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Intranasal delivery of a truncated recombinant human SP-D is effective
at down-regulating allergic hypersensitivity in mice sensitized to
allergens of Aspergillus fumigatus
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SUMMARY

C57BL/6 mice were sensitized to Aspergillus fumigatus 1-week culture filtrate, which is rich in the non-
glycosylated allergen Asp f1, a major allergen in allergic bronchopulmonary aspergillosis (ABPA). A
comparison of the effect of treatment of allergen challenged mice by intranasal administration of a 60-
kDa truncated recombinant form of human SP-D (rfhSP-D) or recombinant full length SP-A (rhSP-A)
was undertaken. Treatment with rthSP-D produced significant reduction in IgE, IgG1 and peripheral
blood eosinophilia and treatment with rthSP-D, but not rhSP-A resulted in a significant reduction in air-
way hyperresponsiveness as measured by whole body plethysmography. Lung histology revealed less
peribronchial lymphocytic infiltration in mice treated with rfthSP-D. Intracellular cytokine staining of
spleen homogenates showed increases in 1L.-12 and IFN-y and decrease in IL-4. The level of endoge-
nous mouse SP-D was elevated sixfold in the lungs of sensitized mice and was not affected by treatment
with rthSP-D. Taken with our previous studies, with a BALB/c mouse model of ABPA using a 3-week
A. fumigatus culture filtrate, the present results show that rthSP-D can suppress the development of
allergic symptoms in sensitized mice independent of genetic background and using a different prepa-

ration of A. fumigatus allergens.
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INTRODUCTION

Aspergillus fumigatus is a ubiquitous fungus of clinical impor-
tance that can produce allergic hypersensitivity reactions,
referred to as allergic bronchopulmonary aspergillosis (ABPA),
characterized by elevated IgE, eosinophilia and bronchial hyper-
responsiveness [1,2]. The incidence of ABPA has increased in
recent years and presents a threat to patients with pulmonary dis-
eases such as cystic fibrosis and AIDS and severe asthma [3]. The
lung surfactant proteins SP-A and SP-D are large multimeric pro-
teins of the collectin family consisting of assemblies of trimeric
subunits, each consisting of a short amino-terminal cross-linking
domain, a long triple helical collagenous domain and a carbohy-
drate recognition domain (CRD). These proteins are molecules of
innate immunity and play a vital role in pulmonary defence
against inhaled microorganisms [4,5]. Both collectins bind carbo-
hydrates in a calcium-dependent way and in one clinically rele-
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vant study, SP-A and SP-D bound to glycosylated allergens from
house dust mite and were shown to inhibit lymphocyte prolifera-
tion and histamine release in asthmatic children [6,7]. A similar
study by Madan et al. showed that SP-A and SP-D bound glyco-
sylated allergens from A. fumigatus (Afu) and inhibited allergen-
induced histamine release from human basophils [8]. SP-D and
SP-A levels increase several-fold in allergic asthma [9] and it
seems probable that they are important regulators of allergy.
Indeed, Madan et al., in collaboration with our group, went on to
establish a model of ABPA in BALB/c mice using a 3-week Afu
culture filtrate and demonstrated a protective effect against pul-
monary hypersensitivity of exogenously administered human SP-
A and SP-D and the recombinant truncated 60 kDa fragment of
human SP-D (rfhSP-D) when given intranasally [10]. SP-D is a
hydrophilic protein [11] that may be of particular importance in
down-regulating allergic responses [12]. The recombinant frag-
ment (rfhSP-D) used in Madan et al.’s study and the present study
consists of a trimer of the neck and CRD domain only and it is
interesting that this truncated fragment of human SP-D was as
effective as the full-length native protein. In the present study the
application of rfhSP-D as a down-regulator of allergic hypersen-
sitivity was tested further in an ABPA model established in a dif-
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ferent genetic background (C57BL/6), using a different allergen
extract (Afu 1-week culture filtrate) and a different sensitization
and treatment protocol. In addition to measuring IgE, IgG1 and
peripheral blood eosinophilia, airway hyperresponsiveness was
assessed and ex vivo cytokines were measured by intracellular
cytokine staining. Endogenous SP-D and SP-A levels were also
measured to determine if treatment with rfhSP-D might be up-
regulating these collectins.

MATERIALS AND METHODS

Preparation of rfhSP-D

The cDNA for the neck/CRD, including a short region of the
collagen stalk (eight Gly-X-Y triplets) and representing residues
179-355 of the mature protein sequence was cloned from
human lung library DNA and inserted into a pET-21d vector
(Novagen, Nottingham, UK). The plasmid was transformed into
BL21(ADES3) pLysS and a single colony selected and re-plated to
give 100400 colonies/plate. These were scraped and used to inoc-
ulate shake-flasks containing 500 ml LB medium supplemented
with 100 ug/ml ampicillin and 25 ug/ml chloramphenicol and
grown to an O.D. 600 of 0-6-0-8, followed by induction with
0-4 mM IPTG for 2-3 h. Cells were collected by centrifugation and
lysed in 20 mM Tris-HCI, 150 mM NaCl, 5 mM EDTA, 0-1% (v/v)
Triton X-100, 0-1 mM PMSEF, pH 7-5 and sonicated for 3 min. The
rfthSP-D is expressed in insoluble inclusion bodies and was col-
lected by centrifugation and washed four times with lysis buffer
followed by centrifugation at 10000 g. The pellet was solubilized
in 100 ml of 8 M urea, 100 mM 2-mercaptoethanol, pH 7-5 and
clarified by centrifugation and refolded by overnight dialysis
against 101 of 20 mM Tris-HCl, 150 mM NaCl, 5 mM CaCl,, pH 7-4
(TCB). Refolded rfhSP-D was separated from denatured rfhSP-
D by absorption onto maltose-agarose (Sigma-Aldrich, Poole,
UK) and eluted with 20 mM Tris-HCI, 150 mm NaCl, pH 7-4 con-
taining 5 mM EDTA after first washing the column with TCB con-
taining 1 M NaCl to remove impurities. Final purification was by
gel filtration column (Superose 12, Amersham Pharmacia, UK) in
a running buffer of 20 mM Tris-HCI, 150 mM NaCl, 5 mMm EDTA,
0-02% (w/v) sodium azide pH 7-4 (TSE). The rthSP-D eluted as a
single peak corresponding to 60 kDa molecular weight. Endot-
oxin levels were reduced by passing the purified rthSP-D, in TSE
buffer, through a 10-ml Polymixin B column (Detoxi-Gel, Pierce
& Warriner, UK). Endotoxin was measured by the Limulus Ame-
bocyte Lysate Assay (BioWhitaker, UK) and only preparations
containing less than 5 pg endotoxin/ug rthSP-D were used.

A. fumigatus /-week culture filtrate (Afu Iwcf)

A. fumigatus (Afu) was grown in a synthetic medium (M199,
Sigma Chemicals) as a stationary culture for 1 week at 37°C.
Arruda et al. [13] demonstrated that the expression of Asp fl1, a
major allergen, is maximal after 1 week and tends to diminish dur-
ing longer incubation periods.The 1-week culture was killed by
adding 0-1% (w/v) Thimerosal for 12 h at 4°C.The culture was fil-
tered through glass wool and finally through a 0-45-yum membrane
to remove all particulates and spores and then dialysed with three
buffer changes against water. The dialysate was lyophilized to give
a brown powder. SDS-PAGE of the 1wcf revealed a major band at
18 kDa, which corresponds to Asp fl. A band corresponding
to Asp f2 (37 kDa) was also evident. The 18 kDa band was N-
terminal sequenced giving the sequence ATWTCINQQLNP,
corresponding to the N-terminal sequence for Asp f1. It was also

demonstrated by ELISA that the 1-week culture filtrate was rec-
ognized by human serum from Afu-allergic patients obtained
from the National Institute of Biological Standards and Control.

Sensitization

In this study, 6-week-old female C57BL/6 mice were sensitized
by intraperitoneal injections of 200 ug Afu 1wcf mixed with alum
(1:4 v/v) in 100 ul PBS given once a week for 4 weeks.

Allergen challenge and treatment

Sensitized mice were challenged with 50 ul PBS containing 10 ug
of Afu lwcf given intranasally. This was followed by treatment
with PBS or 10 pg rthSP-D in 50 ul PBS given intranasally. Chal-
lenge and treatment were performed on a daily basis as described
in the Results. In some experiments, a control protein of full-
length recombinant human SP-A, purified as described by Voss
et al. [14], was used at a concentration of 10 ug/50 ul (kindly pro-
vided by Altana Pharmaceuticals, Konstanz, Germany). In a sep-
arate experiment the fate of rfhSP-D was monitored by obtaining
BAL from different mice at various times after intranasal appli-
cation rfhSP-D in 50 ul PBS and assaying for rfhSP-D using a
polyclonal antibody raised against rfhSP-D that does not recog-
nize mouse SP-D or SP-A. These results showed that at least 50%
of rthSP-D could be accounted for in the BAL taken 30 min after
administration and none could be measured after 24 h.

Peripheral blood eosinophils

Blood was collected from the tail vein of the mice (n=4-8/
group) for estimation of eosinophils. Total leucocyte count was
measured with an automatic cell counter and the proportion of
eosinophils was determined by differential counting of May—
Grunwald-Giemsa-stained blood smears. Results are expressed
as 10° cells/ml.

Serum IgE and Afu-specific IgG1

Total serum IgE was measured by sandwhich ELISA (BD
PharMingen, Cowley, UK) in blood serially diluted from a max-
imum dilution of 1:20 to give values which were linear with
respect to a standard curve of mouse IgE. Results are expressed in
pg/ml. Afu-specific IgG1 was measured by ELISA using 96-well
plates coated with Afu allergen extract. Antibody was detected
with HRP-labelled anti-mouse IgG1. Results are expressed as rel-
ative absorbance units (O.D. 450).

Endogenous mouse SP-D and SP-A in the lung

Immediately after humane sacrifice by CO, asphyxiation, bron-
choalveolar lavage was performed with 3 x 1ml PBS, which were
pooled and the volumes adjusted by addition of PBS to 4 ml for
all samples and centrifuged to remove cells. SP-D and SP-A were
measured by ELISA using polyclonal antibodies raised against
recombinant mouse SP-D or SP-A (kindly provided by Dr P. Law-
son). These antibodies were shown not to cross-react with human
SP-D or SP-A and were specific for mouse SP-D or SP-A, respec-
tively. Results are expressed as ug/ml of BAL.

Intracellular cytokine staining of spleen cells

To assess the systemic immune response to treatment, cytokines
were measured in the spleen by intracellular cytokine staining.
After treatment, mice were sacrificed humanely by CO, asphyx-
iation and their spleens removed and homogenized in PBS. The
homogenate was filtered and red blood cells lysed with ammo-
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nium chloride lysing reagent (BD Pharmingen) and fixed with 4%
(v/v) paraformaldehyde for 20 min. The cells were washed with
PBS supplemented with 3% (v/v) heat inactivated fetal calf serum
with 0-1% (w/v) sodium azide (FSB), re-suspended in 10%
DMSO (v/v) in FSB and stored at —80°C. Cells were permeabi-
lized with Cytoperm wash buffer (CPB, BD Biosciences, Cowley,
UK) for 15 min at 4°C and aliquots of 10° cells were blocked
by incubation for 30 min at 4°C with CPB supplemented with
50 pug/ml rat IgG. Intracellular cytokines were stained with 1 ug
PE-conjugated anti-mouse cytokine monoclonal antibody (BD
Biosciences) incubated for 60 min at 4°C. The cells were washed
with CPB followed by FSB and re-suspended in 500 ml FSB.
Flow cytometry was performed with a FACScan flow cytometer
(Beckton Dickinson, Mountain View, CA, USA) using CellQuest
software. Data were collected for 20 000 cells. The average FSC
of spleen cells was 100 in all cases. Stained cells (FSC > 100,
FL2 > 100) were gated and the proportion of these cells staining
intensely for PE (PE >1000) was calculated. Results are
expressed as the percentage intensely stained cells after subtrac-
tion of background fluorescence for unstained cells incubated
with rat IgG (% PE > 1000).

Lung histology

Immediately after treatment, the lungs of mice from each treat-
ment group were fixed in 10% (v/v) neutral buffered formalin and
sent for independent analysis. Lungs were embedded in paraffin,
sectioned and stained with haematoxylin and eosin. The slides
were evaluated for peribronchial inflammation and scores were
assigned on a scale of 0—4, corresponding to a score of normal to
severe, respectively [15].

Whole body plethysmography
In this study, airway hyperresponsiveness was measured using
unrestrained whole body plethysmography [16] with a four-cham-
ber system (Buxco, Sharon, CT, USA). The parameter measured
and used to indicate the severity of airway hyperresponsiveness is
the enhanced pause (Penh). Increased constriction of the airways
results in a longer expiration time and an elevation in Penh. Mice
were first challenged intranasally with antigen and allowed to
recover for 2 h before being placed into the chambers and their
breathing monitored for 10 min. When acclimatized, their base-
line response was measured for 5 mins. The mice were then sub-
jected to 1 min of aerosolized PBS, followed by progressively
increasing doses of methacholine (5, 10, 20, 30, 40 mg/ml PBS).
Responses are recorded for 5 min in every case with a short inter-
val between to allow return to baseline Penh.

Each group contained 4-8 mice. Results are presented as the
average percentage elevation in Penh over baseline after a chal-
lenge of methacholine.

Statistics

Results are average for the 4-8 mice/group and error bars
are £ s.e.m. Significance was determined by Student’s two-tailed
t-test. Significance was accepted for P < 0-05.

RESULTS

Serum IgE, Afu-specific IgG1 and peripheral blood eosinophilia
are reduced by rfhSP-D in a different genetic background

To determine if treatment with rfthSP-D was effective in a differ-
ent genetic background an ABPA model was established in

C57BL/6 mice. To determine if rfhSP-D could modulate allergic
hypersensitivity during allergen challenge the sensitized mice
were first challenged with 10 ug Afu 1wcf and treated 1 h later.
Serum IgE measured 3 days after treatment with five daily doses
of 10 ug rthSP-D given intranasally to allergen challenged mice
was significantly reduced (P <0-001) and this reduction was
maintained after re-challenge with three daily doses of 10 ug Afu
lwcf given the following week (Fig.1la). A similar significant
reduction was also measured in Afu-specific I[gG1 (Fig. 1b) and
peripheral blood eosinophilia measured after treatment of

(a)

30 r
25
20
E
s 15
w
K=
10
5
0
P AP AR APrc ARrc
(b)
12 —
=)
Ire}
<~
a
@]
(0]
=
©
e
o
K=
2
<C

P AP AR

APrc ARrc

Fig. 1. (a) Serum IgE and (b) Afu-specific IgG1 measured 3 days after
treatment with five daily doses of 10 ug rthSP-D or PBS given intranasally
after intranasal challenge with Afu 1wcf and after re-challenge 1 week
later with Afu alone. P = PBS-treated non-sensitized mice, AP = PBS-
treated sensitized mice, AR = rfhSP-D-treated sensitized mice, APrc = Afu
re-challenged mice that had been treated with PBS, ARrc = Afu re-
challenged mice that had been treated with rfhSP-D.
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Fig. 2. Peripheral blood eosinophilia measured 1 day after treatment with
four daily doses of 10 ug rfhSP-D or PBS given intranasally after intranasal
challenge with Afu 1wcf and after re-challenge 1 week later with Afu
alone. P = PBS-treated non-sensitized mice, AP = PBS-treated sensitized
mice, AR = rfhSP-D-treated sensitized mice, APrc = Afu re-challenged
mice that had been treated with PBS, ARrc = Afu re-challenged mice that
had been treated with rfhSP-D.

allergen challenged mice and re-challenge with allergen alone the
following week (Fig. 2).

Treatment with rfhSP-D results in elevation in IL-12 and IFN-y
and a reduction in IL-4

The reduction in IgE and peripheral blood eosinophilia suggests a
systemic modulation at the cytokine level and these cytokines
were measured by intracellular staining. IL-12 (Fig. 3a) measured
in the spleen, 1 day after treatment for 2 days with 10 ug rthSP-D,
given intranasally to allergen challenged mice was significantly
reduced (P < 0-05), as was IFN-y (Fig. 3b). Measurement of 1L-4
showed a decrease to the level measured in non-sensitized mice
(Fig. 3c). The same treatment with rhSP-A did not produce these
effects.

Treatment with rfhSP-D results in reduced airway
hyperresponsiveness

Mice treated with four daily doses of 10 ug rthSP-D given 1-2 h
after allergen challenge showed a significant reduction (P < 0-05)
in airway hyperresponsiveness on re-challenge with allergen
3 days after completion of treatment (day 7) in all methacholine
doses tested (Fig. 4a). Mice treated with 10 ug rhSP-A in the same
way did not show a significant reduction in AHR (Fig. 4b).

Treatment with rfhSP-D results in reduced lung inflammation
Of the sensitized mice in this study four of the 6 PBS treated mice
had a score of 2+ and of the five in the rthSP-D treatment group
four had a score of 1. The score for non-sensitized mice was 0.

Endogenous mouse SP-D and SP-A

Endogenous levels of SP-D measured in the BAL of allergic mice
were elevated sixfold from a level of 0-25 £ 0-015 ug/ml in BAL
from normal mice to 1-4 +0-15 ug/ml, while no difference was
found for the level of endogenous SP-A which was measured at
1-3 £0-1 ug/ml in normal, sensitized and treated mice BAL. Treat-
ment with five daily doses of 10 ug rfhSP-D did not produce any
change in the level of endogenous SP-D or SP-A levels.
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Fig. 3. Cytokines measured 1 day after treatment with two daily doses of
10 ug rfhSP-D given intranasally after intranasal challenge with Afu 1wcf.
(a) IL-12 measured in the spleen, (b) IFN-y measured in the spleen and
(c) IL-4 measured in the spleen. P = PBS-treated non-sensitized mice,
AP =PBS-treated sensitized mice, AR = rfthSP-D-treated sensitized mice,
AA =r1hSP-A treated sensitized mice.

DISCUSSION

In the previous study by Madan et al. [10], the effect of treat-
ment of Afu allergic mice with native human SP-D, SP-A and
rfthSP-D demonstrated the importance of these proteins in down-
regulating allergic hypersensitivity in a mouse model of allergic

© 2002 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 130:19-24



Suppression of allergic symptoms in in Asp-f sensitized mice 23

700 -
600 -

=

5

- ——P
5 —— AP
[0

% —A— AR
R®

0 I I I
10 20 30 40

Methacholine mg/ml

160

140

120

100

80

60

% elevation in Penh

40

20

P AP AR AA

Fig. 4. Mice were treated with four daily doses of 10 ug rfhSP-D given
intranasally after intranasal challenge with Afu lwcf. Plethysmography
was measured 2 h after an intranasal re-challenge with Afu 1wcf alone
given 3 days after completion of treatment. (a) Dose-response to increas-
ing doses of methacholine. ¢, P; B, AP; A, AR. (b) Response to 30 mg/
ml methacholine after treatment with four daily doses of 10 ug rfhSP-D or
rhSP-A given intranasally after intranasal challenge with Afu 1wcf. P =
PBS-treated non-sensitized mice, AP = PBS-treated sensitized mice, AR =
rfthSP-D-treated sensitized mice, AA = rthSP-A-treated sensitized mice.

hypersensitivity to Afu allergens, with decreases in IgE, periph-
eral blood eosinophilia and lung eosinophil peroxidase levels and
decreases in IL-2, IL-4, IL-5 and an increase in IFN-y. This study
indicated that the truncated fragment composed of the trimer of
the neck and CRD regions was as effective as full-length human
SP-D. The genetic background of mice can influence the response
to allergen challenge, with strains such as BALB/c, BALB/cBy
and BALB.B being described as high Th2 responders where as
C57BL/6, C57BL/10 and B10.D2/nSn favour a Th1 response [17].
Madan et al.’s study used BALB/c mice while C57BL/6 mice were
used in the present study. The results demonstrate that the immu-
nomodulation by rthSP-D is independent of genetic background,
with significant decreases in IgE, Afu-specific IgG1 and periph-

eral blood eosinophilia in the C57BL/6 mouse model of Afu
allergy. The present study used a well-characterized Afu 1-week
culture filtrate, which is rich in the major allergen Asp f1. This
allergen, along with Asp f3, is detected during the early phase of
the disease and is therefore of clinical significance [18,19]. In this
study it is also demonstrated that treatment with rthSP-D modi-
fies the underlying responsiveness to allergen challenge as mice
were challenged with allergen and treated daily, whereas Madan
et al. demonstrated that treatment increased the rate of recovery
in the weeks following treatment in the absence of continued
allergen challenge. Also, treated mice produce less IgE, IgG1 and
eosinophils when re-challenged with allergen in the week follow-
ing treatment. The present study also shows a shift in the cytokine
profile from Th2 to Th1, with increased Th1 cytokines IL-12 and
IFN-yand decreased Th2 cytokine IL-4. The up-regulation of IL-
12 suggests the involvement of macrophages and dendritic cells,
which are the sole producers of IL-12, and it is possible that
rthSP-D is stimulating macrophages in the lungs and upper res-
piratory tract directly. I1-12 has a major effect in stimulating the
proliferation of Th1l lymphocytes and an antiproliferative effect
on Th2 lymphocytes and several studies have shown that I1-12
inhibits airway hyperresponsiveness [20,21], which is consistent
with our findings. IL-12 stimulates the production of IFN-yby Th1
lymphocytes and natural killer cells and the two cytokines have a
synergistic effect on reducing allergic hypersensitivity and reduc-
ing Th2 cytokines, including IL-4 [22]. IL-4 acts upon B cells, pro-
moting class switching to IgG1 in mice (IgG4 in humans) and IgE
[23,24] and TL-4 has been directly linked to the immunopathogen-
esis of asthma [25-27] including airway hyperresponsiveness [28].
The results from this study, demonstrating a reduction in the level
of IL-4 during allergen challenge, are of major importance in
the treatment of seasonal allergy and allergic asthma where
subjects are continually exposed to allergen. The role of SP-D in
Afu-induced allergic inflammation is of interest because it is up-
regulated in response to Afu allergen, as shown by Haczku et al.,
while SP-A levels are unaffected [29]. It is possible that treatment
with rfhSP-D might affect endogenous levels of either of these
collectins. We observed a similar increase in SP-D and no increase
in SP-A in sensitized mice and that treatment did not affect either
endogenous SP-D or SP-A levels. The suggestion is that rfthSP-D
is producing an effect independently of, or in addition to the
endogenous SP-D and may also explain the relative ineffective-
ness of thSP-A in modulating allergy in this model.
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