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Summary

 

Aspergillus fumigatus

 

 (Af) is a fungus associated with allergic bronchopulmo-
nary aspergillosis (ABPA) and other allergic diseases. Immune responses in
these diseases are due to T and B cell responses. T cell activation requires both
Af-specific engagement of the T-cell-receptor as well as interaction of antigen
independent costimulatory molecules including CD28-CD80/CD86 and
OX40–OX40L interactions. Since these molecules and their interactions have
been suggested to have a potential involvement in the pathogenesis of ABPA,
we have investigated their role in a model of experimental allergic aspergillo-
sis. 

 

BALB/c

 

 mice were primed and sensitized with Af allergens, with or with-
out exogenous IL-4. Results showed up-regulation of both CD86 and CD80
molecules on lung B cells from Af-sensitized mice (79% CD86++++

 

 and 24%
CD80++++

 

) and Af/rIL-4-treated mice (90% CD86++++

 

 and 24% CD80++++

 

) compared
to normal controls (36% and 17%, respectively). Lung macrophages in Af-
sensitized mice treated or not with IL-4 showed enhanced expression of these
molecules. OX40L expression was also up-regulated on lung B cells and mac-
rophages from both Af-sensitized and Af/rIL-4 exposed mice as compared to
normal controls. All Af-sensitized animals showed peripheral blood eosino-
philia, enhanced total serum IgE and allergen-specific IgG1 antibodies and
characteristic lung inflammation. The up-regulation of CD80, CD86 and
OX40L molecules on lung B cells and macrophages from Af-allergen exposed
mice suggests a major role for these molecules in the amplification and per-
sistence of immunological and inflammatory responses in ABPA.
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Introduction

 

Allergic bronchopulmonary aspergillosis (ABPA) is a hyper-
sensitivity lung disease caused by the ubiquitous fungus

 

Aspergillus fumigatus

 

 (Af) [1]. ABPA develops from inhala-
tion of 

 

Aspergillus

 

 allergens present in the environment or
from the limited growth of 

 

Aspergillus

 

 in the bronchi and is
characterized by eosinophilia, fleeting pulmonary infiltrates,
central bronchiectasis, elevated serum IgE, and 

 

Aspergillus

 

-
specific IgG and IgE [2]. The lung injury associated with
ABPA is considered to be the result of IgE mast cell degran-
ulation. The pathogenesis of ABPA, although not fully
known, is thought to be due to CD4

 

+

 

 T-helper 2 (Th2) cells

and is mediated by the production of IL-4, IL-5, IL-10 and
IL-13 [1–3].

Optimal T cell activation requires antigen-specific engage-
ment of the T cell receptor and additional antigen–indepen-
dent costimulatory molecule interactions [4,5]. Interaction
between CD28 and its ligands CD80 and CD86 has been
found to be a dominant costimulatory pathway in allergy [6–
12]. B7-2 (CD86) molecules are constitutively expressed on
dendritic cells (DC) and are rapidly induced on B cells fol-
lowing activation. B7-1 (CD80) molecules are also constitu-
tively expressed on antigen presenting cells (APC) including
DCs and macrophages, but at lower levels than CD86, and
following activation CD80 expression is up-regulated by
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cytokines [13]. Differentiation of Th1/Th2 cells, expansion
of committed T cells, and the migration of T cells into target
tissues are some of the mechanisms resulting from the
CD28/B7-mediated T cell costimulation in asthma [4]. Dur-
ing sensitization of mice with ovalbumin treatment with
CTLA-4-Ig or anti-B7 antibody inhibited airway hyperre-
sponsiveness, inflammatory cell infiltration, expansion of
lymphocytes and allergen-specific responsiveness of pulmo-
nary T cells [14,15].

The OX40 (CD134)-OX40L costimulatory pathway also
has been shown to have an important role in allergic inflam-
mation [16–19]. OX40 is present on activated T cells and
binds to OX40L on activated B cells, DC and other APC.
OX40 is expressed on memory CD4 T cells, controlling the
pivotal memory Th2 cells that regulate lung inflammation
[20]. Blocking OX40/OX40L interactions by the administra-
tion of neutralizing anti-OX40L mAb during allergen sensi-
tization abolishes the induction of allergic responses,
indicating a critical role for these interactions in the early
phase of the immune response [21]. Ablation of OX40 or its
ligand, OX40L, has been shown to diminish lung inflamma-
tion, reduce eosinophilia and mucus production, and signif-
icantly attenuate airway hyperreactivity [22,23]. Recently, it
was shown that the cytokine IL-4 specifically down regulates
the expression of OX40L on DC, B and T cells, and thereby
influences the Th1/Th2 ratio and resulting immune response
[24].

In this study, we investigated whether during Af sensitiza-
tion the addition of exogenous IL-4 to the lung microenvi-
ronment, could influence the expression of costimulatory
molecules and subsequent inflammatory and immunologi-
cal responses using a previously developed murine model of
ABPA [25,26]. We demonstrated that costimulatory mole-
cules play a significant role in the onset, persistence and pro-
gression of immune responses in the induced murine
disease. Our results indicate that both B7 (CD80/CD86)
and OX40L costimulatory molecules are up-regulated in
response to 

 

A. fumigatus

 

 allergens. Additionally, rIL-4
administration during sensitization further enhances the
allergic response. We believe that these findings have signif-
icant implications for developing control measures to pre-
vent progression of the disease.

 

Materials and methods

 

Animals

 

Six

 

-

 

8-week-old female BALB/c (H-2

 

d

 

) mice were purchased
from Charles River Laboratories (Wilmington, MA, USA).
The mice were housed in the Veterinary Medical Unit at the
Veterans Administration Medical Center, Milwaukee, WI,
USA. All procedures were conducted according to the pro-
tocol approved by the Institutional Animal Care and Use
Committee.

 

Allergens

 

A mixture of soluble 

 

A. fumigatus

 

 (Af) antigens released in
broth during culture was combined with an extract from
whole mycelium grown in aerated cultures for 96 h [26].
Recombinant proteins of Af (Asp f2, f3, f4 and f6) were
expressed using procedures previously described [27]. All
antigens were quality controlled for their reactivity and
immunochemical characteristics as previously described
[28,29].

 

Sensitization protocol

 

Mice were injected intraperitoneally (i.p) once per week for
two weeks with 100 

 

m

 

g of Af antigens in PBS. Thereafter, the
animals were challenged with 50 

 

m

 

g of Af antigen intrana-
sally (i.n) twice per week for four consecutive weeks (Group
2). Mice were anaesthetized by Halothane inhalation (Halo-
carbon Laboratory, NJ, USA) and 50 

 

m

 

l of Af antigen in PBS
was applied to both nostrils [26]. Some of the antigen-
exposed animals were also treated with recombinant IL-4
(rIL-4) (Pharmingen, 100 ng per mouse/dose, Group 3).
Finally the mice were challenged i.p and i.n. with either Af or
Af/rIL-4, 24 hours before euthanasia for final evaluation.
Control groups of mice received only IL-4 (Group 4) or PBS
(Group 1).

 

Eosinophils in peripheral blood

 

Animals were bled from the tail vein and eosinophils were
enumerated on a haemacytometer after staining with Eosin
Y as previously described [26].

 

Serum antibody detection by ELISA

 

Total serum IgE was measured by ELISA using a rat anti-
mouse IgE monoclonal antibody as described previously
[30]. Quantification was carried out by converting the opti-
cal density (O.D) values to nanograms using a standard
curve. Af specific IgG1 and IgG2a antibodies in serum sam-
ples were determined by ELISA using biotinylated goat anti-
mouse IgG (Sigma, St Louis, MO, USA) or rabbit anti-
mouse IgG1 and IgG2a subclasses (Zymed, San Francisco,
CA, USA) as described previously [27]. A cut off titre was
determined by studying large numbers of normal sera
(mean 

 

+

 

3 SD). Determination of Af specific antibodies was
carried out using antibody titres calculated as the reciprocal
of the last dilution that gave an OD

 

490

 

 above the cut off
value [31].

 

Antigen specific T cell proliferation

 

Spleen cells (1 

 

¥

 

 10

 

5

 

/well) were cultured for 7 days in
200 

 

m

 

l/well of complete RPMI medium (RPMI-1640 con-
taining glutamine, sodium pyruvate, penicillin-streptomy-



 

C. S. Barrios 

 

et al.

 

244

 

© 2005 British Society for Immunology, 

 

Clinical and Experimental Immunology

 

, 

 

142:

 

 242–250

 

cin and 10% heat inactivated fetal bovine serum (FBS);
(Invitrogen, Carlsbad, CA, USA) with Af antigens or with a
mixture of Af recombinant proteins (Asp f2, f3, f4 and f6) at
different concentrations. Cell proliferation was assessed by
[

 

3

 

H] thymidine (Amersham Biosciences, Piscataway, NJ,
USA) uptake during the final 8 h of culture by adding 1 

 

m

 

Ci
of[

 

3

 

H] thymidine to each well. Incorporated radioactivity
was measured on a liquid scintillation counter (Packard
Instrument Co., Inc., Meriden, CT, USA). The stimulation
index (SI) was calculated as: [

 

3

 

H] thymidine uptake in the
presence of Af antigen/[

 

3

 

H] thymidine uptake by unstimu-
lated cells. The results were expressed as the mean 

 

±

 

 SEM
[32,33].

 

Cytokine production 

 

in vitro

 

 by antigen-stimulated 
spleen cells

 

Spleen cells were cultured in 1 ml of complete RPMI
medium at a concentration of 10

 

7

 

/ml for 60 h with Af anti-
gens (5 

 

m

 

g/ml) or a mixture of recombinant Af proteins (Asp
f2, f3, f4 and f6, 5 

 

m

 

g/ml each). Cell-free culture supernatants
were collected and assayed for the presence of cytokines
(IFN-

 

g

 

, IL-4, IL-5 and IL-10) by ELISA according to the
manufacturer’s (Pharmingen, San Diego, CA, USA) instruc-
tions. Briefly, anti-IFN-

 

g

 

 (R4–6A2), anti-IL-4 (11B11), anti-
IL-5 (TRFK5) and anti-IL-10 (JES5–2A5) monoclonal anti-
bodies were used to coat the ELISA plates. Culture superna-
tants were added to respective wells and incubated overnight
at 4 

 

∞

 

C. Biotinylated rat-antimouse IFN-

 

g

 

 (XMG1·2), IL-4
(BVD6–24G2), IL-5 (TRFK4) and IL-10 (SXC-1) were used
as detection antibodies. HRP-Streptavidin (Sigma, St Louis,
MO, USA) at a dilution of 1 : 4000 was added followed by
OPD (ortho-phenylenediamine, Sigma) substrate. OD val-
ues were read at 490 nm using an automatic ELISA reader
(Bio-Tek Instruments, Inc, Winooski, VT, USA) [34]. The
concentration (pg/ml) of each cytokine was determined by
standard curves. Antigen-specific cytokine secretion was
then calculated by subtracting the cytokine content of the
supernatants from supernatants of spleen cells incubated
with RPMI alone [30,31].

 

Histology

 

Lungs removed from euthanized mice were insufflated with
10% buffered formalin, fixed in formalin solution and pro-
cessed. Section were cut at 6 micron of thickness and stained
with Hematoxylin and Eosin (HE) or Periodic Acid Schiff
(PAS) stains. Lung sections were evaluated microscopically
for morphological changes according to published criteria
[34]. Morphological changes including perivascular inflam-
matory cell infiltration of eosinophils, lymphocytes, mac-
rophages, neutrophils and plasma cells, bronchial epithelial
hyperplasia, presence of goblet cells, cellular infiltration,
alveolar septal thickening and interstitial oedema were
assessed.

 

Flow cytometric analysis

 

Lungs were removed from euthanized mice 24 h after the last
antigen challenge. The lungs were cut into small pieces, enzy-
matically digested with 120 

 

m

 

g/ml of Dispase (Invitrogen)
and 120 

 

m

 

g/ml of collagenase type IA (Sigma) and incubated
with shaking at 37 

 

∞

 

C for 1 h. The tissue was gently homog-
enized in a tissue grinder. Homogenates were washed several
times, cell numbers determined and the pooled lung cells
were incubated with anti-CD80-PE, anti-CD86-PE or anti-
OX40L-PE (eBioscience, San Diego, CA, USA), and anti-
B220-FITC or anti-MAC (CD11b)-FITC (BD Pharmingen)
monoclonal antibodies [35]. All stained samples were anal-
ysed on a flow cytometric cell sorter (FACSCalibur; Becton
Dickinson, Mountain View, CA, USA). Pooled cells of each
group were analysed and the values presented as a percentage
of positive cells (macrophages or B cells) expressing CD86,
CD80 or OX40L costimulatory molecules. The representa-
tive histograms and the percent positive cells are based on
electronically gated B cell (B220 

 

+

 

) and macrophage (Mac-
1 

 

+

 

) populations.

 

Statistical analysis

 

Serum antibody levels, peripheral blood eosinophils, cytok-
ines and antigen-induced proliferation values were com-
pared by the Student ‘t’ test with unequal variance. The
results are expressed as means and 

 

±

 

 SEM for each group of
animals tested. For all statistical comparisons 

 

P

 

 

 

<

 

 0·05 was
considered as significant.

 

Results

 

Peripheral blood eosinophilia in animals sensitized with 
Af and Af/rIL-4

 

Mice sensitized via i.p. injection with Af allergen alone or
Af allergen/rIL-4 demonstrated marked peripheral blood
eosinophilia after intranasal challenge (Group 2, Af
alone: 32·3 

 

¥

 

 10

 

4

 

 

 

±

 

 4·5 

 

¥

 

 10

 

4

 

 and Group 3, Af/rIL-4:
62·9 

 

¥

 

 10

 

4

 

 

 

±

 

 8 

 

¥ 

 

10

 

4

 

) as compared to the PBS controls
(Group 1: 2·2 

 

¥

 

 10

 

4

 

 

 

±

 

 0·7 

 

¥

 

 10

 

4

 

) (

 

P

 

 

 

<

 

 0·0001) (Fig. 1a). Af/
rIL-4 treated animals (Group 3) had the highest number of
eosinophils, which were significantly elevated on day 43 as
compared to Af-sensitized mice (

 

P

 

 

 

<

 

 0·0001). Mice treated
with rIL-4 alone failed to show any difference from the PBS
control mice (Group 4: 1·1 

 

¥

 

 10

 

4

 

 

 

±

 

 0·4 

 

¥

 

 10

 

4

 

).

 

Elevated levels of total IgE and Af-IgG antibodies were 
detected in the sera of Af sensitized mice

 

Af-exposed mice had significantly elevated total serum IgE
levels on day 35 after challenge as compared to normal PBS
treated controls (1668 ng/ml 

 

±

 

 334 

 

versus

 

 221 ng/ml 

 

±

 

 17)
(

 

P

 

 

 

<

 

 0·05) (Fig. 1B), while Af/rIL-4 treated mice demon-
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strated a further increase (3462 ng/ml 

 

±

 

 453) (

 

P

 

 

 

<

 

 0·001). Af/
rIL-4 treated animals had significantly higher levels of total
serum IgE as compared to mice sensitized only with Af
(

 

P

 

 

 

<

 

 0·05). Recombinant IL-4 treated mice without Af had
low levels of total serum IgE (185 ng/ml 

 

±

 

 72). Higher titres
of Af-specific IgG1 antibody were present in the sera of mice
sensitized with Af (Group 2: 4·01 

 

±

 

 0·1 Log10 titre) as com-
pared to PBS control animals (Group 1: 1·74 ± 0·03 Log10

titre) (P < 0·0001) (Fig. 1c). Similar high values were also
detected in sera of mice coinjected with Af/rIL-4 (Group 3:
3·85 ± 0·1 Log10 titre). However, Af/rIL-4 treated animals
failed to show any difference in Af-specific IgG1 levels com-
pared to Af-sensitized mice. Serum from mice injected with
rIL-4 did not contain Af-specific serum IgG1 antibodies
(Group 4: 1·76 ± 0·02 Log10 titre). The Af treated groups of
mice did not have significant levels of serum Af-specific
IgG2a antibody (Fig. 1c). The results thus demonstrate sig-
nificant increase in Af-specific IgG1 levels but not Af-specific
IgG2a in the sera of Af-treated mice with or without rIL-4.
Neither dilution of the mouse serum nor adsorption of IgG1
using rat anti-mouse IgG1 antibody (data not shown) made
any difference in the IgG2a titres.

Enhanced antigen-specific lymphocyte proliferation of 
spleen cells from mice sensitized with Af allergens

A mixture of recombinant Af proteins (Asp f2, f3, f4 and f6)
was used to stimulate spleen cells from mice sensitized with
Af allergens or exposed to Af/rIL-4 (Fig. 2). Both sensitized
groups showed significantly enhanced cell proliferation,
measured as stimulation index (SI) compared to PBS control
animals (Group 2: 5·98 ± 1·5, Group 3: 4·43 ± 0·52 versus
Group 1: 2·04 ± 0·67) (P < 0·05). The SI from Af/rIL-4
treated mice was not significantly different from the Af-sen-

Fig. 1. Peripheral blood eosinophils and total serum IgE and Af-IgG 

antibodies levels detected in Af treated and control mice. (a) Eosinophils 

in the peripheral blood of mice treated with Af antigens, Af/rIL-4, rIL-

4 alone or PBS (normal controls) before treatment (day 0), on day 30 

after initial treatment and after the last Af antigen challenge (day 43). 

(b) Total serum IgE responses in the sera of mice before treatment (day 

0), during treatment (day 35) and after last Af antigen challenge (day 

43). (c) Aspergillus-specific IgG1 and IgG2a on day 43 post challenge. 

IgG values are presented as Log10 titre. All pretreatment sera had < 1·6 

Log10 titre. The data is presented as mean + SEM, and P-values are 

designated as *P < 0·05, **P < 0·001 and ***P < 0·0001 versus the PBS 

controls. Five to 10 animals from each group were analysed. Data are 

representative of two identical experiments.
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Fig. 2. Proliferative responses of spleen cells from Af sensitized and 

nonsensitized mice to A. fumigatus recombinant proteins, Asp f2, f3, f4 

and f6. SI values are shown as means ± SEMs. The P-values less than 

<0·05 of sensitized versus PBS control mice were considered to be sig-

nificant (*). Five animals from each group were studied. Data are rep-

resentative of two identical experiments.
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sitized group at any of the antigen concentrations studied.
Spleen cells from IL-4 treated mice did not show any Af-
specific proliferative response (Group 4: 1·31 ± 0·33).

Elevated cytokine production by spleen cells of Af 
sensitized mice

Significant levels of IFN-g were detected in the culture
supernatants of Af allergen-stimulated spleen cells from
Af sensitized mice (3697 pg/ml ± 1063) and Af/rIL-4
treated animals (1385 pg/ml ± 620) as compared to PBS
control mice (60 pg/ml ± 10) and rIL-4 treated mice
(27 pg/ml ± 17) (P < 0·05) (Fig. 3a). A tendency towards
reduced IFN-g levels was detected in the spleen cell cul-

tures of Af/rIL-4 treated animals compared to mice
treated only with Af. Cells from Af/rIL-4 exposed mice
produced the highest concentrations of IL-4, IL-5 and IL-
10 (Figs 3b–d).

Increased expression of costimulatory molecules in 
sensitized mice

Cell surface expression of the costimulatory molecules CD80,
CD86 and OX40L on B cells and macrophages from lungs of
mice were analysed by flow cytometry (Figs 4 and 5). Up-
regulation of both CD86 and CD80 molecules on B cells was
detected after sensitization with Af and Af/rIL-4 (Fig. 4a–c
and data not shown). Representative histograms depicting
CD86 expression on lung B cells from the different treatment
groups are shown in Fig. 4a. Elevated percentages of B cells
expressing CD86 were detected in lungs of both Af and Af/rIL-
4 exposed mice (79% and 90%, respectively, versus 36% in
PBS control animals) (Fig. 4b), while only modest increases
in the percentages of CD80+ Bcells were seen (24% and 24%,
respectively, versus 17% in the PBS control group) (Fig. 4c).
Two to five fold increases in the percentages of CD86+ and
CD80+ lung macrophages were detected in Af and Af/rIL-4
treated mice (Fig. 4d). Recombinant IL-4 treatment alone
(Group 4) failed to induce any change in expression of CD80
and CD86 on both lung B cells and macrophages.

Enhanced expression of the costimulatory molecule
OX40L in lung B cells and macrophages was observed in Af
and Af/rIL4 treated mice (Fig. 5a,b). The percentages of
OX40L+ macrophages in the lungs of Af and Af/rIL-4 treated
mice were increased by more than six fold as compared to
PBS treated mice. Interestingly, the increased expression of
OX40L was observed throughout the Af sensitization period
(data not shown).

Histopathology

Lung histology from the different groups of mice is shown in
Fig. 6. No pathological abnormalities were observed in the
lungs of PBS-treated or rIL-4-treated control mice (Figs 6a–
c and 6j–l, respectively). Mice sensitized with Af demon-
strated bronchiolar epithelial hyperplasia and increased
numbers of goblet cells (11–30/high power field (hpf))
(Fig. 6f). Few (4–10/hpf) mononuclear and PMN cells were
observed in the bronchial submucosa. Minimal perivascular
oedema and moderate perivascular cuffing with infiltration
of eosinophils, mononuclear and PMN cells were also
observed in Af-sensitized animals (Fig. 6d,e). The Af/rIL-4
treated mice had more severe histopathological findings
including moderate to severe bronchial epithelial hyperpla-
sia containing few (4–10/hpf) eosinophils, numerous (> 30/
hpf) lymphocytes, and goblet cells containing mucus
(Fig. 6i). The alveolar septae were thickened and contained
neutrophils, lymphocytes, occasional eosinophils and multi-
nucleated giant cells. Mononuclear cells, occasional eosino-

Fig. 3. Cytokine production by spleen cells from Af sensitized and con-

trol animals in response to Af allergens. (a) IFN-gamma, (b) IL-4, (c) 

IL-5 and (d) IL-10 were quantified by ELISA. Antigen induced cytokine 

expression was quantified after comparison with reference standards of 

mouse cytokines. Data represent the mean ± SEM of two separate 

experiments, and 5–10 mice were used in each group. *P-values < 0·05 

were considered to be significant.
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phils (1–3/hpf) and a few macrophages (4–10/hpf) were
located within the alveoli. Severe perivascular oedema and
cuffing comprised of numerous lymphocytes and eosino-
phils were present in the lungs of these mice (Fig. 6g,h).

Discussion

Individuals with ABPA and Cystic Fibrosis patients with
ABPA have been shown to have significant levels of serum
IgE and IgG antibodies against A. fumigatus antigens, ele-
vated total serum IgE, a predominant Th2 response, and
increased sensitivity to IL-4 [36,37]. In the present study, we
investigated the expression of the CD80, CD86 and OX40L
costimulatory molecules in Af-sensitized mice and the effect
of exogenous IL-4 in the modulation of these costimulatory
molecules. IL-4 is a key cytokine that plays a central role in
the development of allergic inflammatory responses in ABPA
[38,39].

The results demonstrated significant increases in the levels
of total IgE and Af-specific IgG1 antibodies in the sera of
mice sensitized with Af. A further enhancement of total
serum IgE was detected in animals treated with rIL-4 and Af.
It has been shown that production of IgE by human B cells
requires interaction with T cells in the presence of IL-4 and/

Fig. 4. Expression of CD86 and CD80 costimulatory molecules on cells from the lungs of sensitized and nonsensitized mice. Lung cells were pooled 

from mice in each group and analysed by flow cytometry. (a) Representative histograms comparing CD86 expression on gated B cells from the four 

groups tested are shown. (b) CD86 expression and (c) CD80 expression on lung B cells are depicted as percent positive cells. (d) Similarly, CD86 and 

CD80 expression on lung macrophages from experimental and control groups are shown. The results are from one of two independent experiments.
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or IL-13 [40]. The B7-CD28 pathway was also reported to be
involved in this process [41–43]. We found increased
percentages of lung B cells and macrophages expressing
CD86 and CD80 molecules in both groups of sensitized
mice. The enhanced expression of these molecules may sug-
gest that these costimulatory molecules contribute to the
immunological and inflammatory responses in allergic
aspergillosis.

It has been reported that ABPA and atopic patients (indi-
viduals that produce IgE in response to inhaled antigens),

show increased expression of CD86 on B cells from periph-
eral blood [36]. PBMCs from ABPA and atopic patients
showed enhanced expression of CD86 on B cells when stim-
ulated in vitro with IL-4 as compared to similarly treated
PBMCs from nonatopic individuals [36]. Increased sensitiv-
ity to IL-4 was also demonstrated in Cystic Fibrosis patients
with ABPA [37]. High expression of CD86 on B cells
reported in atopic dermatitis patients also suggests the
potential role of this molecule in the modulation of IgE syn-
thesis [44].

Fig. 6. Inflammatory changes in the lungs of Af sensitized mice. (a) Normal mouse lung architecture (40¥ HE stain). (b) Higher magnification of 

normal lung tissue shows an absence of inflammatory cell infiltration around vessels and bronchi, with a single layer of ciliated columnar epithelium 

(arrows), 400¥ HE stain. (c) Depicts the absence of goblet cells in the bronchial epithelium of lung tissue from PBS controls (400¥ PAS). (d) The lung 

tissue from an A. fumigatus antigen treated mouse showing the degree of perivascular cuffing (arrows), similar to that seen in Af/rIL-4 treated mice 

(6G). Few macrophages are present in alveoli or alveolar septae (40¥ HE stain). (e) A higher magnification of the lung tissue shows numerous 

eosinophils located in the perivascular interstitium (400¥ HE stain). Fewer PAS staining goblet cells are located in the mucosa lining the bronchial 

lumen in Af exposed mouse (f) as compared to Af/rIL-4 treated mouse (i) (400¥ PAS). Severe perivascular cuffing (arrows) with eosinophils, 

macrophages and lymphocytes are present in Af/rIL-4 treated mice (g,h). Lungs of rIL-4 treated mice did not show any abnormal histological changes 

(6 j–l). A, alveolar space; B, bronchial lumen; V, bronchial artery; M, macrophages; E, eosinophils.
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The sensitization of mice with Af or Af/rIL-4 induced the
production of Th2 cytokines including IL-4, IL-5 and IL-10
from cultured spleen cells. This suggests that in vivo admin-
istration of rIL-4 in the lung plays an important role in the
exacerbation of allergic reactions. The local rIL-4 challenge
resulted in the induction of a strong Th2 response as indi-
cated by elevated total serum IgE, Af-specific IgG1 and
peripheral blood eosinophilia. These responses are depen-
dent on activation signals provided through CD28 ligation
with costimulatory molecules CD80 and CD86 [41–43]. Our
data suggests that up-regulation of CD80 and CD86 mole-
cules may contribute to the increased activation of T cells
that produce Th2 cytokines.

OX40 ligand has been described as a potent costimulatory
molecule contributing in the development of Th2 responses
driving lung inflammation [16–23]. Recently, it has been
reported that the addition of IL-4 down regulates the expres-
sion of OX40L on activated DC, B cells and T cells in vitro;
we investigated the effect of exogenous IL-4 during Af-sen-
sitization [24]. Our results demonstrate that the OX40L mol-
ecule was up-regulated on lung macrophages and B cells
from both groups of Af-sensitized mice; however, this
increase was more pronounced with macrophages from Af
exposed animals as compared to Af/rIL-4 challenged mice.
Kim et al. [24] found that IL-4 down-regulated the expres-
sion of OX40L on activated splenic B cells. However, we
failed to detect any down regulation of OX40L on B cells, in
the present study and our results cannot be compared to
those of Kim et al. [24] due to the differences in experimen-
tal design as we analysed freshly isolated lung cells without
further stimulation while they have analysed the spleen cells
after activation in vitro. Results of our study suggest that B7-
CD28 and OX40–OX40L interactions may contribute to the
development and regulation of allergic inflammation caused
by Af.

Thus, sensitization with Af resulted in elevated expression
of CD80, CD86 and OX40L costimulatory molecules on lung
macrophages and B cells. The addition of rIL-4 during Af
sensitization further enhanced the allergic and inflammatory
responses. These results suggest that blocking the B7/CD28
and OX40L/OX40 pathways may be of value in modulating
the disease process of allergic aspergillosis and related
diseases.
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