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Susceptibility of Mice Genetically Deficient in the Surfactant
Protein (SP)-A or SP-D Gene to Pulmonary Hypersensitivity
Induced by Antigens and Allergens of Aspergillus fumigatus"

Taruna Madan,* Kenneth B. M. Reid,” Mamta Singh,* P. Usha Sarma,’* and Uday Kishore®

Lung surfactant protein A (SP-A) and D (SP-D) are innate immune molecules which are known to interact with allergens and
immune cells and modulate cytokine and chemokine profiles during host hypersensitivity response. We have previously shown
therapeutic effects of SP-A and SP-D using a murine model of lung hypersensitivity to Aspergillus fumigatus (Afu) allergens. In this
study, we have examined the susceptibility of SP-A (AKO) or SP-D gene-deficient (DKO) mice to the Afu allergen challenge, as
compared with the wild-type mice. Both AKO and DKO mice exhibited intrinsic hypereosinophilia and several-fold increase in
levels of IL-5 and IL-13, and lowering of IFN-vy to IL-4 ratio in the lungs, suggesting a Th2 bias of immune response. This Th2
bias was reversible by treating AKO or DKO mice with SP-A or SP-D, respectively. The AKO and DKO mice showed distinct
immune responses to Afu sensitization. DKO mice were found more susceptible than wild-type mice to pulmonary hypersensitivity
induced by Afu allergens. AKO mice were found to be nearly resistant to Afu sensitization. Intranasal treatment with SP-D or
rhSP-D (a recombinant fragment of human SP-D containing trimeric C-type lectin domains) was effective in rescuing the Afu-
sensitized DKO mice, while SP-A-treated Afu-sensitized AKO mice showed several-fold elevated levels of IL-13 and IL-5, resulting
in increased pulmonary eosinophilia and damaged lung tissue. These data reaffirm an important role for SP-A and SP-D in offering

resistance to pulmonary allergenic challenge.

T wo of the hydrophilic lung surfactant proteins (SP),’

SP-A and SP-D, are considered carbohydrate pattern rec-

ognition molecules of innate immunity which have been
shown to interact with a range of pathogens, allergens, and apo-
ptotic cells (1, 2). This interaction effects recruitment and activa-
tion of a host of immune cells, leading to differential pulmonary
cytokine and chemokine profiles as a part of host response (3). The
primary structure of SP-A and SP-D is organized into four regions:
an N-terminal region involved in the formation of interchain dis-
ulphide bonds, a collagen region composed of Gly-X-Y repeats, a
neck peptide, and a C-terminal C-type lectin domain. They are
large oligomeric structures, each assembled from multiple copies
of a single polypeptide chain (human SP-A has two closely-related
chains). The lectin domains are spaced, in a trimeric orientation, at
the end of triple-helical collagen stalks (4). Six of these trimeric
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subunits make up the overall structure of SP-A, while SP-D is
composed of a cruciform-like structure, with four arms of equal
length.

The lectin domains are usually the ligand recognition domain
which are known to interact with carbohydrate structures on the
surfaces of a wide range of pathogens, such as viruses, bacteria,
and fungi. SP-A and SP-D are also known to interact with phago-
cytic cells and enhance their chemotactic, phagocytic, and oxida-
tive properties (1, 5). Therefore, the recognition of non-self via
lectin domain and subsequent engagement of collagen region with
immune cells via the collectin receptor enhances killing by acti-
vated phagocytic cells (6). The interaction between the collagen
region of SP-A and SP-D (when bound to ligand via lectin domain)
with immune cells is generally considered to be mediated via a
common collectin receptor, calreticulin/CD91 complex (7). This
interaction has been shown to enhance p38 MAPK activation,
NF-kB activity, and production of proinflammatory cytokines/che-
mokines in macrophages (7). SP-A and SP-D also mediate another
independent signal transduction pathway, which appears anti-
inflammatory and results from direct interactions of trimeric lectin
domains with specific cell surface glycoproteins (7).

SP-A and SP-D have also been shown to be involved in the
modulation of pulmonary inflammatory responses and resistance
to allergen-induced airway hypersensitivity (2, 8—10). Abnormal
levels of SP-A and SP-D in bronchoalveolar lavage (BAL) have
been reported in hypersensitivity lung diseases and asthmatics show
increased amounts of SP-A and SP-D in BAL as compared with those
in controls (11, 12). Serum SP-D levels for two allergic patients have
been found elevated at diagnosis which decreased following cortico-
steroid therapy (13). The patients of birch pollen allergy and pulmo-
nary alveolar proteinosis (PAP) showed a shift toward lower oligo-
meric forms of SP-A, in comparison to healthy volunteers with a
possible loss or alteration of biological function (14).

SP-A and SP-D can bind via their lectin domains to allergenic
extracts derived from pollens, the house dust mite, and Aspergillus
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fumigatus (Afu) inhibit specific IgE binding to allergens, and block
allergen-induced histamine release from sensitized basophils (15—
17). SP-A and SP-D can reduce the proliferation of PBMC isolated
from mite-sensitive asthmatic children (18), and SP-D, in partic-
ular, has a suppressive effect on the secretions of IL-2 by PBMC
(19). Using murine models of pulmonary hypersensitivity induced
by allergens derived from Afu (8), the house dust mite (20), and
OVA (21), it has been shown that therapeutic treatment of sensi-
tized mice with SP-A or SP-D can reverse hypersensitivity re-
sponse which involves lowering of specific IgE levels and blood
and pulmonary eosinophilia, and a shift in cytokine profile from
Th2 to Thl type.

The experiments conducted using the transgenic mice, geneti-
cally deficient in SP-A or SP-D, have also emphasized a key role
played by SP-A and SP-D in pulmonary immune response. The
SP-A gene-deficient (AKO) mice are less effective in clearing lung
pathogens (22). Concentrations of TNF-c, IL-6, and IL-la are
increased in BAL fluid of AKO mice, which can increase further
on adenoviral administration. Coadministration of adenovirus and
purified human SP-A can ameliorate adenoviral-induced lung in-
flammation in AKO mice (23). Mice genetically deficient in SP-D
(DKO) show chronic inflammation, foamy alveolar macrophages
secreting 10-fold higher levels of hydrogen peroxide, increased
activity of matrix metalloproteinases (MMP), emphysema, and fi-
brosis in the lungs (24).

The present study was undertaken to comparatively evaluate the
effect of deficiency of SP-A or SP-D genes on eosinophilia and Th2
cytokines in view of their role in the pathogenesis of allergy and
asthma. We observed that both AKO and DKO mice showed in-
trinsic hypereosinophilia and several-fold increase in the levels of
IL-5 and IL-13, and lowering of IFN-vy to IL-4 ratio, suggesting a
shift to a Th2 type of response in comparison to the wild-type
(WT) mice. Gene expression and exogenous administration of
SP-A and SP-D has been able to complement some of the defects
of AKO and DKO mice (25-29). Therefore, we examined whether
intranasal administration of native human SP-A to AKO, and SP-D
or a recombinant fragment of SP-D (rhSP-D) to the DKO mice
may reverse hypereosinophilia and Th2 predominance. Because
both SP-A and SP-D play a role in Afu-mediated hypersensitivity,
we have also examined whether AKO and DKO mice were more
susceptible to Afu sensitization than WT mice and whether intra-
nasal administration of native human SP-A, SP-D, and rhSP-D can
rescue the Afu-sensitized KO mice.

AKO and DKO mice showed a distinct immune response to Afit
sensitization. Although DKO showed a cytokine profile similar to
that of WT mice on Afu sensitization, the magnitude of the effect
was higher suggesting that the DKO mice are more susceptible
than the WT mice. AKO mice showed a different trend in the
cytokines in comparison to WT mice on Afu sensitization. How-
ever, the magnitude of change was not significant suggesting that
AKO may be resistant to Afu sensitization. SP-D and rhSP-D were
effective in rescuing the Afu-sensitized DKO mice while SP-A
administered Afu-sensitized AKO mice showed manyfold elevated
levels of IL-5 and IL-13, resulting in severe pulmonary eosino-
philia and damaged lung tissue.

Materials and Methods
Mice

The generation of AKO (30, 31) and DKO (32) mice, by backcrossing in
the C57BL/6 background, has been reported. Specific-pathogen-free, 6—8
wk old, male and female C57BL/6 mice of the two strains used for gen-
erating AKO mice (termed as WT (AKO type) and DKO mice (termed as
WT (DKO type) were obtained from Harlan-OLAC, Shaw’s Farm. Mice
were housed in the animal care facility at the Department of Biochemistry,
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University of Oxford (Oxford, U.K.). They received Purina chow and acid-
ified water ad libitum. Both AKO and DKO mice were pathogen-free and
repeated attempts to culture bacterial and fungal organisms from the lungs
of these mice were negative. Mice were randomized before experiments.
All mice were kept in isolator cages with sterile beddings in a barrier
facility for the duration of this study. The beddings were changed daily and
four to five animals were housed in each cage.

Antigens

Three-week culture filtrate (3wcf; protein-enriched antigenic fraction, 27
mg/ml) of Afu (strain 285, isolated from sputum of an allergic broncho-
pulmonary aspergillosis (ABPA) patient visiting the V. P. Chest Institute,
Delhi, India) were used to sensitize the mice. Its preparation and charac-
terization have been described previously (8).

Preparation of native human SP-A and SP-D

Native human SP-A and SP-D were purified from human BAL collected of
patients suffering from PAP, as described earlier (33). Both protein prep-
arations were judged to be pure by SDS-PAGE, Western blot, and amino
acid composition. SP-A preparation was free of any SP-D contamination
and vice versa. Gel filtration confirmed that ~92% of SP-A preparation is
octadecamer and 95% of SP-D preparation is dodecamer oligomers. SP-A
and SP-D preparations were further evaluated for endotoxin levels by the
QCL-1000 Limulus amebocyte lysate system (BioWhittaker). The amount
of endotoxin present in purified SP-A was observed to be 16 pg/ug SP-A
and for purified SP-D, it was found to be 56 pg/ug SP-D.

Expression and purification of rhSP-D

A recombinant fragment, composed of the trimeric a-helical coiled-coil
neck region and three C-type lectin domains of human SP-D (rhSP-D), was
expressed in Escherichia coli and purified to heterogeneity, as recently
described (20). The rhSP-D preparation was functionally characterized (34)
and its crystallographic structure complexed with maltose in the carbohy-
drate-binding pockets is available (35). The amount of endotoxin present in
the rhSP-D preparations was estimated, as described above, and found to
be 4 pg/ug rthSP-D.

Immunization of mice

A murine model of ABPA was prepared as previously described (8).
Briefly, AKO, DKO, and WT mice (all in C57BL/6 background) were
lightly anesthetized with ether, and 50 ul (100 ug) of the Ag mixture per
mouse was slowly applied to the nostrils using a micropipette with a sterile
disposable tip. Mice were then held upright for a few minutes until Ag
solution applied to the nostril was completely inhaled. These mice also
received 100 ul (200 wg) of the same Ag mixture per mouse i.p. Intranasal
instillation and i.p. injections were given twice a week to each mouse for
four weeks. The last immunization with Ag was conducted on 28th day
(named as “0” day for the treatment study) followed by treatment with
SP-A, SP-D, rhSP-D, or BSA (as a control protein therapeutic) for the next
3 days (days 1-3 of the treatment study). Mice in the control groups were
immunized in the same manner with sterile PBS. A brief description of
various mice groups is given in Table I (study design).

Administration of SP-A, SP-D, and rhSP-D

Groups of untreated ABPA mice and untreated control mice of WT, AKO,
and DKO mice were intranasally administered 50 ul of PBS on days 1-3.
Groups of mice receiving treatment were named after respective proteins
being administered. Human SP-A (3 ug in 50 ul of PBS per mouse) was
intranasally administered to “SP-A-treated ABPA mice” and “SP-A-treated
control mice” on days 1-3. Human SP-D (1 g in 50 ul of PBS per mouse)
was intranasally administered to the “SP-D-treated ABPA mice” and “SP-
D-treated control mice” on days 1-3. The rhSP-D (1 g in 50 ul of PBS
per mouse) was intranasally administered to the groups of “rhSP-D-treated
ABPA mice” and “rhSP-D-treated control mice” on days 1-3. BSA (3 ug
in 50 ul of PBS per mouse) was intranasally administered to “BSA-treated
ABPA mice” and “BSA-treated control mice” groups on days 1-3. The
selected dose of SP-A and SP-D was based on the physiological concen-
trations of these proteins reported in rodent BAL, the SP-A concentration
in the rat BAL was 7.3 = 0.8 ug/ml and the SP-D concentration in the
BAL from C57BL/6 mice 6—8 wk of age was observed to be 552 ng/ml.
For human BAL, the SP-A concentration ranges from 1 to 10 ug/ml and
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Table 1. Study design
IN. and LP. 3wcf Protein concentration (ug) in
Group twice a week for 4 wk LN. Proteins on Days 1-3 50 ul of PBS
1 WT (AKO type) (test group) (WT-Ag (AKO)-BSA) Ag BSA 3.0
2 WT (AKO type) (control group) (WT-C (AKO)-BSA) PBS BSA 3.0
3 WT (DKO type) (test group) (WT-Ag (DKO)-BSA) Ag BSA 3.0
4 WT (DKO type) (control group) (WT-C (DKO)-BSA) PBS BSA 3.0
5  WT (AKO type) (test group) (WT-Ag (AKO)-SP-A) Ag SP-A 3.0
6 WT (AKO type) (control group) (WT-C (AKO)-SP-A) PBS SP-A 3.0
7  WT (DKO type) (test group) (WT-Ag (DKO)-SP-D) Ag SP-D 1.0
8 WT (DKO type) (control group) (WT-C (DKO)-SP-D) PBS SP-D 1.0
9 WT (DKO type) (test group) (WT-Ag (DKO)-rhSP-D) Ag rhSP-D 1.0
10 WT (DKO type) (control group) (WT-C (DKO)-rhSP-D) PBS rhSP-D 1.0
11 AKO (test group) (AKO-Ag-BSA) Ag BSA 3.0
12 AKO (control group) (AKO-C-BSA) PBS BSA 3.0
13 AKO (test group) (AKO-Ag-SP-A) Ag SP-A 3.0
14 AKO (control group) (AKO-C-SP-A) PBS SP-A 3.0
15 DKO (test group) (DKO-Ag-BSA) Ag BSA 3.0
16 DKO (control group) (DKO-C-BSA) PBS BSA 3.0
17 DKO (test group) (DKO-Ag-SP-D) Ag SP-D 1.0
18  DKO (control group) (DKO-C-SP-D) PBS SP-D 1.0
19 DKO (test group) (DKO-Ag-rhSP-D) Ag rhSP-D 1.0
20 DKO (control group) (DKO-C-rhSP-D) PBS rhSP-D 1.0

the SP-D concentration varies between 300 ng and 600 ng/ml. Further-
more, similar conditions have previously been applied to examine the ther-
apeutic effects of SP-A, SP-D, and rhSP-D in a murine model of ABPA
using the BALB/c strain (8).

Afu-1gG and Afu-IgE Abs in mice

The Afu-1gG and Afu-IgE levels in the serum were measured by ELISA (8).
The serum dilutions used for IgG and IgE estimation were 1/50 (v/v) and
1725 (v/v), respectively. Protein A-HRP (for IgG) and anti-mouse IgE-HRP
(for IgE) conjugates were used at 1/1000 (v/v) dilutions.

Anti-BSA IgE and IgG Abs in mice

Levels of anti-BSA IgE and IgG Abs in mice were determined in BSA-
treated groups by an indirect ELISA using similar conditions as described
above for Afu Abs. BSA (1 pg in 100 ul per well)-coated plates were
incubated with mouse sera diluted 1/100 (for IgG) and 1/50 (IgE). Protein
A-HRP (for IgG) and anti-mouse IgE HRP (for IgE) conjugates were used
at 1/1000 (v/v) dilutions.

Peripheral eosinophil count

The eosinophils were estimated using heparinized whole blood (1 ul). Eo-
sinophils were stained with Dunger’s reagent, an aqueous solution con-
taining eosin (0.1% w/v), acetone (10% v/v) and Na,CO5 (0.1% w/v). The
volume of blood was made up to 10 ul with the reagent before counting
using a hemocytometer.

Preparation of single cell suspension from lungs

Lungs were isolated from the mice and homogenized in RPMI 1640 me-
dium containing 10% (v/v) bovine serum at a concentration of 5 X 10°
cells/ml.

Eosinophil peroxidase (EPO) assay

For the EPO assay, a lung cell suspension (200 wl/well) was plated in a
96-well tissue culture plate and incubated in a humidified CO, incubator at
37°C for 48 h. The medium was aspirated and o-phenylenediamine (OPD)
was added (100 ul of 1 mM solution was prepared using sterile PBS con-
taining Triton X-100 (0.1% v/v) and H,0, (0.0125% v/v)). After a 30-min
incubation at room temperature, the color reaction was terminated by ad-
dition of 50 ul of 4 N H,SO, and the A,y, was measured.

Cytokine levels in lung suspension and spleen culture

Spleen and lung from animals sacrificed at different time intervals were
collected aseptically. Organs were minced, cells were suspended in culture
medium (2 X 10° cells/well), and allowed to proliferate in RPMI 1640
medium with 10% (v/v) bovine serum and 10 wg/ml gentamicin for 72 h.
The supernatants from lung suspension and spleen cell culture were as-

sayed for IL-2, IL-4, IL-5, IL-10, IL-12, IL-13, TNF-c«, and IFN-v, ac-
cording to the manufacturer’s instructions (Endogen).

Histological examination of the lung sections

Lungs removed from the sacrificed animals were trimmed of extraneous
tissue and fixed in 10% (v/v) formaldehyde and stored at 4°C. The tissue
sections, made using a microtome and stained with H&E, were examined
at magnifications of X40 and X400. The histopathology sections have been
prepared from three different lobes of both the lungs of an animal. Each
picture is a representative of six sections (three each from two animals of
each group).

Statistical analysis

All data were expressed as mean = SD and compared using the one-
population ANOVA test using the MicroCal Origin version 3.0 statistical
package (MicroCal Software). Cytokine data were compared using un-
paired two-tailed Mann-Whitney (nonparametric) test. The p values were
considered statistically significant if they were <0.05.

Results
Comparative evaluation of eosinophilia and cytokine profile of
WT, AKO, and DKO control mice on day 0

AKO mice showed elevated peripheral eosinophilia (1.85-fold)
and EPO activity (1.29-fold) than WT mice (Table II), consistent
with increased eosinophil infiltrations seen in the lung sections
(Fig. 1). AKO mice showed an increase in IL-13 (13.1-fold), IL-5
(3.93-fold), and IL-2 (3.43-fold) and a 1.92-fold decrease in IFN-y
than WT mice (Fig. 2; Table III). The ratio of IFN-vy to IL-4 was
1.525-fold less in AKO than WT mice, suggesting that AKO mice
have a Th2 bias, as opposed to the predominantly Thl profile of
the WT C57BL/6 mice (Table II).

DKO mice also showed elevated peripheral eosinophil count
(2.02-fold) than WT mice (Table II). Increased eosinophil infiltra-
tion was seen around perivascular areas in the lung sections of
DKO mice (Fig. 1). DKO mice showed a more pronounced Th2
bias, as evident by a 3.67-fold decrease in IFN-vy and increase in
IL-13 (11.6-fold), IL-5 (4.681-fold), and IL-2 (2.84-fold) (Fig. 3;
Table III). The ratio of IFN-vy to IL-4 was 3.717-fold less in DKO
than WT, further supporting the notion that DKO mice have a Th2
bias (Table I). However, IL-4, IL-10, IL-12, and TNF-« levels in
both AKO and DKO mice did not show a significant change in
comparison to WT mice (Table III).
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Table 1.  Comparison of levels of Afu IgE and Afu IgG Abs“
EPO IFN-vy pg/ml of
Afu IgE (A4o0) (Ratio to Afu 1gG (A,q0) (Ratio to Peripheral Eosinophil ~ Activity the Lung Suspens IL-4 pg/ml of the
Control Group) Control Group) Count X 107/ml (Agg0) ion Lung Suspension  IFN-y/IL-4
WT-Ag 0.1530 (1.04) 1.838 (8.27) 18.75 4221 337.5 51.74 6.522
WT-C 0.1465 0.2220 6.75 5.302 422.5 85.23 4.957
WT-naive 0.1398 0.1876 6.5 4.98 412.7 86.12 4.792
AKO-Ag 0.1864 (1.31) 1.720 (11.94) 25 6.445 360 145.3 2.476
AKO-C 0.1422 0.1441 12.5 6.84 220 90.6 2.428
AKO-naive 0.1286 0.1322 12.82 7.02 243 84.7 2.868
DKO-Ag 0.0853 (0.69) 1.689 (10.11) 24.66 3.796 423 18.40 2.298
DKO-C 0.1231 0.1671 13.66 5.832 156.3 87.66 1.783
DKO-naive 0.1356 0.1524 14.1 5.231 142.7 78.45 1.818

¢ Comparison of levels of Afu IgE and Afu IgG Abs, peripheral eosinophil count, eosinophil peroxidase activity, and IFN-y/IL-4 ratio of Afu-sensitized WT, AKO, and DKO
mice with their respective control groups on zero day. Each value represents a mean of nine readings (triplicate values from three animals of each group). The deviations were
calculated for each mean value and were within *+5%. The values for WT mice are pooled from WT (AKO type) and WT (DKO type).

Distinct immune response to BSA by WT-C, AKO-C, and
DKO-C

Administration of BSA, as a control therapeutic protein, led to a
significant increase in peripheral eosinophil count in WT mice
(1.62-fold) and AKO mice (1.41-fold) (Table IV). Lung histopa-
thology showed increased infiltration of eosinophils in WT, AKO,
and DKO mice. No significant elevation in anti-BSA IgE and IgG
Abs were observed in the sera of BSA-treated WT mice. Admin-
istration of BSA to AKO or DKO mice led to a significant increase
in anti-BSA IgE (1.31-fold in DKO and 1.45-fold in AKO) and
anti-BSA IgG (12.84-fold in DKO and 12.25-fold in AKO) (Table

FIGURE 1. Histopathological ex-
amination of the lung sections stained
with H&E observed at X40 magnifi-
cation, from the wild-type mice
(WT), SP-A gene-deficient (AKO)
mice, and SP-D gene-deficient
(DKO) mice sensitized with aller-
gens/Ags of A. fumigatus (Ag) and
their respective control groups on day
0 of the treatment study. The insets
are at X400 magnification to show
the presence of eosinophils in the in-
filtrated cells. The arrows indicate
eosinophils in the section. Each pic-
ture is a representative of six sections
(three each from two animals of each

group).

IV). WT mice showed an increase in levels of IL-13 (2.28-fold on
day 4 and 6.28-fold on day 10), while both AKO (2.46) and DKO
mice (2.25-fold) showed a decrease in IL-13 levels. A decrease in
IL-2 was observed in all three groups of mice (WT: 2- and 4-fold
on days 4 and 10, respectively; AKO: 4.9-fold; DKO: 2.61-fold).
IFN-vy levels decreased in WT (2.5-fold on day 4 and 3.46 on day
10) and DKO mice (3.83-fold). The ratio of IFN-y to IL-4 de-
creased (1.65-fold on day 4 and 1.9-fold on day 10) in BSA-treated
WT mice and AKO mice (1.6-fold) (Table IV). DKO mice also
showed a decrease in IL-4 (4.66-fold) and IL-10 (1.97-fold), how-
ever, the ratio of IFN-vy to IL-4 did not change significantly (Table
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FIGURE 2. Ratio of the levels of various cytokines in lung suspensions
of untreated and SP-A-treated AKO mice to the respective groups of WT
mice. [, Untreated AKO mice on day 0; &, SP-A-treated AKO mice on
day 4; W, SP-A-treated AKO mice on day 10. Each value represents a mean
of nine readings (triplicate values from three animals of each group).

IV). A summary of ratio of cytokine profiles observed in various
groups of mice on fourth day with respect to their levels on day 0
is provided in Table V.

Administration of SP-A, SP-D, and rhSP-D leads to an increase
in IL-5 and EPO activity in WT mice

WT mice showed an increase in IL-5 in mice treated with SP-A
(3.08-fold), SP-D (3.86 on day 4 and 1.56 on day 10), and rhSP-D
(3.38-fold). Increase in EPO activity was observed on administra-
tion of SP-A (1.8-fold) and SP-D (1.94-fold) but a decrease was
observed on administration of thSP-D (0.7-fold). Peripheral eosin-
ophil count increased in SP-D (2.5-fold) and rhSP-D (2-fold)-
treated mice (Table IV). However, lung histopathology did not
show significant changes in WT mice on treatment with SP-A,
SP-D, and rhSP-D. A decrease in IL-4 levels was observed in
SP-A (3.5-fold), SP-D (8.5-fold), and rhSP-D (2.87-fold)-treated
mice. A transient effect was observed on IL-13 levels in SP-A
(4.66-fold decrease on day 4 followed by 3.21-fold increase on day
10) and SP-D (2.9-fold increase on day 4 and a 3.1-fold decrease
on day 10)-treated mice while rhSP-D (2.63-fold)-treated mice
showed a decrease. The ratio of IFN-y to IL-4 increased signifi-
cantly on day 4 (2.76-fold) followed by a decrease on day 10
(1.59-fold) in SP-A-treated mice (Table IV). IFN-vy (5.28-fold) de-
creased significantly on administration of SP-D. The ratio of IFN-y
to IL-4 initially decreased on day 4 (1.3-fold) but significantly
increased on day 10 (1.41-fold increase) in SP-D-treated mice (Ta-

Table III.
mice on zero day”
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FIGURE 3. Ratio of cytokine levels in lung suspensions of untreated,
SP-D, or rhSP-D DKO mice to the respective groups of WT mice. [,
Untreated DKO on zero day; &, SP-D-treated DKO on day 4; B, SP-D-
treated DKO mice on day 10; E, rhSP-D-treated DKO mice on day 4; N,
rhSP-D-treated DKO mice on day 10. Each value represents a mean of nine
readings (triplicate values from three animals of each group).

ble IV). The ratio of IFN-vy to IL-4 did not change significantly in
rhSP-D-treated mice (Table IV).

Administration of SP-D or rhSP-D led to decrease in levels of
IL-13, IL-5 and eosinophilia in DKO mice

Administration of SP-D or rhSP-D to DKO-C mice led to decrease
in peripheral eosinophil count (2.5- and 1.7-fold, respectively) and
EPO activity (1.69- and 1.25-fold, respectively) with respect to the
WT mice (Table IV). SP-D administration to DKO-C led to a
decrease in IL-13 (16.36-fold) and IL-5 (2.29-fold), while an in-
crease in TNF-a-1.96-fold, on day 4 followed by decrease in IL-13
(6-fold), IL-5 (2.18), IL-4 (5.83-fold), IL-2 (3.5-fold), IFN-y
(2.88-fold) and IL-10 (2.61-fold) on day 10 (Fig. 3). rhSP-D ad-
ministration to DKO-C led to an increase in all the cytokines with
most significant increase in TNF-« (5.0-fold) and IFN-vy (3.4-fold)
on day 4. On day 10, however, all the cytokines showed a decrease
(IL-13: 5.8-fold, IL-5: 2.2-fold, and IL-10: 2.38-fold) (Fig. 3). The
IFN-vy to IL-4 ratio did not change significantly in SP-D-treated
DKO mice while it increased in rhSP-D-treated mice (Table IV).
Infiltration of eosinophils was significantly reduced in SP-D-
treated DKO mice on day 10 and in thSP-D-treated mice on day 4
as well as day 10 (Fig. 4).

Ratio of cytokine levels of lung suspensions of Afu-sensitized and control AKO and DKO mice groups to their respective groups of WT

IL-13 IL-5 IL-2 IL-4 IL-10 IL-12 IFN-vy TNF-«
AKO-Ag 272 8.177 16.93 2.8 2.68 1.94 1.06 3.94
AKO-C 13.1 393 3.43 1 1.13 —1.24 —-1.92 1.41
DKO-Ag 7.7 6.697 4.46 —2.8 1 —1.29 —7.97 —1.3
DKO-C 11.6 4.681 2.84 1 1.01 —1.26 =217 —1.23

< Each value represents a mean of nine readings (triplicate values from three animals of each group). The deviations were calculated for each mean value and were within
+5%. The negative sign indicates a decrease in the level of cytokine in the KO mice group with respect to the respective WT mice group. The values for WT mice are pooled
from WT (AKO type) and WT (DKO type). Actual cytokine levels (picograms per milliliter) of lung suspension of various groups are given below. WT-C: IL-13 (3.0), IL-5
(136.7), IL-2 (15.2), IL-4 (85.23), IL-10 (660), IL-12 (35.5), IFN-y (422.5), TNF-a (54.7); AKO-C: IL-13 (39.5), IL-5 (537), IL-2 (51.5), IL-4 (84.7), IL-10 (752), IL-12 (28.5),
IFN-vy (220), TNF-a (77); DKO-C: IL-13 (35), IL-5 (640), IL-2 (42.66), IL-4 (87.66), IL-10 (670), IL-12 (28.0), IFN-vy (156.3), TNF-« (44.6); WT-Ag: IL-13 (1.1), IL-5 (64.2),
IL-2 (3.66), IL-4 (51.74), IL-10 (377.5), IL-12 (20.3), IFN-vy (337.5), TNF-a (33.5); AKO-Ag: IL-13 (30), IL-5 (525), IL-2 (62), IL-4 (145.3), IL-10 (1012), IL-12 (39.5), IFN-y
(360), TNF-« (132); DKO-Ag: IL-13 (8.5), IL-5 (430), IL-2 (16.33), IL-4 (18.4), IL-10 (383), IL-12 (15.7), IFN-y (42.3), TNF-«a (26.6).
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Table IV. Comparison of levels of specific IgE*

ALLERGEN CHALLENGE TO SP-A OR SP-D GENE-DEFICIENT MICE

Ratio of the Values on Fourth Day to Zero Day of

Ratio of the Values on 10th Day to Zero Day of

Administration Administration
Anti BSA-IgE Anti BSA-IgG PEC EPO IFN-vy/IL-4 Anti BSA-IgE Anti BSA-IgG PEC EPO IFN-y/IL-4
WT-BSA 0.88 0.65 1.62 1.05 3.0 0.87 0.83 1.5 0.91 2.6
AKO-BSA 1.45 12.2 1.41 1.04 241 1.63 1.44 0.83 1.25 1.51
DKO-BSA 1.12 1.30 0.71 0.94 1.5 1.31 12.8 0.92 1.04 1.66
WT-SP-A 1.16 1.18 13.7 1.00 1.79 3.12
AKO-SP-A 0.38 1.02 2.9 0.14  0.63 2.72
WT-SP-D 1.0 1.93 3.81 2.5 0.92 7.0
DKO-SP-D 0.41 0.84 1.4 1.25  0.59 1.5
WT-rhSP-D 1.28 0.71 3.9 2.0 0.70 4.58
DKO-rhSP-D 0.85 1.52 2.8 0.57  0.80 3.06

< Comparison of levels of specific IgE, specific IgG Abs, peripheral eosinophilic count (PEC), eosinophilic peroxidase activity, and IFN-y/IL-4 ratio of control WT and KO
mice on treatment with BSA, SP-A, SP-D, and rhSP-D on days 4 and 10. Each value represents a mean of nine readings (triplicate values from three animals of each group).
The deviations were calculated for each mean value and were within =5%. The values for WT mice are pooled from WT (AKO type) and WT (DKO type).

Administration of SP-A to AKO mice leads to reduced
eosinophilia and IL-5 levels but did not lower levels of IL-13

Administration of SP-A to AKO-C mice led to a decrease in pe-
ripheral eosinophilia (7.14-fold) and EPO activity (1.58-fold) with
respect to WT-C mice (Table IV). Administration of SP-A to
AKO-C mice led to a decrease in IL-5 (2.01-fold), IL-2 (1.96-
fold), IL-10 (1.85-fold) on day 10 (Fig. 1). The ratio of IFN-vy to
IL-4 did not change significantly. Lung histopathology of SP-A-
treated AKO mice showed reduced infiltrations of eosinophils on
both days 4 and 10 and were comparable to WT-C mice (Fig. 4).

The immune responses to Afu sensitization in AKO and DKO
mice are distinct

Following Afu sensitization, WT mice showed a significant in-
crease in Afu IgG Abs (8.28-fold), peripheral eosinophil count
(2.78-fold), and a decrease in EPO activity (1.26-fold) (Table II).
However, Afu IgE Abs did not show a significant increase. His-
topathological examinations of lung sections of WT-Ag mice
showed severe eosinophilia (Fig. 1). WT-Ag mice showed a de-
crease in all the cytokine levels in lung suspension following chal-
lenge with Afu allergens (TNF-a: 1.63-fold, IFN-vy: 1.25-fold, IL-
12: 1.75-fold, IL-13: 2.73-fold, IL-4: 1.67-fold, IL-10: 1.96-fold,
IL-5: 2.13-fold, and IL-2: 4.1-fold) (Fig. 5). However, the Thl

type of cytokines showed less decrease than Th2 type and the ratio
of IFN-vy to IL-4 increased on allergen challenge (from 4.957 to
6.522, 1.32-fold increase) (Table II).

On repeated Ag sensitization, DKO mice showed a decrease in
Afu-1gE (1.44-fold) and EPO activity (1.54-fold), but an increase
in Afu-1gG Ab (10.11-fold) and peripheral eosinophil count (1.81-
fold) (Table II). Lung sections of DKO-Ag mice showed signifi-
cantly dense infiltrations of eosinophils than DKO-C mice, AKO-
Ag, and WT-Ag (Fig. 1). DKO showed a decrease in all the
cytokines and behaved in a more pronounced but similar manner to
WT mice following allergen challenge (IFN-vy: 3.45-fold, IL-13:
4.11-fold, IL-4: 8.45-fold, and IL-2: 2.61-fold) (Fig. 5; Table III).
However, the Thl cytokines showed less decrease than Th2 type,
and an increase in IFN-vy to IL-4 ratio (1.29-fold) (Table II).

Sensitized AKO (AKO-Ag) mice showed an increase in Afu-IgE
(1.31-fold) and Afu-IgG Ab (11.94-fold) and peripheral eosinophil
count (2-fold) (Table II). Lung sections of AKO-Ag mice showed
increased eosinophil infiltrations in comparison to AKO-C mice
but were less than WT-Ag mice (Fig. 1). AKO showed an increase
in TNF-a (1.71-fold), IFN-vy (1.63-fold), IL-12 (1.38-fold), IL-4
(1.49-fold), IL-10 (1.34-fold), and IL-2 (1.2-fold), while a de-
crease in IL-13 (1.32) and no change in IL-5 levels (Fig. 5; Table
III). However, ratio of IFN-vy to IL-4 did not change significantly

Table V. Ratio of cytokine levels of lung suspensions of Afu-sensitized and control mice groups on fourth day to their levels on zero day”

Group IL-13 IL-5 IL-4 IL-2 IL-10 IL-12 IFN-y TNF-a
WT-Ag BSA 5.27 2.18 2.06 10 2.57 1.7 —1.11 1.75
WT-C BSA 2.28 1.17 —1.35 -2 —-1.02 —1.19 —-2.5 —1.25
WT-Ag SP-A 17 341 2.23 12 1.54 —1.33 1.3 1.75
WT-C SP-A —4.66 1.28 —3.5 —1.1 —1.19 —1.19 —1.34 1.30
WT-Ag SP-D 1.25 3.66 —-1.5 6.75 1.47 1.22 1.07 1.5
WT-C SP-D 2.9 3.86 —1.11 3 1.34 —1.03 1.05 1.54
WT-Ag rSP-D 1.6 1.11 —1.71 4.5 1.57 —1.88 —-2.15 1.43
WT-C rSP-D —2.6 —1.41 —2.12 1.7 —1.2 —-3.6 —2.27 1.01
AKO-Ag BSA —-8.2 —3.46 —=2.15 2.3 —2.63 -3.1 —1.24 —1.85
AKO-C BSA —2.46 1.17 —1.07 —1.4 1.08 —1.07 1.06 —1.15
AKO-Ag SP-A 2.9 1.15 —1.18 1.29 —-1.1 1.08 —1.18 —1.81
AKO-C SP-A —1.13 1.23 1.2 —1.06 —1.11 1.16 1.31 —1.26
DKO-Ag BSA 1.22 —-1.5 6.75 1 1.94 1.28 3 1.78
DKO-C BSA —2.25 —1.46 1.30 —1.21 1.15 1.14 1.43 1.33
DKO-Ag SP-D —-34 —3.37 8 2.44 1.23 1.59 1 1.9
DKO-C-SP-D —16.36 —-2.29 —1.75 —1.55 —1.47 —1.07 —1.52 1.96
DKO-Ag-rSP-D 2.09 1.94 10.8 24 2.13 2.58 20.5 2.53
DKO-C-rSP-D 1.71 1.17 1.5 1.78 1.64 1.232 3.4 5.0

< Each value represents a mean of nine readings (triplicate values from three animals of each group). The deviations were calculated for each mean value and were within
+5%. The negative sign indicates a decrease in the level of cytokine in the mice group on fourth day with respect to the level in the respective mice group on zero day. The

values for WT mice are pooled from WT (AKO type) and WT (DKO type).
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FIGURE 4. Histopathological ex-
amination of the lung sections (H&E
stain) observed at X40 magnification,
from the SP-A-treated control SP-A
gene-deficient mice (AKO-C-SP-A),
SP-A-treated Afir-sensitized SP-A gene-
deficient mice (AKO-Ag-SP-A), SP-
D-treated control SP-D gene-deficient
mice (DKO-C-SP-D), SP-D-treated
Afu-sensitized SP-D  gene-deficient
mice (DKO-Ag-SP-D), thSP-D-treated
control SP-D  gene-deficient mice
(DKO-C-thSP-D), thSP-D-treated Afis-
sensitized SP-D gene-deficient mice
(DKO-Ag-rhSP-D), on day 10 of the
treatment study. The insets are at X400
magnification to show the presence of
eosinophils in the infiltrated cells. Each
picture is a representative of six sec-
tions (three each from two animals of
each group).

(from 2.428 to 2.476, 1.01-fold increase), suggesting that AKO are
differentially responsive to allergen challenge than both DKO and
WT mice (Table II).

Treatment of Afu-sensitized WT, AKO, and DKO mice with
BSA, SP-A, SP-D, and rhSP-D

Administration of BSA to WT-Ag mice led to an increase in pe-
ripheral eosinophil count (1.37-fold) and EPO activity (2.79-fold)
(Table VI), increased lung infiltrations of eosinophils, and an in-
crease in IL-13 (5.27-fold), IL-2 (10-fold), IL-10 (2.57) on day 4.
IL-13 (14.5-fold), IL-5 (4.36), IL-2 (8-fold), and IL-10 (2.22-fold)
showed increases on day 10, suggesting that BSA treatment served
as a short-term Ag challenge for the Afu-sensitized mice. The lev-
els of anti-BSA IgG and IgE Abs in these mice were not signifi-
cantly elevated.
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FIGURE 5. Ratio of lung cytokine levels of WT, AKO, and DKO mice
sensitized with 3wcf of A. fumigatus (Ag) to their respective control groups
on day 0 of treatment study. Groups include sensitized (] WT (WT-Ag); B
AKO (AKO-Ag); and &4 DKO (DKO-Ag) mice. Each value represents a
mean of nine readings (triplicate values from three animals of each group).
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Administration of SP-A, SP-D, and rthSP-D to WT-Ag mice led
to decrease in Afu-IgE (0.78-, 0.87-, 0.7-fold) and peripheral eo-
sinophilia (2.56-, 2.12-, and 4.16-fold, respectively), yet an in-
crease in EPO activity (1.435-, 1.32-, 2.32-fold) (Table VI). Lung
histopathology showed decreased eosinophil infiltrations follow-
ing treatment (Fig. 4). In general, all groups of treated mice
showed an increase in levels of IL-2 and a decrease in ratio of
IFN-vy to IL-4. SP-A treatment resulted in increase in all the cy-
tokines, with a significant increase in IL-13 (17-fold), IL-5 (3.41-
fold), IL-4 (2.23-fold), IL-2 (12-fold), and TNF-« (1.75-fold) ex-
cept IL-12 on day 4, followed by an increase in all the cytokines,
IL-13 (5.8-fold), IL-5 (2.71-fold), IL-4 (2.05-fold), IL-2 (7-fold)
on day 10 (Fig. 6). The ratio of IFN-vy to IL-4 decreased signifi-
cantly from 6.522 on day 0 to 2.92 (2.23-fold) (Table VI).

SP-D treatment to WT-Ag mice led to increase in all the cyto-
kines, with significant increase in IL-5 (3.66-fold), IL-2 (6.75-fold)
except IL-4 (1.5-fold decrease) on day 4, followed by a decrease in
IFN-v (3.29-fold) and a further increase in IL-5 (6-fold) (Fig. 7).
The IFN-vy to IL-4 ratio increased on day 4 and decreased on day
10 (from 6.522 on day O to 13.33, i.e., 2.04-fold increase and
1.63 i.e., 4-fold decrease) on days 4 and 10, respectively (Table
VI). Administration of thSP-D to WT-Ag mice led to an increase
in IL-2 (4.5-fold), and a decrease in IL-4 (1.71-fold decrease),
IL-12 (1.88-fold) and IFN-vy (2.15-fold) on day 4 followed by a
decrease in IL-13 (1.87-fold), IL-2 (2.0-fold), IL-4 (8.4-fold), and
IFN-vy (9.33-fold) (Fig. 8). The IFN-v to IL-4 ratio decreased from
6.522 on day 0 to 3.9 (1.67-fold) and 4.5 (1.45-fold) on days 4 and
10, respectively (Table VI).

Administration of BSA to sensitized AKO-Ag and DKO-Ag
mice led to decrease in peripheral eosinophilic count (2.08- and
3.12-fold, respectively) and EPO activity (1.69- and 1.14-fold, re-
spectively) (Table VI). Lung histopathology showed decreased eo-
sinophilic infiltrations in BSA-treated AKO-Ag and DKO-Ag
mice. No significant increase in levels of anti-BSA IgG or IgE Ab
was observed in these mice. BSA treatment to AKO-Ag mice
showed a decrease in all the cytokines on day 4: IL-13 (8.28-fold),
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ALLERGEN CHALLENGE TO SP-A OR SP-D GENE-DEFICIENT MICE

Table VI. Comparison of levels of specific IgE*
Ratio of the Values on Fourth Day to Zero Day of Ratio of the Values on 10th Day to Zero Day of
Administration Administration
Afit IgE (a-BSA IgE)  Afu IgG (a-BSA IgG) PEC EPO IFN-y/IL-4  Afu IgE (-BSA IgE)  Afu I¢G (a-BSA IgE) PEC EPO IFN-y/IL-4

WT-BSA 1.06 (1.0) 1.26 (1.1) 1.37 2.78 3.1 0.94 (1.0) 1.12 (1.2) 1.37 2.51 3.27
AKO-BSA 0.99 (0.8) 1.04 (0.9) 0.88 0.74 2.04 1.40 (1.1) 1.03 (1.0) 0.48 0.58 2.5
DKO-BSA 0.99 (0.9) 1.10 (1.0) 0.88 1.24 1.4 1.07 (1.0) 1.08 (1.1) 0.32 0.87 1.85
WT-SP-A 0.89 0.94 1.22 2.03 3.8 0.78 0.90 0.38 1.43 2.92
AKO-SP-A 1.16 0.95 0.44 0.94 3.1 0.94 0.97 0.24 0.98 2.77
WT-SP-D 0.87 0.99 0.47 1.32 13.3 0.91 0.98 0.73 0.60 1.63
DKO-SP-D 1.53 1.48 041 1.22 0.62 0.94 0.98 0.62 0.61 3.75
WT-rhSP-D 0.70 1.02 0.22 0.68 3.9 0.80 1.11 0.45 0.24 4.5
DKOrhSP-D 0.94 0.89 0.24 2.32 1.8 0.70 0.82 0.4 049 3.0

“ Comparison of levels of specific IgE, specific IgG Abs, peripheral eosinophil count, EPO activity, and IFN-y/IL-4 ratio of Afu-sensitized WT and KO mice on treatment
with BSA, SP-A, SP-D, and rhSP-D on fourth day and 10th day. Each value represents a mean of nine readings (triplicate values from three animals of each group). The deviations
were calculated for each mean value and were within =5%. “a” refers to Abs. The values for WT mice are pooled from WT (AKO type) and WT (DKO type).

IL-5 (3.46-fold), IL-4 (2.15-fold), IL-2 (2.38-fold) IL-10 (2.63-
fold) and IL-12 (3.1-fold). The levels of IL-13 (11.6-fold), IL-5
(3.46-fold), IL-4 (4.75-fold), IL-2 (31-fold), IL-10 (2.16-fold),
IL-12 (2.04-fold), IFN-+y (2.4-fold) and TNF-« (5.47-fold) further
decreased on day 10. IFN-+y to IL-4 ratio did not change signifi-
cantly (Table VI). BSA treatment to DKO-Ag mice showed a sig-
nificant increase in IL-4 (6.75-fold) and IFN-+y (3-fold) on day 4
and IL-13 (2.64-fold), IL-4 (6.75-fold), and IFN-vy (3.75-fold) on
day 10. IFN-vy to IL-4 ratio decreased from 2.298 on day 0 to 1.4
(1.64-fold) and 1.85 (1.24-fold) on day 4 and 10, respectively
(Table VI).

Administration of SP-D or rhSP-D has therapeutic effects on
Afu-sensitized DKO mice

Administration of SP-D or rhSP-D to DKO-Ag mice led to de-
crease in peripheral eosinophilic count (1.61- and 2.5-fold, respec-
tively), EPO activity (1.6- and 2.04-fold, respectively), while a
decrease in Afu IgE (0.94-, 0.7-fold) (Table VI). Lung sections of
SP-D or rhSP-D-treated DKO-Ag mice showed reduced eosino-
philic infiltrations on day 10 in comparison to untreated DKO-Ag
mice on day 0 and rhSP-D administration was more effective in
reducing eosinophilia than SP-D (Fig. 4).
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FIGURE 6. Ratio of lung cytokine levels of sensitized WT and AKO
mice treated with SP-A on days 4 and 10 to the levels on days 0 and 4,
respectively. [, WT mice treated with SP-A on day 4; 12, WT mice treated
with SP-A on day 10; B, AKO mice treated with SP-A on day 4; and B,
WT mice treated with SP-A on day 10. Each value represents a mean of
nine readings (triplicate values from three animals of each group).
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DKO-Ag-SP-D mice showed a decrease in IL-13 (3.4-fold) and
IL-5 (3.37-fold) while an increase in IL-4 (8-fold), and IL-2 (2.44-
fold) (Fig. 7). The IFN-vy to IL-4 ratio decreased on day 4 and
increased on day 10 (from 2.298 on day 0 to 0.625 (3.67-fold) and
3.75 (2.23-fold) on days 4 and 10, respectively (Table VI). thSP-D
administration to DKO-Ag led to an increase in all the cytokines,
with significant increases in IL-4 (10.8-fold), IL-10 (2.13-fold),
IL-2 (2.4-fold), TNF-a (2.53-fold), IL-12 (2.58-fold), and IFN-y
(20.5-fold) on day 4. On day 10, however, cytokine levels de-
creased: IL-13 (2.7-fold), IL-5 (2.31-fold), IL-10 (2.17-fold), and
IL-2 (2.22-fold) except IFN-vy, which increased by 9-fold (Fig. 8).
The IFN-vy to IL-4 ratio decreased followed by an increase from
2.298 on day 0 to 1.8 (1.27-fold) and 3.0 (2.23-fold) on days 4 and
10, respectively (Table VI).

Administration of SP-A to AKO-Ag mice led to decrease in
peripheral eosinophilic count (2.27-fold) on day 4 followed by
further decrease on day 10 (4.16-fold) (Table VI). SP-A treatment
led to an increase in levels of IL-13 (2.9-fold) on day 4 and a
decrease in levels of IL-4 (2.14-fold), IL-2 (5.16-fold), IFN-vy (2.4-
fold), and TNF-« (3.45-fold) on day 10 (Fig. 6). The IFN-vy to IL-4
ratio did not change significantly (Table VI). Lung sections
showed significantly increased eosinophilic infiltrations on days 4
and 10 in comparison to AKO-Ag mice on day O and showed
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FIGURE 7. Ratio of lung cytokine levels of sensitized WT and DKO
mice treated with SP-D on days 4 and 10 to the levels on days 0 and 4,
respectively. [, WT mice treated with SP-D on day 4; 12, WT mice treated
with SP-D on day 10; B, DKO mice treated with SP-D on day 4; and B,
DKO mice treated with SP-D on day 10. Each value represents a mean of
nine readings (triplicate values from three animals of each group).
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FIGURE 8. Ratio of lung cytokine levels of sensitized WT and DKO
mice treated with thSP-D on days 4 and 10 to the levels on days 0 and 4,
respectively. [, WT mice treated with rhSP-D on day 4; £, WT mice
treated with thSP-D on day 10; B, DKO mice treated with rhSP-D on day
4; and B, DKO mice treated with thSP-D on day 10. Each value represents
a mean of nine readings (triplicate values from three animals of each

group).
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Ratio of lung cytokine levels of sensilized WT and DKO mice treated
with thSP-D on day 4 and 10 with levels on day 0 and 4, respectively

collapse of the alveolar structure (Fig. 4). It is important to note
here that although the peripheral eosinophil count decreased with
SP-A administration to Afu-sensitized AKO mice, the pulmonary
eosinophilia worsened.

Discussion

In view of the important roles of SP-A and SP-D in pulmonary
immune response, we had earlier examined the effect of SP-A,
SP-D, and rhSP-D in a murine model of Afu-induced pulmonary
hypersensitivity (8). Afu is the fungus most commonly implicated
in causing both IgE-mediated and non-IgE-mediated hypersensi-
tivity in humans leading to development of ABPA, which is char-
acterized by activated Th2 cells and asthma. Intranasal adminis-
tration of SP-A, SP-D, or rhSP-D (three doses on consecutive
days) significantly lowered eosinophilia and specific Ab levels in
ABPA mice (8). Lung sections of the ABPA mice showed exten-
sive infiltration of lymphocytes and eosinophils, which were con-
siderably reduced following treatment (8). The levels of IL-2, IL-4,
and IL-5 were decreased, while that of IFN-y was raised in super-
natants of the cultured spleen cells, indicating a marked Th2—Thl
shift (8). This study highlighted a central role for SP-A and SP-D
in regulation of pulmonary hypersensitivity (8). As a logical next
step, we wished to examine the nature of immune response in
AKO and DKO mice when challenged with Afu allergens to val-
idate whether deficiency of these proteins made mice more sus-
ceptible to pulmonary hypersensitivity.

AKO and DKO show intrinsic hypereosinophilia

Both AKO and DKO mice showed elevated peripheral and pul-
monary eosinophilia and a significant increase in EPO activity in
comparison to the WT mice. A significant monocytic infiltration
has been reported in the peribronchiolar and perivascular regions
of the lungs in DKO mice (24). In addition, an increased accumu-
lation of alveolar macrophages and lymphocytes was observed in
DKO mice (32, 36). Because treatment with SP-A, SP-D or
rhSP-D has been shown to lower IL-5, peripheral and pulmonary
eosinophilia in the Afu-sensitized WT BALB/c mice (8), an alter-
ation in the peripheral and pulmonary eosinophil counts in the
AKO and DKO mice, was not surprising. A significantly raised
level of IL-5 and IL-13 in both AKO and DKO mice may be one
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of the mechanisms causing hypereosinophilia (37, 38). SP-A can
inhibit IL-8 expression and production from eosinophils, thus
probably preventing the autocrine cycle for recruitment of human
eosinophils by inhibiting IL-8, a chemotactic cytokine (39). Eo-
sinophils are the important effector cells for the pathogenesis of
allergic inflammation via the secretion of highly cytotoxic granular
proteins and Th2 type of cytokines. Blood and tissue eosinophilia
is a common manifestation of late-phase allergic inflammation
causing tissue damage. Hypereosinophilia exhibited by both AKO
and DKO mice suggests that SP-A and SP-D have a role in reg-
ulating the eosinophil infiltration and modulation in the lung in
response to environmental stimuli.

Genetic deficiency of SP-A or SP-D shifts the cytokine profile of
C57BL/6 mice toward Th2 type

The cytokine profile of both AKO and DKO mice suggested a Th2
bias (elevated IL-13 and IL-5 levels) and down-regulation of Th1
cytokine, IFN-y (more pronounced in DKO than AKO mice).
IL-13 and IL-5 have important roles in allergen induced asthma
and airway hyperresponsiveness (AHR). Overexpression of I1L-13
in mice leads to 70-fold increase in SP-D, 3-fold increase in SP-A,
and 6-fold increase in the phospholipid pool (38). Remarkably
similar to DKO mice, IL-13 overexpressing mice have character-
istic foamy macrophages, type II cell hypertrophy, fibrosis, mas-
sive inflammation involving eosinophilia, protease-dependent ac-
quired emphysema, and AHR (38). IL-13, produced in the airway
by a variety of cells (T cells, eosinophils, and mast cells), mediates
mucus production and AHR through its combined actions on ep-
ithelial cells and smooth muscle cells independently of IL-5 and
eotaxin (40—41). IL-13 also directly promotes eosinophil survival,
activation, and recruitment (42—44). Alveolar macrophages of
DKO mice show increased expression of reactive oxygen species
(ROS), hydrogen peroxide, MMP-9, MMP-12, and NF-«B (45).
Because IL-13 has been reported to inhibit the production of proin-
flammatory mediators by monocytes and macrophages, including
ROS, through a mechanism that probably involves NF-«B, it ap-
pears that the increased levels of IL-13 are produced in DKO mice
to regulate their increased oxidative state (46—50). However, IL-13
and SP-D have also been described as potent stimulators of MMP
in the lung (37, 51). It is likely that certain physiological effects
and hypereosinophilia observed in AKO and DKO mice arise due
to overexpression of IL-13, although AKO mice do not show ab-
normalities, such as foamy macrophages, type II cell hypertrophy,
and fibrosis similar to DKO mice. However, sequential targeting of
both SP-A and SP-D genes (double knockout) show exaggerated
alveolar proteinosis and emphysema compared with DKO mice,
suggesting that SP-A deficiency may contribute to physiological
abnormalities in the lungs (52).

Transgenic mice overexpressing IL-5 also exhibit intrinsic AHR
(even in the absence of any antigenic stimuli) and increased num-
bers of eosinophils and lymphocytes in the lung tissue (53). The
observation that AKO and DKO mice have elevated IL-5 levels,
which is lowered by therapeutic delivery of SP-A or SP-D/rhSP-D,
appears to suggest that SP-A and SP-D inhibit allergen mediated
eosinophilia in the lungs through down-regulation of IL-5. It is
worth noting that mice genetically deficient in GM-CSF also show
pulmonary alveolar proteinosis associated with a marked increase
in phospholipid pool similar to DKO mice. GM-CSF-deficient
mice showed 50-fold increase in SP-D, while only a 3-fold in-
crease in SP-A, similar to IL-13 overexpressing mice. It has been
proposed that GM-CSF mediates some of the physiological
changes seen in DKO mice as ablation of GM-CSF in DKO mice
leads to alleviation of macrophage proliferation and type II cell
hypertrophy (54). It is also possible that the actions of GM-CSF
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and SP-D leading to similar pathophysiological changes are dis-
tinct (55). It is to be noted that IL-5, IL-13, and GM-CSF genes are
situated on the same chromosomal location (5q31). Furthermore,
GM-CSF, along with IL-5, is known to regulate IL-13 secretion
from human eosinophils (56).

Distinct immune response to BSA by WT, AKO, and DKO

Intranasal administration of BSA on days 1-3 was included in the
study as a control protein similar to our earlier studies. However,
C57BL/6 mice responded to the BSA administered as a short-term
allergen challenge with a characteristic Th2 response with in-
creased peripheral eosinophil count and pulmonary eosinophilia,
which has also been reported earlier (57). WT mice, however,
showed no significant increase in anti-BSA IgG or IgE Abs. In-
terestingly, BSA-specific IgG and IgE Abs were observed in both
BSA-treated AKO and DKO mice with AKO mice also showing a
significant down-regulation of IFN-+y to IL-4 ratio (shift to Th2
response) with an increase in peripheral eosinophil count and pul-
monary eosinophilia while DKO mice showed only an increase in
pulmonary eosinophilia. These observations suggest that both
AKO and DKO mice show a different pulmonary immune re-
sponse to short-term sensitization than the WT mice and both
SP-A and SP-D have important roles in regulation of humoral
immune response to short-term allergen sensitization in the lung.

Afu sensitization provokes distinct immunological responses in
AKO and DKO mice

Following Afu sensitization, C57BL/6 mice, which were used as a
control for AKO and DKO mice (both in C57BL/6 background)
showed no change in Afu-IgE, and an increase in Afu-IgG, periph-
eral and pulmonary eosinophilia. Allergen challenge led to a de-
crease in IFN-vy and IL-4 in lung suspensions (hence an increase in
IFN-vy to IL-4 ratio). IL-2, IL-5, and IL-13 levels decreased sig-
nificantly in the lung and spleen suspensions, suggesting the Thl
predominance in the mouse strain. This is consistent with the ob-
servation that response to allergenic challenge varies in different
strains of mice and C57BL/6 mice show a predominantly Thl
response to a high dose of allergen sensitization (57).

Both AKO and DKO mice showed comparable increase in Afu-
IgG and peripheral eosinophil count, and DKO mice showed more
severe pulmonary eosinophilia than AKO mice, following Afu sen-
sitization. AKO mice showed a corresponding increase in Afu-IgE
level as well. The EPO activity was down in DKO mice, while in
AKO mice, it remained unchanged. AKO mice showed an increase
in all the cytokines in lung suspension (<2-fold) except IL-13 and
IL-5. Increased levels of Th2 cytokines in Afu-sensitized AKO
mice than WT and DKO mice suggests that the phenotype of these
mice is more complex than previously reported. However,
AKO-Ag mice consistently showed Thl predominance in BAL as
well as in lung and spleen suspensions. DKO mice showed a de-
crease in all cytokine levels in lung suspension, similar to WT
mice, but in a more pronounced manner. Both lung and spleen
suspensions of DKO-Ag mice showed a Thl response; however,
BAL had an increase in IL-13, IL-4, and IL-2 levels, similar to
WT-Ag mice. A recent study showed similar results wherein, fol-
lowing OVA sensitization and challenge in vivo, SP-D™/~ mice
expressed higher BAL eosinophils, IL-10 and IL-13 concentrations
and lower IFN-vy expression at early time points compared with
WT mice (58). It is evident that AKO mice are almost nonresponsive
to the Afu sensitization, while DKO mice show a pronounced re-
sponse. Afu sensitization led to a similar increase in the ratio of IFN-y
and IL-4 in both WT and DKO mice (no significant increase in AKO
mice). Significant down-regulation of Afu-IgE Ab was specific to
DKO mice. AKO mice, in contrast, showed a significant increase in
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Afu-IgE Ab. This differential responsiveness to Afu sensitization in
AKO and DKO mice may be accounted for by a 50% decrease in
SP-A levels in DKO mice and a 7-fold increase in SP-D levels in
AKO mice (59). It appears that both SP-A and SP-D contribute to the
homeostasis to the allergenic challenge in an interdependent manner
and absence of any one of them disturbs this balance.

Administration of SP-A, SP-D, or rhSP-D to the Afu-sensitized
WT and KO mice can partially rescue them

As previously reported (8), Afu-IgE, and Afu-IgG, peripheral and
pulmonary eosinophilia in WT-Ag were down-regulated by SP-A,
SP-D, or thSP-D treatment (the increased IFN-vy to IL-4 ratio was
also reversed). SP-D was able to restore IL-5 and IL-2 levels in-
creased by allergen challenge. Afu sensitization led to a decrease in
IL-13, while an increase in 1L-2, IL-4, IL-10, IL-12, IFN-v, and
TNF- in AKO mice. SP-A treatment containing the peripheral
eosinophil count, however, showed increased pulmonary eosino-
philia with extensive tissue damage, possibly caused by increased
levels of IL-13 and IL-5 in AKO mice. SP-A was also not able to
bring down increased Afu-IgG and Afu-IgE levels, suggesting that
SP-A treatment (3 ug per mice for 3 consecutive days) is not
leading to complete alleviation of the Afu-induced changes in
AKO mice.

SP-D treatment to DKO-Ag mice restored IL-2, IL-4, IL-12, and
TNF-« levels. IL-13 and IL-5 levels showed a further decrease
with treatment, the levels being significantly lower than the
DKO-C mice. IL-13, IL-5, and IL-2 levels in rhSP-D-treated
DKO-Ag mice were comparable to WT-C mice, while IL-10 and
IL-12 went down significantly compared with all other groups.
Thus, SP-D and rhSP-D were more effective than SP-A in rescuing
the respective gene-deficient mice from the effects of Afu sensiti-
zation. Previously, coadministration of SP-D has been shown to
normalize viral clearance and cytokine response in DKO mice
challenged with influenza A virus (IAV) (60). Expression of SP-
D/conglutinin chimeric protein in epithelial cells of DKO mice
substantially corrected the increased lung phospholipids and in-
creased the clearance of IAV but could not ameliorate the ongoing
lung inflammation, enhanced metalloproteinase expression, and al-
veolar destruction (28).

It appears likely that SP-A and SP-D influence the lung immu-
nity by directly or indirectly modulating the nuclear factors. DKO
mice have been shown to have elevated levels of transcripts for
NF-«B and AP-1 (45). NFAT1 (NF regulating expression of many
genes encoding immunoregulatory cytokines)-deficient mice also
show increased levels of IL-4, IL-5, and IL-13 as well as enhanced
eosinophilia, similar to AKO and DKO mice. It is possible that
NFAT1 is involved in the downstream signaling of SP-A and/or
SP-D (61). In conclusion, the present study reports that both SP-A
and SP-D have important roles in the regulation of cytokine milieu
and eosinophilia in the lungs, and their absence leading to inherent
hypersensitivity in mice highlights their essential role in host de-
fense against allergic airway challenges. Thus, both these versatile
macromolecules enable the lung to achieve homeostasis probably
through distinct mechanisms. It is important to note here that both
AKO and DKO mice are different and the anatomical and func-
tional abnormalities reported only in DKO mice, and not in AKO
mice, may be underlying issues for their behavior and susceptibil-
ity to Afu sensitization.
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