
INFECTION AND IMMUNITY, Jan. 2005, p. 494–503 Vol. 73, No. 1
0019-9567/05/$08.00�0 doi:10.1128/IAI.73.1.494–503.2005
Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Differences in Patterns of Infection and Inflammation for
Corticosteroid Treatment and Chemotherapy in
Experimental Invasive Pulmonary Aspergillosis

Viviane Balloy,1 Michel Huerre,2 Jean-Paul Latgé,3 and Michel Chignard1*
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Aspergillus fumigatus causes invasive pulmonary aspergillosis (IPA). This disease is one of the most life-
threatening opportunistic infections in immunocompromised patients. The type of immunosuppressive regi-
men under which IPA occurs has rarely been investigated. In this study, we evaluated various parameters of
the innate immune response during the progression of murine IPA induced by the intratracheal administration
of A. fumigatus conidia as a function of two immunosuppressive treatments: a corticosteroid and a chemother-
apeutic agent. We compared host responses various times after infection in terms of survival, pulmonary
production of pro- and anti-inflammatory cytokines, cellular trafficking in the airways, lung injury, respiratory
distress, and fungal development. We found that IPA pathogenesis involved predominantly fungal development
in mice treated by chemotherapy and an adverse host response in mice treated with a corticosteroid. These
previously unrecognized differences should be taken into account in evaluations of the pathogenesis of IPA in
animal models.

Aspergillus fumigatus belongs to a family of saprophytic fila-
mentous fungi found in most environments. It sporulates abun-
dantly, leading to the release into the atmosphere of large
quantities of conidia. A. fumigatus spreads within the environment
by means of airborne conidia, and the small diameter of these
spores (2 to 3 �m) enables them to reach the lung alveoli (19).
Pulmonary host defenses against A. fumigatus are mediated by
phagocytic cells of the innate immune system. Resident alveolar
macrophages are thought to eliminate conidia by phagocytosis,
whereas recruited polymorphonuclear neutrophils (PMN) de-
stroy hyphae by producing reactive oxygen species (30, 34).

If the immune defense system of the lung is weakened, then
conidia germinate and produce hyphae that invade the sur-
rounding lung tissues (39), leading to the development of in-
vasive pulmonary aspergillosis (IPA). This disease is one of the
most life-threatening opportunistic infections in immunocom-
promised patients (19), and its incidence has increased in re-
cent decades (14, 18). This increase in incidence has been
associated with an increase in the number of people at risk due
to solid organ transplantation, hematopoeitic stem cell trans-
plantation, and intensive chemotherapeutic or immunosup-
pressive regimens (24). Furthermore, the difficulty of diagnos-
ing IPA early and the low efficacy of treatments result in a high
rate of mortality due to this disease in immunocompromised
patients (10, 23).

Despite the increase in the number of IPA patients, the
pathogenesis of this mycosis remains poorly understood. Ex-
perimental animal models of IPA have been developed for

investigation of the role of innate immunity in the progression
of the disease. Various infection protocols have been used and
have generated conflicting data. More importantly, the type of
immunosuppressive regimen in which IPA develops has re-
ceived very little attention. In this study, we investigated vari-
ous parameters of the innate defense system during IPA pro-
gression as a function of the immunological status of the host.
We aimed to compare host pulmonary responses and IPA
development in mice infected with the same inoculum and in
which innate immunity status was modified by treatment with
either a corticosteroid or a chemotherapeutic agent. We chose
to study these two types of immunosuppressive treatments
because patients receiving corticosteroids for the prevention or
treatment of rejection after allogeneic transplantation and
those receiving myelotoxic chemotherapy for cancer are at the
highest risk of IPA (37).

After establishing the optimal conditions for lethal infection
following the intratracheal administration of a given concen-
tration of conidia, we compared host responses in terms of
survival, production of pro- and anti-inflammatory cytokines,
cellular trafficking, lung injury, respiratory distress, and fungal
development. We also investigated therapeutic treatment with
an antifungal drug.

Our results clearly indicate that the pathogenesis of IPA
varies according to the type of immunosuppression, with fungal
development or an adverse host response playing the predom-
inant role. These previously unrecognized differences should
be taken into account in evaluations of the pathogenesis of IPA
in animal models.

MATERIALS AND METHODS

Reagents. Cortisone acetate, O-dianisidine dihydrochloride, Tween 20, hydro-
gen peroxide (H2O2), and acetyl acetone were obtained from Sigma-Aldrich (St.
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Louis, Mo.). Vinblastine was purchased from Lilly (St. Cloud, France). Ketamine
was obtained from Merial (Lyon, France), and xylazine was obtained from Bayer
(Puteau, France). Pentobarbital was obtained from Sanofi (Libourne, France),
and Diff-Quick products were supplied by Dade-Behring (Paris, France). Kits for
immunoenzymatic detection of the galactomannan antigen of Aspergillus were
obtained from Bio-Rad (Marnes la Coquette, France). D-Glucosamine hydro-
chloride 4-(dimethylamino)-benzaldehyde (DMAB) was obtained from Merck
(Darmstadt, Germany). Amphotericin B was obtained from Bristol-Myers
Squibb (Paris, France).

Animals. Seven-week-old male C57BL/6 mice (Janvier, Le Genest St. Isle,
France) were used in all experiments. All mice were cared for in accordance with
standard guidelines.

Preparation of A. fumigatus conidia. A. fumigatus strain CBS 144.89 was main-
tained on 2% malt agar for 1 week at 27°C. The strain was a clinical isolate that
has been used by one of us (J.-P.L.) to induce experimental murine IPA (see
references 16 and 29). It was verified that �99% of the harvested condidia
germinated after 10 h of incubation at 37°C on 2% glucose–1% peptone medium.
Conidia were harvested from the slant into 0.1% Tween 20 in phosphate-buff-
ered saline (PBS). The resulting suspension of conidia was centrifuged for 2 min
at 13,000 � g, the supernatant was discarded, and the number of conidia per
milliliter was determined with a hemocytometer. The concentration was adjusted
so that the conidial load was administered in a total volume of 50 �l of sterile
PBS–0.1% Tween 20.

Immunosuppressive treatments and infection. Corticosteroid-induced immu-
nosuppression was achieved by the intraperitoneal administration of 10 mg of
cortisone acetate in saline. Mice were treated 3 days before infection, on the day
of infection, and on days 2 and 4 after infection (16). Chemotherapy-induced
granulocytopenia was achieved by the intravenous administration of 5 mg of the
antineoplastic drug vinblastine/kg 66 h before infection. Under these conditions,
animals displayed total PMN depletion from day 0 (the day of infection) until day
2 (21; unpublished data). In a preliminary work dealing with A. fumigatus infec-
tion (data not shown), we observed that under the vinblastine regimen mouse
survival and cytokine production were similar to those obtained when neutro-
penia was induced with antigranulocyte monoclonal antibody RB6-8C5 as de-
scribed previously (1).

Animals were infected intratracheally under general anesthesia achieved with
a mixture of ketamine (40 mg/kg) and xylazine (8 mg/kg) administered via the
intramuscular route. A catheter (diameter, 0.86 mm) was inserted into the
trachea via the oropharynx. Proper insertion was verified by checking the for-
mation of mist due to expiration on a mirror placed in front of the external end.
A 50-�l conidial suspension was placed at the internal end of the catheter by
introducing a micropipette with a sterile disposable tip for gel loading into the
catheter. Mice then were immediately held upright in order to facilitate inhala-
tion of conidia and until normal breathing resumed. This protocol allows highly
reproducible infection of the lungs, and 10 times more inoculum reaches the
lungs via this route than via the intranasal route.

Antifungal treatments. In some experiments, immunosuppressed mice were
treated with an antifungal drug. Animals were treated 24 h after infection and
every 24 h over the next 5 days with intravenously injected amphotericin B (1
mg/kg).

Collection of BALF and alveolar cells. Mice were killed by the administration
of a lethal dose of pentobarbital at various times, and bronchoalveolar lavage
fluid (BALF) was collected. The lungs were washed out eight times with 0.5 ml
of PBS. Total cell counts in BALF were determined with a Coulter Counter
(Coulter Electronics, Margency, France), and differential cell counts were de-
termined after cytospin centrifugation and staining with Diff-Quick products. We
centrifuged 2 ml of BALF for 15 min at 300 � g and immediately processed 100
�l of the supernatant for myeloperoxidase (MPO) activity determinations. The
remaining supernatant was frozen at �20°C for subsequent use for the quanti-
fication of immunoreactive tumor necrosis factor alpha (TNF-�) and interleukin
10 (IL-10) as previously described (33). Cell pellets were used for hemoglobin
determinations.

MPO and hemoglobin determinations. As described by Hirano (15), we incu-
bated 100 �l of BALF at room temperature for 15 min with 100 �l of O-
dianisidine dihydrochloride (1.25 mg/ml in Hank’s medium) supplemented with
0.004% H2O2. The reaction was stopped by the addition of 10 �l of NaN3 (1%
[wt/vol]). MPO activity was determined as the change in the absorbance at 450
nm. Cell pellets obtained from BALF were lysed in 1 ml of distilled water. The
lysate was centrifuged at 15,000 � g, and the amount of hemoglobin was deter-
mined by measuring the absorbance at 414 nm.

Histological analyses. Whole lungs were fixed in 3.7% neutral buffered form-
aldehyde, embedded in paraffin, and cut into 5-�m sections. The sections were

stained with hematoxylin-eosin for tissue examination and with methenamine
silver stain for fungus detection (36).

Respiratory distress measurement. Respiratory function in freely moving mice
was assessed by barometric plethysmography with a whole-body plethysmograph
(Buxco Electronic, Sharon, Conn.) according to the manufacturer’s instructions
as previously described (6). Each animal was placed in the main chamber; the
difference in pressure between this chamber and a reference chamber was de-
termined with a differential pressure transducer connected to an amplifier, and
the data were recorded with BioSystem XA analyzer software (Buxco Elec-
tronic). The enhanced pause (Penh) correlated very closely and positively with the
pulmonary resistance and was calculated as follows: Penh � [(Te � Tr)/Tr](PEP/
PIP), where Te is the expiratory time (seconds), Tr is the relaxation time (time to
pressure decay to 36% the total box pressure at expiration), PEP is the peak
expiratory pressure (milliliters per second), and PIP is the peak inspiratory
pressure (milliliters per second).

Chitin determination in lungs, kidneys, and brains. The lungs, kidneys and
brains of mice were homogenized in 5 ml of 0.05% Tween 20 in distilled water,
frozen, and freeze-dried. Preparations were hydrolyzed in 1 ml of 8 N HCl and
heated at 100°C for 4 h. The reaction mixture was neutralized by the addition of
1 ml of 8 N NaOH and centrifuged (1,500 � g, 10 min, 20°C). We added 200 �l
of glucosamine (50 to 200 �g/ml of H2O) for the standards or 200 �l of super-
natant from a tissue preparation for the test samples to 200 �l of a 25:1 mixture
of Na2CO3 (1.5 M) and acetyl acetone (4%); the mixture was heated at 100°C for
20 min and cooled in water. We added 1.4 ml of 95% ethanol to this mixture. A
fresh solution of DMAB (1.6 g in 60 ml of HCl and 95% ethanol [vol/vol]) was
prepared, and 200 �l of this solution was added to each tube. We measured the
absorbance at 520 nm after 45 min. Chitin content was expressed in glucosamine
equivalents (17).

Detection of the galactomannan antigen of A. fumigatus in lungs, kidneys, and
brains. Aliquots (300 �l) of organ homogenates prepared for the chitin assay
were centrifuged at 1,500 � g for 10 min at 4°C. Galactomannan antigen (35, 38)
was detected in supernatants by means of a commercially available kit as rec-
ommended by the manufacturer. We calculated the ratio of the absorbance in a
sample to the absorbance in threshold serum to determine whether the results
should be classified as negative (ratio of �1) or positive (ratio of �1).

Statistical analysis. Survival data were analyzed by means of log-rank com-
parisons of Kaplan-Meier survival curves, followed by the Wilcoxon test with
JMP 5.0 software. All other data were expressed as means and standard errors of
the means (SEMs) and were compared by use of the Mann-Whitney U test. Data
were considered statistically significant when P values were �0.05.

RESULTS

Survival. The survival curves (Fig. 1) were established in the
various models with the same concentration of inoculum (107

conidia/mouse). Infected immunocompetent mice survived,
whereas 100% of corticosteroid-treated mice died between
days 2 and 6. Infection of chemotherapy-treated mice resulted
in 100% mortality between days 2 and 3.

Cellular trafficking in BALF during infection. PMN (Fig.
2A) were recovered in BALF from immunocompetent mice as
soon as 3 h after infection. These cells peaked in number at
48 h [(31.5 	 3.4) � 105 cells/BALF sample] and decreased
thereafter. The mononuclear cell concentration (Fig. 2B)
started to increase at 72 h. In corticosteroid-treated mice, the
PMN concentration increased rapidly (within 24 h) and exten-
sively [(62.4 	 4.8) � 105 cells/BALF sample] and remained
constant thereafter until the death of the animals. The kinetics
of mononuclear cell recruitment were similar to those in im-
munocompetent mice, but the values obtained were lower
[(11.8 	 2.1) � 105 and (6.9 	 1.1) � 105 cells/BALF sample
(n � 5; P � 0.05) at 96 h for immunocompetent and cortico-
steroid-treated mice, respectively]. As expected, almost no
PMN recruitment was observed in chemotherapy-treated mice.
As the animals died soon after infection, the influx of mono-
nuclear cells, which generally occurs later, was quite low.
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TNF-� and IL-10 concentration profiles in BALF. In immu-
nocompetent mice, the TNF-� concentration increased by 48 h
after infection and decreased to undetectable levels thereafter
(Fig. 3A). No IL-10 production was detected (Fig. 3B). TNF-�
was not detected in corticosteroid-treated mice (Fig. 3A),
whereas IL-10 production peaked (73 	 11 pg/ml) at 72 h (Fig.
3B). It was hypothesized that the lack of TNF-� production

could be accounted for by the known inhibitory effect of cor-
ticosteroids on the NF-
B-dependent synthesis of proinflam-
matory cytokines (41). In chemotherapy-treated mice, both
TNF-� and IL-10 (Fig. 3) were detected at very high concen-
trations at 48 h (2,008 	 393 and 313 	 111 pg/ml [n � 5],
respectively).

Of note is that immunocompetent and immunocompro-
mised mice that received sham infections with the conidium
vehicle did not show significant PMN influx or TNF-� produc-
tion. Thus, upon PBS–0.1% Tween 20 administration, the
highest PMN concentration was observed in corticosteroid-
treated mice at 48 h, i.e., (0.45 	 0.45) � 105 cells/BALF
sample (n � 3), while the highest TNF-� concentration was
detected in chemotherapy-treated mice at 24 h, i.e., 41.7 	 14.8
pg/ml (n � 3). These two values represent 1 and 2% of the
corresponding values obtained upon administration of conidia,
respectively.

MPO and hemoglobin levels in BALF. MPO activity was
used as an index of the release of the granular content of
PMN, and hemoglobin concentration was used as an index
of alveolocapillary injury. MPO activity (Fig. 4A) and he-
moglobin (Fig. 4B) were not detected in BALF from immu-
nocompetent mice, demonstrating low levels of PMN de-
granulation and the absence of pulmonary tissue injury. In
corticosteroid-treated mice, MPO activity was high, but the
kinetics of this enzyme did not parallel the influx of PMN.
MPO activity was low until 48 h after infection and then
began to increase rapidly and substantially (by a factor of
four). The hemoglobin concentration increased gradually
until the death of the animals, indicating the presence of
major alveolocapillary lesions. In chemotherapy-treated
mice, MPO activity was relatively high, whereas there were
very few PMN. This finding might be accounted for by the
influx of monocytes (Fig. 2B) shown to contain MPO (28).
The hemoglobin concentration 24 h before death was lower
than that in corticosteroid-treated mice, indicating the pres-

FIG. 1. Survival of immunocompetent and immunosuppressed
mice after intratracheal infection with conidia of A. fumigatus. Corti-
costeroid-treated (Cort.-T) mice were subjected to immunosuppres-
sion by administration of cortisone acetate (10 mg/mouse) 3 days
before infection, on the day of infection, and on days 2 and 4 after
infection. Chemotherapy-treated (Chem.-T) mice were subjected to
immunosuppression by administration of vinblastine (5 mg/kg) 66 h
before infection. Control immunocompetent (IC) mice were left un-
treated. Ten animals per group were infected with 107 conidia in four
independent experiments. The values presented are the means and
SEMs for 40 mice. The difference between the survival of corticoste-
roid-treated mice and the survival of chemotherapy-treated mice was
statistically significant (P � 0.001), with median survival times of
4.13 	 0.16 and 2.88 	 0.05 days, respectively.

FIG. 2. Leukocyte counts in BALF of immunocompetent and immunosuppressed mice infected with A. fumigatus. Mice were killed, and their
lungs were washed out at 3, 6, 24, 48, 72, and 96 h after infection with 107 conidia. Neutrophils (A) and mononuclear cells (B) were counted as
described in Materials and Methods. Abbreviations are as defined in the legend to Fig. 1. The values presented are the means and SEMs for at
least five mice. Section signs and asterisks indicate statistically significant differences (P � 0.05) between corticosteroid- and chemotherapy-treated
mice and immunocompetent mice, respectively.
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ence of fewer or less severe alveolocapillary lesions (1.4 	
0.4 versus 5.1 	 0.7 [n � 5]) (P � 0.05).

Pulmonary tissue lesions and fungal development. The dif-
ferences in alveolocapillary injury deduced on the basis of
hemoglobin determinations were confirmed by histological
studies (Fig. 5) performed on lung samples collected 72 and
48 h after infection for corticosteroid-treated and chemother-
apy-treated animals, respectively. The rationale was to analyze
IPA at a time when most of the mice had survived the infection
but were nonetheless at a terminal stage of illness; i.e., most of
them would die within the next 24 h. As the survival of corti-
costeroid-treated mice is prolonged compared to that of vin-

blastine-treated mice, the chosen time points were 72 and 48 h,
respectively. The lungs of corticosteroid-treated mice showed
large foci of pneumonia (Fig. 5A) and exudative bronchiolitis
(Fig. 5A) with the destruction of bronchi and alveolae. Hemor-
rhagic necrosis with neutrophil infiltration was also observed (Fig.
5E). A. fumigatus was observed in small numbers, mainly in the
form of conidia (Fig. 5G). In contrast, for chemotherapy-treated
mice, we observed only a few bronchiolitis lesions and diffuse
pneumonia with edema and congestion within alveolae (Fig. 5B)
but with no inflammatory exudate involving PMN or other cells
(Fig. 5F). Of note is that alveolae and parenchyma were invaded
by numerous hyphae of A. fumigatus (Fig. 5D and H).

FIG. 3. TNF-� and IL-10 concentrations in BALF of immunocompetent and immunosuppressed mice infected with A. fumigatus. TNF-�
(A) and IL-10 (B) concentrations in BALF were determined at 3, 6, 24, 48, 72, and 96 h after infection with 107 conidia as described in Materials
and Methods. Abbreviations are as defined in the legend to Fig. 1. The values presented are the means and SEMs for at least five mice. Section
signs and asterisks indicate statistically significant differences (P � 0.05) between corticosteroid- and chemotherapy-treated mice and immuno-
competent mice, respectively.

FIG. 4. MPO and hemoglobin levels in BALF of immunocompetent and immunosuppressed mice infected with A. fumigatus. MPO (A) and
hemoglobin (B) levels in BALF were determined at 3, 6, 24, 48, 72, and 96 h after infection with 107 conidia as described in Materials and Methods.
Abbreviations are as defined in the legend to Fig. 1. The values presented are the means and SEMs for at least five mice. Section signs and asterisks
indicate statistically significant differences (P � 0.05) between corticosteroid- and chemotherapy-treated mice and immunocompetent mice,
respectively.
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Measurement of respiratory distress. We investigated
whether the pulmonary lesions observed in corticosteroid-
treated mice and the fungal development observed in chemo-
therapy-treated mice were responsible for a deleterious effect
on lung function by calculating a basal respiratory index re-
flecting respiratory waveforms, Penh, in conscious immunosup-
pressed mice at various times during infection (Fig. 6). Penh

gradually increased in corticosteroid-treated mice until the
death of the animals. In chemotherapy-treated mice, Penh in-
creased by 24 h after infection (5.1 	 2.8 [n � 10]) but de-
creased by 48 h after infection (3.1 	 1.8 [n � 10]). These
results suggest that the respiratory system was more severely
affected in corticosteroid-treated mice than in chemotherapy-
treated mice at the time of death.

Dissemination of A. fumigatus. Chitin is a component of the
hyphal wall and is absent from mammalian cells. We assayed
chitin to estimate the amounts of hyphal fungi in lungs, kid-
neys, and brains (Fig. 7). Chitin determinations confirmed his-
tological results, as chitin concentrations were significantly
lower in lungs of corticosteroid-treated mice than in those of
chemotherapy-treated mice. This difference was also observed
in brains and kidneys, indicating that the level of fungal dis-
semination was higher in chemotherapy-treated mice than in
corticosteroid-treated mice. Experiments were performed to
check the viability of the invading A. fumigatus. Brains and
kidneys from chemotherapy-treated animals were collected

48 h after infection and homogenized for 30 s (Potter-Elve-
hjem glass homogenizer) in 1 ml of 0.1% Tween in water.
Homogenates were plated on 2% glucose–1% peptone me-
dium and incubated at 37°C for 48 h. Growing A. fumigatus was
observed for both organs, indicating the viability of the invad-
ing fungus (data not shown).

We determined galactomannan concentrations in these or-
gans to confirm the results obtained for chitin (Fig. 8), as
galactomannan is released by growing A. fumigatus. In corti-
costeroid-treated mice, galactomannan concentrations were
very low, close to the detection threshold. In chemotherapy-
treated mice, galactomannan was detected at high concentra-
tions. These data suggest that fungal development was exten-
sive and systemic in chemotherapy-treated mice, whereas it
was restricted in terms of both magnitude and location in
corticosteroid-treated mice.

Effect of fungicidal treatment on IPA development in immu-
nosuppressed mice. We investigated the extent to which fungal
development was responsible for death in the two types of
immunosuppressed mice by administering a fungicidal treat-
ment: amphotericin B. In infections with 107 conidia/mouse,
the level of the inoculum was too high for any major effect of
the antifungal treatment to be detected. Therefore, in subse-
quent experiments, we infected mice with 3 � 106 conidia/
mouse. The efficacy of the antifungal treatment was estimated
by assessing survival in the immunosuppressed animals (Fig.

FIG. 6. Measurement of respiratory distress in corticosteroid-treated (left) or chemotherapy-treated (right) mice infected with A. fumigatus.
Penh was determined in conscious mice just before infection (time zero) and every day after infection with 107 conidia until the death of the animals.
The values presented are the means and SEMs for at least five mice. A dagger indicates that no chemotherapy-treated mice survived to day 3.
Asterisks indicate statistically significant differences (P � 0.05) between various time points and time zero.

FIG. 5. Lung histological features of corticosteroid- and chemotherapy-treated mice infected with A. fumigatus. (A, C, E, and G) Lung sections
from a corticosteroid-treated mouse 72 h after intratracheal inoculation with 107 conidia. (A) Hematoxylin-eosin stain; magnification, �60.
(E) Hematoxylin-eosin stain; magnification, �250. A large focus of pneumonia (A, arrows) and exudative bronchiolitis (A, arrowhead) with the
destruction of bronchi and alveolae can be seen. Hemorrhagic necrosis and numerous inflammatory cells, especially PMN, also can be seen (E).
(C) Methenamine silver stain; magnification, �60. (G) Methenamine silver stain; magnification, �400. A few conidia and very few hyphae within
the lesions of necrosis can be seen. (B, D, F, and H) Lung sections from a chemotherapy-treated mouse 48 h after intratracheal inoculation with
107 conidia. (B) Hematoxylin-eosin stain; magnification, �60. (F) Hematoxylin-eosin stain; magnification, �250. Lesions of bronchiolitis and
diffuse pneumonia with edema and congestion within alveolae (B) but without an inflammatory exudate of any cell type, including PMN, can be
seen. (D) Methenamine silver stain; magnification, �60. (H) Methenamine silver stain; magnification, �400. Several foci of bronchocentric
necrosis containing numerous hyphae (H, arrowheads) can be seen. Invasion of alveolae by numerous hyphae of A. fumigatus also can be seen.
Note the absence of an inflammatory exudate.
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9). Chemotherapy-treated mice were sensitive to amphotericin
B treatment, with 44% of mice still alive on day 8 after infec-
tion compared with 0% of untreated mice. In contrast, anti-
fungal treatment had no effect in corticosteroid-treated mice,
which were as likely to die from infection as untreated mice.

DISCUSSION

This study demonstrates that host pulmonary responses to
A. fumigatus differ according to the immunosuppressive regi-
men used.

The immune response of immunocompetent mice is charac-
terized by moderate, transient inflammation leading to the
complete elimination of the fungus without the formation of
pulmonary lesions. The features of this inflammatory response
are a transient influx of PMN and the production of the proin-
flammatory cytokine TNF-�. These data are consistent with
other studies showing that PMN (25, 34) and TNF-� are ben-
eficial for the defense against A. fumigatus (4, 5, 26, 27).

In corticosteroid-treated mice, IPA is characterized by the
production of the anti-inflammatory cytokine IL-10 and by
major PMN recruitment. In chemotherapy-treated mice, we

observed both pro- and anti-inflammatory cytokine responses,
with the simultaneous presence of TNF-� and IL-10. In both
immunosuppression models, the presence of IL-10 was thus
associated with death. In chemotherapy-treated mice, the re-
sults were consistent with previous data suggesting that high
IL-10 concentrations contribute to the pathogenesis of IPA (7,
9, 32). In contrast, in corticosteroid-treated mice, the IL-10
concentrations might not have been sufficient (Fig. 3), as these
animals seemed to die of tissue damage due to an excessive
host response (see below). TNF-� has been reported to be
essential for the induction of protective immunity against A.
fumigatus, as its presence is associated with resistance to IPA in
mice (5, 26, 27). Our present data are in agreement, as we
found that this cytokine was present in immunocompetent
mice but absent in corticosteroid-treated mice. However, the
presence of large amounts of TNF-� in BALF from chemo-
therapy-treated mice did not prevent the development of the
disease. This finding is most likely explained by the absence of
circulating PMN, as the major mode of TNF-� action is pre-
cisely the recruitment of this cell population (40).

The differences between these two models of immunosup-

FIG. 7. Chitin determination in lungs, kidneys, and brains of immunocompetent and immunosuppressed mice infected with A. fumigatus.
Organs of corticosteroid- and chemotherapy-treated mice were collected 72 and 48 h, respectively, after infection with 107 conidia. Chitin content
is expressed in glucosamine equivalents. Abbreviations are as defined in the legend to Fig. 1. The values presented are the means and SEMs for
at least five mice. Asterisks indicate statistically significant differences (P � 0.05) between the various values. The dotted line indicates the mean
of the background values obtained with uninfected control mice.
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FIG. 8. Galactomannan determination in the lungs, kidneys, and brains of immunocompetent and immunosuppressed mice infected with A.
fumigatus. Organs of corticosteroid- and chemotherapy-treated mice were collected 72 and 48 h, respectively, after infection with 107 conidia.
Abbreviations are as defined in the legend to Fig. 1. The values presented are the means and SEMs for at least five mice. Asterisks indicate
statistically significant differences (P � 0.05) between the various values; NS, not significant. The dotted line indicates the background value (see
Materials and Methods) below which the various means were considered negative.

FIG. 9. Effect of antifungal treatment on the survival of immunosuppressed mice infected with A. fumigatus. Corticosteroid-treated (A) and
chemotherapy-treated (B) mice were treated 24 h after infection and every 24 h for 5 days with intravenous amphotericin B (1 mg/kg) (Amph. B).
The survival of 10 animals per group was monitored after infection with 3 � 106 conidia. Abbreviations are as defined in the legend to Fig. 1. One
experiment representative of two is shown. The effect of the antifungal agent was statistically significant (P � 0.02) only for the chemotherapy-
treated group.
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pression were even more marked with regard to fungal devel-
opment. As in humans (12), chemotherapy-treated mice were
more sensitive to A. fumigatus than corticosteroid-treated
mice. These data confirm the essential role of PMN because, in
the absence of this cell population, the fungus rapidly invaded
the lungs. However, we found neither severe pulmonary le-
sions nor major respiratory distress in PMN-depleted mice.
Furthermore, the presence of chitin in various vital organs, in
association with galactomannan, which is released by the fun-
gus and can be used as a viability index, suggests that fungal
invasion of the lungs led to substantial dissemination outside
the pulmonary sphere. This suggestion is supported by the
recovery of growing A. fumigatus in brains and kidneys 48 h
postinfection. Conversely, the low levels of chitin and galacto-
mannan found in the organs of corticosteroid-treated mice
indicate that the innate pulmonary response of these mice was
still functional and prevented fungal development by limiting
the germination of conidia in the lung parenchyma and further
fungal dissemination. These results suggest that the inhibitory
effects of corticosteroids on the antifungal activities of phago-
cytes observed in vitro (31) may be less efficient in vivo. Our
results are consistent with two previous studies reporting ex-
tensive infiltration of the lungs and blood by hyphae in gran-
ulocytopenic rabbits (3) and by fragmented and damaged hy-
phae in the lungs of corticosteroid-treated mice (11).

Corticosteroids are known to have anti-inflammatory prop-
erties due to their inhibitory effects on the activation of various
transcription factors, in particular, NF-
B (41). However,
some studies have shown that they do not inhibit the synthesis
of IL-8, a chemokine inducing PMN recruitment (8, 22). Fur-
thermore, a recent study showed that the inhibition of NF-
B
activation during the resolution of inflammation protracts the
inflammatory response and prevents apoptosis (20). These ob-
servations may account for the persistent high concentration of
PMN in BALF from corticosteroid-treated mice. Duong et al.
(11) also observed a major influx of PMN and the release of
large amounts of MPO. They concluded that the development
of A. fumigatus in lung tissue resulted in irreversible tissue
injury. In contrast, our comparison of host responses under two
types of immunosuppression suggests that the lung tissue in-
jury observed in corticosteroid-treated mice is not due to fun-
gal invasion but instead is due to PMN influx, as neutropenic
mice displayed low levels of lung injury despite extensive fun-
gal development. This hypothesis is in agreement with data
reported by Graybill et al. (13). Although they observed an
influx of only a small number of PMN, a finding which could be
explained by differences in mouse strains, A. fumigatus strains,
or corticosteroid regimens, they reported that granulocyte col-
ony-stimulating factor treatment of corticosteroid-treated mice
was harmful, resulting in an increase in the leukocyte count
and the development of large pulmonary abscesses. They con-
cluded that the pneumonia caused by A. fumigatus might ac-
tually expand as a large number of PMN migrates to the site of
infection.

In a previous study (29), alveolar macrophages alone were
shown to control A. fumigatus infection in neutropenic mice
only when the concentration of conidia instilled was low, i.e.,
�105 conidia/mouse. Very low levels of PMN recruitment were
observed upon instillation of such an inoculum in immunocom-
petent and corticosteroid-treated mice. In contrast, at a high

concentration of inoculum (107 conidia/mouse), PMN were
essential for the clearance of A. fumigatus. Thus, in the present
study, the lack of PMN recruitment in chemotherapy-treated
mice was associated with extensive pulmonary invasion by the
fungus. The death of animals can be explained by the dissem-
ination of the fungus and the colonization of other vital organs.
In corticosteroid-treated mice, paradoxically, the inflammatory
response was exacerbated, with high levels of PMN recruit-
ment. We suggest that this situation may lead to pulmonary
lesions, resulting in respiratory distress. Thus, although the
inflammatory response can prevent fungal invasion, its exacer-
bation leads to death. This hypothesis is supported by the
findings obtained for antifungal treatment. Amphotericin B
increased the survival of chemotherapy-treated mice. This re-
sult, similar to that already reported for neutropenic rats (2),
indicates that fungal development was responsible for the
death of these animals. In contrast, the lack of efficacy of this
treatment in corticosteroid-treated mice suggests that these
mice died from other causes.

This study demonstrates that IPA development varies ac-
cording to the immunosuppressive treatment administered. Al-
though A. fumigatus is obviously a contributory factor, our data
suggest that the host response may also play a part in the
pathogenesis of IPA. Of note is that the experimental identi-
fication of virulence factors in A. fumigatus is based on an
analysis of the infectivity of mutants in animal models in which
IPA is systematically induced with corticosteroids (with or
without prior cyclophosphamide treatment). The difference in
the patterns of infection observed in the two models presented
here suggests that corticosteroid-treated animals may not be
the best screening system for the identification of virulence
determinants associated with the mycelial growth of this op-
portunistic pathogen in the lungs. It would therefore be of
value to revisit the virulence of mutants in both models.
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