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To infect the host and cause disease, many medically important fungi invade normally non-
phagocytic host cells, such as endothelial cells and epithelial cells. Host cell invasion is a
two-step process consisting of adherence followed by invasion. There are two general mech-
anisms of host cell invasion, induced endocytosis and active penetration. Furthermore, fungi
can traverse epithelial or endothelial cell barriers either by proteolytic degradation of inter-
cellular tight junctions or via a Trojan horse mechanism in which they are transported by
leukocytes. Although these mechanisms of host cell invasion have been best studied using
Candida albicans and Cryptococcus neoformans, it is probable that other invasive fungi also
use one or more of these mechanisms to invade host cells. Identification of these invasion
mechanisms holds promise to facilitate the development of new approaches to inhibit fungal

invasion and thereby prevent disease.

he invasion of normally nonphagocytic host
Tcells frequently plays a key role in the patho-
genesis of fungal infections. Invasion provides a
mechanism for the organism to traverse natural
cellular barriers such as vascular endothelium or
pulmonary epithelium. Invasion into endothe-
lial or epithelial cells also benefits the fungus by
concealing it from professional phagocytes,
such as neutrophils and macrophages. In addi-
tion, the invaded host cell may serve as a source
of nutrients for the fungus. Although it has been
known for many years that pathogenic fungi in-
vade normally nonphagocytic host cells, the
molecular mechanisms by which these organ-
isms gain entry into such host cells have only
been elucidated within the past decade. A com-

mon finding is that host cell invasion is a two-
step process—adherence to the host cell, fol-
lowed by invasion. Distinct fungal and host cell
factors are usually involved in each of these two
steps. This review focuses on summarizing the
invasion mechanisms for medically relevant
fungi.

Candida SPECIES
Epithelial Cells

Although multiple Candida species grow as part
of the normal flora on skin and mucosal surfac-
es, Candida albicans accounts for ~80% of
superficial candidal infections (Redding et al.

Editors: Arturo Casadevall, Aaron P. Mitchell, Judith Berman, Kyung J. Kwon-Chung, John R. Perfect, and Joseph Heitman
Additional Perspectives on Human Fungal Pathogens available at www.perspectivesinmedicine.org

Copyright © 2015 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a019687

Cite this article as Cold Spring Harb Perspect Med 2015;5:a019687



m Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

D.C. Sheppard and S.G. Filler

1999; Willis et al. 1999; Richter et al. 2005).
These infections include oropharyngeal candi-
diasis, esophageal candidiasis, vulvovaginal
candidiasis, and cutaneous candidiasis. Intra-
epithelial C. albicans cells have been observed in
samples from patients with each of these diseas-
es (Montes and Wilborn 1968; Cawson and Ra-
jasingham 1972; Garcia-Tamayo et al. 1982;
Scherwitz 1982; Rajasingham et al. 1989; Reich-
art et al. 1995). Invasion of epithelial cells has
also been observed in animal models of oropha-
ryngeal candidiasis (Fig. 1A). In addition, epi-
thelial cell invasion almost certainly occurs
when hematogenously disseminated candidia-
sis is initiated by translocation of Candida spe-
cies across the gastrointestinal mucosa (Krause
et al. 1969). These data show that C. albicans
invasion of epithelial cells is clinically relevant
and have prompted intensive study into the
mechanism by which this process occurs.

Adherence to host cell tissues is a prerequi-
site for invasion to occur. C. albicans expresses
numerous glycosylphosphatidylinositol (GPI)-
anchored proteins on its cell surface that me-
diate adherence to host cells and basement
membrane proteins. Many of these adhesins
are members of the ALS, HWRB and IFF/HYR
gene families. Orthologs of the ALS and IFF/
HYR gene families are also present in Candi-
da dubliniensis, Candida parapsilosis, Candida
guilliermondii, and Candida lusitaniae. Candida
glabrata, which is more closely related to Sa-
charomyces cerevisiae, does not contain ortho-
logs of C. albicans adhesins. Instead, it contains
approximately 17 members of the EPA family of
adhesins. For a thorough review of candidal ad-
hesins, the reader is referred to de Groot et al.
(2013).

C. albicans can invade epithelial cells by two
different mechanisms: induced endocytosis and
active penetration (Park et al. 2005; Zakikhany
etal. 2007; Dalle et al. 2010; Zhu and Filler 2010;
Wachtler et al. 2012). In addition, C. albicans
can invade epithelial cell barriers by a paracel-
lular route that involves the proteolytic diges-
tion of tight junctions (Frank and Hostetter
2007; Villar et al. 2007; Rollenhagen et al.
2009). Induced endocytosis occurs when inva-
sin proteins on the C. albicans surface bind to

Figure 1. Invasion of epithelial cells by C. albicans and
Aspergillus fumigatus. Scanning electron micrograph
of (A) C. albicans invasion of the epithelial cells on the
dorsum of the tongue of a cortisone acetate—treated
mouse with oropharyngeal candidiasis. Thick arrow
indicates a hypha that is likely invading by induced
endocytosis, which is characterized by ruffling of the
epithelial cell plasma membrane at the site of inva-
sion. Thin arrow indicates a hypha that is probably
invading by active penetration. Note the absence of
membrane ruffling at the invasion site. (Image cour-
tesy of Dr. Mary Ann Jabra-Rizk, University of Mary-
land.) (B) A. fumigatus invasion of A549 pulmonary
epithelial cells. Arrow indicates a hypha penetrating
the epithelial cell surface, likely by induced endocy-
tosis. Scale bars, 10 pwm.

receptors on the surface of the epithelial cell.
Binding to these receptors triggers the re-
arrangement of epithelial cell microfilaments,
leading to the formation of pseudopods that
surround the organism and pull it into the ep-
ithelial cell. To date, two C. albicans invasins that
mediate induced endocytosis have been identi-
fied. The first is Als3, which is encoded by a
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member of the ALS gene family. The second is
Ssal, which is a member of the HSP70 family of
heat shock proteins (Phan et al. 2007; Sun et al.
2010). The epithelial cell receptors for both of
these invasins include E-cadherin and a hetero-
dimer consisting of the epidermal growth fac-
tor receptor (EGFR) and HER2 (Phan et al.
2007; Zhu et al. 2012). Interestingly, C. albicans
Als3 shares structural similarity to the internalin
A (InlA) invasin of Listeria monocytogenes,
which also binds with E-cadherin (Mengaud
et al. 1996; Phan et al. 2007). The interaction
of either InlA or Als3 to E-cadherin induces
endocytosis by activating the clathrin pathway.
Additional components of this pathway that are
required for efficient endocytosis of C. albicans
include dynamin and cortactin (Moreno-Ruiz
et al. 2009). Whether the interaction of C. albi-
cans with EGFR-HER?2 also induces endocyto-
sis via the clathrin-dependent pathway is not yet
known.

Studies with the corticosteroid-treated
mouse model of oropharyngeal candidiasis
(Kamai et al. 2001; Solis and Filler 2012) in-
dicate that induced endocytosis is important
for the pathogenesis of oropharyngeal candidi-
asis. For example, als3A/A and ssalA/A dele-
tion mutants, which are poorly endocytosed by
oral epithelial cells in vitro, have attenuated vir-
ulence in this model (Sun et al. 2010; Fanning
et al. 2012). Furthermore, treatment of mice
with GW2974, a dual inhibitor of EGFR and
HER?2 kinases, significantly reduces oral fungal
burden during oropharyngeal candidiasis (Zhu
et al. 2012). One caveat to these studies is that,
although mice infected with either the als3A/A
or ssalA/A mutants, or treated with GW2974
have reduced oral fungal burden, they still have
some residual disease. This result suggests that
additional fungal invasins and host cell recep-
tors may induce epithelial cell endocytosis dur-
ing oropharyngeal candidiasis. Another possi-
bility is that C. albicans invades epithelial cells
by an additional mechanism, such as by active
penetration.

Active penetration of host cells occurs when
yeast-phase C. albicans cells germinate to form
hyphae, which then push their way into host
cells as they progressively elongate. This mech-

Fungi Invasion

anism of invasion can be detected in vitro by
treating epithelial cells with the microfilament
inhibitor, cytochalasin D, which blocks induced
endocytosis. Thus, any fungal cell that can in-
vade epithelial cells treated with cytochalasin D
is presumed to have invaded via active penetra-
tion (Dalle et al. 2010). C. albicans invades the
TR-146 oral epithelial cell line by both induced
endocytosis and active penetration. However, it
invades the Caco-2 enterocyte cell line mainly
by active penetration, suggesting that C. albicans
may invade host cells at different mucosal sites
by different mechanisms (Dalle et al. 2010).
These intriguing in vitro findings await verifica-
tion by in vivo studies.

One approach to dissect the relative impor-
tance of induced endocytosis versus active pen-
etration in experimental animal models would
be to analyze the virulence of C. albicans mu-
tants that are defective in just one of these pro-
cesses. However, there is substantial overlap
among the C. albicans gene products that are
required for induced endocytosis versus active
penetration. For example, mutants of C. albi-
cans that are defective in hyphal formation are
unable to invade by active penetration. Howev-
er, both the Als3 and Ssal invasins are expressed
either exclusively or predominantly on the sur-
face of hyphae (Hoyer et al. 1998; Sun et al.
2010). As a result, hyphal-deficient mutants
do not express these invasins, and are therefore
defective in both induced endocytosis and ac-
tive penetration. This defect in two different
host cell invasion mechanisms is the likely ex-
planation for the profound virulence attenu-
ation of the hyphal-deficient C. albicans mutant
that lacks the Efgl transcription factor (Park
et al. 2005). On the other hand, although the
als3A /A mutant forms normal length hyphae,
it is defective in both induced endocytosis and
active penetration in vitro (Phan et al. 2007;
Wachtler et al. 2012). It is postulated that Als3
is required for active penetration because it
helps anchor the C. albicans cell to the epithelial
cell. Based on these in vitro data, one would
expect the als3A /A mutant to have highly atten-
uated virulence in the mouse model of oropha-
ryngeal candidiasis. Unexpectedly, this mutant
has only modestly attenuated virulence that is
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only detectable during the early stages of oro-
pharyngeal infection (Fanning et al. 2012). Al-
though the exact explanation for the mild atten-
uation in virulence of the als3A/A mutant is
unknown, it is probable that functional redun-
dancy of additional adhesins and invasins com-
pensates for the absence of Als3. Nevertheless,
the discrepancy between in vitro and in vivo
results shows the importance of verifying in vi-
tro data in biologically relevant animal models
of infection.

During mucosal candidiasis, C. albicans
also can invade the superficial epithelium by
passing between epithelial cells. This paracellu-
lar invasion occurs when C. albicans secreted
aspartyl proteinases degrade E-cadherin, which
is a component of the tight junctions between
epithelial cells (Frank and Hostetter 2007; Villar
etal. 2007; Rollenhagen et al. 2009). Important-
ly, biopsies from patients show that epithelial cell
E-cadherin expression is decreased when oro-
pharyngeal candidiasis is present and returns
to normal when the infection is treated (Fidel
2006; Quimby et al. 2012). These data suggest
that C. albicans—induced degradation of E-cad-
herin is clinically relevant.

Endothelial Cells

During the initiation of hematogenously dis-
seminated candidiasis, blood-borne Candida
spp. must cross the endothelial cell lining of
the blood vessels to invade the deep tissues
(Grubb et al. 2008). In vitro, C. albicans can
invade endothelial cells by induced endocytosis
and active penetration (Rotrosen et al. 1985;
Filler et al. 1995). However, virtually all studies
of endothelial cell invasion have focused on the
process of induced endocytosis. Furthermore,
some species of Candida, such as C. glabrata
and C. parapsilosis do not form hyphae in vivo
and therefore cannot invade endothelial cells via
active penetration.

The C. albicans invasins, Als3 and Ssal, in-
duce fungal endocytosis by human endothelial
cells from multiple different vascular beds, in-
cluding umbilical vein endothelial cells, dermal
microvascular endothelial cells, and brain mi-
crovascular endothelial cells (Phan et al. 2007;

Sun et al. 2010; Liu et al. 2011; Seidl et al. 2012).
Als3 and Ssal induce endocytosis by interacting
with N-cadherin on umbilical vein endothelial
cells (Phan et al. 2007; Sun et al. 2010). Further-
more, additional endothelial cell receptors for
C. albicans must exist because siRNA (small in-
terfering RNA) knockdown of N-cadherin only
partially inhibits the endocytosis of this organ-
ism. Maximal endocytosis of C. albicans re-
quires the presence of septin 7, a small intracel-
lular GTP-binding protein that forms a complex
with N-cadherin and functions as a link be-
tween it and actin microfilaments. Septin 7 is
necessary for N-cadherin to accumulate around
C. albicans cells and induce endocytosis (Phan
et al. 2013). The accumulation of N-cadherin
around C. albicans triggers endocytosis via the
clathrin uptake pathway (Moreno-Ruiz et al.
2009). It is probable that the neural Wiskott—
Aldrich syndrome protein (N-WASP) is also in-
volved in the rearrangement of endothelial cell
microfilaments during the endocytosis of
C. albicans (Shintaku et al. 2013).

The endothelial cells that line the cerebral
blood vessels are unique in that they form tight
junctions and express certain proteins on their
surface that are not expressed by endothelial cells
from other vascular beds. One of these proteins
is gp96, a member of the heat shock protein
family. C. albicans Als3 interacts with surface-
expressed gp96 on brain microvascular endothe-
lial cells in vitro, leading to the endocytosis of the
organism (Liu et al. 2011). Importantly, siRNA
knockdown of gp96 inhibits the endocytosis of
C. albicans by brain microvascular endothelial
cells, but not human umbilical vein endothelial
cells. These results indicate that C. albicans uses
different host cell receptors to invade endothe-
lial cells of different vascular beds.

The role of Als3 in mediating invasion of
brain endothelial cells during disseminated in-
fection was discovered during the analysis of a
C. albicans vps51A /A mutant, which is defec-
tive in retrograde protein trafficking (Liu et al.
2011, 2014). This mutant has increased surface
expression of Als3 and enhanced capacity to
invade brain microvascular endothelial cells in
vitro. In addition, when injected intravenously
into mice, the vps51A/A mutant has increased
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trafficking to the brain. This trafficking is par-
tially dependent on Als3 because deletion of
both copies of ALS3 in the vps51A/A mutant
reduces its capacity to infect the brain (Liu et al.
2011). Recently, a C. albicans slrIA/A mutant
was found to have increased trafficking to the
brain following intravenous inoculation into
mice, and this mutant also has increased surface
expression of Als3 (Ariyachet et al. 2013). Fur-
thermore, a strain of C. glabrata that was engi-
neered to heterologously express C. albicans
Als3 also has increased trafficking to the brain
in the mouse model of disseminated infection
(Fu et al. 2013). Collectively, these data indicate
that C. albicans Als3 mediates binding to recep-
tors, such as gp96, that are expressed specifically
on the surface of brain endothelial cells. More-
over, it is known that endothelial cells of other
organs also express unique profiles of surface
proteins (Nolan et al. 2013). Therefore, it is like-
ly that C. albicans binds to different endothelial
cell receptors when it invades different organs.

Currently, C. albicans causes ~50% of cases
of disseminated candidiasis; the majority of the
remaining cases are caused by C. glabrata and
C. parapsilosis (Pfaller et al. 2012). Although the
mechanisms by which C. glabrata invades en-
dothelial cells is not currently known, it has
recently been discovered that C. parapsilosis in-
vades human umbilical vein endothelial cells by
the process of induced endocytosis (Shintaku
et al. 2013). This mechanism of invasion re-
quires endothelial cell N-WASP and intact en-
dothelial cell microfilaments. Furthermore, the
endocytosed organisms localize to an acidified
subcompartment within the endothelial cell
(Shintaku et al. 2013). The endothelial cell re-
ceptor(s) and C. parapsilosis invasin(s) that me-
diate endocytosis have not yet been discovered.
However, the C. parapsilosis genome contains
five ALS orthologs (Butler et al. 2009), and it
is tempting to speculate that the product of at
least one of these orthologs may function sim-
ilarly to C. albicans Als3.

A. fumigatus

Invasive aspergillosis is the most common inva-
sive mold infection of humans, with the species

Fungi Invasion

A. fumigatus accounting for the majority of
these infections (reviewed in Abad et al. 2010).
Both conidia and hyphae of A. fumigatus inter-
act with a number of pulmonary cell types dur-
ing different stages of invasive aspergillosis.
Following inhalation, conidia that escape mac-
rophage phagocytosis and killing can rapidly
and avidly adhere to pulmonary alveolar epithe-
lial cells and basement membrane components
(Bromley and Donaldson 1996; DeHart et al.
1997; Paris et al. 1997; Wasylnka and Moore
2002). These adherent organisms invade alveo-
lar epithelial cells by the process of induced en-
docytosis. Alveolar epithelial cells endocytose
approximately one-third of adherent conidia
through the formation of pseudopods followed
by membrane invagination and internalization
(Paris et al. 1997; Wasylnka and Moore 2002).
The endocytosed conidia are initially contained
within acidic phagosomes where they are killed
(Paris et al. 1997; Wasylnka and Moore 2003).
However, a subset of these endocytosed co-
nidia can germinate and escape this compart-
ment to produce hyphae, which then exit the
cell into the extracellular space (Wasylnka et al.
2005). In addition, adherent extracellular co-
nidia also germinate to produce hyphae, which
in turn can invade neighboring epithelial cells
(Fig. 1B), possibly via active penetration
(Wasylnka and Moore 2002). Thus, both conid-
ia and hyphae of A. fumigatus can adhere to and
invade epithelial cells during the course of in-
fection.

Following infection and invasion of epithe-
lial cells, hyphae can penetrate more deeply into
pulmonary tissues and invade pulmonary vas-
cular endothelial cells (Lopes-Bezerra and Filler
2004; Kamai et al. 2009). After invading endo-
thelial cells from their abluminal side, hyphae
can then traverse the cell to gain access to the
vascular compartment (Kamai et al. 2009).
Once in the vascular compartment, hyphal frag-
ments can disseminate to distal sites where they
are believed to adhere to and invade vascular
endothelial cells from the luminal side before
penetrating further into other deep tissues
such as the brain (Filler and Sheppard 2006).
Invasion of the abluminal and luminal surfaces
of endothelial cells by hyphae differs in several

Cite this article as Cold Spring Harb Perspect Med 2015;5:a019687 5



fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

D.C. Sheppard and S.G. Filler

respects. During luminal infection, hyphal in-
vasion is associated with the formation of mem-
brane pseudopods and dense actin polymeri-
zation surrounding the intracellular hyphae
(Lopes-Bezerra and Filler 2004; Kamai et al.
2009). In contrast, during abluminal infections,
endothelial pseudopods are not formed, and
the degree of actin polymerization around in-
vading hyphae is significantly lower and more
loosely organized, suggesting that invasion may
be occurring via active penetration (Kamai et al.
2009). These results suggest that although lumi-
nal infection may occur through induced endo-
cytosis, abluminal infection of endothelial cells
may represent active penetration, or a form of
phagocytosis analogous to CD11b/CD18 driv-
en phagocytosis in macrophages in which com-
plement coated zymosan particles are incorpo-
rated into membrane pits (Kamai et al. 2009).

Molecular Mechanisms of Aspergillus
Adherence to Host Cells

The fungal factors mediating the adherence of
conidia to pulmonary cells remain largely un-
known. Resting conidia are highly hydrophobic
because of the presence of an organized layer of
rodlet proteins (Paris et al. 2003). Deletion of
the gene encoding these proteins (rodA) reduces
adherence of conidia to the basement mem-
brane component collagen but does not alter
adherence to other substrates such as laminin,
fibronectin, or the A549 pulmonary epithelial
cell line (Thau et al. 1994). Similarly, RodA-de-
ficient conidia display normal virulence in a
mouse model of invasive aspergillosis, suggest-
ing that hydrophobins are dispensable for ad-
herence of conidia in vivo (Thau et al. 1994).
A. fumigatus conidia have also been report-
ed to have a higher abundance of negatively
charged sialic acid residues on their surface
than other less pathogenic Aspergillus species
(Wasylnka et al. 2001). The abundance of sialic
acid residues on the surface of conidia among
these species correlates with their adherence
to basal lamina components. Removal of these
residues by sialidase treatment reduces the bind-
ing of conidia to poly-L-lysine. Also, a sialyated
glycoprotein competitively inhibits binding of

A. fumigatus conidia to fibronectin, suggesting
a role for these residues in adhesion of conidia.
The role of sialic acid-mediated adherence of
conidia in the pathogenesis of invasive aspergil-
lus remains untested in vivo.

In contrast to what has been found with C.
albicans, GPI-anchored cell wall proteins have
not been found to play a major role in mediat-
ing the adherence of A. fumigatus conidia or
hyphae to host cells during infection. Attempts
to identify cell wall proteins with a role in host
pathogen interactions have identified a number
of candidate adhesins including CspA (Levdan-
sky et al. 2010), CfmA-C (Vaknin et al. 2013),
and CalA (Upadhyay et al. 2009). Deletion of
CspA or CfmA-C resulted in alterations in cell
wall architecture and composition but did not
affect host cell adherence or virulence, suggest-
ing that these proteins play more of a structural
role within the cell wall (Levdansky et al. 2010;
Vaknin et al. 2013). Recombinant CalA was
found to bind to laminin in vitro (Upadhyay
et al. 2009); however, a mutant deficient in
CalA has not been tested for alterations in host
cell binding or virulence, and thus the impor-
tance of this protein in host—pathogen interac-
tions remains unknown.

Recently, the secreted and cell wall associ-
ated exopolysaccharide galactosaminogalactan
(GAG) has been found to play a major role in
mediating adherence of hyphae to basement
membrane macromolecules as well as endothe-
lial and epithelial cells (Gravelat et al. 2010,
2013; Lee et al. 2013). GAG is a heteroglycan
composed of variable amounts of galactose
and N-acetyl-galactosamine (GalNAc), which
is found in the outer layer of the cell wall as
well as within the interstitial matrix of fungal
biofilms in vitro and in vivo (Loussert et al.
2010; Fontaine et al. 2011). GAG is produced
by hyphae and is not present on conidia (Fon-
taine et al. 2011). The mechanism by which
GAG mediates host cell adherence is not fully
understood, but adhesion is likely mediated by
the GalNAc component of this glycan. Mutant
strains expressing GalNAc-poor GAG are less
adherent to host cells, whereas those expressing
galactose-poor GAG retain normal adherence to
host cells and macromolecules. Furthermore, as
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a result of the poor adherence of GAG-deficient
mutants to host cells, these mutants are also
defective in invading and damaging these cells
(Gravelat et al. 2013; Lee et al. 2013); the epi-
thelial or endothelial cell receptors to which
GAG binds are not known. In addition to me-
diating adherence, GAG also suppresses inflam-
mation by several mechanisms. GAG on the
surface of hyphae conceals B-glucan from rec-
ognition by the pattern-recognition receptor
dectin-1 on leukocytes much in the same way
that hydrophobins conceal B-glucan in resting
conidia (Gravelat et al. 2013). Further, GAG can
directly induce leukocyte apoptosis via an un-
characterized mechanism, and administration
of GAG to mice worsens outcomes during ex-
perimental infection with A. fumigatus (Fon-
taine et al. 2011; Lee et al. 2013). Strains defi-
cient in GAG are hypovirulent (Gravelat et al.
2010, 2013), although the relative contribution
of GAG-mediated adherence and immunosup-
pression to virulence is undefined and the sub-
ject of ongoing study.

Molecular Mechanisms of Aspergillus
Invasion of Host Cells

The molecular mechanisms by which A. fumi-
gatus conidia and hyphae invade nonphagocyt-
ic host cells have not been studied to the same
extent as with C. albicans. A handful of studies
have examined the pathways involved in conidial
endocytosis by epithelial and endothelial cells.
As with C. albicans, cadherins have been impli-
cated in the invasion of both epithelial and en-
dothelial cells by A. fumigatus. Endocytosis of
hyphae by human umbilical vein endothelial
cells was reduced by treatment with antibodies
to N-cadherin, and endocytosis of A. fumigatus
conidia by pulmonary epithelial cells was re-
duced by antibodies or siRNA directed to E-cad-
herin (Xu et al. 2010, 2012). The fungal factors
bound by cadherins and the role of cadherin
binding in the pathogenesis of invasive aspergil-
losis have not yet been elucidated. Identifying
the A. fumigatus ligands that interact with cad-
herins will be of particular interest because no
homolog of C. albicans Als3 has been identified
in A. fumigatus.

Fungi Invasion

A single study has identified a role for phos-
pholipase D (PLD) signaling in the endocytosis
of germinating conidia by pulmonary epithelial
cells. Exposure of 3-1,3- glucans on the surface
of germinating conidia was found to induce the
activation of phospholipase D via a dectin-1-
dependent mechanism. Inhibition of this inter-
action with antidectin-1 antibodies, chemical
inhibitors of PLD, or anti-PLD siRNA reduced
the number of conidia endocytosed by epithelial
cells. Interestingly, PLD was found to colocalize
with endocytosed conidia, suggesting that PLD
may play a role in endosomal processing or mat-
uration in addition to early endocytic events
(Han et al. 2011). Aside from (3-1,3-glucans,
no other fungal ligands that mediate invasion
have been identified in A. fumigatus, and this
area should be a priority for future research.

Cryptococcus neoformans

When C. neoformans cells are inhaled by a sus-
ceptible host, a pulmonary infection can de-
velop that is often asymptomatic. Subsequently,
the organism is carried by the bloodstream from
the lungs to the brain, where it crosses the
blood—brain barrier and causes a chronic men-
ingitis. To initiate a pulmonary infection, C.
neoformans must adhere to and invade the ep-
ithelial lining of the airways or alveoli. Recently,
the first C. neoformans adhesin, Cfl1, was dis-
covered (Wang et al. 2012). This protein is se-
creted by the organism and it induces floccula-
tion of C. neoformans cells. It is also required for
normal hyphal formation. Interestingly, when
Cfl1 is shed from the fungal cell surface, it sig-
nals adjacent cells to up-regulate Cfl1 produc-
tion (Wang et al. 2013). Whether Cfll mediates
adherence to host cells is not yet known, but a
strain that overexpresses CFLI has attenuated
virulence, probably because increased floccula-
tion of the fungal cells prevents dissemination
(Wang et al. 2012).

After C. neoformans adheres to host cells, it
must invade them to cause disease. Although
C. neoformans can invade the A549 pulmonary
epithelial cell line via induced endocytosis in
vitro (Barbosa et al. 2007), the molecular mech-
anisms governing this process are not yet known.
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In contrast, the invasion of C. neoformans
across the endothelial cells that form the blood—
brain barrier has been investigated extensively.
It has been found that C. neoformans can cross
brain endothelial cells by three different mech-
anisms: proteolytic degradation of tight junc-
tions, induced endocytosis, and macrophage
transport. The capacity of C. neoformans to di-
rectly invade the endothelial cell lining of cere-
bral blood vessels in vivo has been shown by
experiments in which live organisms were in-
jected intravenously into mice. Studies in which
the infected brains were examined by histopa-
thology showed the presence of C. neoformans
cells either within or between the cerebral en-
dothelial cells, indicating that the organism was
crossing the blood—brain barrier by either a
transcellular or paracellular route (Chretien
et al. 2002; Chang et al. 2004). Using intravital
imaging of live mice that had been injected with
fluorescently labeled C. neoformans, it was ob-
served that, although both live and killed organ-
isms lodged in the cerebral capillaries, only live
organisms were able to traverse endothelial cells
and invade the brain (Shi et al. 2010). Moreover,
a urel A mutant that did not produce urease
was defective in crossing the cerebral endothe-
lial cells. Mice infected with this mutant or
treated with the urease inhibitor, flurofamide,
had an approximate 1- to 2-day increase in me-
dian survival and a threefold reduction in brain
fungal burden. Similarly, another group found
that mice inoculated intravenously with the ure-
ase-deficient urelA, ure7A, or nicl A mutants
had a twofold reduction in brain fungal burden
after 24 h of infection (Singh et al. 2013). Im-
portantly, the brain fungal burden of mice in-
jected intracerebrally with the ureIA mutant
was similar to that of mice infected with the
wild-type strain, indicating that, although ure-
ase is required for maximal brain invasion, it is
not required for the organism to grow once it
has entered the brain (Olszewski et al. 2004).

Urease likely facilitates C. neoformans pas-
sage between brain endothelial cells by degrad-
ing their intercellular tight junctions. Incuba-
tion of human brain microvascular endothelial
cells with wild-type C. neoformans, but not the
urel A mutant, induces degradation of the ZO-1

junctional protein in vitro (Singh et al. 2013).
In vitro data indicate that C. neoformans can
also disrupt tight junctions between endothelial
cells by a second mechanism. When viable or-
ganisms are exposed to plasma, they are coated
with plasminogen. As these coated organisms
come into contact with brain endothelial cells,
they induce endothelial cell urokinase activity,
which converts the plasminogen to plasmin.
The plasmin serine protease then degrades en-
dothelial cell tight junctions and facilitates
paracellular invasion (Stie and Fox 2012a,b).
Although this mechanism of translocation has
been clearly shown to occur with bovine brain
endothelial cells in vitro, it has not yet been
investigated in a relevant animal model of cryp-
tococcal meningitis. Thus, its biological signifi-
cance remains unclear.

In vitro studies have also shown that C. neo-
formans can invade brain endothelial cells by
inducing its own endocytosis. Endocytosis is
triggered when hyaluronic acid in the C. neofor-
mans capsule binds to the CD44 hyaluronic acid
receptor on the surface of brain endothelial cells
(Jong et al. 2007, 2008b). CD44 is located in
plasma membrane lipid rafts on the endothelial
cell surface (Long et al. 2012). Binding of C.
neoformans hyaluronic acid to CD44 activates
the protein kinase C (PKC)-a signaling pathway,
of which the dual specificity tyrosine phosphor-
ylation-regulated kinase 3 (DYRK3) is an addi-
tional component (Jong et al. 2008a; Huang
et al. 2011). Activation of this pathway results
in rearrangement of endothelial cell actin mi-
crofilaments and the formation of pseudopods
that engulf the organism and draw it into the
endothelial cell.

The role of hyaluronic acid and CD44 in
C. neoformans invasion of the brain has been
investigated in vivo. Hylaronic acid is synthe-
sized by the Cpsl hyaluronic acid synthase,
and a ¢psIA mutant has reduced capacity to
invade brain endothelial cells in vitro (Chang
et al. 2006; Jong et al. 2007). In addition, this
mutant has dramatically attenuated virulence
following intravenous inoculation into mice.
However, because the ¢psIA mutant grows
slowly at 37°C (Chang et al. 2006), it is probable
that some of its attenuation in virulence is be-
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cause of temperature sensitivity as well as im-
paired brain invasion. The brain contains high
levels of inositol and this sugar also affects the
hyaluronic acid content of the C. neoformans
capsule. Exposure of C. neoformans to physio-
logic levels of inositol increases CPSI mRNA
levels, enhances the hyaluronic acid content of
the capsule, and stimulates transcytosis across
human brain microvascular endothelial cells in
vitro. Moreover, an itrlaA itr3cA double mu-
tant that lacks the two major inositol transport-
ers has impaired endothelial cell transcytosis in
vitro and attenuated virulence in mice. Of note,
this mutant had a greater defect in infecting the
brain than the lung, suggesting that inositol
uptake from the host is particularly important
for brain invasion (Wang et al. 2011; Liu et al.
2013).

The contribution of the hyaluronic acid—
CD44 interaction to brain invasion has also
been investigated using CD44 /~ knockout
mice. When infected intravenously with wild-
type C. neoformans, these mice have a modest
increase in survival and roughly a twofold re-
duction in brain and cerebral spinal fluid fungal
burden (Jong et al. 2012). One reason that these
mice are not more resistant to C. neoformans
brain invasion may be that the organism invades
the brain by additional mechanisms, such as via
the paracellular route. Also, there is a second
receptor for hyaluronic acid on brain endothe-
lial cells, receptor of hyaluronan-mediated mo-
tility (RHAMM). Indeed, siRNA knockdown of
both CD44 and RHAMM results in an additive
reduction of brain microvascular endothelial
cell invasion in vitro (Jong et al. 2012). More-
over, both CD44 and RHAMM are associated
with lipid rafts. Treatment of mice with sim-
vastatin, which disrupts lipid rafts, ameliorates
cryptococcal meningitis, reducing brain fungal
burden by about sixfold (Jong et al. 2012). Al-
though it is possible that simvastatin also affects
some virulence attributes of C. neoformans,
these data suggest that the binding of hyaluronic
acid to its endothelial cell receptors plays a key
role in the capacity of C. neoformans to trans-
cytose across the blood—brain barrier in vivo.

A final way that C. neoformans can invade
the brain is via a Trojan horse mechanism,

Fungi Invasion

whereby the organism is phagocytosed by a
monocyte, which then diapedeses across the
blood—brain barrier into the brain, transport-
ing the fungus with it. This mechanism of
invasion has been shown experimentally by in-
fecting mice intravenously with bone marrow-
derived monocytes that had been infected in
vitro with C. neoformans. Mice infected with
C. neoformans within monocytes had a 3.9-
fold higher brain fungal burden compared
with mice infected with free organisms. Interest-
ingly, the mice infected with C. neoformans
within monocytes also had increased number
of organisms in the spleen and lung, suggesting
that the Trojan horse mechanism facilitates in-
vasion of these organs as well. Also, depleting
phagocytes by injecting the mice with clodro-
nate caused at least a 40% reduction in the fungal
burden of the brain, spleen, and lung when the
animals were subsequently inoculated with free
C. neoformans (Charlier et al. 2009). Collective-
ly, these results indicate that C. neoformans can
cross the blood—brain barrier by the Trojan
horse mechanism. The ability of this organism
to traverse brain endothelial cells by at least three
different mechanisms is the likely reason why
blocking any single mechanism causes only a
partial reduction in brain fungal burden in the
animal model.

MUCORALES

Fungi of the order Mucorales, especially Rhizo-
pus oryzae, can cause mucormycosis. This dis-
ease is usually initiated in susceptible hosts by
inhalation of conidia or by contamination of
wounds. Patients who are receiving cancer che-
motherapy or are in diabetic ketoacidosis are
at particular risk for developing mucormycosis.
This disease most commonly involves the para-
nasal sinuses, but it can also involve the lung
and other organs. How these fungi invade epi-
thelial cell barriers to cause infection is not
currently known. However, a hallmark of mu-
cormycosis is invasion of the blood vessels, a
process that results in intravascular thrombosis
and tissue infarction. Recently, it has been dis-
covered that R. oryzae invades endothelial cells
by induced endocytosis. This process is initiated
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when the CotH2 and CotH3 invasins expressed
on the surface of the hyphae bind to GRP78, a
member of the HSP70 heat shock protein family
that is expressed on the surface of endothelial
cells. Knockdown of CotH in R. oryzae by
siRNA or treatment with an anti-CotH anti-
serum inhibits the capacity of this organism
to invade human umbilical vein endothelial
cells in vitro. Similarly, shRNA knockdown of
GRP78 in endothelial cells or treatment with
an anti-GRP78 antiserum also significantly re-
duces fungal invasion of endothelial cells in vi-
tro (Liu et al. 2010; Gebremariam et al. 2014).
The importance of the CotH—-GRP78 inter-
action in the pathogenesis of mucormycosis has
been shown in the diabetic ketoacidotic mouse
model of R. oryzae infection. An R. oryzae mu-
tant with siRNA knockdown of CotH expres-
sion has impaired virulence in these mice. Fur-
thermore, treatment with polyclonal antibodies
directed against either CotH or GRP78 protects
mice against mucormycosis. Although these
in vivo studies were performed using a clinical
isolate of R. oryzae, orthologs of CotH are
present in all members of the Mucorales that
have been tested. In addition, several different
Mucorales members bind to GRP78 in vitro.
Finally, mice with diabetic ketoacidosis have in-
creased mRNA levels of grp78 in the lungs and
brain, providing a possible explanation for why
the presence of diabetic ketoacidosis is a unique
risk factor for mucormycosis in patients (Liu
etal. 2010; Gebremariam et al. 2014). Therefore,
it is likely that the induction of endocytosis via
the interaction of CotH with GRP78 is a central
mechanism by which Mucorales invade endo-
thelial cells and perhaps other types of host cells.

Blastomyces dermatitidis

Infection with the dimorphic fungus B. derma-
titidis is acquired through inhalation of conidia,
which transform to yeast in the host. Following
the initial pulmonary infection, B. dermatitidis
can disseminate to cause distal skin and bone
infections either acutely or late after resolution
of the pulmonary disease. One fungal protein,
Bad1, plays a central role in host cell adherence,
invasion, and virulence of B. dermatitidis. Bad1,

formerly known as WI-1, is secreted by the yeast
form of B. dermatitidis, in which it re-associates
with the cell wall through covalent and nonco-
valent interactions with chitin (Brandhorst and
Klein 2000). Bad1 contains a tandem repeat do-
main that is homologous to the Yersinia invasin
protein (Klein et al. 1993) and mediates adher-
ence to pulmonary tissues. Badl also mediates
adherence to and invasion of macrophages
through binding to CD14 and CD11b/CD18
(Newman et al. 1995). Much like the A. fumi-
gatus polysaccharide adhesin GAG, Badl plays
an important role in virulence both as an adhe-
sin and through mediating direct immunosup-
pressive effects. Mice infected with a Bad1-de-
ficient strain mutant produce increased levels
of proinflammatory cytokines such as interleu-
kin (IL)-12, and tumor necrosis factor (TNF)-a
and lower levels of anti-inflammatory IL-10 and
transforming growth factor (TGF)-B (Brand-
horst et al. 1999; Finkel-Jimenez et al. 2002;
Wathrich et al. 2006). Thus, the improved sur-
vival of mice infected with the Badl-deficient
strain is probably because of a combination of
reduced adherence and an increased host in-
flammatory response.

Pnemocystis jirovecii

P, jirovecii is an important cause of pneumonia
in immunocompromised hosts, but rarely dis-
seminates beyond the pulmonary system. Like
other pathogenic fungi, P. jirovecii adheres well
to pulmonary epithelial cells (Pottratz and Mar-
tin 1990a,b; Pottratz et al. 1991). However, this
fungus does not invade these cells to any sig-
nificant degree and intracellular fungi are ob-
served only within macrophages and granulo-
cytes (Hoyte et al. 1997; Limper et al. 1997). The
adherence of P jirovecii to epithelial cells is
mediated through the binding of the extracellu-
lar macromolecules fibronectin and vitronectin,
which serve as bridging molecules linking the
fungus to host cells (Pottratz and Martin 1990b;
Pottratz et al. 1991, 1994; Limper et al. 1993).
Vitronectin and fibronectin both interact with
B-glucans on the surface of the fungus (Vassallo
etal. 2001), and fibronectin is also bound by the
major surface glycoprotein (previously termed
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gp120) of P, jirovecii (Pottratz et al. 1991). Het-
erologous expression of this major surface gly-
coprotein in the yeast S. cerevisiae enhances the
adherence of this organism to epithelial cells,
highlighting the importance of this glycopro-
tein in adhesion (Kutty et al. 2013). Fibronectin
immobilized on the surface of P jirovecii is
bound by epithelial cell B-integrins (Pottratz
et al. 1994). Interestingly, the epithelial cell ad-
herence of P jirovecii induces IL-6 secretion,
which in turn increases the expression of both
fibronectin and B-integrins and results in aug-
mented adherence of the organism to epithelial
cells (Pottratz et al. 1998). Pneumocystis adher-
ence is also enhanced through aggregation of
organisms at the epithelial cell surface through
the binding of multimeric surfactant protein D
on the surface of the organism (Yong et al. 2003).
These aggregates are more resistant to macro-
phage phagocytosis, thus protecting the organ-
ism from host defenses.

Sporothrix schenckii

S. schenckii is a dimorphic fungus that causes a
nodular lymphangitis following inoculation in-
jury. S. schenckii binds avidly to host basement
membrane constituents such as laminin and fi-
bronectin (Lima et al. 2001, 2004). This binding
is mediated by a number of poorly characterized
cell glycoproteins (Teixeira et al. 2009; San-
doval-Bernal et al. 2011). Antibodies to one
such glycoprotein, Gp70, as well as cell wall frac-
tions and soluble carbohydrates, can decrease
binding of S. schenckii to host macromolecules,
suggesting that these proteins bind to host fac-
tors through a lectin-type interaction (Ruiz-
Baca et al. 2009).

Although uncommon, hematogenous dis-
semination of S. schenckii to other organs can
occur, suggesting that this organism can traverse
the vascular endothelium. Active endocytosis of
yeast cells by human vascular endothelial cells
has been observed, and is induced by the pro-
inflammatory cytokine IL-13 (Figueiredo et al.
2004). In contrast, exposure of endothelial cell
monolayers to TGF-B enhances adherence of
yeast to basement membrane fibronectin, and
induce the transendothelial cell migration of

Fungi Invasion

S. schenckii via a paracellular route (Figueiredo
et al. 2007). It is not known which of these two
mechanisms predominates during infection.
Also, the fungal ligands and host receptors that
are involved in these interactions remain undis-
covered.

CONCLUDING REMARKS

Some of the key details about the mechanisms
of host cell invasion by C. albicans and C. neo-
formans have been elucidated, whereas the in-
vasion mechanisms of other medically impor-
tant fungi are poorly understood. Data obtained
with C. albicans and C. neoformans show that
host cell invasion is a two-step process consist-
ing of adherence followed by invasion. Indeed,
the large number of adhesin genes present in the
genomes of Candida spp. indicates the impor-
tance of adherence to host cells during coloni-
zation and initiation of disease. There are two
general mechanisms of host cell invasion, in-
duced endocytosis and active penetration. Fur-
thermore, fungi can traverse epithelial cell or
endothelial cell barriers by either proteolytic
degradation of intercellular tight junctions or
a Trojan horse mechanism. Both C. albicans
and C. neoformans appear to invade host cells
by multiple mechanisms; it is thus highly prob-
able that other invasive fungi also use one or
more of these mechanisms to invade host cells.
Identification of these invasion mechanisms
holds promise to facilitate the development of
new approaches to inhibit fungal invasion and
thereby prevent disease.
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