
tribute to the differences in the induction of cytokines, observed
in different works. The absence of induction of TNF-o by GXMs
in mononuclear phagocytes, in contrast to neutrophils, might
contribute to immune evasion of pathogenic Cryptococcus spp.,

since macrophages carry intracellular Cryptococcus yeasts during
infection.

Mannans isolated from C. albicans and Saccharomyces spp.
are inducers of cytokine release in macrophages through TLR4
recognition (Tada et al., 2002). Interestingly, TLR4 seems to coop-
erate with the MR. TLR4 recognizes O-linked mannans, while
N-linked mannans are recognized by MR (Netea et al., 2006).
TLR4 is also required for macrophage activation induced by P. boy-
dii conidia, and removal of mannans results in a great reduction
in TNF-a production by macrophages, indicating that mannans
play an important role in the innate immune recognition of P.
boydii. Rhamnomannans isolated from P. boydii are inducers of
cytokine production in macrophages through TLR4 activation.
Interestingly, mannans isolated from P. boydii present terminal
non-reducing units of rhamnose and chemical removal of these
units abolish cytokine induction, implying a role for these terminal
residues in recognition of P. boydii derived mannans (Figueiredo
et al., 2010).

P. boydii derived a-glucans induce cytokine production by
macrophages and dendritic cells, by means of recognition medi-
ated by TLR2 and CD14 (Bittencourt et al., 2006). Polysaccha-
rides extracted from the medicinal fungi Ganoderma lucidum
and Cordyceps sinensis are potent immunomodulators and have
antitumoral activity (Hsu et al., 2009). The ability of these poly-
saccharides to induce cytokine production and B cell activation
is dependent on TLR2 and TLR4 activation. Binding assays using
recombinant chimeric TLR4-Fc and TLR2-Fc demonstrated direct
binding to polysaccharides derived from G. lucidum. Further-
more, the binding of TLR4 and TLR2 to these polysaccharides
was inhibited by soluble mannans, indicating that TLR4 and TLR2
competitively bind both mannans and polysaccharides (Hsu et al.,
2009). It remains undefined how TLR4 and TLR2 detect fungal
molecules. Fungal polysaccharides such as mannans, a-glucans,
and GXMs are structurally distinct from the prototypical agonists
of TLR4 and TLR2. It is possible that fungal structures, particularly
complex polysaccharides or fragments of cell wall, could present
uncharacterized glycolipids anchored to their structures in such
a way that these compounds could act as true “agonists” of TLR4
and/or TLR2. To shed light into these questions, sensitive analyt-
ical techniques, including nuclear magnetic resonance and mass
spectrometry, could prove to be useful. In addition, complemen-
tary approaches like genetic models of deficiency in the synthesis
of specific molecules of fungal pathogens and selective inactivation
of investigated molecules (enzymatic treatments, selective chem-
ical reactions), in order to exclude contamination with bacterial
ligands or even the contribution of minor components of fungal
preparations. Direct binding of bacterial lipid A and lipopeptides
have been described for TLR4 and TLR2, respectively. In addi-
tion, crystallographic analysis of lipid A/TLR4/MD2 complex and
lipopeptides to TLR1/TLR2 or TLR6/TLR2 complexes have also
been obtained, indicating physical interaction between these lig-
ands and their receptor complexes (Jin et al., 2007; Kang et al.,
2009; Park et al., 2009). Thus it will be important to establish the
structural basis for TLR4 and TLR2 interaction with fungal mol-
ecules, which would help to understand how these receptors are
able to detect such distinct structures like LPS (Poltorak et al.,
1998; Hoshino et al., 1999; Qureshi et al., 1999) and lipoproteins
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(Takeuchi et al., 2000, 2001, 2002), as well as endogenous mam-
malian molecules such as carboxy alkyl pyrroles, hyaluronic acid,
heme, HMGB1, and heparan sulfate (Brunn et al., 2005; Figueiredo
etal., 2007; Taylor et al., 2007b; West et al., 2010; Yang et al., 2010).

Although TLR2 and TLR4 are involved in A. fumigatus recogni-
tion, the molecules involved in activation of these receptors were
not characterized. The A. fumigatus cell wall presents a-glucans
and mannans (Latgé, 2010) and, as it was found for P. boydii,
these molecules could be targets of recognition mediated by TLR2
and TLR4, respectively. Thus, it will be important to perform the
isolation and characterization of highly purified cell wall compo-
nents of A. fumigatus and other filamentous fungi, and screening
of such molecules for activation of selective PRRs including TLR4
and TLR2.

CD14 CONTRIBUTES TO TLR RECOGNITION OF FUNGAL
MOLECULES

CD14 was initially characterized as a receptor involved in LPS
binding to cell membrane and LPS-induced cellular responses.
CD14 is a glycosylphosphatidylinositol-anchored protein that
lacks an intracellular signaling domain (Wright et al., 1990). CD14
was implied in cellular responses to several microbial molecules,
such as lipoproteins (Schroder et al., 2004) and lipoteichoic acid
(Schroder et al., 2003). Although unable to trigger cellular signal-
ing, CD14 promotes loading of TLR4/MD2 and TLR2 with their
ligands, a mechanism that contributes to detection of these soluble
molecules in small amounts (Wright et al., 1990; Schroder et al.,
2004).

CD14 is involved in the recognition of filamentous fungi. CD14
overexpression in human cell lines results in increased NF-kB acti-
vation and TNF-a production in response to A. fumigatus. These
results, however, are in contrast with others showing no difference
in TNF-a production by Cd14~/~ and wild-type macrophages
stimulated with A. fumigatus, indicating that in the case of murine
macrophages CD14 is dispensable for A. fumigatus recognition
(Mambula et al., 2002). Activation of human monocytes by A.
fumigatus hyphae is dependent on recognition mediated by CD14
and TLR4, since blocking these receptors with monoclonal anti-
bodies results in reduction of TNF-a production (Wang et al.,
2001). Recognition of P. boydii conidia requires CD14, as demon-
strated by reduction in TNF-a release by Cd14~/~ macrophages
when compared with wild-type cells (Figueiredo et al., 2010). The
a-glucans isolated from P. boydii also require CD14 for cytokine
induction by murine macrophages (Bittencourt et al., 2006). Man-
nans derived from C. albicans and S. cerevisiae induce macrophage
activation with induction of pro-inflammatory cytokines in a
mechanism that is also dependent on CD14 recognition (Tada
etal.,2002). C. neoformans derived GXM induces macrophage and
epithelial cell activation by a mechanism requiring CD14 recog-
nition. Furthermore CD14 is involved in GXM internalization by
macrophages (Barbosa et al., 2007).

The mechanism by which CD14 promotes leukocyte activa-
tion in response to fungal molecules is still largely unknown. As
observed with bacterial activators of TLR2 and TLR4, CD14 is
probably involved in the transfer of fungal molecules to TLR2
or TLR4. Studies using isolated fungal molecules and measure-
ments of their binding to CD14 and TLR2/TLR4 and cellular

activation would be valuable in defining the role of CD14 in fungal
recognition.

ROLE OF C-TYPE LECTIN RECEPTORS ON FUNGI
RECOGNITION

Dectin-1 is a type II transmembrane protein with an extracel-
lular CLR domain and was identified by means of a search in a
cDNA library obtained from RAW264.7 cells for genes able to con-
fer B-glucan binding (Brown and Gordon, 2001). Dectin-1 binds
and promotes phagocytosis of particles containing $1,3-glucans
(Brown and Gordon, 2001; Brown et al., 2002). Dectin-1 cou-
ples detection of B-glucans to induction of phagocytosis, since
internalization, but not binding of zymosan, requires a functional
ITAM motif in its intracellular tail (Herre et al., 2004). Dectin-
1 presents an intracellular domain containing an hemi-ITAM
motif that is phosphorylated upon clustering of Dectin-1. The
hemi-ITAM present in the cytoplasmic tail of Dectin-1 recruits
Syk kinase and results in its activation, an upstream event in the
Dectin-1 signaling pathway (Rogers et al., 2005). Activation of
Dectin-1 induces NF-kB and NFAT activation and the production
of cytokines in response to purified B-glucans, by a signaling path-
way requiring activation of Syk and the adaptor CARD9 (Rogers
et al., 2005; Gross et al., 2006; Goodridge et al., 2007; Hara et al.,
2007). As opposed to TLRs that recognize soluble ligands, Dectin-
1 signaling requires its clustering by aggregates of B-glucans in
order to promote Syk activation and exclusion of tyrosine phos-
phatases CD45 and CD48 (Goodridge et al., 2011). Dectin-1 is
absolutely required for macrophage recognition of B-glucans, since
macrophages obtained from Dectin-1 deficient mice are unable to
produce cytokines in response to B-glucans (Saijo et al., 2007;
Taylor et al., 2007a).

Dectin-1 cooperates with TLR2 in cell activation induced by
zymosan, amplifying NF-kB activation and cytokine production
by macrophages, and inducing generation of ROS (Brown et al.,
2003; Gantner et al., 2003). Zymosan submitted to hot alkali treat-
ment or oxidation with NaClO is unable to induce TLR2 signaling
but it still promotes Dectin-1 activation, indicating that Dectin-1
isable to induce macrophage activation independently of signaling
mediated by TLR2, although cooperation between these receptors
is required for cytokine production (Gantner et al., 2003; Saijo
et al., 2007).

Phagocytosis of C. albicans yeasts requires recognition of B-
glucans by Dectin-1. Interestingly, B-glucans are exposed on the
C. albicans surface during budding of yeasts, while hyphae have
a low expression of B-glucans on the cell surface (Gantner et al,,
2005). Dectin-1 is also involved in innate immune recognition of
A. fumigatus. During germination, exposure of p-glucans on sur-
faces of A. fumigatus conidia promotes recognition mediated by
Dectin-1 (Gersuk et al., 2006; Luther et al., 2007). The pattern of
expression of B-glucans seems to influence the phagocytosis of A.
fumigatus conidia, since resting conidia show a reduced internal-
ization by macrophages when compared to swollen conidia that
have exposed B-glucans on the surface as a consequence of the
degradation of the hydrophobic layer during germination (Hohl
et al., 2005; Steele et al., 2005; Gersuk et al., 2006). Phagocyto-
sis of A. fumigatus resting conidia obtained from a pksP deficient
strain is increased, in comparison to the wild-type resting conidia.
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Resting conidia from pksP mutants are deficient in the synthesis
of melanin and show higher exposure of B-glucans on their sur-
face, thus implying exposure of B-glucans as a regulator of the
phagocytosis of A. fumigatus conidia (Luther et al., 2007).

Dectin-1 activation also triggers generation of ROS upon recog-
nition of fungal pathogens such as C. albicans yeasts, zymosan,
and A. fumigatus germ tubes (Gantner et al., 2003, 2005; Ger-
suk et al., 2006). Thus, Dectin-1 integrates fungal phagocytosis
and production of inflammatory mediators through recognition
of B-1,3-glucans exposed on the fungal surface.

Dectin-1 (also known as CLEC7A) is involved in innate
immune recognition of C. albicans (Gantner et al., 2005; Saijo
etal., 2007; Taylor et al., 2007a), Pneumocystis carinii (Steele et al.,
2003), and A. fumigatus (Hohl et al., 2005; Steele et al., 2005; Ger-
suk et al., 2006). However, discrepant results have been reported
in experimental models of infection with C. albicans that demon-
strated either a higher susceptibility of Clec7a™/~ mice to infection
or no role for Dectin-1 (Saijo et al., 2007; Taylor et al., 2007a). On
the other hand, Dectin-1 is absolutely necessary for the immune
response to A. fumigatus. Clec7a™'~ mice succumb to pulmonary
infection due to increased growth of A. fumigatus hyphae. This
increased susceptibility is associated with an impairment in micro-
bicidal activity and generation of ROS by neutrophils, as well a
reduction in neutrophil recruitment to the lungs. Clec7a™/'~ mice
present a reduced production of pro-inflammatory cytokines dur-
ing the infection (Werner et al., 2009). It is interesting that A.
fumigatus, an opportunist pathogen, causes lethal infections in
Clec7a™'~ mice in the absence of immunosuppressive treatments,
aphenotype thatis not observed in TLR2, TLR4, or MyD88 knock-
out mice, indicating a critical role for Dectin-1 in innate immunity
to A. fumigatus (Dubourdeau et al., 2006; Bretz et al., 2008).

Dectin-2 (also known as CLEC4N) was initially identified by
the screening of a ¢cDNA library obtained from dendritic cells
(Ariizumi et al., 2000). Dectin-2 recognizes hyphae of C. albi-
cans, Trichophyton rubrum, and Microsporum audouinii (Sato etal.,
2006). Although Dectin-2 lacks intracellular signaling motifs, its
association with FcRy chain, which contains ITAM motifs, leads to
the activation of Syk kinase and recruitment of CARD9 (Sato et al.,
2006; Saijo et al., 2010). Activation of the Dectin-2 signaling path-
way results in activation of NF-kB thus promoting the induction
of transcription of pro-inflammatory cytokines (Bi et al., 2010;
Saijo et al., 2010).

A soluble recombinant version of Dectin-2 carbohydrate recog-
nition domain (CRD) binds mannans and fungal surfaces by
a mechanism dependent on Ca*?, and blocked by mannose or
fucose monosaccharides (McGreal et al., 2006). Glycan array
analysis reveals that Dectin-2 presents selectivity to structures
with a high content of mannosyl residues (McGreal et al., 2006).
Clec4n™'~ macrophages have impaired cytokine production and
fail to activate Syk, MAP kinases, and NF-kB in response to C.
albicans a-mannans or cell wall preparations. Clec4n™'~ mice
are susceptible to C. albicans infection presenting higher fungal
loads in kidneys than wild-type mice. Clec4n~/~ macrophages also
show impaired production of cytokines in response to C. albicans
yeasts or hyphae. Furthermore, Clec4n™'~ mice show a deficient
Th17 polarization whose induction with consequent production
of IL17A is essential to immunity and survival during infection
(Saijo et al., 2010).

The role of Dectin-2 in detection of filamentous fungi has not
been investigated. Since a-mannans constitute the core of polysac-
charides in many surface associated glycoconjugates from filamen-
tous fungi, Dectin-2 could be a receptor involved in innate immune
recognition of fungi like A. fumigatus and other mold fungi.

Mincle (also known as CLEC4E) was identified as a
downstream gene of C/EBPB, a member of the family of
CCAAT/enhancer binding protein (C/EBP) of transcription fac-
tors, by screening of a subtraction library in wild-type and
Cebpb™'~ macrophages (Matsumoto et al., 1999). Mincle is a type
I transmembrane receptor of the group of CLRs (Miyake et al.,
2010). Similarly to Dectin-2, Mincle engages signaling by recruit-
ment of FcRy chain, which leads to NFAT activation (Yamasaki
et al., 2008).

Soluble recombinant Mincle binds to C. albicans and S. cere-
visige (Bugarcic et al., 2008; Wells et al., 2008). In experimen-
tal models of C. albicans infection, Clec4e™'~ mice present
higher fungal loads in kidneys than Clec4e™’+ mice. Clec4e™~
macrophages show impaired production of TNF-a in response
to C. albicans yeasts (Wells et al., 2008). Mincle also recognizes
Malassezia spp., a commensal yeast associated with dermatitis and
infections in newborns. Mincle binds to Malassezia spp. and this
involves a domain for recognition of mannoses. In a microarray
for glyconjugates, Mincle was demonstrated to bind to a-mannosyl
residues but not mannans, indicating recognition of terminal a-
mannoses (Yamasaki et al., 2009). Clec4e ™/~ macrophages present
impaired production of cytokines in response to M. pachyder-
matis. Furthermore Clec4e™'~ mice show impaired production
of cytokines and leukocyte recruitment during infection by M.
pachydermatis (Yamasaki et al., 2009).

The role of Mincle in the response to filamentous fungi is
unclear. Yamasaki et al. (2009) failed to observe Mincle medi-
ated responses to Aspergillus spp. or Scedosporium apiospermum
when Mincle expressing cells carrying a NFAT reporter system
were stimulated with these fungi (Yamasaki et al., 2009). However,
the use of Mincle overexpression systems could fail to mimic the
responses of cells that naturally express it, like macrophages or
dendritic cells. For example, C. albicans has been demonstrated to
require Mincle for macrophage activation, although in the NFAT
reporter system employed by Yamasaki et al. (2009) C. albicans
strains were not able to induce NFAT activation (Wells et al.,
2008). Fungal molecules responsible for Mincle activation are
still unknown. Although Mincle has been demonstrated to bind
a-mannosyl residues (Yamasaki et al., 2009), it remains to be estab-
lished if a-mannosyl residues expressed on fungal molecules are
the natural ligands of Mincle.

Dendritic cell-specific ICAM3 grabbing non-integrin is a type
IT transmembrane protein that contains a C-type lectin extracel-
lular portion. DC-SIGN was initially characterized as a protein
able to bind to HIV-1 glycoprotein, gp120. Subsequent studies
demonstrated a role for DC-SIGN in interaction of dendritic cells
and macrophages with several pathogens such as M. tuberculosis,
Dengue virus, HIV, and Ebola virus (van Kooyk and Geijtenbeek,
2003).

Dendritic  cell-specific ICAM3 grabbing non-integrin is
involved in C. albicans recognition by mediating C. albicans
binding to dendritic cells. Furthermore, DC-SIGN colocalizes with
C. albicans-containing phagosomes during its internalization by
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dendritic cells (Cambi et al., 2003). DC-SIGN mediates binding
and internalization of A. fumigatus conidia in macrophages and
dendritic cells. (Serrano-Goémez et al., 2004). Recognition of C.
albicans and A. fumigatus by DC-SIGN is blocked by soluble man-
nans, suggesting that these are the ligands for DC-SIGN on fungal
surfaces (Cambi et al., 2003; Serrano-Gémez et al., 2004).

The role of DC-SIGN in microbial phagocytosis is uncertain.
It is not clear whether DC-SIGN mediates only pathogen binding
or also signals microbial internalization. Mutations in two adja-
cent leucines in a conserved intracellular motif of DC-SIGN result
in a preserved binding to particles containing DC-SIGN ligands,
although internalization of these particles is impaired, thus indi-
cating a role for DC-SIGN in the activation of phagocytosis (Azad
et al., 2008). However, it remains to be defined whether DC-SIGN
is able to promote ingestion of pathogens in professional phago-
cytes, such as dendritic cells and macrophages, or if it is a receptor
that mediates microbial binding to phagocytes for internalization
mediated by phagocytic receptors.

Chimeric DC-SIGN-Fc protein binds to mannans, a-mannosyl,
and a-fucosyl residues but not to sialylated Lewis carbohydrates
(Lee et al., 2011). Thus, it seems that DC-SIGN is involved in the
recognition of a large spectrum of pathogens, including fungal
pathogens, by means of detection of mannose/fucose contain-
ing glycoconjugates. In contrast to other PRRs, like Dectin-1 and
TLRs, DC-SIGN has been described to inhibit production of pro-
inflammatory cytokines, particularly IL-12p70, while promoting
IL-10 production, which has been interpreted as a mechanism
for immune evasion of pathogens that express DC-SIGN ligands
(van Kooyk and Geijtenbeek, 2003). However it remains to be
established if fungal pathogens target DC-SIGN in order to evade
immune responses during infections.

Mannose receptor is a type I transmembrane protein contain-
ing an extracellular cysteine rich domain, a fibronectin type II
repeat, eight C-type lectin domains, and a stalk portion connecting
the extracellular domain to a short intracellular region. MR recog-
nizes mannose, fucose, or N-acetylglucosamine residues present
in glycoconjugates (Ezekowitz et al., 1990; Lee et al., 2011). MR
is a receptor for binding and internalization of several pathogens,
including M. tuberculosis, Leishmania spp., and fungi such as C.
albicans and P, carinii (Kerrigan and Brown, 2009).

Mannose receptor was the first phagocytic receptor described
that was able to mediate fungal internalization through recog-
nition of fungal derived molecules, in the absence of opsonins
(Ezekowitz et al., 1990). MR expression confers phagocytic capac-
ity to P. carinii, yeasts and zymosan in non-phagocytic cells, and
the ingestion of these particles is inhibited by soluble mannans
(Ezekowitz et al., 1990). The role of MR in phagocytosis is not
only due to particle binding, but involves signaling by its intracel-
lular portion, since chimeric proteins containing the extracellular
portion of FcyRI and transmembrane and intracellular regions of
MR are able to promote internalization of IgG-opsonized erythro-
cytes, thus indicating that intracellular motifs of MR are able to
couple detection of particles to activation of phagocytic machin-
ery (Kruskal et al., 1992). MR has been described as a receptor
mediating internalization of C. neoformans and P. carinii by den-
dritic cells and macrophages (Ezekowitz et al., 1990; Syme et al.,
2002; Zhang et al., 2005).

Cytokine production by macrophages in response to C. albicans
N-linked mannans is mediated by MR (Netea et al., 2006). Inter-
nalization and activation of dendritic cells by C. albicans requires
recognitions of N-linked mannans, by mechanisms involving
recognition by DC-SIGN and MR (Cambi et al., 2008). C. neofor-
mans mannoproteins promote dendritic cell activation thorough
MR detection (Tachado et al., 2007). MR mediates internaliza-
tion of P. carinii and IL-8/CXCLS release by alveolar macrophages
in cooperation with TLR2 signaling, during P. carinii recognition
(Tachado et al., 2007). Although MR has been identified as a recep-
tor involved in the recognition of fungal pathogens, experimental
models of infection do not show increased susceptibility to C. albi-
cans or P. carinii infection in Mrc1™/~ mice. Still, Mrc1~/~ mice
show increased leukocyte recruitment and pulmonary pathology
during infection by P. carinii (Lee et al., 2003; Swain et al., 2003).
C. neoformans infection results in increased mortality and higher
fungal loads in Mrc1~/~ mice (Dan et al., 2008). In summary, MR
seems to be dispensable for immunity to some fungal pathogens,
possibly due to the recognition of mannans by other PRRs, like
Dectin-2 and TLR4 (Netea et al., 2006; Saijo et al., 2010). The role
of MR in recognition of mold fungi is unknown, but since man-
nans are present on the external layer of these fungi, MR must be
involved in immune recognition of these pathogens.

The growing knowledge on CLR biology has made clear the
involvement of these receptors in fungal recognition. The ability
of Dectin-1, Dectin-2, Mincle, DC-SIGN, and MR to recognize car-
bohydrates makes these proteins important sensors for fungi since
these are the major components of fungal surfaces. CLRs integrate
fungal detection to cellular events like phagocytosis, microbicidal
activity, and cytokine induction. In addition, they also cooperate
with other classes of PRRs such as TLRs. Thus, a better under-
standing of the role of CLRs in the recognition of fungal pathogens
should provide an important contribution to the comprehension
of the immunopathogenesis of fungal infections.

ACTIVATION OF CYTOSOLIC NOD-LIKE RECEPTORS BY
FUNGAL INFECTION

Soon after the discovery of the TLRs, it became clear that, despite
their key role in microbial detection, TLRs could not account for
full host protection. The apparent inability of TLRs to sense intra-
cellular pathogens led to the concept that other PRRs could be
involved in cytosolic microbial detection. Bioinformatic analyses
have identified the existence of more than 20 Nod-like receptors
(NLR) in the human genome. Due to the lack of signal pep-
tides and transmembrane domains, NLRs are thought to localize
in the cytosol, where they would continuously screen this com-
partment for the presence of microbes. A typical NLR protein
displays (i) a C-terminal leucine-rich repeat (LRR) domain that
is possibly involved in recognition of conserved microbial pat-
terns or other ligands; (ii) a centrally located NACHT domain
that mediates self-oligomerization and is essential for activation
of the NLRs, and (iii) a N-terminal effector domain, which is
responsible for protein—protein interaction with adapter mole-
cules that result in signal transduction. Based on the nature of
their N-terminal domain, the NLRs have been divided into sub-
families: the Nods (Nod1 and Nod2) and NLRC4 possess a caspase
recruitment domain (CARD), the NLRPs (NLRP1-14) display a
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pyrin domain (PYD), and Naip presents a baculovirus inhibitor of
apoptosis protein repeat domain (BIR). Like the TLRs, the NLRs
sense characteristic microbial products and possibly “danger sig-
nals” but to date only few have known ligands (Carneiro et al.,
2008).

Nod1 and Nod2 have been characterized as bacterial peptido-
glycan sensors. A putative role for Nod2 in response to A. fumigatus
conidia was suggested based on the observations that, in a mouse
model of intranasal inoculation of A. fumigatus conidia, Nod2
protein expression was upregulated in the lungs and that stimu-
lation with muramyl dipeptide (MDP) increased the secretion of
TNF-a induced by A. fumigatus conidia (Zhang et al., 2008). On
the other hand, no role for Nod2 was observed in Candida infec-
tion — neither did the prevalence of Nod2 polymorphisms increase
in Candida infections nor was the pattern of cytokines produced
in response to Candida infection altered in individuals with Nod2
polymorphisms (Van der Graaf et al., 2006).

The NLRs involved in inflammasome assembly, on the other
hand, have been implicated in the innate immune response to a
variety of fungi, including C. albicans, A. fumigatus, and S. cere-
visiae. By definition, inflammasomes are multi-protein complexes
comprising the intracellular adaptor protein ASC (apoptosis-
associated speck-like protein containing a CARD, also known as
TMS1) and a “sensor NLR” that function as molecular scaffolds
for the activation of caspase-1. Several inflammasomes have been
characterized and each one is named upon the unique NLR pro-
tein that forms the molecular platform (NLRP1 inflammasome,
NLRP3 inflammasome, and the NLRC4 inflammasome; Davis

et al., 2011). In particular, the NLRP3 inflammasome has been
proposed to play an important role in antifungal host defense.

It has been shown that large particulate f1,3-glucans, including
curdlan, glucan from baker’s yeast, paramylon, and zymosan, acti-
vate the transcription of pro-IL-1p through a Dectin-1-dependent
pathway in human macrophages (Kankkunen et al., 2010). The
Dectin-1/Syk pathway is essential for B-glucan-induced IL-1P
mRNA expression (Kankkunen et al., 2010). Additionally, -
glucans activate the NLRP3 inflammasome resulting in IL-1f
processing and secretion. Interestingly, p-glucan appears to be
able to provide the double-hit necessary for IL-1f secretion, i.e.,
induce transcription of pro-IL-18 and promote IL-1p processing
and secretion by inducing inflammasome formation. This unique
ability seems to be related to its capacity to trigger the Dectin-
1/Syk pathway as well as inducing ROS formation and potassium
efflux (Kankkunen et al., 2010).

The first reports to demonstrate a role for the inflamma-
somes during fungal infection described the stimulation of the
NLRP3 inflammasome in the innate immune response to C. albi-
cans. Infection of macrophages and dendritic cells with C. albi-
cans results in activation of the NLRP3 inflammasome with the
resultant activation of caspase-1 and processing and secretion of
IL-1B. The known fungal PRRs TLR2 and Dectin-1 regulate IL-18
gene transcription, whereas the NLRP3 inflammasome controls
caspase-1 mediated cleavage of pro-IL-1f. Together, these three
PRRs are essential for defense against dissemination of mucosal
infection and mortality in vivo (Gross et al., 2009; Hise et al,,
2009).

Aspergillus fumigatus

TNFa, MIP-2/CXCL2, IL-6

Pseudallescheria boydii

FIGURE 1 | TLR2, TLR4, Dectin-1, and CD14 are involved in innate immune
recognition of A. fumigatus developmental stages. A. fumigatus resting
conidia do not induce cytokine production by macrophages and dendritic
cells, but during the process of germination, swollen conidia, germ tubes, and
hyphae expose B-glucans, agonists of Dectin-1, and uncharacterized ligands
for TLR2, TLR4 which induce signaling pathways that culminate with cytokine

release by innate immune cells. Recognition of P boydii involves recognition
of a-glucans and rhamnomannans by TLR2 and TLR4, respectively. P boydii
conidia require CD14 and TLR4 activation for the induction of macrophage
activation, while activation of TLR2 or TLR4 is dispensable for macrophage
recognition by R boydii hyphae. The role of Dectin-1 in P boydii recognition is
still unknown.
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As mentioned above, Syk, operating downstream of the Dectin-
1/CARDY axis controls transcription of several cytokine genes,
upon fungal recognition, including pro-IL-1. Interestingly, inhi-
bition of Syk not only results in inhibition of pro-IL-1f tran-
scription, as expected, but also affects the NLRP3 inflammasome
activation after cell stimulation with C. albicans. These results
suggest that the ability of C. albicans to induce both pro-IL-18
transcription and secretion rely on the activity of Syk. Whereas
Syk signaling for pro-IL-1f transcription selectively depends on
CARD?, the activation of the NLRP3 inflammasome involves
production of ROS and potassium efflux. These two events are
a common theme to many NLRP3 activators but the inhibi-
tion of Syk selectively abrogates inflammasome activation by
C. albicans and Dectin-1 and not other known NLRP3 activa-
tors (Gross et al., 2009; Kumar et al., 2009; Kankkunen et al.,
2010).

In addition to its role as a regulator of inflammation and innate
immunity, IL-1 also exerts its effects by controlling Th1 and Th17
adaptive responses. A recent study demonstrated a crucial role
of the inflammasome components ASC and caspase-1 in regu-
lating antifungal Th1/Th17 protective responses and preventing
increased fungal overgrowth and disseminated candidiasis. The
increased susceptibility of ASC- and caspase-1-deficient mice to
C. albicans infection is in line with the reports mentioned above
reporting increased susceptibility to candidiasis of NLRP3- and
IL-1B-deficient mice (Van de Veerdonk et al., 2011).The relevance
of the NLRP3 inflammasome in response to C. albicans infec-
tion is illustrated by experiments showing hyper-susceptibility of
NLRP3-deficient mice. NLRP3-deficient mice show diminished
concentrations of IL-1f in the sera, reduced survival, and higher
fungal burdens in kidney, spleen, liver, and lung following infection
(Gross et al., 2009; Hise et al., 2009; Van de Veerdonk et al., 2011). In
amucosal model of C. albicans challenge, inflammasome-deficient
mice show susceptibility to infection with higher fungal loads and
lethality, demonstrating that NLRP3, ASC, and caspase-1 mediate
C. albicans-induced IL- 18 responses and antifungal defense in vivo
(Hise et al., 2009).

Aspergillus fumigatus induces secretion of IL-1f by the human
monocyte/macrophage cellline THP1 (Said-Sadler etal.,2010). Of
note, the morphological stage of these organisms seems to be crit-
ical for their ability to induce inflammasome activation providing
further evidence for a differential regulation of immune responses
based on the morphological forms of fungi (Netea et al., 2003).
A. fumigatus hyphae, but not conidia, induce inflammasome acti-
vation. As described for p-glucans and C. albicans, the ability of
A. fumigatus hyphae to activate the NLRP3 inflammasome in a
human monocyte cell line is dependent on potassium efflux, ROS
generation, and Syk mediated signaling pathways (Said-Sadler
et al.,, 2010). Thus, NLRs and inflammasomes have been shown
to be important modulators of the innate immune response to a
number of medically relevant fungi.

CONCLUDING REMARKS

Innate immune recognition of filamentous fungi is still poorly
understood. Even in the case of more studied pathogens such as
A. fumigatus, the molecules involved in the triggering of PRRs are
largely unknown. Figure 1 outlines the molecules and receptors

that have been implicated in recognition of the filamentous fungi
A. fumigatus and P. boydii by macrophages. Table 1 lists the PRRs
that have been described in the recognition of fungal molecules.
Comprehension of innate immune recognition of fungal mole-
cules is relevant to the understanding of the pathogenesis of fungal
infections. Characterization of the fungal molecules responsible
for the activation of PRRs and their roles in fungal recogni-
tion could uncover new possibilities to immunotherapy in fungal
infections, and help establish effectors mechanisms in immuno-
suppressed individuals. Alternatively, these molecules could also
be used as antigens or adjuvants to induce prophylactic immune
responses to fungal pathogens (Xin et al., 2008). On the other
hand, activation of innate immune receptors by fungal mole-
cules could be involved in immunopathogenesis by promoting
increased inflammation and tissue injury. Thus modulation of
innate immune receptor activation during fungal infections could

Table 1 | Pattern recognition receptors involved in detection of fungal

molecules.
Receptor Fungal molecules Fungal species
TLR4 O-linked mannans C. albicans
Mannans Saccharomyces spp.
Rhamnomannans P, boydii
Phospholipomannans C. albicans
? A. fumigatus
TLR2/TLR6 Phospholipomannans C. albicans
Glucuronoxylomannans C. neoformans
TLR2/TLR1 Glucuronoxylomannans C. neoformans
TLR2 al,4-glucans P boydii
? A. fumigatus
MR N-linked mannans C. albicans
Mannans P, carinii
Mannoproteins C. neoformans
DC-SIGN Galactomannans A. fumigatus
Mannans C. albicans
Dectin-1 B1,3-glucans A. fumigatus
C. albicans
Saccharomyces spp.
Dectin-2 a-mannans C. albicans
Mincle Polysaccharides containing C. albicans
a-mannosyl residues? Malassezia spp.
CD14 Mannans Saccharomyces spp.
? A. fumigatus
al,4-glucans P boydii
NLRP3 B1,3-glucans C. albicans
inflammasome S. cerevisiae
A. fumigatus

The table summarizes PRRs that have been identified in recognition of fungal mol-
ecules, but in many cases the molecules responsible for activation are unknown.
Activation of the NLRP3 inflammasome by B-glucans and C. albicans is dependent
on Dectin-1. In this sense NLRP3 does not recognize fungal molecules directly
but instead it senses intracellular signals generated by activation of PRRs, like
Dectin-1. The question mark indicates that the fungal molecules recognized by
the indicated receptor are unknown.
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be useful in order to increase the immune response or in some

cases prevent immunopathology.
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