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Abstract
Scedosporium spp. and Lomentospora prolificans are filamentous fungi that emerged as human pathogens; however, their mecha-
nisms of virulence/pathogenesis are still largely unknown. In the present work, we have evaluated the interaction of S. apiospermum, S.
minutisporum, S. aurantiacum, and L. prolificans with lung epithelial cells (A549 line). The results showed that conidia were able to
interact with A549 cells, displaying association indexes of 73.20, 117.98, 188.01, and 241.63 regarding S. apiospermum,L. prolificans,
S. minutisporum, and S. aurantiacum, respectively. Light microscopy images evidenced morphological changes in epithelial cells,
including rounding and detachment, especially during the interaction with L. prolificans. Plasma membrane injuries were detected in
A549 cells after 1 h of co-culturing with S. aurantiacum and S.minutisporum and after 4 h with S. apiospermum and L. prolificans, as
judged by the passive incorporation of propidium iodide. After 24 h of fungi-epithelial cells interaction, only mycelia were observed
covering the A549 monolayer. Interestingly, the mycelial trap induced severe damage in the A549 cells, culminating in epithelial cell
death. Our results demonstrate some relevant events that occur during the contact between lung epithelial cells and Scedosporium/
Lomentospora species, including conidial adhesion and hyphal growth with consequent irreversible injury on A549 cells, adding light
to the infection process caused by these opportunistic and multidrug-resistant fungi.
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Introduction

In the last years, in parallel to increased number of
immunocompromised individuals (e.g., human immuno-
deficiency virus (HIV) infection, neutropenia, and solid
organ transplant recipients) as well as recurrent natural

disasters caused by climatic instabilities (e.g., tsunami),
some saprophytic filamentous fungi have emerged as
etiologic agents of human infections, including species
belonging to the Scedosporium and Lomentospora gen-
era [1–3]. In immunocompromised patients, the respira-
tory tract is the main portal of entry for disseminated
infections of Scedosporium/Lomentospora species.
Similarly, in immunocompetent individuals, the invasive
cases usually occur as a consequence of massive aspi-
ration of polluted water containing conidia in near-
drowning events or due to a traumatic inoculation some-
where near the brain, as in paranasal sinuses [2, 4].
Conidia enter via the respiratory tract and, if pulmonary
alveolar macrophages and mucociliary system are unable
to destroy them, the germination event takes place and
culminates in tissue injuries, angioinvasion, and dissem-
ination of fungal propagules to eventually any human
anatomical site. In addition, unchecked hyphae prolifer-
a t ion by polymorphonuclear cel ls resul ts in a
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hematogenous dissemination that can reach the central
nervous system [4, 5]. In those cases, the infections are
usually refractory to the conventional treatment options
and have fatal outcomes [4].

The initial interaction between fungal propagules and host
is a crucial step for the success of colonization as well as
dissemination [6–8]. For filamentous fungi, some features
are well known for the establishment of a successfully infec-
tious process, such as cell wall composition, conidial germi-
nation, and secretion of metabolites and hydrolytic enzymes
[8, 9]. Some of those fungal structures have been studied on
Scedosporium/Lomentospora species, such as (i) surface mol-
ecules (e.g., peptidorhamnomannans, glucosylceramides, and
α-glucan) capable of interacting with host receptors as well as
modulating the host immunity responses, (ii) proteases able to
cleave key host proteins, including antimicrobial peptides,
extracellular matrix proteins, and humoral immune compo-
nents, (iii) high capacity of conidia to germinate under diverse
environmental conditions, and (iv) biofilm formation on a
variety of abiotic surfaces and also over mammalian cells [7,
8, 10–18].

In order to add more light on the fungal-host interaction
events, a fundamental pathogenicity step, in the present work,
we have investigated the capacity of S. apiospermum, S.
aurantiacum, S. minutisporum, and L. prolificans (formerly
S. prolificans) to interact with and to induce damages in lung
epithelial cells (A549 line).

Materials and methods

Fungi and growth conditions

Scedosporium apiospermum (strain RKI07_0416) was pro-
vided by Dr. Bodo Wanke (Evandro Chagas Hospital,
Oswaldo Cruz Institute, FIOCRUZ, Rio de Janeiro,
Brazi l ) ; S . minutisporum (s t ra in FMR 4072), S .
aurantiacum (strain FMR 8630), and L. prolificans (strain
FMR 3569) were kindly given by Dr. Josep Guarro
(Microbiology Unit, Medical School and Institute of
Advanced Studies, Reus, Spain). The fungi were main-
tained on Sabouraud (2% glucose, 1% peptone, 0.5% yeast
extract) liquid culture medium for 7 days at room temper-
ature with orbital shaking. Conidia were grown at room
temperature on Petri dishes containing potato dextrose agar
(PDA; Difco Laboratories, USA). After 7 days in culture,
conidial cells were obtained by washing the plate surface
with phosphate-buffered saline (PBS; 10 mM NaH2PO4,
10 mM Na2HPO4, 150 mM NaCl, pH 7.2) and filtering
them through a 40-μm nylon cell strainer (BD Falcon,
USA) to remove hyphal fragments. The conidial cells were
counted in a Neubauer chamber.

Lung epithelial cell culture

A549 cells (ATCC CCL-185; alveolar basal epithelial cell of
human adenocarcinoma) were cultivated in Dulbecco’s mod-
ified Eagle medium (DMEM; Sigma-Aldrich, USA) supple-
mented with both 10% of heat-inactivated fetal bovine serum
(FBS; Invitrogen, USA) and 2 mM L-glutamine (Sigma-
Aldrich, USA) at 37 °C in an atmosphere containing 5%
CO2 in a sterile culture bottle of 75 cm2. The passages and
the expansions were made every 72 h, releasing the confluent
cell monolayer with 4 mL of trypsin (2.5 g/L) (Sigma-Aldrich,
USA) per bottle. For the experiments described below, 105

epithelial cells were incubated in 24-well plates containing
(per well) 0.5 mL of DMEM with 2% of penicillin and strep-
tomycin for at least 12 h for cell adhesion to glass coverslips at
37 °C, 5% CO2.

Interaction between conidia and A549 cells

For determination of association index and for light mi-
croscopy analyses of the interaction between fungi and
A549 cells, 105 epithelial cells were incubated with 106

conidia of S . apiospermum , S . aurantiacum , S .
minutisporum, and L. prolificans in DMEM (FBS-free)
on glass coverslips for 1, 4, and 24 h at 37 °C, 5%
CO2. After the interaction periods, the wells were
washed three times with DMEM to discard conidia un-
attached, fixed in Bowin’s solution, stained with
Giemsa, and then observed and counted in a light mi-
croscope (Axioplan 2, Zeiss, Germany). The percentage
of infected cells after 4 h of interaction was determined
by randomly counting 200 of A549 cells on each trip-
licate coverslip and the adhesion index was calculated
by multiplying the mean number of attached fungi in
human cells by percentage of infected cells. Light mi-
crographs were obtained at ×40 after 1, 4, and 24 h in
the same microscope as mentioned above.

Fluorescence analyses of the interaction process

Localization of conidia in A549 cells was performed after 4 h
of interaction with 105 human cells and 106 conidia in DMEM
(PBS-free) on glass coverslips at 37 °C, 5% CO2. Initially,
conidia of S. apiospermum, S. aurantiacum, S. minutisporum,
and S. prolificanswere stained with 40μg/mL of 5/6-carboxy-
tetramethyl-rhodamine succinimidyl ester (NHS-rhodamine;
Sigma-Aldrich, USA) for 1 h at room temperature in the ab-
sence of light. The conidia were washed three times with PBS
and then incubated with the A549 cells. After the interaction
period, the wells were once washed to discard conidia unat-
tached and the systems were fixed with paraformaldehyde
(4%) for 30 min and A549 cells were stained with membrane
and nuclear markers: cholera toxin subunit B (CT-B; Sigma-
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Aldrich, USA) in a concentration of 1 μg/mL for 45 min and
4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI;
Sigma-Aldrich, USA), at 10 μg/mL for 10 min, respectively.
The systems were washed three times with PBS and taken for
viewing on a Zeiss fluorescence microscope (Axioplan2).
A549 cells incubated without fungi and labeled with both dyes
(membrane and nuclear markers) were used as negative
control.

Analysis of host cell damage

In order to analyze possible injury on the plasmamembrane of
A549 cells, the interaction was processed in the same way as
described above. After 1, 2, 3, 4, and 24 h of interaction, the
systems were once washed to discard conidia unattached and
then incubated with 5 μg/mL of propidium iodide (PI; Sigma-
Aldrich, USA) at room temperature for 10 min in the absence
of light. Epithelial cells incubated only in the culture medium
were used as negative control for PI staining. A positive con-
trol for cell membrane damage utilizing PI staining was in-
cluded which corresponds to A549 cells treated with parafor-
maldehyde at 4% for 30 min. The 24 h of fungi-epithelial cells
interplays was also subjected to labeling with PI and
Calcofluor white (CW; Sigma-Aldrich, USA) in order to dis-
closure the formation of the mycelium and cell membrane
damage. CW was used in a final concentration of 5 μg/mL
for 1 h at room temperature in the absence of light. Staining
with PI was processed in the same manner as previously de-
scribed. All systems mentioned above were washed three
times with PBS after staining and taken immediately for view-
ing on a Zeiss epifluorescence microscope (Axioplan 2).

Statistics

All experiments were performed in triplicate, in three indepen-
dent experimental sets and data were expressed as mean ±
standard deviation (SD).

Results and discussion

The most severe infection cases caused by Scedosporium and
Lomentospora species usually start with the inhalation of co-
nidia, which adhere and germinate inside the lung environ-
ment [5]. Conidial germination culminates in invasion of the
lower respiratory tract; therefore, the fungal adhesion to lung
cells/tissues is one of the most crucial steps on the pathogen-
esis of scedosporiosis [5]. There are few studies about the
interaction process between Scedosporium/Lomentospora
species and human cell lines. Pinto et al. [11] reported that
the interaction dialogue between larynx carcinoma cells
(HEp2) and conidia of Scedosporium boydii (formerly
Pseudallescheria boydii) occurred, at least in part, via
peptidorhamnomannan (PRM) molecules, which are
peptideopolysaccharides located at the fungal cell wall, and
a 25-kDa surface polypeptide on HEp2 plasma membrane.
Furthermore, those authors described that after 2 h of co-
culturing of S. boydii and HEp2 cells, the conidia started to
germinate and, subsequently, to penetrate into the plasma
membrane of epithelial cells [11]. The PRMs also mediate
the in vitro adhesion between L. prolificans conidia andmouse
peritoneal macrophages [16]. The conidial adhesion followed
by its germination was also observed during the in vitro inter-
action events of S. apiospermum, S. boydii, and S.
aurantiacum with lung epithelial cells (A549), lung fibro-
blasts (MRC-5), and mouse macrophages (RAW 264.7 line)
[7, 14, 19, 20]. Interesting studies were also conducted with
peritoneal macrophages and polymorphonuclear cells in an
effort to investigate the immune responses against
Scedosporium/Lomentospora species [10, 12, 15]. For in-
stance, the cytokine supplementation, such as interferon-γ
and granulocyte-macrophage colony-stimulating factor, in-
duced the production of superoxide anion by polymorphonu-
clear leukocytes, which promoted a more intense damage on
hyphae of S. apiospermum and L. prolificans than without
cytokine stimulation [10]. The α-glucan chemically extracted
from S. boydii cell wall partially mediated the conidia phago-
cytosis and also stimulated the secretion of inflammatory cy-
tokines by macrophages and dendritic cells in a mechanism
involving Toll-like receptor 2, CD14, and MyD88 [12].
Other molecules that participate in the phagocytosis are
glucosylceramides described at the surface of S .
apiospermum . A monoclonal antibody against the
glucosylceramides enhanced the phagocytosis and killing of

Fig. 1 In vitro co-culturing of human lung epithelial cells (A549 line)
with S. apiospermum (Sap), S.minutisporum (Sm), S. aurantiacum (Sau),
and L. prolificans (Lp). Conidia were interacted with epithelial cells in a
ratio of 10:1. After 4 h, the association index was calculated as described
in the “Materials and methods” section. The data are expressed as the
mean ± standard deviation of three independent experiment sets per-
formed in triplicate. All the systems were significantly different from each
other
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S. apiospermum conidial cells by peritoneal macrophages
[15].

In the present study, we selected 4 representative species
belonging to the Scedosporium/Lomentospora genera and a
lung cell line (A549), which is the primary target for these
fungal pathogens, in order to firstly investigate the association
indexes. After 4 h of conidia-A549 cells co-culturing, the as-
sociation indexes were calculated as 73.20 for S .

apiospermum, 117.98 for L. prolificans, 188.01 for S.
minutisporum, and 241.63 for S. aurantiacum (Fig. 1).
Nevalainen et al. [19] also described a faster attachment of
S. aurantiacum to A549 cells compared with other species,
like A. fumigatus and S. boydii, with 75–80% of conidia
bound to A549 cells after 4 h. In addition, our results revealed
that after 4 h of interaction, there was a vast predominance of
conidia and a small percentage, approximately 15%, of

Fig. 2 Light micrographs showing the interaction events of A549 cells
and Scedosporium/Lomentospora species. A549 cells were cultured in
the absence (a) or in the presence of conidia of S. apiospermum (b), S.
minutisporum (c), S. aurantiacum (d), and L. prolificans (e) for 1, 4, and
24 h. After 4 h of interaction, at ×100 magnification, it is possible to

clearly detect morphological changes in A549 cells, except on S.
apiospermum. Detachment of mammalian cells was seen mainly after
the interaction with L. prolificans. The black arrows show the
germinated conidia. Note the presence of a mycelial network covering
the A549 cells after 24 h. Bars, 50 μm
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germinated conidia interacted to A549 cells (Fig. 2). Our re-
sult is in accordance with previous works reported for S.
boydii, S. apiospermum, and S. aurantiacum, in which after
4 h of interaction with different mammalian cells, non-
germinated conidia were the predominantly adhered fungal
morphotypes [7, 11, 14, 19]. Conidia of A. fumigatus also
started to germinate after approximately 4 h of in vivo infec-
tion using a murine experimental model [21]; whereas in
in vitro contact with endothelial cell lines, resting conidia of
A. fumigatus only start to germinate after 8 h [22]. The conid-
ial differentiation is an essential step during the infectious
progress, because the germination leads to the increase fungal
adhesive properties [23] as well as it causes damages through
host cell/tissue penetration and permits the invasion of the
lung parenchyma [24]. Our group have previously described
that S. apiospermum, S.minutisporum, S. aurantiacum, and L.
prolificans conidia had high ability of germination after 4 h of
incubation under several culture conditions, such as different

growth media (Sabouraud, DMEM, and fetal bovine serum),
pH levels (5.0, 7.0, and 9.0), and temperatures (21 °C and 37
°C) [17]. Interestingly, the conidial differentiation in
Scedosporium/Lomentospora species is mainly modulated
by the CO2 tension, showing high rates of germination in
CO2 concentration found in mammalian tissues (5%) com-
pared with atmospheric concentration (0.033%) [17].
Contrary to the low rates of germination observed in the pres-
ent study, when conidial cells were incubated in culture me-
dium, at the same environmental conditions (37 °C with and
atmosphere containing 5% of CO2), it was observed about
75% of conidia of S. apiospermum, S. minutisporum, S.
aurantiacum, and L. prolificans in germinated status [17].

In the last decades, many studies demonstrated that lung
epithelial cells are not only physical barriers against inhaled
pathogens, they are also able to secrete several bioactive mol-
ecules such as cytokines, chemokines, growth factors, lipid
mediators, reactive oxygen/nitrogen species, and peptide

Fig. 3 Fluorescence micrograph images showing the co-culture of
Scedosporium/Lomentospora conidia and A549 cells. NHS-rhodamine-
stained conidia and A549 cells (10:1) were interacted for 4 h at 37 °C.
Subsequently, the plasma membrane and nucleus of A549 cells were

stained with CT-B and DAPI, respectively. A control system containing
only lung epithelial cells was used for comparison (a). Note that conidia
of S. apiospermum (b), S. minutisporum (c), S. aurantiacum (d), and L.
prolificans (e) randomly adhered to A549 cells. Bars, 50 μm
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Fig. 4 Scedosporium/Lomentospora conidia induce plasma membrane
damage in lung epithelial cells. A549 cells were cultured in the absence
(a) or in the presence of conidia of S. apiospermum (b), S. minutisporum
(c), S. aurantiacum (d), and L. prolificans (e) for 1, 2, 3, and 4 h. After

each time point, the interaction systems were incubated with propidium
iodide (PI), to evidence the A549 plasma membrane injury, and then
visualized using phase-contrast (DIC) and fluorescence microscopy.
Bars, 50 μm
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mediators [25]. In this sense, the whole genome transcription-
al profiling of A549 cells after 8 h of interaction with S.
aurantiacum and A. fumigatus showed several genes that are
differentially expressed in comparison with non-infected cells.
This highlights the increase in levels of transcripts from genes
associated with wound healing, cell repair, and protective

response, like genes that encode the chemokines IL-6, IL-8,
IL-11, TNF-α, and MUC5, a gene involved in mucin produc-
tion that indicates the initiation of mucociliary clearance [19,
20, 26]. In addition, a fibrous-like network secreted by A549
cells surrounding S. apiospermum conidia was previously ob-
served through scanning electron microscopy [7]. The type II

Fig. 5 Microscopic analyses showing the mycelial trap covering the
monolayer formed by lung epithelial cells. A549 cells were cultured in
the absence (a) or in the presence of conidia of S. apiospermum (b), S.
minutisporum (c), S. aurantiacum (d), and L. prolificans (e) after 24 h.
Subsequently, the interaction systems were incubated with Calcofluor

white (CW), to localize the mycelial cells, and propidium iodide (PI), to
evidence the A549 plasma membrane injury. Note that after 24 h of co-
culturing of fungal conidia and A549 cells, only mycelia were observed
using phase-contrast (DIC) and fluorescence microscopy. Bars, 50 μm
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alveolar epithelial cells, as the A549 cell line, are well known
as being able to secrete a lipoprotein material into the lungs
that acts as a surfactant [27]. In this context, the agglutination
of A. fumigatus conidia by surfactant protein A or D enhances
their phagocytosis by alveolar macrophages [28], demonstrat-
ing the indirect role of lung epithelial cells also in phagocyto-
sis. In this manner, the capacity to germinate during interac-
tion with cells and/or tissues depends on the balance between
signals that induces germination and mediators produced by
host cells against pathogen.

Our results also revealed that conidia of all studied species
adhere to A549 cells in a random pattern, at least in the early
stages of interaction, as demonstrated by both light and fluo-
rescence microscopies (Figs. 2 and 3). Similarly, this adhesive
non-specific pattern was already visualized during the interac-
tion process of S. apiospermum-A549 cells [7] and A.
fumigatus-A549 cells as registered by scanning electron mi-
croscopy [29]. In another study, Kogan et al. [30] demonstrat-
ed that the focal contact between A. fumigatus conidia and
A549 cells occurred at the ends of actin stress fibers as ob-
served by fluorescence microscopy using anti-vinculin anti-
bodies. Interestingly, after 2 h of A. fumigatus conidia-A549
cells interplay, those focal contacts were disrupted by factors
secreted by the fungus [30]. Two evidences of possible epi-
thelial damage are the alterations in cell morphology and ad-
hesiveness. Through light microscopy, we identified different
degrees of morphological changes in A549 cells varying ac-
cording to the fungal species studied, in which the most ob-
served alteration was rounding the epithelial cells with subse-
quent detachment of monolayer (Fig. 2). The detachment of
monolayer was observed mainly after interaction with L.
prolificans, which could explain its low associate index
(Figs. 1 and 2). The detachment of epithelial cells from the
surface could be due to the extracellular proteases produced
by fungal pathogens able to degrade proteins that constitute
extracellular matrix components. The effects of different pro-
teases secreted by S. aurantiacum on A549 cells were recently
described and, in this context, the elastase-like protease was
able to reduce the A549 viability, chymotrypsin-like protease
was associated with A549 detachment, and cysteine protease
altered both A549 attachment and viability [31]. Degradation
of purified extracellular matrix proteins by Scedosporium spe-
cies was also previously reported by different research groups.
In S. apiospermum, a 33-kDa serine protease able to degrade
human fibrinogen was identified, while in S. boydii, two
metallo-type proteases (28 and 35 kDa) were able to cleave
fibronectin and laminin [13, 32]. The degradation of extracel-
lular matrix components helps the dissemination of fungal
pathogens into deeper tissues and also assists them to escape
from host effector cells, such as fibronectin-activated macro-
phages [5].

After 24 h of co-culturing of Scedosporium/Lomentospora
and A549 cells, all conidia have differentiated into hyphae

and, consequently, it was not possible to determine the asso-
ciation index (Fig. 2). The complete conidial differentiation
after 24 h is consistent with our earlier published work about
biofilm formation in Scedosporium and Lomentospora spe-
cies over lung epithelial monolayer [33]. Utilizing a dual
staining with CW and PI, it was possible to observe the my-
celial trap over and among the epithelial cells (Figs. 4 and 5).
Moreover, the mycelia induced irreversible damage on plasma
membrane of A549 cells, as judged by the passive incorpora-
tion of PI (Figs. 4 and 5). In fact, the plasma membrane dam-
ages of lung epithelial cells started to be detected earlier, after
only 1 h in contact with S. aurantiacum and S. minutisporum,
and after 4 h with S. apiospermum and L. prolificans, as
judged by the passive incorporation of PI (Figs. 2 and 4). As
previously proposed, plasma membrane injury observed after
interaction with filamentous fungi is mainly caused by the
apical growth of mycelial cells, which are able to penetrate
biological membranes, leading to host cell death [6]. In addi-
tion, fungal cell during its apical growth is able to secrete a
large variety of hydrolytic enzymes, including proteases and
lipases, which are able to mediate epithelial damage by cleav-
ing the most abundant biomolecules, proteins and lipids,
which form this essential cellular structure [14, 34].

In summary, our results show that S. apiospermum, S.
minutisporum, S. aurantiacum, and L. prolificans conidia
readily adhere in a random pattern on epithelial lung cells with
different avidity. After 4 h of interaction, some conidia start to
germinate and with additional 20 h, all fungal species form a
monolayer of mycelia over the A549 cells, leading to epithe-
lial cell death. Our results add information about the interac-
tionmechanisms of Scedosporium and Lomentospora species,
mainly demonstrating the ability to differentiate into hyphae
and cause irreversible damage on host cell.
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