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Summary
Inhaled conidia of Aspergillus fumigatus rapidly adhere to pulmonary epithelial cells and other
host constituents. Identifying molecular mechanisms underlying A. fumigatus adherence has
therefore been the focus of a number of studies aimed at identifying novel therapeutic targets.
Early studies of A. fumigatus adherence to host constituents focused on fungal proteins, including
RodA and AspF2. None of these proteins however has been found to play a role in virulence in
experimental animal models. Recent advances have suggested an important role for fungal
carbohydrate components of the cell wall and extracellular matrix in adherence, including sialic
acid and mannose residues, and the newly described polysaccharide galactosaminogalactan.
Despite these advances, the host cell receptors that are bound by these ligands remain unknown.

Introduction
Adherence of microorganisms to host cells and macromolecules is a key step in the
pathogenesis of infectious diseases. Fungi are no exception to this rule, and adherence to
host constituents has been identified as an important virulence factor in a number of
medically important and plant pathogenic fungi, including the most common opportunistic
mold pathogen Aspergillus fumigatus.

In immunocompromised hosts, infection with A. fumigatus is initiated following the
inhalation of airborne spores of this ubiquitous fungus. These inhaled conidia then contact
airway epithelial cells or pulmonary macrophages where they adhere and can be internalized
before undergoing germination and hyphal growth [1–3]. Hyphae continue to grow by apical
extension, and interact with pulmonary epithelial cells as they invade deeper tissues. Hyphae
of A. fumigatus are also angiotropic, and adhere to and invade the abluminal surface of
vascular endothelial cells to gain access to the vascular compartment [4]. Once inside blood
vessels, hyphal fragments can be disseminated to distal sites where they adhere to the
luminal surface of endothelial cells before traversing them and invading into deep tissues
[5]. Since A. fumigatus hyphae induce host cell damage and death, it is likely that the basal
lamina within airways and blood vessels are exposed, and that fungal cells can adhere to
basement membrane macromolecules such as laminin, collagen and fibronectin.
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Surprisingly little is known about the molecular mechanism underlying the adherence of A.
fumigatus adherence to host constituents. This review will focus on recent advances in our
understanding of the molecular mechanisms underlying A. fumigatus adherence to
pulmonary epithelial cells and basement membrane components. Although the focus of
much of this work has been invasive aspergillosis, it is likely that these mechanisms also
play an important role in the pathogenesis of airway colonization with A. fumigatus in
patients with chronic lung disease.

The cell wall of A. fumigatus has been the focus of the majority of adherence studies. A
dynamic, complex structure composed of glycans, pigments and proteins, the cell wall is the
key site of contact between the organism and host (see Figure 1). While initial attempts to
identify adhesion molecules within the cell wall focused predominately on proteins, recent
work has implicated glycans as playing an important role in Aspergillus adherence.

Cell wall proteins as adhesins
The first protein described to mediate adherence of A. fumigatus was the conidial
hydrophobin RodA. This protein assembles into a regular array of rodlets on the surface of
conidia to render the surface highly hydrophobic as well as prevent recognition of β1,3-
glucan by immune cells [6]. Disruption of the rodA gene is associated with a decrease in
adherence of conidia to collagen and albumin, though not laminin, fibrinogen or pulmonary
epithelial cells [7]. Further, deletion of rodA did not result in an attenuation of A. fumigatus
virulence in a murine model of invasive aspergillosis, suggesting that this protein is
dispensible for adherence in vivo. The genome of A. fumigatus contains five other genes
that are predicted to encode hydrophobins [8]. RodB was also found to be expressed on A.
fumigatus conidia, however disruption of the rodB gene had no effect on the conidial rodlet
layer as visualized by electron microscopy [9]. Although adherence testing of the mutant
was not performed, the ΔrodB mutant strain exhibited normal susceptibility to killing by
alveolar macrophages, suggesting that the mutant likely adhered normally to this cell type
[9]. The role of the other putatative hydrophobins in adherence or virulence remains
unknown.

Other early studies of fungal adherence focused on fungal attachment to the basement
membrane components fibronectin and laminin [10–12]. Conidia of A. fumigatus exhibit
specific binding to these molecules that can be inhibited when conidia are pretreated with
trypsin, suggesting that a fungal protein mediates binding [10–11]. Using affinity
purification approaches, several groups have identified polypeptides that bind fibronectin
and laminin ranging in size from 23 to 37 kDa, although these were not identified in any
further detail in these reports [10–12]. In a subsequent study, one of these laminin binding
proteins, (a 37kDa polypeptide) was identified as the Aspergillus allergen AspF2 [13].
Native and recombinant AspF2 protein was found to bind laminin in vitro, although the
adherence and virulence of an AspF2-deficient mutant strain has not been evaluated [13].
Therefore, the role of AspF2 and these other laminin binding molecules in adherence and
virulence in vivo remains unknown.

Fungal adherence to host tissues has been extensively studied in Candida albicans, the most
common fungus causing human disease. In this organism, glycosylphosphatidylinositol
(GPI) anchored, serine-threonine rich proteins containing internal tandem repeats have been
described as key effectors of fungal adherence [14–15]. To identify similar adhesins in A.
fumigatus, Levdansky and colleagues used the software tool EMBOSS ETANDEM to
identify A. fumigatus genes containing intragenic repeats, and selected a subset of proteins
containing both a putative signal peptide and GPI anchor sequences [16]. Of the 292
proteins identified with tandem repeats, only 10 contained both a putative GPI anchor and
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N-terminal signal peptide sequence [16]. Deletion of one of these genes cspA (Afu3g08990)
was associated with a reduction in the adherence of conidia to extracellular matrix from
pulmonary A549 cells but not laminin or polystyrene [16]. As with the ΔrodA mutant strain,
deletion of cspA had no effect on virulence [16]. A follow up study from this group
identified marked abnormalities in cell wall architecture and altered exposure of cell wall
carbohydrates in the absence of cspA [17]. Thus cspA likely plays a role primarily in
governing cell wall architecture and its effects on adherence may be mediated through
alterations in other cell wall components rather than direct binding to host constituents.

More recently, Upadhyay and colleagues utilized another bioinformatic approach for the
identification of A. fumigatus adhesins [18]. A whole proteome analysis was conducted
using the software SPAAN, a program for protein sequence based identification of adhesin
proteins. Using this approach the authors identified 82 proteins with a 90% or higher
probability of encoding an adhesin [18]. From this list, a serine threonine rich protein, CalA
(Afu3g09690) was selected for further study. Recombinant CalAp was found to bind to
laminin and murine lung and spleen cells in vitro [18]. A calA deletion strain was not
constructed. Interestingly, since the publication of this study, the developers of the SPAAN
software have published a fungal specific adhesin prediction and bioinformatics portal,
Fungal RV [19] which identifies 38 predicted adhesin and adhesin-like proteins in A.
fumigatus. A second software system designed to predict fungal adhesins has also been
described, FAAPRED [20], but was not applied to A. fumigatus. Validation of the role of
any of these other putative adhesins in mediating adherence or virulence has yet to be
performed.

Cell wall carbohydrates as adhesins
In addition to proteins, the fungal cell wall is composed of a number of glycans including α-
and β-glucans, chitin, galactomannan and galactosaminogalactan [21]. The role of these
molecules in mediating A. fumigatus adherence has been highlighted in several recent
studies.

One of the earliest suggestions that cell wall carbohydrate components may mediate fungal
adherence was by made by Wasylnka and Moore who reported that A. fumigatus conidia
bound to the glycosaminoglycan binding domain of fibronectin [22]. Further, negatively
charged carbohydrates such as dextran sulphate, chondroitin sulphate, keratin sulphate and
heparin, but not neutral sugars, inhibited the binding of conidia to fibronectin and intact
basal lamina from pulmonary epithelial cells. Collectively, these data suggest that negatively
charged carbohydrate moieties on the conidial surface may mediate binding to host
macromolecules [22]. Treatment of conidia with sialidase was found to decrease conidial
adherence to fibronectin, suggesting that sialic acid residues mediated adherence to
fibronectin and basal lamina constituents. In support of this hypothesis, a higher density of
sialic acid residues was found to be present on Aspergillus fumigatus as compared with with
other less pathogenic Aspergillus species [23], although no studies specifically testing the
contribution of sialic acid residues to virulence have been performed. The actual fungal
ligand upon which sialic residues are presented remains unknown, although lectin binding
studies suggest that the majority of conidial sialic acids are α2,6-linked to a galactose
residue [24].

Galactomannan is a polysaccharide composed of a mannan core linked to short
galactofuranose (Galf) chains [25]. Galactomannan is an abundant component of the cell
wall where it is bound covalently to β1,3-glucan, and is also secreted into the extracellular
matrix. Galactofuranose residues also decorate a number of glycoproteins, and glycolipids.
Synthesis of UDP-galactofuranose from UDP-galactopyranose is mediated through the
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action of UDP galactopyranose mutase [26] (encoded by ugm1 in A. fumigatus). Disruption
of ugm1 in A. fumigatus abolished galactofuranose synthesis, and resulted in a strain that is
hyperadherent to inert surfaces as well as pulmonary epithelial cells [27]. Similarly in the
relatively non-pathogenic species Aspergillus nidulans, disruption of the A. nidulans
orthologue of ugm1 (ugmA), resulted in increased adherence to a hydrophilic Si3N4 atomic
force microscopic probe [28]. Both groups suggest that Galf residues may mask polar
groups during cell wall maturation, and thus modulate adherence. In support of this
hypothesis, treatment of the A. fumigatus Δugm1 mutant with mannosidase decreased
adherence of germlings to wild-type levels [27]. The authors suggest that mannan residues,
exposed in the absence of Galf, are responsible for mediating the hyper-adherence of the
Δugm1 mutant strain. The contribution of this adherence to virulence is unclear however, as
conflicting results of virulence studies have been reported for mutants deficient in Ugm1.
Despite the increase in conidial adherence, Lamarre and colleagues found the Δugm1 strain
exhibited normal virulence in a steroid treated murine model of invasive aspergillosis [27]
while Schmalhorst et al. reported that a Δugm1 mutant displayed attenuated virulence in a
neutropenic murine model of invasive aspergillosis [29]. Although differences in animal
models may account for these observations, there were also important phenotypic
differences between the two mutant strains in vitro, suggesting that perhaps the genetic
background of the parent strain or other undetected mutations may have influenced the
virulence phenotypes of these strains. Collectively, these studies suggest that Galf and
galactomannan do not function as adhesins but may modulate the expression and exposure
of other molecules that mediate adherence.

Extracellular matrix components and adherence
In addition to comprising much of the cell wall, carbohydrates are also a major component
of the extracellular matrix secreted by sessile colonies of A. fumigatus. In addition to fungal
proteins such as the hydrophobins, the extracellular matrix contains monosaccharides and
polysaccharides such as galactomannan, galactosaminogalactan and α-1,3 glucan [8]. ECM
production in vivo has been documented at the site of infection in human subjects with
aspergilloma, and in experimental murine invasive aspergillosis [30]. In other fungi, the
carbohydrates and glycoproteins comprising the extracellular matrix play an important role
in fungal adherence to host tissues, often acting as a type of “glue” to anchor the fungi to
environmental surfaces or host tissues (reviewed in [31]). Recent studies have begun to
reveal a role for components of the A. fumigatus extracellular matrix in mediating
adherence.

Galactosaminogalactan (GAG) is a heterogeneous polysaccharide composed of variable
repeats of galactose linked to N-acetylgalactosamine. GAG was first identified in cell wall
extracts and cultures media of A. fumigatus [21]. Follow up studies have found that GAG is
a key component of the extracellular matrix both in vitro and in vivo [30]. In parallel
studies, our group identified an A. fumigatus regulatory gene, medA, which governs the
production of biofilm formation and adherence to plastic, fibronectin, pulmonary epithelial
cells and endothelial cells and a ΔmedA mutant was hypovirulent in a murine model of
invasive aspergillosis [32]. Transcriptome and carbohydrate analysis of this strain
demonstrated that MedA governs the expression of GAG through the regulation of a novel
carbohydrate biosynthetic cluster located on chromosome 3. Disruption of a putative UDP-
glucose epimerase gene located within this cluster was associated with a block in GAG
synthesis and a near total block in adherence of germlings and hyphae to plastic and
pulmonary epithelial cells. GAG deficient strains also exhibited a reduction in their ability to
injure and stimulate pulmonary epithelial cells in vitro (Gravelat FN and Sheppard DC.
abstract O3, Biofilms in Nosocomial Fungal Infections. Paris, January 2011). Virulence
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studies to determine the role of GAG mediated adherence in A. fumigatus virulence are
ongoing. The host receptor bound by GAG remains unknown.

Conclusion
The available evidence suggests that the adherence of Aspergillus to host constituents is
likely mediated by a number of different fungal factors (Figure 1). It is likely that different
modes and molecules predominate depending on the stage of fungal development, and the
environmental niche of the fungus. An important role is emerging for the extracellular
matrix, and in particular galactosaminogalactan, in mediating A. fumigatus adherence.
Whether GAG directly engages host receptors, or acts as a substrate for other adhesion
factors remains to be determined. A second challenge that lies ahead will be the
identification of host receptors that mediate Aspergillus adherence. Host lectins are likely to
play an important role as receptors for A. fumigatus glycans, however the identity of these
proteins remains elusive.

Highlights

> Adherence to host constituents is a key early step in the pathogenesis of invasive
aspergillosis. > Early studies focused on the identification of fungal proteins as adhesins.
> Recently fungal cell wall and secreted glycans have been implicated in adherence. >
Galactosaminogalactan, a component of the extracellular matrix mediates adherence.
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Figure 1.
Model of known and suspected molecules involved in A. fumigatus adherence to host cells
and host cell constituents. For the sake of clarity, only single molecules of each type of
adhesin and or receptor are represented. Basal laminin molecules include collagen,
fibronectin and laminin.
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