
Eur Respir J 1998; 12: 607–611
DOI: 10.1183/09031936.98.12030607
Printed in UK - all rights reserved

Copyright ©ERS Journals Ltd 1998
European Respiratory Journal

ISSN 0903 - 1936

Effects of alkaline protease or restrictocin deficient mutants of 
Aspergillus fumigatus on human polymorphonuclear leukocytes

Y. Ikegami, R. Amitani, T. Murayama, R. Nawada, W.J. Lee, R. Kawanami, F. Kuze

aa

Aspergillus fumigatus is the most common pathogen in
invasive pulmonary aspergillosis, but little is known of its
pathogenic factors. Although several A. fumigatus-derived
substances, including elastolytic alkaline protease (Alp),
restrictocin and gliotoxin, have been suggested as can-
didates for virulence determinants of A. fumigatus [1–6],
the role of each substance is poorly understood. Several
research groups have constructed isogenic mutant strains
which lack production of Alp or restrictocin from clini-
cally isolated wild-types, by a gene disruption method, in
order to elucidate the role of each substance in the patho-
genesis of invasive aspergillosis. However, in vivo experi-
ments using the mutant strains have not yet demonstrated
the virulence determinants [7–12].

We previously reported that A. fumigatus culture filtra-
tes (ACFs) suppressed functions of human alveolar mac-
rophages and polymorphonuclear leukocytes (PMNLs),
the principal cells in the host defence against aspergillus,
and that multiple substances in the ACFs are likely to
be responsible for the suppressive activities of the ACFs
[13]. It was speculated that suppression of phagocytic fun-
ctions would allow aspergillus to proliferate, presumably
by escaping the local host defences.

In the present study the in vitro effects of ACFs on the
functions of human PMNLs (chemotaxis towards formyl-
methionyl-leucyl-phenylalanine (FMLP), superoxide anion
(O2

–)-release and hyphal damage by PMNLs) were com-
pared between a clinically isolated A. fumigatus wild-type
parent strain and its isogenic mutant strains which lack
production of Alp and/or restrictocin, in order to evaluate
the role of each substance in the suppression of PMNL
functions.

Materials and methods

Preparation of Aspergillus fumigatus culture filtrates

A clinically isolated A. fumigatus strain and its isoge-
nic mutant strains were a gift from D.W. Holden (Royal
Postgraduate Medical School, London, UK). The A. fumi-
gatus strains used in the present study were as follows:
strain 237, a wild-type clinically isolated from a patient
with invasive pulmonary aspergillosis; strain 342 (form-
erly called 237d), an Alp-deficient strain; strain 363, a
restrictocin-deficient strain; strain 417, a double-mutant
strain lacking both Alp and restrictocin. The A. fumigatus
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the host defence against aspergillus hyphae, from a clinically isolated wild-type and
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and/or restrictocin. ACFs were obtained by culturing conidia of each strain in
Medium-199 at 37°C for 5 days. 

ACFs of the wild-type significantly (p<0.01) suppressed chemotaxis, superoxide
anion (O2

–) release and PMNL-mediated hyphal damage, compared with the control
(Medium-199). ACFs of the mutant strains that lack Alp or restrictocin significantly
(p<0.01) suppressed chemotaxis and O2

–-release, but did not suppress hyphal dam-
age, compared with the control. The wild-type significantly (p<0.01) suppressed
chemotaxis of PMNLs compared with the mutant strains lacking Alp or restrictocin,
whereas there were no significant differences in suppression of O2

–-release and
hyphal damage by PMNLs. ACF of a mutant strain that lacks both Alp and restric-
tocin had much less activity, but significantly (p<0.01) suppressed chemotaxis of
PMNLs compared with the control.

In conclusion, alkaline protease and restrictocin may play roles in the suppressive
effect of Aspergillus fumigatus culture filtrates on the functions of human polymor-
phonuclear leukocytes. Other antiphagocytic substances produced by Aspergillus
fumigatus remain to be identified.
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mutant strains 342 and 363 were constructed from the wild-
type strain 237 by single gene disruption [7–9]. Strain 417
was constructed by replacing the Alp gene in mutant
strain 363 [10].

TANG et al. [7, 8] and SMITH et al. [9, 10] confirmed dis-
ruption of the genes, as well as a lack of production of
Alp and/or restrictocin, in the mutant strains. In contrast to
the ACFs of the wild-type parent strain 237, the mutant
strain 342 had no detectable proteolytic and elastolytic
activities on azocollagen and elastin-Congo red, and so-
dium dodecyl sulphate-polyacrylamide gel electrophore-
sis (SDS-PAGE) of extracellular proteins from strain 342
showed the absence of a major 33 kDa protein, which cor-
responds to Alp. Strain 363 lacks the specific extracellu-
lar ribonucleolytic activity associated with restrictocin, as
measured by an in vitro rabbit reticulocyte lysate assay.
Western blot analysis of strain 363, using anti-restricto-
cin monoclonal antibody, confirmed that it does not pro-
duce restrictocin. Strain 417 did not degrade elastin when
grown on elastin medium, indicating the absence of Alp.
Disruption of the restrictocin gene of strain 417 was con-
firmed by polymerase chain reaction analysis.

ACFs were obtained by the following procedures [13].
After growth on slants of potato dextrose agar (PDA)
(Difco Laboratories, Detroit, MI, USA) for 5 days at 30°C,
conidia (2×107) from of each strain were cultured in flasks
containing 400 mL of Medium-199 (Gibco BRL, Paisley,
UK) cell culture fluid without shaking for 5 days at 37°C.
The fungal mass was removed by passing the medium
through gauze and each culture filtrate was sterilized by
passage through Millex-GV 0.22 µm filters (Japan Milli-
pore, Tokyo, Japan) and stored at -80°C. Before use in
experiments, the pH of the ACFs was adjusted to 7.4 with
1M HCl. The sterility of the ACFs was tested by 3 days of
culture on plates of blood agar number 2 (Oxoid, Basing-
stoke, UK) and PDA at 37°C. During the 5 days of culture
in Medium-199, growth rates of the mutant strains were
indistinguishable from that of the wild-type parent strain.
In addition, the protein concentrations of the ACFs, meas-
ured by Lowry's method, were 3.83, 4.07, 3.87 and 3.98
µg·mL-1 for strains 237, 342, 363 and 417, respectively.

Cell preparations

Fresh human PMNLs were prepared from heparinized
venous blood obtained from 12 healthy adult volunteers
by sedimentation in 2% dextran, followed by centrifuga-
tion on a Ficoll gradient and lysis of erythrocytes with
hypotonic saline. The PMNLs were washed and resuspen-
ded in Medium-199 in polypropylene tubes (Falcon, Bec-
ton & Dickinson Co., Lincoln, NJ, USA). Giemsa-stained
cytospin preparations of the PMNL suspensions typically
showed >95% PMNLs. In each experiment, cell viability,
assessed by the trypan-blue-exclusion test, was found to
be >90% after treatment with ACFs of each strain for 2 h.

Chemotaxis assay

Chemotaxis of PMNLs under agarose was determin-
ed according to the method of NELSON et al. [14]. In brief,
six series of three wells, 3 mm in diameter and 3 mm
apart, were cut in agarose plates. FMLP, (10-7 M; Sigma,
St Louis, MO, USA) and Hank's balanced salt solution

(HBSS), 10 µL of each, were placed in the outer and in-
ner wells, respectively. The centre wells contained 1×106

PMNLs suspended in Medium-199 with ACFs (0, 3, 5,
10, 20, 30 and 50% of each strain). The plates were incu-
bated in a 5% CO2 incubator for 2 h at 37°C and then fixed
with methanol and stained with Giemsa. Migration was
quantified by the linear distance that the cells had moved
from the margin of the centre well towards the FMLP.

Superoxide anion assay

Production of O2
– was assayed by determining the sup-

eroxide dismutase (SOD)-inhibitable reduction of cyto-
chrome c [15]. In brief, 2.5×105 PMNLs were preincubated
in Medium-199 containing various concentrations of ACFs
(0, 3, 6, 12.5, 25 and 50%) for 60 min at 37°C and then
washed with phosphate-buffered saline (PBS). PMNLs were
then incubated in a final volume of 500 µL of HBSS con-
taining cytochrome c (120 µM) (Sigma), with or without
50 µg SOD and phorbol myristate acetate (PMA, 100
ng·mL-1) (Sigma), in a shaking water bath for 30 min at
37°C. The cells were finally removed by centrifugation.
O2

– production in the supernatants was assessed as the dif-
ference in absorption between them and the control, at
550 nm, measured using a spectrophotometer (Hitachi U-
3210, Ibaragi, Japan), and the amount of O2

–-released in
nmol·106 PMNLs-1 was calculated.

Hyphal damage

Hyphal damage caused by PMNLs was assessed by a
colorimetric assay as described below. This method was
reported by MESHULAM et al. [16] as a quick and quantitative
technique for the assessment of fungal cell damage.

Organism. Conidia of A. fumigatus strain 237 (1.5×106)
were suspended in RPMI-1640 (Gibco BRL) containing
10 mM N-2-hydroxyethylpiperazine-N-2-ethanesulphonic
acid (HEPES) buffer, and then incubated in a polypropyl-
ene tube (Falcon, Becton & Dickinson) for 16 h at 30°C
and for an additional 2 h at 37°C to form hyphae. 

Chemicals. 2,3-Bis-(2-methoxy-4-nitro-5-sulphonyl)-(2H)-
tetrazolium-5-carboxanilide (XTT) (Sigma) was freshly
prepared daily in Dulbecco's PBS (Gibco BRL) at 0.5
mg·mL-1 with heating at 60°C for 30 min, and then passed
through a 0.22 µm filter prior to use. Coenzyme Q (2,3-
dimethoxy-5-methyl-1,4-benzoquinone) (Sigma) was pre-
pared as a 5 mg·mL-1 stock solution in PBS, and then     fil-
tered and stored in aliquots at -70°C. Working solutions
prepared for each experiment contained 0.5 mg·mL-1 XTT
and 40 µg·mL-1 coenzyme Q. 

Assessment of hyphal damage. Human PMNLs were pre-
incubated in Medium-199 with or without 30% ACF from
each strain for 1 h at 37°C. Hyphae in quadruplicate poly-
propylene tubes were sedimented by centrifugation and
resuspended in 600 µL PBS supplemented with 1 g·L-1 glu-
cose, 100 mg·mL-1 Ca2+ and 100 mg·mL-1 Mg2+. PMNLs
(6×106) in a final volume of 1 mL of supplemented PBS
with 10% heat-inactivated human blood group AB serum
were added to the tubes. Two controls were incubated in
each experiment: one set of the tubes containing fungi and
serum and the other containing PMNLs and serum. The
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tubes were incubated for 1 h at 37°C in a 5% CO2 incu-
bator. PMNLs were lysed by adding cold distilled water,
followed by centrifugation at 4°C. Supernatants were as-
pirated and the pellets were washed with 1 mL distilled
water and then resuspended in 0.4 mL working solution
containing XTT and coenzyme Q, and incubated for 1 h
at 37°C. An aliquot (100 µL) from each supernatant was
then transferred to a well of a microtitre plate (Falcon,
Becton & Dickinson). Absorption at 450 nm was determi-
ned using a 96-well enzyme-linked immunosorbent assay
(ELISA) plate reader (Flow Laboratories, Dainippon Phar-
maceutical Co., Ltd., Suita, Japan). The percentage of hyp-
hal damage was defined by the following equation:

          A450 of fungi incubated with PMNLs -
                        A450 of PMNLs alone
   1 -                                                                       ×100 (%)
         A450 of fungi incubated without PMNLs

Statistical analysis

All results are expressed as the mean±SEM. The data were
analysed using the statistical software package Statview
4.11 (Abacus Concepts, Berkeley, CA, USA). Compari-
son was performed with the Kruskal-Wallis test and then
multiple comparisons were performed by Bonferroni's
method. A p-value <0.05 was considered to be significant.

Results

Effects of Aspergillus fumigatus culture filtrates on chem-
otaxis of human polymorphonuclear leukocytes

The effects of ACF on the chemotaxis of human
PMNLs are shown in figure 1. ACF of strain 237 signifi-
cantly (p<0.01) suppressed the migration of PMNLs tow-

ards FMLP in a concentration-dependent manner between
3 and 30% compared to control (medium alone). At 30%
strain 237 ACF, PMNLs were almost immotile. Compar-
ed with control, ACFs of strains 342 and 363 also sig-
nificantly (p<0.01) suppressed migration of PMNLs at
concentrations of 20–30% and 10–30%, respectively. The
suppressive effect of ACF of strain 417 was significant
(p<0.01) at a concentration of 50%, but not at 3–30%,
compared with control. ACF of strain 237 significantly
(p<0.01) suppressed migration of PMNLs compared with
ACFs of strains 342, 363 and 417 at concentrations of
10–30%. ACFs of strains 342 and 363 also significantly
(p<0.01) suppressed migration of PMNLs compared with
strain 417 ACF at a concentration of 30%. There were no
significant differences in the suppressive effect between
the ACFs of strains 342 and 363.

Effects of Aspergillus fumigatus culture filtrates on super-
oxide anion release from human polymorphonuclear leu-
kocytes

ACFs of strain 237 significantly (p<0.01) suppressed
O2

–-release from PMNLs in response to PMA, compared
with both control (medium alone) and ACFs of strain 417
at concentrations of 25–50% (fig. 2). ACFs of strains 342
and 363 significantly (p<0.01) suppressed O2

–-release at a
concentration of 50% compared with both ACFs of strain
417 and control. ACFs of strain 417 did not show any sig-
nificant changes. There were no significant differences in
the suppressive effect on O2

–-release between ACFs of
strains 342 and 363.

Effects of Aspergillus fumigatus culture filtrates on hyphal
damage by human polymorphonuclear leukocytes

The percentage of hyphal damage by PMNLs pretrea-
ted with medium alone (control) was 77.2±1.6% (fig. 3).2.0
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Fig. 1.  –  Effect of Aspergillus fumigatus culture filtrates (ACFs) on
chemotaxis of human polymorphonuclear leukocytes (PMNLs). Chem-
otactic activity was expressed as the linear distance (mm) which the
cells migrated towards formyl-methionyl-leucyl-phenylalanine (10-7 M).
The migration distances of PMNLs treated with various concentrations
of ACFs from wild-type (    , strain 237) and mutant strains (    , strain
342;   , 363;    , 417) were plotted. The experiments were repeated four
times, each performed in quadruplicate, and data are presented as the
mean±SEM. *:p<0.01, compared with control (Medium-199); †:p<0.01,
compared with ACFs of strains 342, 363 and 417; ‡:p<0.01, compared
with ACFs of strain 417.
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Fig. 2.  –  Effect of Aspergillus fumigatus culture filtrates (ACFs) on
superoxide anion (O2

–)-release from human polymorphonuclear leuko-
cytes (PMNLs) stimulated with phorbol myristate acetate (100 ng·mL-1).
O2

–-release (expressed as nmol·106 PMNLs-1, 30 min) from human
PMNLs treated with various concentrations of ACFs of strains 237 (    ),
342 (   ), 363 (    ) and 417 (    ) were plotted. The experiments were
repeated four times, each performed in quadruplicate, and data are
expressed as the mean±SEM. *:p<0.01, compared with control (Medium-
199); †:p<0.01, compared with ACF of strain 417.
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Pretreatment with 30% ACF of strain 237 significantly
(p<0.01) reduced hyphal damage to 67.2±12.4%, com-
pared with control. Pretreatment with 30% ACF of mu-
tant strains 342, 363 and 417 did not significantly reduce
the percentage of hyphal damage by PMNLs (68.1±4.0%
(strain 342), 72.3±2.7% (strain 363) and 74.1±1.8% (strain
417)), compared with control. However, there were no
significant differences between strains 237, 342, 363 and
417.

Discussion

The in vitro suppressive effects of ACFs on the func-
tions of PMNLs were compared in a clinically isolated
wild-type and its isogenic mutant strains which lack pro-
duction of Alp and/or restrictocin. ACFs of the wild-type
significantly suppressed chemotaxis and O2

–-release by
PMNLs and PMNL-mediated hyphal damage compared
with control (Medium-199). ACFs of the mutant strains
which lack production of Alp or restrictocin also signifi-
cantly suppressed chemotaxis and O2

–-release by PMNLs,
but did not suppress hyphal damage. The ACF of the wild-
type had the highest suppressive activity of all strains
examined in this study and significantly suppressed che-
motaxis of PMNLs compared with the isogenic mutant
strains lacking Alp or restrictocin. ACF of a mutant strain
which lacks both Alp and restrictocin had much less activ-
ity, but significantly suppressed chemotaxis of PMNLs
compared with control.

Several reports have suggested a pathogenic role for
elastolytic Alp and restrictocin [1–4]. KOTHARY et al. [2]
reported that mice pretreated with cortisone acetate had
a significantly higher mortality rate and greater extent
of lesions in lung tissues when they inhaled conidia of
elastolytic protease-producing strains compared with non-
producing strains. Restrictocin, an 18 kDa protein belong-
ing to the mitogillin family, is an A. fumigatus-derived
cytotoxin with ribonucleolytic activity and has also been

suggested to be a pathogenic factor in human invasive
aspergillosis [4]. With the aim of evaluating the role and
significance of Alp and restrictocin as virulence deter-
minants in the pathogenesis of invasive pulmonary asper-
gillosis, several in vivo studies have been performed using
A. fumigatus mutant strains lacking production of either of
these substances. However, in spite of the in vivo studies
using the mutant strains, the role and the significance of
each substance are still controversial [7–12]. The animal
models used in these studies were acute invasive aspergil-
losis models that had been severely immunosuppressed.
This may be one reason for the lack of differences. 

It has been considered that human host defences against
A. fumigatus consist of phagocytosis and killing of coni-
dia by alveolar macrophages to prevent germination and
PMNL-mediated hyphal damage induced by the release of
reactive oxygen intermediates and cationic peptides [17–
20]. In particular, PMNLs are considered to play a vital
role in the defence against A. fumigatus because, in human
tissues, A. fumigatus grows almost exclusively in the
mycelial form. It has also been considered that the patho-
genesis of invasive aspergillosis is closely related to im-
pairment of the host defence, especially PMNL-function.
It was speculated that A. fumigatus produces substances
that suppress the functions of PMNLs and that the sup-
pressive effects make it easier for A. fumigatus to prolifer-
ate and invade the surrounding tissues. From this point of
view, the effects of ACFs on the functions of PMNLs were
investigated.

ROBERTSON et al. [21–23] have already reported that     A.
fumigatus spore diffusates obtained from 3 h culture
supernatants suppressed the migration of human PMNLs
and the spontaneous O2

–-release from mouse peritoneal
exudate cells and bronchoalveolar lavage cells in Coryne-
bacterium Parvarum treated rats. ACF contains multiple
substances that suppress migration of human PMNLs to-
wards FMLP and O2

–-release from PMNLs stimulated
with PMA. The antiphagocytic substances remain to be
identified [13].

The results of the present study indicate that Alp and
restrictocin play roles in the suppression of human PMNL
functions and that other substances also have suppressive
effects. Although it is very important to evaluate the sup-
pressive effects of purified Alp and restrictocin on the
functions of PMNLs, the present study using a wild strain
and isogenic mutant strains which lack production of a
single substance should help to evaluate the role and sig-
nificance of each substance involved in the suppressive
activity of ACFs.

Two points are worth considering in regard to the use of
ACFs in the present study. The first is whether the growth
rates of the wild and the mutant strains cultured in Med-
ium-199 were the same. The appearance of the growth in
the medium suggested that very similar growth rates were
obtained throughout the 5 days of culture. In addition,
similar values were shown for protein concentrations in
the ACFs of the strains, which supports almost identical
growth rates. The other point worth considering is whe-
ther there was only a deficiency in the production of Alp
or restrictocin in each strain generated by gene disruption.
TANG, SMITH, HOLDEN and coworkers [7–10] demonstra-ted the
deficiency of Alp and/or restrictocin in ACFs of the
mutants, but no differences in SDS-PAGE analysis, other
than the deficient substance, between the wild and the
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Fig. 3.  –  Effect of 30% Aspergillus fumigatus culture filtrates on poly-
morphonuclear leukocyte-mediated damage to A. fumigatus hyphae. The
percentage of hyphal damage was examined by the 2,3-bis-(2-meth-
oxy-4-nitro-5-sulphonyl)-(2H)-tetrazolium-5-carboxanilide (XTT) colorime-
tric assay. The experiments were repeated eight times, each performed
in quadruplicate, and data are presented as the mean±SEM. *·p<0.01,
compared with control (Medium-199).
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mutant strains. However, whether or not gene disruption
alters the properties of A. fumigatus and induces an ability
to produce substances in human tissues that can compen-
sate for the deficient substance still remains to be eluci-
dated.

In conclusion elastolytic alkaline protease and restric-
tocin produced by Aspergillus fumigatus play roles in
suppressing the functions of human polymorphonuclear
leukocytes, and other antiphagocytic substances produced
by Aspergillus fumigatus remain to be identified.
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