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Abstract

Aspergillus fumigatus culture filtrate (CF) has a potent cytotoxic effect on three human cancer cell lines (DLKP,
Ab549 and HEp-2) and initiates cell death by apoptosis but the execution of the apoptotic process is incomplete.
DLKEP cells treated with A. fumigatus CF demonstrate features associated with apoptosis but cytoplasmic and nuc-
lear fragmentation were not observed and cells ultimately underwent necrosis. The apoptotic process commenced
in A549 and HEp-2 cells upon exposure to CF, cell shrinkage was observed but membrane blebbing and apoptotic
body formation were not detected and detached cells died by necrosis. In contrast, extensive nuclear fragmentation
and apoptotic body formation were evident in DLKP and A549 cells treated with anti-neoplastic agents. This work
indicates that A. fumigatus CF is cytotoxic to cancer cells and can initiate apoptosis but that the complete apoptotic
pathway is not followed.
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Introduction

Aspergillus fumigatus is an opportunistic fungal patho-
gen capable of colonising the lung or damaged airways
of the bronchial tree in the immunocompromised host.
Three classical presentations of aspergillosis are re-
cognised: allergic, saphrophytic and invasive [1] but
the mechanisms employed by A. fumigatus to colonise
pulmonary tissue are poorly characterised [2].

Culture filtrates (CF) of A. fumigatus contain nu-
merous mycotoxins with a variety of effects on mam-
malian cells which may facilitate fungal colonisation
of host tissue [3]. A. fumigatus CF inhibit the ac-
tion of complement [4], contain antiphagocytic factors
that suppress local pulmonary defences [5], retard the
ciliary beat frequency and destroy human respiratory
epithelia [3]. The factors in CF responsible for cilioin-
hibition have been partially characterised as secondary
metabolites and include gliotoxin, helvolic acid and

fumagillin [6]. Gliotoxin inhibits macrophage func-
tion and adherence to plastic surfaces [7] and induces
apoptotic cell death in macrophages [8], cells of the
spleen [9] and the immune system [10], and in a mur-
ine fibroblastic cell line [11]. The induction of cell
death, whether necrotic or apoptotic, by mycotox-
ins may precede and facilitate hyphal growth during
fungal colonisation of the lung. Toxins of A. fumig-
atus have been implicated in the destruction of lung
parenchyma and the penetration of blood vessels in
angioinvasive aspergillosis [1].

The aim of the work presented here was to determ-
ine the response of human cancer cell lines following
exposure to A. fumigatus CF. This would give an in-
dication of the role of mycotoxins in facilitating fungal
colonisation of the lung.
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Materials and methods

Cell culture

The adherent human cancer cell lines used in this
work were: DLKP (derived from a poorly differen-
tiated human squamous lung cell carcinoma [12]),
A549 (ATCC CCL 185, derived from a human lung
carcinoma [13]) and HEp-2 (ATCC CCL 23, derived
from an epidermoid carcinoma of the larynx [14]).
Adherent cells were cultured in MEM (Sigma Chem-
ical Co., St. Louis, MO) supplemented with 5% (v/v)
foetal calf serum (GIBCO Laboratories, Paisley, Scot-
land) and 4 mM L-glutamine (GIBCO). Cells were
grown in 80 cm? tissue culture flasks (Nunc, Roskilde,
Denmark) at 37 °C and 5% CO3 in a humidified at-
mosphere and routinely subcultured by trypsinisation
every 3—4 days.

Preparation of culture filtrate (CF)

A. fumigatus ATCC 13073 (originally isolated from
a human pulmonary lesion) was obtained from the
American Type Tissue Culture Collection (Rockuville,
MD) and grown on MEA plates (Blakeslee’s formula;
ATCC medium 325). Conidia were isolated using
a 0.01% (v/v) Tween 80 (Sigma) solution, filtered
through muslin to remove mycelial fragments, washed
twice in phosphate buffered saline (PBS) and resus-
pended in 100 ml of MEM culture medium at a
concentration of 1 x 108/ml. Fungal cultures were
grown for 33 hours at 37 °C and 200 rpm in an orbital
incubator. This had previously been shown to produce
a toxic culture filtrate. Growth medium was decan-
ted after centrifugation at 2300 g in a Beckman GS-6
centrifuge, filter sterilised with a 0.22 um Acro-disc
(Gelman Sciences, Ann Arbor, MI) and stored at —20
°C.

Experimental protocol

Twenty four hour old sub-confluent cultures (approx-
imately 70% confluent) were used in all experiments.
In each case culture medium was decanted and re-
placed with an equal volume of pre-warmed CF. Cells
were re-incubated at 37 °C and 5% CO; in a humidi-
fied atmosphere for different periods and monitored by
time lapse videomicroscopy, cytospin analysis, FAC
Scan analysis or DNA agarose gel electrophoresis for
alterations due to CF exposure. Control cells were
incubated for the same periods in the absence of CF.

Cytospin analysis

Cells were harvested following exposure to CF for 24
hours and resuspended in PBS at a density of 1 x
108/ml. A 200 wl sample was spun for 3 minutes at
250 g using a Shandon Cytofuge 3 (Pittsburgh, PA).
After air-drying, the samples were stained using Rapi-
Diff Il (Diakem, England), dried and mounted in DPX
(BDH Chemical Co. Ltd, Dorset, England). Slides
were analysed microscopically for the morphological
characteristics of apoptosis or necrosis as described
previously [15].

Time lapse videomicroscopy (TLVM)

Time lapse video microscopy (TLVM) was employed
to monitor the morphological appearance of cells dy-
ing as a result of CF exposure [16]. TLVM was
performed using a Nikon Diaphot inverted microscope
equipped with phase-contrast optics (20x objective)
linked to a Mitsubishi CCD-100E colour CCD camera
via a 0.6x relay lens. Images were recorded in S-
VHS onto a Mitsubishi HS-55600 video recorder with
timelapse capabilities. The temperature of the culture
vessel was maintained at 37 °C throughout.

FACScan analysis

Control cells and cells treated with CF for various
periods were harvested by centrifugation for 5 minutes
at 250 g in a Beckmann GS-6 centrifuge and washed
with PBS. Cells were resuspended in binding buffer
(10 mM Hepes/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM
CaCly) and the cell number was adjusted to 2.5 x
10%/ml. Undiluted Annexin V-FITC (5 ul) (Bender
MedSystems, Bio Whittaker, UK) was added to 195 ul
of the cell suspension and cells were incubated in the
dark at room temperature for 15 minutes. Propidium
iodide (Sigma) solution (40 wl of 100 wg/ml stock)
and a further 160 wl of binding buffer were then added.
FACS analysis was performed using flow cytometry
on a FACScan (Becton Dickinson, San Jose, CA) us-
ing Lysis Il software. Annexin V-FITC fluorescence is
presented on the horizontal axis (FL1) and propidium
iodide fluorescence on the vertical axis (FL2) of Fig-
ures 4 and 5. In each case the fluorescence of 10,000
cells was assessed.

DNA agarose gel electrophoresis

DNA was extracted from 1 x 106 cells by the addition
of 20 wl of lysis buffer (20 mM EDTA, 0.8% (w/v)



sodium lauryl sarcosinate, 100 mMTris (pH 8.0)) and
10 wl of pre-boiled (1 mg/ml) RNase A (Boehringer
Mannheim, Germany) and incubated for 18 hours at
37 °C. Proteinase K (Boehringer Mannheim, Ger-
many) (10 wl of 10 mg/ml) was added to the cells
which were incubated for 2 hours at 50 °C. Finally
5 wul of loading buffer (0.25% (w/v) bromophenol
blue, 50% (w/v) glycerol) was added to the samples.
Electrophoresis was performed at 55 V for 3.5 hours
using a 1% (w/v) agarose gel in 1 x TBE solution.
The DNA standard consisted of Lambda c1857 Sam
7 DNA digested with Hind 1l (BioRad, Hercules,
CA). DNA was visualised under UV light following
ethidium bromide staining.

Results

Microscopic analysis of cell death events

Thirty three hour old culture filtrates of A. fumigatus
ATCC 13073 inhibit the growth of DLKP, A549 and
HEp-2 cells (data not presented). The aim of the work
presented here was to characterise the exact mode of
death occurring in these cell lines following exposure
to CF.

Medium was decanted from 24-hour old 70% con-
fluent cultures and replaced with an equal volume of
pre-warmed CF. Cultures were incubated at 37 °C
and the response of cells was monitored with TLVM.
DLKP cells began to detach from the the surface of
the culture flask within 30 minutes of the addition
of CF (Figure 1A) and after approximately 24 hours
the majority of cells had rounded up, detached from
the flask surface and began the characteristic blebbing
of the plasma membrane associated with apoptosis
(Figure 1B). Blebbing persisted for many hours but
did not lead to the formation of apoptofic bodies as
would be expected in the conventional apoptotic path-
way [17]. Once blebbing ceased membrane integrity
was lost indicating the occurrence of necrosis. Control
cultures incubated for the same period showed no cell
detachment after 24 hours incubation.

Cell detachment also commenced approximately
30 minutes after the addition of CF to sub-confluent
cultures of A549. After 24 hours the majority of cells
had detached and death was observed with the loss
of cell membrane integrity as indicated by the loss
of the phase-halo. No blebbing of the plasma mem-
brane was observed. Control cells remained attached
and formed an almost confluent layer. HEp-2 cells

Figure 1. Microphotograph of DLKP cells 30 minutes and 24 hours
after exposure to A. fumigatus CF. Cultures of DLKP cells were
exposed to CF and the response monitored by TLVM. Figure 1A
shows cells 30 minutes after the addition of CF. Note the normal ad-
herent cells: (A) cells undergoing blebbing of the plasma membrane;
(B) and cells retracting from the surface; (C) Figure 1B shows the
culture after 24 hours. Note the rounded-up, detached cells in the
field (D). (Magnification x400.)

showed a similar pattern to that of the A549 cells with
cells undergoing lysis, as indicated by the loss of the
phase-halo, after 24 hours exposure to CF.

Cytospins of CF treated cells were analysed for the
morphological characteristics of apoptosis or necrosis.
Control DLKP cells showed a healthy appearance
with no sign of nuclear condensation or fragmenta-
tion into apoptotic bodies (Figure 2A). Cells treated
for 24 hours with CF demonstrated dramatic nuclear
and physical alterations including cell shrinkage and
nuclear condensation (Figure 2B). Extensive nuclear
fragmentation did not occur and the presence of ap-
optotic bodies was not observed in these cells. It was
apparent that some cells had lysed. In contrast DLKP
cells treated with the anti-neoplastic agent Taxol un-
dergo extensive nuclear fragmentation and apoptotic
body formation (Verhaegen and Clynes, unpublished
observations).



70

Figure 2. Morphological features of control and CF-treated DLKP
cells. Sub-confluent DLKP cultures were treated with A. fumig-
atus CF for 24 hours and then prepared for microscopic analysis
as described. Note the healthy appearance of normal cells (Figure
2A). Figure 2B shows features of DLKP cells treated with CF for
24 hours. Note nuclear and cytoplasmic alterations including cell
shrinkage (S) and nuclear condensation (C). Apoptotic bodies are
absent. Lysed cells (Lc) are visible. (Magnification x 1100.)

CF produced only cell shrinkage and nuclear
condensation in A549 cells (Figures 3A and 3B)
and neither nuclear fragmentation nor apoptotic body
formation was detected. In contrast, exposure of A549
cells to the anti-neoplastic agent Etoposide (Bristol
Myers Pharmaceuticals, UK) at a concentration of
100 wg/ml for 24 hours resulted in extensive nuclear
fragmentation and apoptotic body formation (Figure
3C). In the case of HEp-2 cells cytospin analysis re-
vealed that exposure to CF for 24 hours resulted in
cell shrinkage, nuclear condensation and ultimately
lysis. Neither nuclear fragmentation nor apoptotic
body formation was observed.

Flow cytometric analysis

Annexin V-FITC (AV) can be used in association with
propidium iodide (P1) to assess the relative levels of
apoptosis and necrosis in cell populations [18]. Ap-

Figure 3. Morphological features of A549 cells. Cytospins of
control, CF-treated and etoposide-treated A549 cells. Figure 3A
shows normal cells. Figure 3B shows cells exposed to CF for
24 hours. Note cell shrinkage (S), nuclear condensation (C) and
evidence of cell lysis (Lc). Figure 3C shows A549 cells after ex-
posure to 100 wg/ml etoposide for 24 hours, note extensive nuclear
fragmentation (Nf). (Magnification x 1100.)

optotic cells appear in the lower right area of the
FACS-plots while necrotic cells register in the upper
right region. Normal cells are recorded in the lower
left quadrangle. Based upon AV and P1 double stain-
ing, after 24 hours in the presence of CF the level of
apoptosis in DLKP cells was 17.90% while the level
of necrotic cells was 18.76% (Figure 4B). In contrast,



the 24 hour control culture had 7.27% of cells apop-
totic and 2.29% necrotic (Figure 4A). After 48 hours
49.10% of cells were necrotic (Figure 4D) while the
equivalent control culture showed that 11.86% of cells
were apoptotic and 3.03% were necrotic (Figure 4C).

Following 24 hours exposure to CF 47.86% of
Ab549 cells appeared necrotic while 10.89% demon-
strated a staining pattern indicative of apoptosis (Fig-
ure 5B). The comparable control culture showed low
levels of apoptosis and necrosis (Figure 5A). After
48 hours 81.81% of CF-treated cells were necrotic
and 13.03% appeared apoptotic (Figure 5D) while in
the comparable control culture 4.42% of cells demon-
strated a staining pattern indicative of apoptosis and
1.66% appeared necrotic (Figure 5C). Flow cytomet-
ric analysis of HEp-2 cells showed the occurrence of
a similar cell death pathway as seen in DLKP, i.e., a
predominance of necrotic cells after 48 hours exposure
to CF.

Detection of DNA fragmentation

Agarose gel electrophoresis can be used to distinguish
the different forms of cells death, i.e., the inter-
nucleosomal fragmentation of cellular DNA following
the induction of apoptosis appears as a DNA ‘lad-
der’ [17]. DNA was extracted from control cells and
cells treated with CF for 24, 48 or 72 hours as de-
scribed and separated by agarose gel electrophoresis.
The results reveal that CF was incapable of inducing
sufficient levels of DNA fragmentation in DLKP cell
populations after 24 hours to give a pronounced lad-
der pattern (Figure 6). Fragmentation of DNA into the
characteristic ladder pattern associated with apoptosis
was observed after 48 and 72 hours exposure to CF
(note the “ladder’ patterns in lanes 3 and 4 of Figure 6).
Control populations of DLKP incubated for the same
periods in the absence of CF did not yield a DNA ‘lad-
der’ fragmentation pattern. A549 cells showed a weak
DNA banding pattern irrespective of the length of the
incubation period.

Discussion

The work presented in this paper demonstrates that
A. fumigatus CF is capable of initiating apoptotic cell
death in adherent human cancer cell lines but that the
process terminates before the completion of the full
apoptotic pathway. Apoptosis is a form of cell death
which is biochemically and morphologically distinct
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from necrosis [17]. It may occur as part of the normal
developmental processes involved in tissue formation
or as a result of a variety of cellular insults or stimuli
[19]. During apoptosis the dying cell actively particip-
ates in its own demise by following a specific sequence
of events which include detachment from its neigh-
bours or tissue culture substrate, cell shrinkage and
membrane blebbing. Nuclear events include condens-
ation of the chromatin and extensive internucleosomal
cleavage of cellular DNA which is visible as a ladder
of fragments of multiples of approximately 180 base
pairs in size when DNA from apoptotic cells is ana-
lysed by agarose gel electrophoresis [17]. Blebbing of
the plasma membrane is followed by fragmentation of
the cell into neatly packaged apoptotic bodies which
may be engulfed by neighbouring cells or phagocytes
without evoking an inflammatory response. The nec-
rotic form of cell death generally follows severe injury
[20]. During necrosis, the cell volume increases and
membrane integrity is lost early in the process. As a
consequence, the contents of the cell are released into
the immediate environment which may result in fur-
ther damage to surrounding cells and an inflammatory
response [17].

A. fumigatus CF caused cell detachment and in-
hibited the growth of the cell lines used in this work.
Time-lapse video microscopy analysis of CF treated
DLKP cells showed numerous features associated
with apoptosis including cell shrinkage and blebbing
of the plasma membrane (Figure 1B). Cytospins of CF
treated cells revealed a decrease in cell size, but also
nuclear condensation and cell lysis. However at no
stage was apoptotic body formation detected (Figure
2B). FAC Scan analysis using AV and P1 double stain-
ing of DLKP cells treated with CF for 24 hours showed
features associated with apoptosis, i.e., AV staining
of external plasma membrane phosphatidylserine, but
also the presence of necrotic cells (Figure 4B). In
the work presented here deviations from the ‘conven-
tional” apoptotic pathway have been observed. DLKP
cells treated with CF detached from the flask surface,
decreased in size and underwent membrane blebbing.
Fragmentation of DNA using conventional gel electro-
phoresis was also detected (Figure 6). Apoptotic body
formation did not occur and many of the apoptotic
cells finally lost their membrane integrity — a phe-
nomenon closely associated with necrosis, suggesting
an incomplete execution of the apoptotic process.

Cell death in the A549 cell line following treatment
with CF showed a number of differences to that which
occurs in DLKP. TLVM failed to show blebbing of
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Figure 4. Flow cytometric analysis using AV and P1 staining of DLKP cells. Twenty four hour old sub-confluent cultures of DLKP cells were
exposed to CF for 24 and 48 hours, harvested as described and analysed by flow cytometry for alterations in AV and P1 fluorescence (Figures
4B and 4D). Controls were cultured for the same periods in the absence of CF (Figures 4A and 4C).

the plasma membrane and only weak fragmentation of
DNA could be detected using gel electrophoresis. In
contrast, the form of cell death evident in this cell line
following exposure to etoposide resulted in apoptosis
terminating in extensive nuclear fragmentation and the
formation of apoptotic bodies (Figure 3C).

HEp-2 cells showed a decrease in cell size and in-
creased AV staining when treated with CF but appear
to die by necrosis. There was no evidence of fragment-
ation of DNA into the characteristic ‘ladder’ pattern
of apoptosis in this cell line, indicating cell death via
necrosis rather than apoptosis.

Since CF contains many components, some of
which remain to be characterised [6], some compon-
ent(s) may force the abandonment of the apoptotic
pathway prior to the commencement of the latter
stages of the process. Fumonisin B1, a mycotoxin pro-
duced by Fusarium moniliforme, has been shown to
inhibit apoptosis in P388 and U937 cells [21]. Since
apoptosis, but not necrosis, is ATP dependent it is
possible that some component(s) in CF may deplete
intracellular ATP levels thus pushing the cells towards
necrosis [22]. DLKP and A549 cells are capable of
completing the full apoptotic pathway and forming
apoptotic bodies when apoptosis is induced by anti-



73

- B% :
- - i
- T1AD49 0.93% g
3724 CONT..| ..., Py )
| B " . : e H : =
{7 (I
A < ] - ]
E .;"‘g Lo . % "":
' 1. & ] JEES
1 1 ., . w o ! Lt "
8 oy TR e RIS | TR T TR 160 o1 162 16 To4
3 FL1-H\FL1-Height —==> FL1-H\FL1-Height —-=>
| =1
(=]
3
[
[-*}
g C%, : Dz,
3 10549 1.66% ]
- E
] T48 COHT " ) ’“&»-
e 1% ey R
E.'-i: ‘I; 1 e w3
& By " 5]
ot 'E', P . . o
m N 1 'A » .l:. _}"-
Qo d" . Ij' % . :
. J L
A2, del- . .. 113.83%
=P RS 160 161 192 1e? 104
FL1-H\FL1-Height ——> FL1-HNFL1-Height —-->
Log Annexin V Fluorescence =-----s---m--->

Figure 5. Flow cytometric analysis of AV and P1 staining of A549 cells. Twenty four hour old sub-confluent cultures of A549 cells were
exposed to CF for 24 and 48 hours, harvested as described and analysed by flow cytometry for alterations in AV and P1 fluorescence (Figures
5B and 5D). Controls were cultured for the same periods in the absence of CF (Figures 5A and 5C).

neoplastic agents indicating that the type of cell death
observed here following CF treatment is not an in-
herent feature of the cell lines. The forms of cell
death described here contrast with that recorded in
murine fibroblasts exposed to gliotoxin (a compon-
ent of A. fumigatus CF) where DNA fragmentation
and the formation of apoptotic bodies occurs [11].
Gliotoxin induces apoptosis, as determined by gel
electrophoresis and flow cytometry, in macrophages
[8] and spleen cells [9] but it is unclear whether mor-
phological studies were performed to ascertain if these
processes terminated in apoptotic body formation or
Necrosis.

This work demonstrates that A. fumigatus CF-
induced cell death assumes a variety of forms in
the human cancer cell lines examined here. One cell
line (DLKP) demonstrated many of the stages of ap-
optosis (cell shrinkage, membrane blebbing, DNA
fragmentation) before undergoing necrosis. A549 and
HEp-2 cells appeared to begin the apoptotic process
(demonstrated cell shrinkage as determined by cyto-
spin analysis and flow cytometry) but then lysed. The
induction of cell death by mycotoxins during col-
onisation of the lung facilitates hyphal growth and
tissue penetration [1]. There remains the possibility
that A. fumigatus CF may contain some component(s)
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Figure 6. Agarose gel electrophoresis of DNA extracted from con-
trol and CF-treated DLKP cells. DNA was extracted from control
cells and cells exposed to CF for various periods and analysed by
agarose gel electrophoresis. Lane 1 — control cells; Lane 2 cells
treated with CF for 24 hours; Lane 3 — cells treated with CF for
48 hours; Lane 4 — cells treated with CF for 72 hours. S represents
DNA size marker with weights, in descending order, of 23.1, 9.4,
6.6, 4.4, 2.3, 2.0 and 0.6 kb.

that circumvent the full apoptotic pathway before the
formation of apoptotic bodies.
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