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Aspergillus fumigatus is a human pathogen, able to cause invasive aspergillosis in

immunosuppressed patients. In the immunocompetent situation inhaled conidia

are easily cleared by the immune system. Knowledge of the cellular pathways

involved in the innate immunity against A. fumigatus is poorly represented.

Therefore, we aimed to investigate the immune response against A. fumigatus in

murine alveolar macrophages in terms of MAP kinases, NF-kappaB and cytokine

signalling. Our investigations revealed that in murine alveolar macrophages, MAP

kinases, ERK and p38 are activated under in vitro conditions, following addition of

A. fumigatus conidia. In vivo experiments, however, showed that only ERK is

directly involved, because activation of p38 was negligible. Immunosuppression

with corticosteroids inhibited phosphorylation of ERK and was directly accom-

panied with a strongly decreased level of TNF-alpha and additional cytokines.

In addition, killing of A. fumigatus conidia is reduced using the ERK inhibitor.

Therefore, ERK appears to be an essential MAP kinase in the defence against A.

fumigatus. Activation of the transcription factor NFkappaB appeared only at late

times after infection suggesting an association with the intracellular swelling of

conidia.
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Introduction

Aspergillus fumigatus is an opportunistic fungal

pathogen responsible for invasive aspergillosis (IA), a

severe, life-threatening infection in various immuno-

compromised patients [1]. Diagnosis is difficult, treat-

ment is poorly efficient and as a consequence,

mortality is high. In addition very little is known

about the pathobiological features of this organism

[2]. This is especially true for the early stages of

disease development. Following inhalation of airborne

A. fumigatus conidia, the normal immunocompetent

host is protected by pulmonary innate immunity,

which includes phagocytosis by alveolar macrophages.

Macrophages are key defenders of the lung and

play an essential role in mediating the inflammatory

response.

We have studied the engulfment and intracellular

trafficking of A. fumigatus conidia in alveolar macro-

phages. Phagocytosis of conidia required an important

membrane ruffling activity, actin polymerization and

phosphatidylinositol 3-kinase activity. We also have

demonstrated that the maturation of A. fumigatus

phagosomes results from fusion with compartments

of the endocytic pathway [3].

The mechanisms of killing of conidia by the alveolar

macrophages begin 6 h after phagocytosis.

Swelling of conidia inside the alveolar macrophage is

a prerequisite for killing. The contribution of phagoly-

sosomal acidification as well as NADPH oxidase to

the conidicidal activity has been demonstrated. This
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activity is inhibited by corticosteroids via the impairment

of production of reactive oxidant intermediates [3,4].
Recognition of invading microorganisms by the innate

immune system is a first and essential step in their

successful elimination. Following microbial recognition,

the macrophage effector functions are known to be

dependent in part on the phosphorylation of mitogen-

activated protein kinases (MAPKs). The extracellular

signal-regulated kinases (ERKs) and p38 have been

shown to be activated either in macrophages [5] or in
alveolar macrophages using a variety of stimuli [6,7].

After activation by phosphorylation, the MAPKs trans-

locate to the nucleus where they phosphorylate several

targets including transcription factors that then mediate

the expression of a number of pro-inflammatory genes.

We investigated the signalling events that occur when

A. fumigatus conidia encounter a murine alveolar

macrophage. We report on the involvement of MAPKs
and the activation of the transcription factor NF-

kappaB in the regulation of events leading to the

activation of the immune response and killing of

conidia [8].

Results

Study of the activation of ERK and p38 in response to A.

fumigatus stimulation

To investigate whether MAP kinases play a role in
the responses of immunocompetent and cortisone

acetate immunosuppressed mice infected with conidia

of A. fumigatus, we studied activation of ERK and p38

in alveolar macrophages isolated 4 h after intranasal

infection with 1�/107 conidia. Alveolar macrophages

were recovered from bronchoalveolar and the activa-

tion of MAP kinases was investigated in the cell lysates

by Western blot using phosphospecific antibodies. The

level of phosphorylation was compared separately

between immunocompetent non infected and infected
mice as well as between immunosuppressed non-

infected and infected mice (Fig. 1).

After 4 h of infection with conidia in immunocom-

petent mice, the infection resulted in a major activation

of ERK with a phosphorylation fold of 2.9 and 1.9 for

p44 and p42 subunits, when compared to non-infected

mice P B/0.05 (Fig. 1A).

In immunosuppressed mice, levels of phosphorylated
ERK are lower than in immunocompetent mice P B/

0.05 (Fig. 1A). In addition, it was unexpected that the

phosphorylation level of ERK even decreased after

infection with conidia.

Although an infection for 4 h showed a significant

phosphorylation of ERK in vivo, the activation of p38

could not be observed when 1�/107 conidia were used.

As shown in Fig. 1B, a similar level of phosphorylation
of p38 was observed in both non-infected and infected

immunocompetent and immunosuppressed mice.

Similar to the observations in vivo, the stimulation in

vitro of murine primary alveolar macrophages or

immortalized murine alveolar macrophages MH-S cells

with conidia of A. fumigatus for different periods of

time resulted in a significant fold of phosphorylation

of ERK after 1 h stimulation and unlike in vivo

experiments, p38 phosphorylation has been observed

after in vitro stimulation (Fig. 2).

Translocation of NF-kappaB by A. fumigatus in alveolar
macrophages

Translocation of NF-kappaB was analysed by immuno-

fluorescence using a Rel-A specific antibody. MH-S
cells were stimulated with conidia for 1, 4 and 6 h. As a

positive control of NF-kappaB translocation, cells were

treated with TNF-alpha for 30 min. As shown in

Fig. 1 Aspergillus fumigatus conidia induce

phosphorylation of ERK and not p38 after 4 h

in vivo infection. Alveolar macrophages were

harvested by bronchoalveolar lavage from im-

munocompetent (IC) and immunosuppressed

mice (IS) 4 h after intranasal infection with 1�/

107 conidia (I) or from PBS inhaled control mice

(NI). Mice were immunosuppressed with 25 mg

of cortisone acetate (Sigma) injected intraperito-

neally at day 3 and immediately before intranasal

inoculation of conidia (day 0). Phosphorylated

and non phosphorylated forms of ERK and p38

were analysed by western blotting using phos-

phospecific antibodies. Levels of phosphoryla-

tion were quantified after normalization to the

level of total ERK and p38 using densitometry

scanning and the imageQuant program. Each

bar represents average of fold phosphorylation of ERK (2A) or p38 (2B) from three independent mice (P B/0.005).
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Fig. 3, TNF-alpha treatment resulted in complete

nuclear translocation of NF-kappaB. Non stimulated

control cells as well as cells stimulated with conidia
for 1 h showed no Rel-A translocation but became

apparent after 4 h of stimulation with conidia and

reached 100% of translocation after 6 h. This result

strongly implied that efficient Rel-A translocation only

occurred after intracellular swelling of conidia. To

go further, we tested the ability of the translocated

Rel-A subunit to bind to its target DNA sequence by use

of an ELISA based assay (Trans-AM). Nuclear extracts
were prepared from cells stimulated with conidia for 4

and 6 h. Results showed that resting conidia induce an

activation fold of 1.7 after 6 h of stimulation compared

to non-stimulated cells (data not shown).

Cytokine release from alveolar macrophages after
stimulation with A. fumigatus

Primary murine alveolar macrophages were stimulated

ex vivo with conidia for 6 h in presence or absence of

inhibitors of MAP kinases and NF-kappaB. Super-

natants were removed and used for determination of

the TNF-alpha concentration.

Conidia induced a secretion of 1379/26 pg/ml of

TNF-alpha after 6 h of stimulation, which corresponds

to an 8.6 fold increase in comparison with the basal

level of secretion of this cytokine in unstimulated cells

(169/2 pg/ml). The two inhibitors of ERK-1/2, PD

98059 and UO126 used at the concentrations of 2.5, 5

and 10 mM, led to a dramatic decrease of TNF-alpha

secretion between 46% and 86%, depending on the

inhibitor and on the dose used. SB203580, the inhibitor

of p38-MAPK used at the concentrations of 2.5 and 5

10 mM results in a minor inhibition of the expression of

TNF-alpha. However this inhibitor did not induce any

dose dependent inhibition. The effect of these two

inhibitors on the capacity of killing of conidia by MH-S

cells was also investigated. PD98059 added at the

concentration of 5 mM, resulted in a percentage of

killing of 539/4% compared to 82.59/8% for the

Fig. 2 Western blot analysis of phosphorylation

of ERK and p38 MAP kinases in Aspergillus

fumigatus conidia-stimulated murine primary

alveolar macrophages. Primary alveolar macro-

phages were stimulated or not (NI) with conidia

at a ratio of 10 conidia per macrophage for the

indicated time. ERK and p38 phosphorylation

was analysed by immunofluorescence using anti-

bodies against phospho-ERK and phospho-p38.

To confirm the sample loadings, the blots were stripped and probed with an anti- total ERK or anti-total p38 antibodies.

NI 15’ 60’ 15’ 60’NI

phospho-ERK

ERK

phospho-p38

p38

Fig. 3 Translocation of NF-kappaB in MH-S cells after stimulation with the conidia of Aspergillus fumigatus. MH-S cells were challenged or

not (NI for none infected) with the conidia at the ratio of 10 conidia per macrophage for different times (1, 4, and 6 h) or with TNF-alpha for 1 h

as positive control. NF-kappaB translocation was visualized using a Rel-A specific polyclonal antibody. The upper lane shows the Rel-A staining

and the lower lane the nuclear staining. Stained cells were observed using conventional fluorescence microscopy. Arrows indicate nuclei with

prominent concentrations of translocated Rel-A.
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control cells without inhibitor. Although SB203580

negatively affects TNF-alpha production, the percen-

tage of killing obtained in presence of this inhibitor was

none significantly reduced.

We also conducted in vivo experiments to measure

the production of TNF-alpha, IL-6 and MCP-1 in the

broncho alveolar lavages of mice challenged with
conidia of A. fumigatus for 24 h. These BAL fluids

contained substantially more TNF-alpha (9259/171 vs.

09/0 pg/ml), IL-6 (649/18 vs. 09/0 pg/ml), MCP-1

(519/1 vs. 09/0 pg/ml), than samples from non-infected

control mice. Comparison of TNF-alpha and IL-6

recovered from BAL fluids of immunocompetent and

immunosuppressed mice which were obtained after

stimulation with A. fumigatus revealed that the con-
centrations of these cytokines were substantially lower

in the immunosuppressed situation (Fig. 4).

Discussion

Aspergillus fumigatus is a human pathogen, which is
able to cause invasive aspergillosis in immunosup-

pressed patients. In the immunocompetent situation,

inhaled conidia are easily cleared by the immune

system. Macrophages play an essential role in this

process. Their activation results in the acquisition of

new molecular and cellular capacities which are

determined largely by new gene expression. The up-

regulation of specific genes depends mainly on the
mode of activation and frequently results in production

of the proinflammatory cytokines tumor necrosis

factor alpha (TNF-alpha) and interleukins 1a and

6 (IL1-a and IL-6). One of the major cytokines

involved in immune defence against A. fumigatus is
TNF-alpha. A high level of TNF-alpha synthesis is

directly accompanied by an increased resistance against

A. fumigatus infection [9]. We investigated the involve-

ment of different MAP kinases on the response towards

A. fumigatus conidia, because MAP kinases are directly

involved in TNF-alpha production [10,11]. However,

their exact functions in the response to fungal infection

are poorly studied [12]. Even less is known about the
involvement of MAP kinases in signalling and killing of

conidia of A. fumigatus by alveolar macrophages.

Through the use of phospho-specific antibodies we

found an activation of ERK and p38 after in vitro

stimulation with conidia. However, in vivo activation of

p38 was only observed when 2�/108 conidia were

applied whereas a strong response of ERK was

observed by the use of at least ten times less conidia.
This implied that p38 might only be of minor im-

portance in recognition and defence against A. fumi-

gatus.

MAP kinases and NF-kappaB are known to be

involved in the control of cytokine gene expression

including TNF-alpha, IL-1a and IL-6. In the immune

response towards A. fumigatus, TNF-alpha has been

shown to play a critical role in innate immunity in both
immunocompromised and immunocompetent hosts.

Pre-treatment with TNF-alpha agonist peptides have

been demonstrated to significantly enhance resistance

to A. fumigatus in neutropenic animals [9]. Therefore,

the reduction in the level of cytokines released by

macrophages after treatment with corticosteroids leads

to insufficient clearance of conidia [13]. In our study,

conidia induced a significant increase in TNF alpha
production by alveolar macrophages after 6 h stimula-

tion in vitro. When mice were challenged in vivo for

24 h, in addition to TNF alpha production, IL-6 as well

as MCP-1 increased substantially.

Investigations with MAP kinases inhibitors were

performed to determine the relation between produc-

tion of TNF-alpha and phosphorylation of ERK and

p38. The use of SB203580, the classically known
inhibitor of p38, only had a non dose dependent

effect on TNF-alpha production. Additionally, we

were not able to observe any significant variation in

the killing of conidia under in vitro conditions by use

of SB203580, which underlines the minor role of p38.

In contrast to p38, we revealed that after application

of conidia, blocking of the ERK pathway inhibited

TNF-alpha synthesis in a dose-dependent manner. In
addition, treatment with PD98059 resulted in a

reduction of 30% in killing of conidia compared to

untreated control cells. This manifests an important
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Fig. 4 Release of TNF-alpha and IL-6 from broncho alveolar lavage

of mice infected intranasally with Aspergillus. fumigatus conidia. In

vivo release of TNF-alpha and IL-6 was measured in the bronch-

oalveolar lavage of immunocompetent (IC) or immunosuppressed

(IS) 24 h after infection. Infected (I) were compared to non infected

mice (NI). Data are expressed as the mean9/SEM of three indepen-

dent experiments done with 3 mice for each point.
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role of the ERK pathway in the defence against

conidia.
Besides the role of MAP kinases in the production of

cytokines, we were interested in the activation of NF-

kappaB, since this transcription factor controls

the expression of many cytokines [11]. In this study,

we have shown that resting conidia do not induce the

translocation of NF-kappaB at early time points.

However, we observed a translocation of NF-kappaB

after 6 h incubation of conidia with macrophages.
From these data it can be assumed that NF-kappaB

activation may be associated with the intracellular

swelling of conidia, which is the first step of conidial

germination [4]. Swelling of conidia significantly in-

creases their size within the phagolysosome, which

might be a trigger for NF-kappaB translocation. In

addition, swelling of conidia is an absolute requirement

for production of reactive oxygen intermediates that are
responsible for conidial killing [4]. On the other hand, it

was demonstrated by Meier et al . [14] that not only

living conidia, but also killed conidia and dead hyphae

are able to induce NF-kappaB translocation. There-

fore, in our system, the late activation of NF-kappaB

may also be due to soluble factors produced by the

macrophages themselves such as cytokines, chemokines

or lipid derivatives, which are involved in the inflam-
matory response.

We were further interested in the role of corticoster-

oids in the inflammatory response against A. fumigatus.

Corticosteroids are potent anti-inflammatory drugs.

They diffuse into target cells where they bind to their

cytoplasmic receptor, which in turn translocates to the

nucleus and blocks transcription of several cytokine

genes [15]. Glucocorticoids have been shown to inhibit
members of the MAP kinases family and p38 by

sustaining the expression of MKP-1 [16]. When

broncho alveolar macrophages are treated with dex-

amethasone and stimulated with living conidia of

A. fumigatus, production of IL1-alpha and TNF-alpha

is much less pronounced [17]. In our in vivo model,

immunosuppression resulted in a significant decrease

in the phosphorylation of pERK and, as a conse-
quence, a strong decrease in TNF-alpha and IL-6

production.

We have demonstrated that the MAP kinase pERK,

plays an essential role in the inflammatory host

response against A. fumigatus. Although widely stu-

died, the question concerning the implication of one or

different types of pattern recognition receptors or other

receptors specific for cell wall carbohydrates in the
recognition of A. fumigatus by the macrophage is not

completely addressed.
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