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Cytokine networking in the lung in response to inhaled Aspergillus fumigatus was assessed using a murine
model of primary pulmonary aspergillosis in immunocompetent Crl:CF-1 mice. Inhalation of virulent A. fu-
migatus (6 3 106 CFU) resulted in the induction of interleukin 18 (IL-18), tumor necrosis factor alpha (TNF-
a), IL-12, and gamma interferon (IFN-g) protein in bronchoalveolar lavage fluid and/or lung tissue. Induction
of immunoreactive IL-18 preceded induction of TNF-a protein, which preceded induction of immunoreactive
IL-12 and IFN-g. Real-time reverse transcriptase (RT) PCR analysis of infected lung tissue demonstrated that
induction of IL-18 protein also preceded induction of pulmonary TNF-a, IL-12, and IFN-g mRNAs. Mice were
subsequently treated with cytokine-specific neutralizing monoclonal antibodies (MAbs) to the IL-18 receptor
(anti-IL-18R MAb), TNF-a (anti-TNF-a MAb), IL-12 (anti-IL-12 MAb), and/or IFN-g (anti-IFN-g MAb), and
effects on intrapulmonary cytokine activity and growth of A. fumigatus were assessed in infected lung homog-
enates. Simultaneous neutralization of IL-12 and IL-18 resulted in decreased levels of immunoreactive TNF-
a, while neutralization of IL-18, TNF-a, or IL-12 alone or of IL-18 and IL-12 together resulted in decreased
levels of immunoreactive IFN-g. Simultaneous neutralization of IL-12 and IL-18 or neutralization of TNF-a
alone or in combination with IL-12, IL-18, or IFN-g also resulted in a significant increase in A. fumigatus CFU
in lung tissue. Taken together, these results demonstrate that endogenous IL-18, IL-12, and TNF-a, through
their modulatory effects on both intrapulmonary cytokine activity and growth of A. fumigatus, play key roles in
host defense against primary pulmonary aspergillosis.

Aspergillus fumigatus is a saprophytic fungus and a causative
agent of invasive pulmonary aspergillosis, a predominant life-
threatening opportunistic infection in immunocompromised
patients (16, 50, 51). Host defense against primary A. fumigatus
pulmonary infection is mediated by phagocytic cells of the
innate immune system (11, 15, 25, 38). Alveolar macrophages
ingest and kill inhaled Aspergillus conidia, while polymorpho-
nuclear leukocytes destroy Aspergillus hyphae that germinate
from conidia that have escaped macrophage killing (25, 45, 49).
Polymorphonuclear leukocyte-mediated killing of Aspergillus
hyphae is critical for prevention of hyphal invasion and de-
struction of pulmonary tissue (2, 12–14, 25, 44, 45, 49). The
effectiveness of this dual macrophage-neutrophil-mediated
host defense against A. fumigatus is evidenced by the paucity of
serious Aspergillus infections in immunocompetent persons,
despite environmental exposure to the fungus.

Previous studies have demonstrated that T-helper (Th) cy-
tokines contribute to phagocytic cell-mediated host defense
against A. fumigatus. Stimulation of cultured phagocytic cells
with Th1 cytokines, including gamma interferon (IFN-g), en-
hanced fungicidal activity, while stimulation of similarly cul-
tured cells with Th2 cytokines, including interleukin 4 (IL-4)
and IL-10, had the opposite effect (15, 37, 41, 42). Similarly,
murine resistance to experimentally induced A. fumigatus in-

fections was correlated with induction of cytokines, including
tumor necrosis factor alpha (TNF-a), IL-12, and IFN-g, while
susceptibility to infection was associated with the production of
IL-4 and/or IL-10 (6–8, 29). Likewise, administration of exog-
enous cytokines, including TNF-a, IL-12, or IFN-g, or neutral-
ization of endogenous IL-4 and/or IL-10 enhanced murine
resistance to infection, while neutralization of endogenous
IFN-g and/or TNF-a enhanced susceptibility to infection (5, 6,
29).

While these studies suggest a directive role of Th1 cytokines
in leukocyte-mediated defense against A. fumigatus infections,
the relative contribution of each cytokine to innate immunity
in pulmonary aspergillosis has not been thoroughly investi-
gated. Likewise, a recently described cytokine, IL-18 (30–32),
has been shown to play a key role in Th1-mediated defense
against other pathogens, including Mycobacterium tuberculosis
(46) and Cryptococcus neoformans (36), likely due, at least in
part, to immunomodulatory effects of IL-18 on other cytokines,
including TNF-a and IFN-g (1, 30, 40, 47, 53). The role of
endogenous IL-18 in host resistance to A. fumigatus pulmonary
infection has not been investigated.

In the current study, immunocompetent Crl:CF-1 mice were
infected with aerosolized, virulent A. fumigatus, and the tem-
poral induction of cytokines, including IL-18, TNF-a, IL-12,
and IFN-g, was determined in bronchoalveolar lavage fluid
(BALF) and in lung homogenates by cytokine-specific murine
enzyme-linked immunosorbent assays (ELISAs) and by real-
time reverse transcriptase (RT) PCR. Subsequently, by using
cytokine-specific neutralizing monoclonal antibodies (MAbs),
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the immunomodulatory role and biological relevance of each
cytokine in host resistance to primary A. fumigatus pulmonary
infection were assessed.

MATERIALS AND METHODS

Mice. Male specific-pathogen-free outbred immunocompetent Crl:CF-1 mice
(11 to 13 g; Charles River) were used for all experiments. Animals were housed
in microisolator cages and were cared for in accordance with standard guidelines.

Inhalation model of murine pulmonary aspergillosis. Mice were infected with
A. fumigatus ATCC 201795 in an inhalation chamber using a 30-s exposure as
previously described (26, 34). Briefly, the inhalation chamber consisted of a
1-liter Pyrex flask with eight tubular glass side arms, each at a 30° angle from the
horizontal and spaced equidistantly around the flask. Prior to infection, the
bottom of the flask was filled with malt agar, seeded with a suspension of
A. fumigatus conidia, and incubated at 28°C for 13 days to produce a fungal lawn.
Mice were subsequently individually placed in each side arm (eight mice per
flask), pushed to the bottom of the arm (so that the nose filled and extended
beyond the open end of the tube), and held in place by cotton plugs. The top of
the flask was then closed with a rubber stopper, which was transversed by a glass
rod, the end of which extended directly above the fungal lawn. To generate an
aerosol, turbulence was created over the culture via the forceful expulsion of 60
cm3 of air through the end of the glass rod, using a 60-ml syringe which was
connected to the stoppered end of the glass rod by a piece of plastic tubing. This
method resulted in the uniform dispersion of conidia and infection of mice
throughout the chamber.

Quantification of A. fumigatus in infected lung homogenates. At specific times
postinfection (p.i.), mice were euthanatized and their lungs were excised and
homogenized in 10 ml of sterile phosphate-buffered saline. Lung homogenates
from individual mice were serially diluted on Sabouraud dextrose agar plates and
were incubated for 48 h at 30°C prior to quantification of A. fumigatus CFU.
Results are expressed as log10 CFU per lung.

Collection of lung homogenate supernatant and BALF for cytokine analysis.
Lung homogenate supernatant was procured by filtering lung homogenates pre-
pared as described above through a 0.22-mm-pore-size filter (Gelman Sciences,
Ann Arbor, Mich.) to remove bacteria. Alternatively, for collection of BALF,
mice were humanely euthanatized and their lungs were lavaged with 1.6 ml of
phosphate-buffered saline (3). The resultant lavage fluid was subsequently fil-
tered as described above. Filtered lung homogenates and BALF were stored at
280°C until use for cytokine analysis.

Cytokine analysis. Immunoreactive IL-18, IL-12, TNF-a, and IFN-g protein
levels in BALF and/or lung homogenate supernatants were measured by com-
mercially available cytokine-specific murine ELISA kits (Quantikine mouse-IL-
18, mouse IL-12p70, mouse TNF-a, and mouse IFN-g; R & D, Minneapolis,
Minn.) according to the manufacturer’s directions.

Quantitation of cytokine transcripts by real-time RT-PCR. Real-time RT-
PCR assays were performed to specifically quantify mouse IL-18, TNF-a, IL-12,
and IFN-g transcripts. Briefly, lungs were excised from A. fumigatus-infected
mice at specific times p.i. and were flash frozen in liquid nitrogen. Total RNA
was extracted using TriReagent (Molecular Research Center, Cincinnati, Ohio)
according to the manufacturer’s directions and was stored at 280°C in nuclease-
free water containing 0.1 mM EDTA. Isolated RNA (5 mg) was incubated with
10 U of DNase I (Boehringer Mannheim) in the presence of RNasin (Promega)
for 30 min at 37°C. The samples were then heat inactivated at 70°C for 10 min,
chilled, and reverse transcribed with Superscript II RT (Gibco/BRL) with 1 mg
each of random hexamers and oligo(dT)(12–18). PCR primers were obtained as
predeveloped assay reagents (TNF-a, IL-12, and IFN-g; Perkin-Elmer) or were
generated with Primer Express version 1.5 software (Perkin-Elmer) and were
ordered from Perkin-Elmer. Whenever possible, primer pairs were designed to
span intron-exon borders. Samples were then subjected to 40 cycles of amplifi-
cation at 95° for 15 s followed by 1 min at 60° using an ABI Geneamp 7700
Sequence Detection System (Perkin-Elmer) according to the manufacturer’s
instructions. PCR amplification of the housekeeping gene ubiquitin was per-
formed for each sample to control for sample loading and to allow normalization
between samples according to instructions by the manufacturer (Perkin-Elmer).
Water controls were included to ensure specificity. Each data point was exam-
ined for integrity by analysis of the amplification plot. The ubiquitin-normalized
data were expressed as the fold induction of gene expression in A. fumigatus-
infected mice compared to that in uninfected mice.

Interventional studies. Endogenous intrapulmonary IL-18, TNF-a, IL-12,
and/or IFN-g activities were blocked by pretreatment of the mice with cytokine-
specific neutralizing MAbs. Previous studies had demonstrated that responsive-
ness to IL-18 is conferred by IL-18 binding to its cognate receptor, which consists

of the IL-R-related protein 1 chain (IL-1Rrp1, also known as IL-1R5) and the
IL-1R accessory protein-like chain (IL-1RAcPL, also known as IL-1R7 [4, 10, 48,
52]). Recent studies have also demonstrated that IL-18-mediated cell activation
could be prevented by inhibiting IL-18 ligand receptor interaction, through
administration of anti-IL-18 antibody (31) or of MAbs which recognize either the
IL-1R5 chain (52) or the IL-1R7 chain (10) of the IL-18 receptor. Therefore, the
following cytokine-specific MAbs were used: anti-IL-18 receptor MAb (anti-IL-
18R MAb) directed towards the IL-1R7 chain of the IL-18R (10), anti-IL-12
MAb (33), anti-TNF-a MAb (22, 23), and anti-IFN-g MAb (9). Each neutral-
izing MAb was administered intraperitoneally at a dose of 1 mg of antibody/
mouse, 2 h prior to infection with A. fumigatus. Similarly infected mice that were
administered an isotype-matched immunoglobulin G1a (IgG1a) or IgG2a served
as controls.

Statistical analysis. Analysis of variance was used to compare differences
between treatment groups. P values of ,0.05 were considered significant.

RESULTS

Pathogenesis of pulmonary A. fumigatus infection in immu-
nocompetent Crl:CF-1 mice. The rate of A. fumigatus clearance
from lungs of infected mice was determined by culture of
lung homogenates. Results of a representative experiment
(five mice per time point) are shown in Fig. 1. All mice survived
the infection. Approximately 6.0 3 106 organisms were recov-
ered from the lungs of mice 30 min after infection with A. fu-
migatus. There was no significant difference in recovery of
A. fumigatus over the first 12 h p.i. (hpi) compared to that at 30
min p.i. At 24 to 168 hpi, A. fumigatus was gradually cleared
from the lung, with detection of approximately 10 CFU/lung at
7 days p.i. In agreement with previously published studies (7,
14), these results demonstrate that the innate immune re-

FIG. 1. Temporal expression of immunoreactive cytokine activity
in BALF and growth of A. fumigatus in lungs of immunocompetent
Crl:CF-1 mice. Mice were infected with A. fumigatus as described in
Materials and Methods. At specific times p.i., mice were euthanatized
and growth of A. fumigatus was quantified in the lung homogenates by
culture. Alternatively, the lungs were lavaged and immunoreactive
cytokine activity was quantified in BALF by cytokine-specific ELISAs
for IL-18, TNF-a, IL-12p70, and IFN-g. Results of a representative
experiment (n 5 2) are shown and reflect the mean 6 standard error
of the mean of five animals per time point. Symbol: p, significantly
greater than in uninfected mice, P , 0.05.
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sponse is sufficient to resolve primary A. fumigatus pulmonary
infections in immunocompetent mice.

Temporal induction of cytokines in lungs of A. fumigatus-
infected mice. In order to gain insight as to the potential role
of IL-18 versus that of IL-12, TNF-a, and IFN-g in the patho-
genesis of pulmonary aspergillus infection, temporal induction
of immunoreactive cytokine activity was first assessed in BALF
and whole-lung homogenates of A. fumigatus-infected mice by
using cytokine-specific ELISAs. Assessment of BALF (Fig. 1)
and of lung homogenates (Fig. 2) allowed evaluation of both
secreted cytokine activity (i.e., into the intra-alveolar space)
and total organ activity, respectively. Results of these studies
demonstrated that IL-18 protein was significantly enhanced in
BALF within 2 hpi, with maximal induction at 4 hpi (Fig. 1a).
In contrast, while IL-18 activity was constitutively expressed in
lung homogenates from uninfected mice (T 5 0), it was not
significantly enhanced in lung homogenates from infected mice
at any time p.i. (Fig. 2a). Induction of IL-18 in BALF preceded
induction of TNF-a protein in BALF and lung homogenates
(Fig. 1b and 2b), which was apparent within 8 to 12 hpi, with
maximal induction at 24 hpi. Induction of both IL-18 and TNF-
a preceded induction of IL-12p70 and IFN-g proteins in BALF
(Fig. 1c and d) and in lung homogenates (Fig. 2c and d) at 24
to 48 and 48 to 72 hpi, respectively. These studies also dem-
onstrate that induction of IL-18, TNF-a, IL-12, and IFN-g in
BALF and/or in lung homogenates was temporally correlated
with clearance of A. fumigatus from the lung.

In subsequent studies, temporal expression of IL-18, IL-12,
TNF-a, and IFN-g mRNAs in A. fumigatus-infected lung tissue

was evaluated by real-time RT-PCR. This method allows a
rapid, accurate, and precise quantitation of gene transcripts
(19, 21). As shown in Fig. 3, TNF-a (Fig. 3a), IL-12p40 (Fig.
3b), IL-12p35 (Fig. 3c), and IFN-g (Fig. 3d) mRNAs were
significantly enhanced in the lungs of A. fumigatus-infected
mice at $4 hpi, with maximal induction at 24 hpi. In contrast,
IL-18 mRNA was constitutively expressed and was not signif-
icantly induced in the lung in response to A. fumigatus at any
time assessed (data not shown). Also, induction of TNF-a, IL-
12p40, IL-12p35, and IFN-g mRNAs was temporally corre-
lated with clearance of A. fumigatus from the lung (Fig. 3).
Taken together, these studies demonstrate that in response to
inhaled A. fumigatus, IL-18 protein is induced rapidly in BALF,
followed by induction of TNF-a, IL-12, and IFN-g proteins
and mRNAs in infected BALF and/or lung tissue.

Immunomodulatory activity of endogenous IL-18, TNF-a,
and IL-12 on cytokine activity in the lungs of A. fumigatus-in-
fected mice. In subsequent studies, the relative immunomodu-
latory effect of IL-18, TNF-a, and IL-12 on pulmonary cyto-
kine activity in A. fumigatus-infected mice was determined.
Immunocompetent mice were pretreated with IgG2a (control
antibody), anti-IL-18R MAb (10), anti-IL12 MAb (33), or anti-
TNF-a MAb (22, 23) alone or in combination 2 h prior to
infection with A. fumigatus. The effect of cytokine neutraliza-
tion on TNF-a activity or on IL-12 and IFN-g activities too was
assessed in lung homogenates at 24 and 48 hpi, respectively
(i.e., when these cytokines were maximally induced in lung
homogenates of similarly infected immunocompetent mice

FIG. 2. Temporal expression of immunoreactive cytokine activity
in lung homogenates and growth of A. fumigatus in lungs of immuno-
competent Crl:CF-1 mice. Mice were infected with A. fumigatus. At
specific times p.i., mice were euthanatized and intrapulmonary growth
of A. fumigatus was determined (as described for Fig. 1). Alternatively,
immunoreactive cytokine activity was quantified in lung homogenates
by cytokine-specific ELISAs for IL-18, TNF-a, IL-12p70, and IFN-g.
Results of a representative experiment (n 5 2) are shown and reflect
the mean 6 standard error of the mean of five animals per time point.
Symbol: p, significantly greater than in uninfected mice, P , 0.05.

FIG. 3. Temporal expression of cytokine mRNA and growth of
A. fumigatus in lungs of immunocompetent Crl:CF-1 mice. Mice were
infected with A. fumigatus as described in Materials and Methods. At
specific times p.i., mice were euthanatized and intrapulmonary growth
of A. fumigatus was determined (as described for Fig. 1). Alternatively,
the lungs were excised and total RNA was extracted. Transcript levels
were quantified by real-time RT-PCR for TNF-a, IL-12p40, IL-12p35,
and IFN-g. Results of a representative experiment (n 5 2) are shown
and reflect the mean 6 standard error of the mean of five animals per
time point. Symbol: p, significantly greater than uninfected mice, P ,
0.05.
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[Fig. 2]). As shown in Table 1, inhibition of endogenous IL-18
and IL-12 in combination results in significant inhibition (47%)
of TNF-a at 24 hpi, when compared to what was found in
similarly infected mice that were administered a control MAb.
In contrast, inhibition of IL-18 or TNF-a activity did not result
in significant inhibition of IL-12 at 48 hpi. However, inhibition
of either IL-18, TNF-a, or IL-12 alone or of IL-12 and IL-18
together resulted in significant inhibition (58, 50, 90, or 94%,
respectively) of IFN-g in infected lung tissue at 48 hpi. How-
ever, simultaneous inhibition of both IL-18 and IL-12 did not
result in significantly greater inhibition of IFN-g than that
caused by inhibition of either cytokine alone. These results
demonstrate that endogenous IL-18, IL-12, and TNF-a play
key, and in some cases potentially overlapping, roles in mod-
ulating cytokine activity in the lung in response to inhaled
A. fumigatus.

Endogenous cytokines and resolution of primary A. fumiga-
tus lung infection. Because clearance of A. fumigatus from
lungs of immunocompetent Crl:CF-1 mice is temporally cor-
related with local induction of cytokines, including IL-18, TNF-
a, IL-12, and IFN-g (Fig. 1 to 3), the biological relevance of
each of these cytokines in the resolution of pulmonary as-
pergillosis was assessed. Mice were administered cytokine-spe-
cific neutralizing MAbs (anti-IL-18R MAb [10], anti-TNF-a
MAb [22, 23], anti-IL-12 MAb [33]) or anti-IFN-g MAb (9)
(1 mg/mouse intraperitoneally) alone or in combination 2 h
prior to infection with A. fumigatus. At 24, 72, and 144 hpi, the
mice were humanely euthanatized and A. fumigatus CFU were
quantified in lung homogenates. Preliminary experiments had
demonstrated that there was no significant difference between
recovery of A. fumigatus from lungs of mice treated with no

antibody and recovery from lungs of similarly infected mice
administered a control antibody (IgG1a or IgG2a) at all times
studied (data not shown). Therefore, intrapulmonary growth
of A. fumigatus in mice administered a cytokine-specific neu-
tralizing MAb(s) was compared to that found in similarly in-
fected untreated mice (i.e., control mice).

Results of these studies demonstrated that at 24 hpi, there
was no significant difference between recovery of A. fumigatus
from lungs of mice administered anti-IL-18R MAb, anti-TNF-
a MAb, anti-IL-12 MAb, or anti-IFN-g MAb alone or in com-
bination and recovery from lungs of similarly infected control
mice (data not shown). In contrast, at 72 hpi, simultaneous
neutralization of endogenous IL-12 activity and either IL-18 or
TNF-a activity resulted in a significant increase in A. fumigatus
CFU in infected lung homogenates, as compared to similarly
infected control mice (Fig. 4a). At 144 hpi, inhibition of en-
dogenous TNF-a alone or in combination with neutralization
of other cytokines, including IL-18, IL-12, or IFN-g, resulted
in significantly enhanced recovery of A. fumigatus from the
lungs (Fig. 4b). However, there was no significant difference
between recovery of A. fumigatus from the lungs of mice
treated with an anti-TNF-a MAb alone and recovery from the
lungs of mice administered an anti-TNF-a MAb in combina-
tion with these other cytokine-specific neutralizing MAbs. Si-
multaneous neutralization of IL-12 and IL-18 activity also re-
sulted in a significant increase in A. fumigatus CFU in lung
homogenates at 144 hpi. In contrast, inhibition of IFN-g ac-
tivity did not result in a significant increase in A. fumigatus in
lung homogenates at any time p.i. These results demonstrate
that intrapulmonary cytokines, including TNF-a, IL-12, and
IL-18, likely play critical roles in the clearance of A. fumigatus
from lungs of immunocompetent mice, while IFN-g may not
play a major role in host defense against primary pulmonary
aspergillosis in this murine model system.

DISCUSSION

Previous studies have suggested a directive role of Th1 cy-
tokines in leukocyte-mediated defense against primary pulmo-
nary aspergillosis; however, cytokine networking in the lung in
response to A. fumigatus has not been thoroughly investigated.
In this study, the immunomodulatory role and biological rele-
vance of endogenous cytokines, including IL-18, TNF-a, IL-12,
and IFN-g, in host defense against primary A. fumigatus lung
infection were assessed in immunocompetent Crl:CF-1 mice
infected with the fungus. Results of our studies demonstrated
that IL-18, TNF-a, IL-12, and IFN-g proteins were induced
temporally (in this order) in the lung in response to inhaled
A. fumigatus. However, while induction of TNF-a, IL-12, and
IFN-g immunoreactive proteins was associated with induction
of the corresponding mRNAs, induction of immunoreactive
IL-18 in infected mice occurred in the absence of induction of
IL-18 mRNA. These results suggest that regulation of intrapul-
monary IL-18 protein expression during A. fumigatus infection
occurred, at least in part, by a posttranscriptional mechanism.
IL-18 is synthesized as a precursor molecule (pro-IL-18) de-
void of a signal sequence and requires the IL-1 b converting
enzyme (caspase 1) for cleavage into a mature peptide (18, 20).
The potential relationship between intrapulmonary IL-1 b con-

TABLE 1. Modulation of intrapulmonary cytokine activity in
A. fumigatus-infected mice by endogenous IL-18,

TNF-a, and IL-12a

Cytokine-specific
MAb(s)

Cytokine activity
(pg/lung) % Inhibition

TNF-a
IgG2a 6,535 1 525
Anti-II-18R MAb 5,122 6 912 22
Anti-IL-12 MAb 4,832 6 1,014 27
Anti-IL-18R MAb 1

anti-IL-12 MAb
3,484 1 475* 47

IL-12
IgG2a 192 6 27
Anti-IL-18R MAb 122 6 26 37
Anti-TNF-a MAb 100 1 36 48

IFN-g
IgG2a 534 6 64
Anti-IL-18R MAb 229 6 80* 58
Anti-TNF-a MAb 270 6 101* 50
Anti-IL-12 MAb 58 6 40* 90
Anti-IL-18R MAb 1

anti-IL-12 MAb
37 1 24* 94

a Crl:CF-1 mice were administered IgG2a, anti-IL-18R MAb, anti-TNF-a
MAb, and/or anti-IL-12 MAb prior to infection with A. fumigatus. At 24 and 48
hrs p.i., mice were euthanatized and their lungs were excised, homogenized, and
filtered. Immunoreactive TNF-a was quantified in lung homogenates at 24 hpi,
while IL-12 and IFN-g proteins were quantified at 48 hpi by cytokine-specific
ELISAs. Results represent the pooled mean 6 standard error of the mean of two
separate experiments, 8 to 10 animals per treatment group. Symbol: *, signifi-
cantly less than in similarly infected mice administered IgG2a, P , 0.05.
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verting enzyme activity and secretion of mature IL-18 during
A. fumigatus lung infection remains to be explored.

Temporal analysis of cytokine expression in the lungs of
infected mice demonstrated that induction of immunoreactive
IL-18 in BALF preceded induction of TNF-a, IL-12, and IFN-
g proteins and corresponding mRNAs. IL-18 has previously
been shown to have immunomodulatory effects on other cyto-
kines, including TNF-a and IFN-g (30, 35). Furthermore,
modulation of IFN-g expression by IL-18 is due in large part to
synergistic effects of IL-18 with other cytokines, including IL-
12 (1, 28, 30, 40, 53). Consequently, studies using cytokine-
specific neutralizing MAbs were conducted to assess immuno-
modulatory effects of endogenous IL-18, TNF-a, and IL-12 on
intrapulmonary cytokine activity in infected mice. Results of
these studies (Table 1) demonstrated that IL-18 and IL-12

together regulated intrapulmonary TNF-a activity, while IL-
18, TNF-a, and IL-12 regulated IFN-g activity. These results
demonstrate that IL-18, TNF-a, and IL-12 are key modulators
of intrapulmonary cytokine activity during A. fumigatus lung
infection.

Subsequent studies using cytokine-specific neutralizing anti-
bodies were conducted to identify the potential biological rel-
evance of endogenous IL-18, IL-12, TNF-a, and IFN-g in host
defense against pulmonary aspergillosis. Results of these stud-
ies (Fig. 4) demonstrated that IL-12 and IL-18 acted synergis-
tically to facilitate resolution of A. fumigatus pulmonary infec-
tion in the immunocompetent host, as simultaneous inhibition
of both cytokines but not of either cytokine alone resulted in
the enhanced recovery of A. fumigatus from infected lung tis-
sue. The mechanism by which IL-12 and IL-18 mediate the
clearance of A. fumigatus from the lungs of immunocompetent
Crl:CF-1 mice remains to be explored. Our results suggest that
it occurs largely by an IFN-g-independent mechanism, since
inhibition of endogenous IFN-g alone did not significantly
alter clearance of A. fumigatus from the lung. Results of our in
vivo studies are in agreement with those of a recent in vitro
study which showed that IL-12-induced fungicidal activity of
cultured human mononuclear phagocytes against A. fumigatus
occurred by means of an IFN-g-independent mechanism (43).
In addition to modulating IFN-g activity, IL-12 and IL-18 have
pleiotropic effects, which include regulation of NK cell cyto-
toxicity (24, 39). The potential role of cytotoxic NK cells in
resistance to primary A. fumigatus lung infection remains to be
thoroughly investigated.

Results of our study contrast with those of a previous study,
which demonstrated that inhibition of IL-12 alone resulted in
enhanced intrapulmonary growth of A. fumigatus in experi-
mentally infected BALB/c mice (8). While the reason for the
disparity between results of these two studies is not completely
understood, it is likely due, in part, to differences in A. fumiga-
tus strains, inoculum doses, and/or murine strains (i.e., suscep-
tible [BALB/c] versus resistant [Cr:CF1]) used.

In addition, inhibition of TNF-a, either alone or in combi-
nation with inhibition of other cytokines, including IL-12, IL-
18, and IFN-g, also resulted in significantly delayed clearance
of A. fumigatus from the lung (Fig. 4). These results confirm
those of earlier studies (27) and suggest that endogenous TNF-
a plays a key role in host resistance to A. fumigatus pulmonary
infection. TNF-a likely contributes to host defense against
A. fumigatus by means of several mechanisms. Although not
directly chemotactic for phagocytic cells, TNF-a induces leu-
kocyte and endothelial cell expression of adhesion molecules,
thus influencing phagocytic cell trafficking in the lungs (17, 27).
In addition, TNF-a modulates chemokine expression, thereby
modulating both the influx and activation of phagocytic cells in
the lung (27).

In summary, using a murine model of A. fumigatus pul-
monary infection in immunocompetent mice, we have dem-
onstrated that proinflammatory cytokines, including IL-18,
TNF-a, and IL-12, play key roles in host defense against pul-
monary aspergillosis in the immunocompetent host, due to
their effects on both local cytokine activity and clearance of
A. fumigatus from the lung. These studies are the first to iden-
tify the potential role of IL-18 in innate immunity to pulmo-
nary aspergillosis and to characterize immunomodulatory ef-

FIG. 4. Role of endogenous IL-18, IL-12, TNF-a, and IFN-g in
resolution of primary A. fumigatus lung infection. Crl:CF-1 mice were
administered anti-IL-18R MAb, anti-TNF-a MAb, anti-IL-12 MAb,
and anti-IFN-g MAb (1 mg/mouse intraperitoneally) alone or in com-
bination 2 h prior to infection with A. fumigatus. At 24, 72, and 144 hpi,
mice were euthanatized and their lungs were excised and homoge-
nized. Intrapulmonary growth of A. fumigatus was quantified by culture
of lung homogenates. Results of these studies demonstrated that
growth of A. fumigatus in the lung in mice treated with cytokine-
specific MAbs at 24 hpi was not significantly different from growth in
similarly infected, untreated mice (data not shown). In contrast, sig-
nificant differences in intrapulmonary growth of the fungus were ap-
parent in mice treated with cytokine-specific MAbs at 72 (a) and 144
(b) hpi, as compared to growth in similarly infected, untreated mice.
Results represent the pooled mean 6 standard error of the mean of
two separate experiments, seven to nine animals per treatment group.
Symbol: p, significantly greater than similarly infected control mice,
P , 0.05.
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fects of IL-18 on intrapulmonary cytokine activity during
A. fumigatus lung infection. Future studies which elucidate the
role of endogenous cytokines in resistance to A. fumigatus lung
infection are warranted, as they may provide new strategies for
adjunct therapy for prevention and treatment of invasive pul-
monary aspergillosis in immunocompromised patients.
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