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Invasive aspergillosis is characterized by hyphal invasion of the blood vessels, which contributes to the
pathogenesis of this disease. During this angioinvasion, Aspergillus fumigatus interacts with the endothelial cell
lining of the blood vessels. We investigated the response of vascular endothelial cells to A. fumigatus infection
in vitro and in mouse models of invasive pulmonary aspergillosis. Infection with hyphae, but not with conidia,
stimulated endothelial cells to synthesize E-selectin, vascular cell adhesion molecule 1 (VCAM-1), interleukin
8, and tumor necrosis factor alpha (TNF-«) in vitro. Killed hyphae induced approximately 40% less stimula-
tion than did live hyphae. Endothelial cell stimulation required contact between the hyphae and endothelial
cells but not endocytosis of the organisms. Studies with AgliP and AsfuA null mutants of A. fumigatus indicated
that the extent of endothelial cell stimulation was not influenced by gliotoxin or other StuA-dependent factors
synthesized by A. fumigatus. In neutropenic mice infected with wild-type A. fumigatus, increased pulmonary
expression of E-selectin, cytokine-induced neutrophil chemoattractant (KC), and TNF-a occurred only when
neutropenia had resolved. In nonneutropenic mice immunosuppressed with corticosteroids, A. fumigatus
stimulated earlier pulmonary expression of E-selectin, VCAM-1, and KC, while expression of intercellular
adhesion molecule 1 and TNF-« was suppressed. In both mouse models, expression of E-selectin and KC was
associated with high pulmonary fungal burden, angioinvasion, and neutrophil adherence to endothelial cells.
Therefore, the expression of leukocyte adhesion molecules and secretion of proinflammatory cytokines by
endothelial cells in response to A. fumigatus could enhance the host defense against this organism by contrib-

uting to the recruitment of activated leukocytes to sites of angioinvasion.

Invasive aspergillosis is the most common mold infection in
immunocompromised patients, with Aspergillus fumigatus ac-
counting for the majority of these cases (13). A characteristic
finding in invasive aspergillosis is invasion of the blood vessels
by the fungus (2, 13). There are two major consequences of this
angioinvasion. First, it results in pulmonary hemorrhage and
vascular thrombosis at the site of the initial infection. Throm-
bosis of the pulmonary vasculature leads to tissue infarction,
which permits fungi at the center of these infarcted regions to
grow unchecked, as there is poor delivery of leukocytes as well
as antifungal agents to these areas. Second, angioinvasion is
the mechanism by which organisms disseminate via the blood-
stream to other organs, a process that is associated with a
dismal prognosis (28).

The key role of angioinvasion in the pathogenesis of invasive
aspergillosis has prompted us to study the interactions of A4.
fumigatus with vascular endothelial cells in vitro. Endothelial
cells endocytose both conidia and hyphae of A. fumigatus in
vitro, a process that results in both endothelial cell damage and
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stimulation of tissue factor expression (11, 18, 29). It is prob-
able that this expression of tissue factor contributes to the
intravascular thrombosis that occurs at sites of A. fumigatus
angioinvasion. Endothelial cells have the capacity to influence
the local host response against microbial pathogens through
expression of leukocyte adhesion molecules and secretion of
proinflammatory cytokines (5). Other fungal pathogens, such
as Candida albicans, stimulate endothelial cell expression of
these proinflammatory mediators (4, 16, 21). However, the
effect of A. fumigatus on the expression of leukocyte adhesion
molecules and proinflammatory cytokines by endothelial cells
has not been previously determined. In the present study, we
investigated the capacity of 4. fumigatus to stimulate the ex-
pression of these immunomodulatory factors by endothelial
cells, both in vitro and in vivo.

MATERIALS AND METHODS

Strain and growth conditions. The strains and source of A. fumigatus that were
used in these experiments are listed in Table 1. Conidia and hyphae were grown
and prepared as described previously (11). Briefly, all A. fumigatus strains, except
for the AstuA null mutant and the AstuA::stuA complemented strain, were grown
on Sabouraud dextrose agar (Becton Dickinson, Franklin Lakes, NJ) for at least
7 days at 35°C. Conidia were harvested by flooding plates with phosphate-
buffered saline (Mediatech, Inc., Herndon, VA) containing 0.1% Tween 80
(vol/vol) (Sigma-Aldrich, St. Louis, MO). Hyphae were prepared by incubating
the conidia in Sabouraud dextrose broth on 150-mm-diameter petri dishes at
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TABLE 1. Strains of A. fumigatus used in the experiments

Strain Relevant genotype Reference
Af293 Wild type
AgliP3 AgliP 25
AgliP3+gliP AgliP plus gliP 25
AstuA AstuA 22
revL AstuA::stuA 22

37°Cin 5% CO, for approximately 6 h. The resulting germ tubes were 4 to 10 um
in length.

The AstuA mutant has a defect in conidiation (22) and produced insufficient
conidia for the experiments when grown on Sabouraud agar. Therefore, this
mutant was grown on YEPD agar (1% yeast extract, 2% peptone, 2% glucose,
2% agar) for 6 days prior to the harvesting of the conidia. Af293 (the wild type)
and the AstuA:stuA complemented strain were grown similarly on YEPD agar
for comparison in these experiments.

For experiments using killed organisms, hyphae were incubated in 0.02%
thimerosal in Hanks balanced salt solution (Irvine Scientific, Santa Ana, CA) at
room temperature overnight and then washed extensively before use (11).

Endothelial cells. Endothelial cells were isolated from human umbilical cord
veins by the method of Jaffe et al. (7) and cultured as previously described (21)
in tissue culture medium consisting of M-199 medium (Gibco/Invitrogen, Carls-
bad, CA) supplemented with 10% fetal bovine serum and 10% defined bovine
calf serum (both from Gemini Bio-Products, Inc., West Sacramento, CA), and
containing 2 mM L-glutamine with penicillin and streptomycin (Irvine Scientific,
Santa Ana, CA). Endothelial cells were maintained in a humidified incubator at
37°C in 5% CO, and used in the experiments after the second or third passage.

Endothelial cell stimulation. The effects of 4. fumigatus on endothelial cell
expression of leukocyte adhesion molecules were determined by a minor modi-
fication of our previously described method (16). Briefly, the endothelial cells
were grown in fibronectin-coated 96-well tissue culture plates for 72 h prior to
use. On the day of the experiment, the medium was aspirated and each well was
then infected with 3.3 X 10* conidia or hyphae in 200 pl of tissue culture medium
for 8 h at 37°C. Parallel wells were incubated with medium alone as a negative
control, with tumor necrosis factor alpha (TNF-a) at 17 pg/ml for the E-selectin
experiments, or with 85 pg TNF-a/ml for the vascular cell adhesion molecule 1
(VCAM-1) and intercellular adhesion molecule 1 (ICAM-1) experiments as a
positive control. At the end of the incubation period, the cells were rinsed, fixed
with 2 to 4% paraformaldehyde, and then incubated with monoclonal antibodies
to E-selectin, VCAM-1, or ICAM-1 (Biodesign International, Saco, ME) over-
night. The cells were washed and incubated with horseradish peroxidase-conju-
gated sheep anti-mouse secondary antibody for 1 h. The plates were developed
by addition of SigmaFast O-phenylenediamine (Sigma-Aldrich), and the optical
density at 490 nm was determined.

Experiments designed to detect endothelial cell secretion of TNF-a and in-
terleukin 8 (IL-8) were performed similarly to the leukocyte adhesion molecule
experiments except that the endothelial cells were grown in 24-well tissue culture
plates and the inoculum was 2 X 10° A. fumigatus conidia or hyphae in 0.5 ml of
tissue culture medium. In the IL-8 experiments, TNF-a (1 ng/ml) was used as the
positive control. After 8 h of incubation, the conditioned medium was collected
and centrifuged at 1,000 X g to remove the cells. The concentrations of TNF-a
and IL-8 in the supernatant were measured using commercial enzyme-linked
immunosorbent assays (ELISAs) (R&D Systems, Inc., Minneapolis, MN, and
Biosource International, Inc., Camarillo, CA, respectively).

To determine if the endocytosis of A. fumigatus was necessary for stimulation
of endothelial cell E-selectin expression, the endothelial cells were infected with
organisms in the presence of 70 nM of the microfilament inhibitor cytochalasin
D. This concentration of cytochalasin D is sufficient to block endocytosis of 4.
fumigatus and has no detectable endothelial cell toxicity (11). Control endothelial
cells were exposed to the diluent (dimethyl sulfoxide) alone.

To investigate whether soluble factors secreted by A. fumigatus influenced
E-selectin expression, 3.3 X 10* hyphae were placed in tissue culture filter inserts
(0.2-um pore size; Nunc, Rochester, NY), which were suspended approximately
1 mm above the endothelial cells. The infected endothelial cells were incubated
for 8 h, after which cells were processed as described above for E-selectin
stimulation.

All experiments were performed in duplicate or triplicate on at least three
different occasions.

INFECT. IMMUN.

Endothelial cell damage. The extent of endothelial cell damage caused by
hyphae of the various strains of A. furmigatus was determined using a >!Cr release
assay exactly as described previously (11). The endothelial cells were grown in
24-well tissue culture plates, and the inoculum, medium, and incubation time
were the same as in the endothelial cell stimulation experiments. The experi-
ments were performed in triplicate three times.

Mouse model of invasive pulmonary aspergillosis. To determine the effect of
A. fumigatus infection on the expression of leukocyte adhesion molecules and
cytokines in vivo, we used our previously described mouse models of invasive
pulmonary aspergillosis (24, 25). All studies with mice were approved by the
Institutional Animal Use and Care Committee of the Los Angeles Biomedical
Research Institute in accordance to the National Institutes of Health guidelines
for the ethical treatment of animals. In the neutropenic mouse model, specific-
pathogen-free male BALB/c mice weighing 17 to 20 g were immunosuppressed
by administration of 250 mg/kg of body weight of both cyclophosphamide (West-
ern Medical Supply, Arcadia, CA) and cortisone acetate (Sigma-Aldrich) 2 days
prior to infection and with 200 mg/kg of cyclophosphamide and 250 mg/kg of
cortisone acetate 3 days after infection. In the nonneutropenic, immunosup-
pressed mouse model, mice were given 10 mg of cortisone acetate every other
day, from day —4 to day +4 relative to the day of infection, for a total of five
doses. In both models, the mice were infected with A. fumigatus by placing them
for 1 h in an inhalational chamber containing an aerosol generated from 12 ml
of 1 X 10° conidia/ml. Control mice were immunosuppressed with the same
regimens but were not infected. While the mice were neutropenic or immuno-
suppressed with steroids, they were given 5 mg ceftazidime subcutaneously once
daily to prevent bacterial infection.

On days 2, 4, 6, and 8 after infection in the neutropenic model, and on days 2,
4, and 6 after infection in the nonneutropenic model, groups of at least eight
infected and six uninfected mice were sacrificed. These time points were chosen
so that unbiased comparison could be made between infected and uninfected
groups, because there was >90% survival of all mice. The lungs were excised and
rinsed in phosphate-buffered saline. Two sets of infected lungs were processed
for histopathology (described below). The remaining lungs were weighed and
homogenized in the presence of protease inhibitor cocktail (Sigma-Aldrich).
Nonidet P-40 substitute (Sigma-Aldrich) was added to a final concentration of
1% and the mixture was incubated on ice for 20 min (8). Next, the homogenate
was clarified by centrifugation at 1,000 X g at 4°C for 5 min, after which the
supernatant was collected and stored at —80°C. The concentrations of murine
soluble E-selectin (sE-selectin), sVCAM-1, sSICAM-1, and cytokine-induced neu-
trophil chemoattractant (KC) were determined by use of an ELISA from R&D
Systems. The concentration of TNF-a was determined by use of an ELISA from
BioSource International.

The fungal burdens of the mice were evaluated by determining the pulmonary
galactomannan content. The amount of galactomannan in the lung homogenates
was measured using the Platelia Aspergillus enzyme immunoassay (Bio-Rad,
Hercules, CA) according to a minor modification of the manufacturer’s instruc-
tions as reported previously (23). Briefly, a 15-ul sample of each pulmonary
homogenate was diluted in ultrapure water (from 1:20 to 1:300 for samples
harvested on days 2 to 8, respectively) and processed according to the manufac-
turer’s instructions. Optical densities were then compared to a standard curve
made of serial dilutions of a standard pool of lung homogenates obtained from
highly infected mice to determine the relative galactomannan content per gram
of lung tissue.

At each time point, the lungs from two mice were used for histopathological
examination. They were fixed in zinc-buffered formalin and then stored in 70%
ethanol. They were subsequently embedded in paraffin, after which thin sections
were prepared and stained with Gomori methenamine-silver (GMS) and peri-
odic acid-Schiff (PAS) stains.

Statistical analysis. Differences in adherence and the endothelial cell response
to A. fumigatus in vitro were compared using analysis of variance. The results of
the animal experiments were analyzed using the Wilcoxon rank sum test. P values
of =0.05 were considered to be significant.

RESULTS

A. fumigatus hyphae, but not conidia, stimulated endothelial
cells to express leukocyte adhesion molecules and secrete
proinflammatory cytokines in vitro. Endothelial cells were in-
fected for 8 h with A. fumigatus hyphae or conidia, after which
the endothelial cell surface expression of the leukocyte adhe-
sion molecules E-selectin, VCAM-1, and ICAM-1 was mea-
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FIG. 1. A. fumigatus hyphae stimulate endothelial cells. Endothelial cells were exposed to the indicated conditions for 8 h, after which the
surface expression of E-selectin (A) and VCAM-1 (C) was measured and the accumulation of IL-8 (B) and TNF-a (D) in the culture medium was
determined. Results are the means *+ standard deviations from three experiments, each performed in duplicate or triplicate. *, P < 0.0001 versus
endothelial cells exposed to M199 or conidia; f, P < 0.009 versus live hyphae and P < 0.0001 versus M199; , P < 0.0005 versus M199. OD, optical

density.

sured. We found that hyphae stimulated endothelial cells to
express E-selectin and VCAM-1, whereas conidia did not (Fig.
1A and C). Neither form of 4. fumigatus stimulated endothe-
lial cells to express ICAM-1 (data not shown). We also inves-
tigated whether the two different forms of A. fumigatus had
different effects on the endothelial cell secretion of IL-8 and
TNF-a. Hyphae also stimulated much greater secretion of both
of these cytokines than did conidia (Fig. 1B and D).

Next, we investigated whether fungal viability influenced the
response of endothelial cells to A. fumigatus hyphae. Hyphae
were killed with the metabolic poison thimerosal to minimize
changes to the cell surface. Although the killed hyphae stim-
ulated approximately 40% less expression of E-selectin and
VCAM-1 than did live hyphae, they still induced a significant
increase in E-selectin and VCAM-1 expression compared to
what was seen for unstimulated endothelial cells (Fig. 1A and
C). These results indicate that a factor that is associated with
killed hyphae is capable of stimulating endothelial cells. Also,
live hyphae likely have a different cell surface and/or an ongo-
ing metabolic process required for maximal endothelial stim-
ulation.

Stimulation of E-selectin expression required direct contact
between hyphae and endothelial cells. Next, the mechanisms
by which A. fumigatus stimulates endothelial cells were inves-
tigated using E-selectin expression as an indicator of endothe-
lial cell stimulation. The finding that A. fumigatus viability was
required for maximal stimulation of endothelial cells suggested
that viable A. fumigatus hyphae may secrete a soluble factor
that stimulates endothelial cells. To investigate this possibility,

we prevented contact between the organisms and endothelial
cells by adding the hyphae to tissue culture inserts suspended
over the endothelial cells. The presence of hyphae in the tissue
culture insert had no effect on the levels of E-selectin expres-
sion by both uninfected and infected endothelial cells (Fig.
2A). Therefore, contact between A. fumigatus hyphae and en-
dothelial cells is required for endothelial cell stimulation.

After A. fumigatus hyphae come in contact with endothelial
cells, they induce their own endocytosis by these cells (11). We
investigated whether the endothelial cell endocytosis of A.
fumigatus hyphae was required for induction of leukocyte ad-
hesion molecule expression. Endothelial cells were infected
with the hyphae in the presence of the microfilament inhibitor
cytochalasin D at a concentration that was sufficient to block
endothelial cell endocytosis of A. fumigatus (11). Cytochalasin
D had a minimal effect on the expression of E-selectin induced
by A. fumigatus (Fig. 2B). Collectively, these results indicate
that contact of 4. fumigatus hyphae with endothelial cells in the
absence of endocytosis is sufficient to induce endothelial cell
stimulation.

A. fumigatus mutants with defects in the synthesis of glio-
toxin and other putative secondary metabolites stimulated
normal E-selectin expression. The A. fumigatus genome con-
tains 22 to 26 gene clusters that specify the enzymes necessary
for the synthesis of a corresponding number of secondary me-
tabolites (mycotoxins) (15, 20). These secondary metabolites
include gliotoxin and aflatoxin and have the potential to sig-
nificantly influence the response of endothelial cells to fungal
infection (19, 25, 27). Although we found that soluble factors
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FIG. 2. A. fumigatus stimulation of cell E-selectin expression requires direct endothelial cell contact but not endocytosis of the organism and
is not influenced by gliotoxin or other sfu4-dependent secondary metabolites. Endothelial cell expression of E-selectin was measured when the
organisms were suspended above the endothelial cells (ECs) in filter inserts with 0.2-pwm pores (A), after infection with wild-type A. fumigatus
hyphae in the presence (+CD) or absence of cytochalasin D (B), and after infection with the indicated A. fumigatus mutants (C). Results are the
means * standard deviations from three experiments, each performed in triplicate. *, P < 0.035 compared to endothelial cells exposed to hyphae

without cytochalasin D. OD, optical density; WT, wild type.

secreted by A. fumigatus were not sufficient to induce endothe-
lial cell E-selectin expression, it remained possible that one or
more of these secondary metabolites could modulate the en-
dothelial cell response to A. fumigatus. To investigate this pos-
sibility, we analyzed the endothelial cell response to infection
with AgliP and AstuA null mutant strains. These strains have
defects in the synthesis of secondary metabolites. The AgliP
mutant does not synthesize gliotoxin (25). The AstuA mutant
has reduced expression of five secondary metabolite gene clus-
ters, including the one responsible for the synthesis of gliotoxin
(22). Infection with the AgliP and AstuA mutants stimulated
the same level of E-selectin expression on endothelial cells as
was induced by the wild-type strain (Fig. 2C). These results
indicate that neither gliotoxin nor the secondary metabolites
whose synthesis is governed by StuA influence endothelial cell
E-selectin expression.

To interpret the stimulation results with the various A. fu-
migatus mutants, we also measured the extent of endothelial
cell damage caused by these strains. After 8 h of incubation,
hyphae of the wild-type and null mutant strains caused very
little endothelial cell damage (<10% specific >'Cr release),
and there was no difference in the amounts of damage caused
by the different strains (data not shown).

Neutropenic mice with invasive aspergillosis had delayed
expression of leukocyte adhesion molecules and proinflamma-
tory cytokines. Next, we investigated the time course of pul-
monary fungal burden, phagocyte accumulation, and expres-
sion of leukocyte adhesion molecules and proinflammatory
cytokines in neutropenic mice with invasive pulmonary as-
pergillosis. The pulmonary fungal burden of the infected mice,
as measured by whole-lung galactomannan content, increased
exponentially over time (Fig. 3A). As expected, the galacto-
mannan content of the lungs of the uninfected mice remained
low at all time points. Histopathological examination of the
lungs also demonstrated that the number of fungi and the size
of the lesions increased progressively over time (Fig. 4). No
fungi were visible in the lungs at day 2 of infection (data not
shown). By day 4 of infection, rare foci of infection that con-
tained a few hyphae were visible (Fig. 4A). As expected for
neutropenic mice, there were very few leukocytes present at
these foci, which were mainly mononuclear cells. By day 6 of
infection, the foci of infection were larger and contained more
hyphae. These hyphae were surrounded by a few leukocytes,
which were fragmented (Fig. 4B). By day 8 of infection, the
mice were no longer neutropenic (24). There were many foci of
infection and they contained large numbers of hyphae. The
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FIG. 3. Time course of pulmonary fungal burden in mice with invasive pulmonary aspergillosis. Mice were immunosuppressed either with
cortisone acetate and cyclophosphamide (A) or with high-dose cortisone acetate alone (B). They were infected with A. fumigatus conidia in an
aerosol chamber. Control mice were immunosuppressed but not infected. At the indicated time points, the mice were sacrificed, after which the
galactomannan content of their lungs was determined. Results are the medians *+ interquartile ranges for six to nine mice per group. *, P < 0.009

compared to uninfected mice at the same time point.

hyphae were surrounded by an extensive inflammatory infil-
trate consisting mainly of neutrophils (Fig. 4C). At this time
point, angioinvasion was visible (Fig. 4D). Furthermore, neu-
trophils could be seen adhering to the walls of the invaded
blood vessels. This neutrophil margination is evidence that
these endothelial cells were expressing leukocyte adhesion
molecules.

The profile of whole-lung leukocyte adhesion molecule ex-
pression and proinflammatory cytokine content paralleled the
time course of leukocyte recruitment. During the first 6 days of
infection, there was no significant increase in the expression
E-selectin, VCAM-1, KC, and TNF-a compared to what was
seen for immunosuppressed, uninfected mice at the same time
points (Fig. 5 and 6). The expression of E-selectin, KC, and
TNF-a did not increase significantly until day 8 of infection.
There was no significant change in the expression of ICAM-1
or VCAM-1 at any of the time points tested. The increase in
E-selectin, KC, and TNF-a corresponded to the resolution of
neutropenia and the recruitment of large numbers of neutro-
phils to the foci of infection. These results suggest that there is
minimal host response to A. fumigatus during the first 6 days of
infection in these highly immunocompromised mice. They fur-
ther indicate that significant expression of leukocyte adhesion
molecules and proinflammatory cytokines does not occur until
immunosuppression wanes.

Invasive pulmonary aspergillosis in nonneutropenic mice
immunosuppressed with cortisone acetate alone had more-
rapid progression of disease and earlier expression of leuko-
cyte adhesion molecules and cytokines. The results with the
neutropenic mice suggested that the presence of neutrophils
significantly influenced the endothelial cell response to A. fu-
migatus. Therefore, we investigated the host response to inva-
sive pulmonary aspergillosis in nonneutropenic mice that were
immunosuppressed with cortisone acetate alone. In these
mice, the pulmonary fungal burden increased earlier and more
rapidly than in the neutropenic mice despite the fact that the
initial infectious doses were identical in both models (Fig. 3B).

The pulmonary histopathology of the nonneutropenic mice
also demonstrated accelerated disease progression. After only
2 days of infection, foci of hyphal elements were visible (Fig.

7). These lesions increased in size over time and were much
larger than the lesions seen at the corresponding time points
for the neutropenic mice. Interestingly, for the nonneutropenic
mice, most of the foci of infection appeared to originate from
the bronchioles rather than the alveoli, while in neutropenic
mice the infection appeared to originate predominantly from
the alveoli. The inflammatory infiltrates surrounding the fungi
were composed of neutrophils at all time points. By day 4 of
infection, angioinvasion was visible. Also, some neutrophils
were adherent to the vascular endothelium, indicating that the
endothelial cells were expressing leukocyte adhesion molecules
at this time point. On day 6 of infection, there was extensive
angioinvasion and increased neutrophil adherence to the en-
dothelium adjacent to the foci of infection.

As predicted by the histopathological findings, the lungs of
the nonneutropenic mice had significantly increased expres-
sion of E-selectin, VCAM-1, and KC by day 4 and even greater
expression by day 6 (Fig. 5 and 6). Surprisingly, the pulmonary
expression of ICAM-1 and TNF-« in infected mice was signif-
icantly lower than that in the uninfected, immunosuppressed
control mice, even on day 6, despite the high fungal burden of
the infected mice. These results demonstrate that in the lungs
of nonneutropenic mice, A. fumigatus infection has both im-
munostimulatory and immunosuppressive effects.

DISCUSSION

A. fumigatus conidia are important for the initiation of in-
vasive aspergillosis, as they interact with pulmonary epithelial
cells in the alveoli. However, only hyphae are visible at foci of
established invasive and disseminated aspergillosis, suggesting
that this form of the organism is most important for tissue
invasion and hematogenous dissemination. Consistent with
this observation, our data demonstrate that A. fumigatus hy-
phae and conidia induce different endothelial cell responses in
vitro. Hyphae stimulated endothelial cells to express the leu-
kocyte adhesion molecules E-selectin and VCAM-1 and se-
crete the proinflammatory cytokines TNF-a and IL-8. In con-
trast, conidia did not stimulate production of any leukocyte
adhesion molecule or IL-8 and induced only minimal secretion
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FIG. 4. Histopathology of the lungs of neutropenic mice with invasive aspergillosis. (A) Day 4 results showing a small focus of hyphae
surrounded by a mononuclear infiltrate. (B) Day 6 results showing a larger focus of infection with more hyphae surrounded by leukocytes with
apoptotic nuclei. (C and D) Day 8 results showing extensive hyphae surrounded by numerous neutrophils (C) and angioinvasion, disruption of
endothelial cells, and adjacent neutrophil margination (D). In panels A to C, GMS staining is shown on the left and PAS staining on the right,
while the tops are shown at a magnification of X200 and the bottoms at X400. (D) PAS stain; top-panel magnification, X 100; bottom-panel
magnification, X400. Single white arrow, fungi; black arrows, leukocytes; arrowheads, blood vessel walls; double white arrows, hyphae within the
blood vessel lumen; double black arrows, neutrophils adherent to endothelial cells.

of TNF-a. Previously, we found that A. fumigatus hyphae also
induce endothelial cells to express tissue factor, while conidia
do not (11). Thus, the mechanisms by which hyphae induce
proinflammatory and procoagulant responses by endothelial
cells may be similar. A. fumigatus hyphae have similarly been
reported to induce a stronger proinflammatory response by
other types of host cells. For example, both alveolar and peri-
toneal macrophages from mice secrete significantly more
TNF-a in response to hyphae than in response to conidia (6,
26). It is known that the composition of the cell surface of 4.
fumigatus changes significantly as resting conidia swell and
then germinate. However, it is not yet known which of these

surface changes are responsible for the high host cell stimula-
tion induced by hyphae compared to that induced by conidia.

The data also indicated that A. fumigatus stimulation of
endothelial cells requires direct contact between the hyphae
and endothelial cells. However, the organism does not need to
be endocytosed by the endothelial cells to induce expression of
E-selectin. Interestingly, killed hyphae still stimulated signifi-
cant E-selectin expression. This result suggests that a factor
associated with the cell wall of A. fumigatus is sufficient to
stimulate endothelial cells. The identity of this factor is cur-
rently unknown. However, the fact that the AgliP and AstuA
mutants stimulated the same amount of E-selectin as did the
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FIG. 5. Time course of pulmonary leukocyte adhesion molecule expression during invasive aspergillosis of neutropenic and nonneutropenic
immunosuppressed mice. Concentrations of sE-selectin (A and B), sVCAM-1 (C and D), and sICAM-1 (E and F) in lung homogenates at the
indicated time points. Results are the medians * interquartile ranges of at least six mice per time point. *, P < 0.03 compared to uninfected mice

at the same time point.

wild-type strain indicate that neither gliotoxin nor the other
factors whose synthesis is governed by StuA influence endo-
thelial cell stimulation under the conditions tested. Because
StuA governs the expression of only a subset of secondary
metabolite biosynthetic pathways, it still remains possible that

Neutropenic

one or more StuA-independent secondary metabolites alter
the endothelial cell response to A. fumigatus.

The current results demonstrate that A. fumigatus stimulates
endothelial cells significantly differently than does another fun-
gal pathogen, C. albicans. Although C. albicans stimulates en-
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FIG. 6. Time course for pulmonary cytokine expression during invasive aspergillosis in neutropenic and nonneutropenic immunosuppressed
mice. Concentrations of KC (A and B) and TNF-a (C and D) in lung homogenates at the indicated time points. Results are the medians *
interquartile ranges of at least six mice per time point. *, P < 0.01 compared to uninfected mice at the same time point.
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FIG. 7. Histopathology of the lungs of nonneutropenic mice with invasive aspergillosis. (A) Day 2 results showing a focus of hyphae in the
bronchial epithelium that is invading into the adjacent lung tissue and is surrounded by a neutrophilic infiltrate. (B) Day 4 results showing a larger
focus of infection with more hyphae surrounded by neutrophils. The hyphae have invaded into a blood vessel. Another lesion shows neutrophil
margination. (C) Day 6 results showing extensive hyphae surrounded by numerous neutrophils, with invasion of three blood vessels and adjacent
neutrophil margination. GMS staining is shown in the upper left panels and PAS staining in the other panels; top-panel magnification, X100 (note
the difference in magnification from that in Fig. 4.); bottom-panel magnification, X400. Single white arrow, fungi; black arrows, leukocytes;
arrowheads, blood vessel walls; double white arrows, hyphae within the blood vessel lumen; double black arrows, neutrophils adherent to

endothelial cells; single blue arrow, bronchial epithelium.

dothelial cells to express E-selectin, VCAM-1, IL-8, and
TNF-« in vitro, it also induces the expression of ICAM-1,
whereas A. fumigatus does not (4, 16, 21). We found that A.
fumigatus did not stimulate endothelial cell ICAM-1 expres-
sion after 8 h of infection. Therefore, it remains possible that
A. fumigatus might stimulate ICAM-1 expression at other time
points. However, this possibility seems unlikely, as we found
that 4. fumigatus did not induce ICAM-1 expression in the
lungs of either neutropenic or nonneutropenic mice at all time
points tested. The lack of ICAM-1 stimulation could poten-
tially be due to the production of gliotoxin, which is known to
inhibit NF-kB-dependent expression of ICAM-1 (17). Like A4.

fumigatus, C. albicans must form hyphae to stimulate endothe-
lial cells. Unlike what is seen for A. fumigatus, C. albicans
stimulation of endothelial cells is completely blocked by cy-
tochalasin D (4). Also, killed C. albicans hyphae do not stim-
ulate endothelial cells (4), whereas killed 4. fumigatus hyphae
still induce significant endothelial cell stimulation.

We used an inhalational neutropenic murine model of inva-
sive aspergillosis to study the profile of leukocyte adhesion
molecules and proinflammatory cytokines that was induced by
A. fumigatus infection in vivo. A striking finding was that in
these highly immunosuppressed mice, there was essentially no
detectable increase in pulmonary leukocyte adhesion molecule
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and cytokine content during the first 6 days of infection. It was
not until day 8 that there was significant evidence of an inflam-
matory response, with large increases of E-selectin, KC, and
TNF-a expression. This response coincided with waning of
immunosuppression, as evidenced by resolution of neutrope-
nia. It was also accompanied by a substantial rise in pulmonary
galactomannan content, increased size of fungal lesions, and
histopathological evidence of invasion of blood vessels. Al-
though KC and TNF-« are produced by multiple types of host
cells, E-selectin is produced only by endothelial cells. There-
fore, the significant increase in whole-lung E-selectin content
at day 8 is compelling evidence of endothelial cell activation
and provides a mechanism for the prominent neutrophil mar-
gination that was seen at this time point.

There are several nonexclusive possibilities for the lack of an
early proinflammatory response to A. fumigatus in neutropenic
mice. One possibility is that there was an increase in the pro-
duction of proinflammatory mediators at the early time points
but that this increase occurred only in the small foci of infec-
tion. Therefore, because these foci represented such a small
fraction of the total lung tissue, no increase in cytokines and
leukocyte adhesion molecules was detectable when their levels
were assayed in whole-lung homogenates. By day 8, the dra-
matically increased pulmonary fungal burden and extensive
angioinvasion were sufficient to cause a detectable increase in
the level of proinflammatory mediators. Another possibility is
that immunosuppression with cortisone acetate and cyclophos-
phamide inhibited the activation of endothelial cells and other
cell types within the lung. Finally, it is also possible that in vivo,
leukocytes are required to induce and/or amplify the host
proinflammatory response to A. fumigatus.

To address some of these possibilities, we analyzed the host
response to A. fumigatus in nonneutropenic mice that were
immunosuppressed with cortisone acetate alone. In these
mice, there was early stimulation of E-selectin, VCAM-1, and
KC expression compared to what was seen for the neutropenic
mice. This accelerated proinflammatory response in the non-
neutropenic mice was associated with increased pulmonary
fungal burden and more-rapid angioinvasion. It is likely that
the increased expression of E-selectin, VCAM-1, and KC in
the nonneutropenic mice was due to the presence of neutro-
phils at the foci of infection. In addition, it is probable that the
greater pulmonary fungal burden and angioinvasion that was
present at the early time points in these mice also contributed
to the enhanced proinflammatory response.

A paradoxical finding was that after 6 days of infection, the
expression of ICAM-1 and TNF-a was significantly lower than
that in the uninfected control mice. We speculate that this
suppression of ICAM-1 and TNF-a expression was due to the
release of immunosuppressive secondary metabolites, such as
gliotoxin, by A. fumigatus (17, 25, 27). It is clear that the
synthesis of TNF-a and ICAM-1 must be governed by signal
transduction mechanisms different from those for the synthesis
of E-selectin, VCAM-1, and KC, because the synthesis of these
other inflammatory mediators progressively increased during
infection.

It was notable that the pulmonary fungal burden of the
nonneutropenic mice was from 4-fold (day 2) to over 40-fold
(days 4 and 6) higher than that of the neutropenic mice, even
though both sets of mice received the same inoculum of A.
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fumigatus. Consistent with these results, we have found previ-
ously that nonneutropenic mice immunosuppressed with high
doses of cortisone acetate have higher mortality than neutro-
penic mice that receive a lower dose of cortisone acetate (23,
25). A key difference between the nonneutropenic and neutro-
penic mouse models is that the total amount of cortisone
acetate administered to the nonneutropenic mice was approx-
imately fivefold greater than that given to the neutropenic
mice. There are at least two reasons why high-dose corticoste-
roids worsen the course of invasive pulmonary aspergillosis.
First, corticosteroids are broadly immunosuppressive. They
suppress the secretion of proinflammatory cytokines by multi-
ple types of host cells and inhibit the fungicidal activities of
phagocytic cells (3, 10). Second, corticosteroids enhance the
growth of A. fumigatus even in the absence of host cells (14).
Our finding that treatment with cortisone acetate alone is
sufficient to make mice susceptible to invasive aspergillosis
is similar to the situation for humans, in whom the receipt of
high-dose corticosteroids is a significant risk factor for de-
veloping this disease, even in the absence of neutropenia
(1, 9, 12).

In summary, endothelial cells respond to hyphae but not
conidia by expressing leukocyte adhesion molecules and proin-
flammatory cytokines in vitro. Endothelial cell stimulation also
occurs in both neutropenic and nonneutropenic immunosup-
pressed mice with invasive pulmonary aspergillosis. In the neu-
tropenic mouse model, this stimulation is not detectable until
relatively late in the course of disease. In both mouse models,
endothelial stimulation is associated with increasing fungal
burden and angioinvasion. Additional investigation of the
mechanisms by which A. fumigatus hyphae stimulate endothe-
lial cells will likely provide new insights into the process of
angioinvasion and the vascular inflammatory response, which
is central to the pathogenesis of invasive and disseminated
aspergillosis.
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