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Secretory Leukocyte Protease Inhibitor Plays an Important
Role in the Regulation of Allergic Asthma in Mice

Rafael Marino,* Thusanth Thuraisingam,” Pierre Camateros,* Cynthia Kanagaratham,*
Yong Zhong Xu,* Jennifer Henri,® Jingxuan Yang,' Guoan He,' Aihao Ding,’
and Danuta Radzioch**

Secretory leukocyte protease inhibitor (SLPI) is an anti-inflammatory protein that is observed at high levels in asthma patients.
Resiquimod, a TLR7/8 ligand, is protective against acute and chronic asthma, and it increases SLPI expression of macrophages
in vitro. However, the protective role played by SLPI and the interactions between the SLPI and resiquimod pathways in the
immune response occurring in allergic asthma have not been fully elucidated. To evaluate the role of SLPI in the development of
asthma phenotypes and the effect of resiquimod treatment on SLPI, we assessed airway resistance and inflammatory parameters
in the lungs of OVA-induced asthmatic SLPI transgenic and knockout mice and in mice treated with resiquimod. Compared with
wild-type mice, allergic SLPI transgenic mice showed a decrease in lung resistance (p < 0.001), airway eosinophilia (p < 0.001),
goblet cell hyperplasia (p < 0.001), and plasma IgE levels (p < 0.001). Allergic SLPI knockout mice displayed phenotype changes
significantly more severe compared with wild-type mice. These phenotypes included lung resistance (p < 0.001), airway eosino-
philia (p < 0.001), goblet cell hyperplasia (p < 0.001), cytokine levels in the lungs (p < 0.05), and plasma IgE levels (p < 0.001).
Treatment of asthmatic transgenic mice with resiquimod increased the expression of SLPI and decreased inflammation in the
lungs; resiquimod treatment was still effective in asthmatic SLPI knockout mice. Taken together, our study showed that the
expression of SLPI protects against allergic asthma phenotypes, and treatment by resiquimod is independent of SLPI expression,

displayed through the use of transgenic and knockout SLPI mice.

sthma is a complex, multifactorial (1), and inflammatory
A disease whose symptoms include cough, wheezing, and

shortness of breath (2). It is one of the most common
chronic diseases among children and adolescents (3). It is a major
public health problem (4) because of its high and increasing
worldwide morbidity and mortality (5) and because of its asso-
ciated health care costs (6). Pathophysiology associated with
asthma is characterized by an increase in plasma IgE levels and
acute and chronic inflammation of the airways caused by activa-
tion of immune cells (2, 7). Bronchial inflammation, in turn, leads
to airway hyperresponsiveness (AHR), airflow obstruction, goblet
cell hyperplasia, and airway remodeling (8). A better under-
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standing of the roles of various effector molecules regulating al-
lergic asthma will aid in the development of new therapies for the
associated symptoms.

Secretory leukocyte protease inhibitor (SLPI; 11.7 kDa) is a
serine protease constitutively expressed in mucosal tissues and
immune cells, including monocytes, macrophages, and neutrophils
(9, 10); it can be found in bronchial secretions, seminal fluid,
saliva, and breast milk (11). It exhibits anti-inflammatory, anti-
fungal (12), and antimicrobial functions (13). SLPI also modulates
the activity of matrix metalloproteinases (14), improves cutaneous
wound healing (15, 16), and prevents HIV-1 infection (17-19).
The protective effect of SLPI as an anti-inflammatory mediator
has been documented in chronic obstructive pulmonary disease
(20) and cystic fibrosis (21). The potential therapeutic effect of
recombinant SLPI was shown when administered by aerosol to
Ascaris-sensitized sheep and OVA-sensitized guinea pigs (2). How-
ever, the role of SLPI in immunomodulating the response during
allergic asthma has not been fully elucidated.

Despite the broad spectrum of strategies for the treatment of
asthma, there is a need for new effective therapeutic options with
fewer side effects. One strategy is to treat through TLRs, which are
a family of widely expressed homologous proteins that play a
crucial role in innate and adaptive immunity (22, 23). They are
some of the first molecules to trigger the immune system to re-
spond to environmental stimuli, to activate immune cells, and to
produce cytokines (24). Pathogen-derived molecular patterns are
the common ligands for TLRs; these receptors and their ligands
have been associated with the development of asthma phenotypes.
Some TLRs initiate a conserved intracellular-signaling cascade to
activate NF-kB and to induce expression of NF-kB-regulated
genes (25).

TLR7 and TLRS8 have been associated with the recognition of
single-stranded viral RNA; however, these receptors have been also
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linked to a pharmaceutical compound called resiquimod (RES)
(26, 27). RES, also known as S28463, is a member of the imid-
azoquinoline family and was demonstrated to be a TLR7/8 ligand.
Our group showed the protective effect of RES against acute and
chronic allergic asthma in mice (28) and rats (29).

Previous studies demonstrated that asthmatic patients express
significantly higher levels of SLPI compared with healthy controls
(30). In addition, preliminary studies demonstrated a significant
increase in SLPI expression at the mRNA and protein levels in
macrophages after in vitro treatment with RES. We hypothesized
that increased expression of SLPI during the development of al-
lergic asthma protects the lungs from allergic asthma-induced
inflammation and, thereby, improves lung physiology. Using an
acute asthma model in SLPI gene transgenic (TG) and SLPI
knockout (KO) mice, our findings document the importance of
SLPI in the regulation of allergic asthma. Furthermore, SLPI may
play a role, directly or indirectly, in the treatment of allergic
asthma by RES.

Materials and Methods

Animals

Eight to ten-week-old SLPI KO [generously donated by Dr. Sharon M. Wahl
(15)], SLPI KO wild-type (WT Oy littermates, SLPI TG, SLPI TG wild-
type (WT'C) littermates, and C57BL/6 male mice were used in all
experiments. SLPI TG mice were generated as previously described (31).
Mice were bred in the pathogen-free facility of the Montreal General
Hospital, Research Institute at the McGill University Health Center,
Montreal, Quebec, Canada. The McGill University Animal Care Com-
mittee, in compliance with the Canadian Council of Animal Care guide-
lines, approved all of the procedures performed on the animals.

Sensitization and challenge

Sensitization and challenge were performed as previously described (29).
Briefly, mice were injected i.p. with 100 pg OVA (Sigma-Aldrich, St.
Louis, MO) adsorbed to 1.5 mg of aluminum hydroxide (Imject Alum;
Pierce, Rockford, IL) in a total volume of 0.2 ml sterile PBS on days 0, 7,
and 14. Mice were challenged on days 21, 22, and 23 by aerosol exposure
to 1% OVA solution or to PBS for 30 min. One group of mice was injected
i.p. with 100 ng RES on 3 consecutive days, starting 1 d before the first
OVA challenge.

The animals were organized into 10 groups: SLPI TG mice challenged
with PBS (TG-PBS) or OVA (TG-OVA), SLPI TG mice wild-type (WT)
littermates challenged with PBS (WTTC-PBS) or OVA (WTTC-OVA), SLPI
KO mice challenged with PBS (KO-PBS) or OVA (KO-OVA), and SLPI
KO WT littermates challenged with PBS (WTX°-PBS) or OVA (WTKC-
OVA). SLPI KO mice treated with RES and challenged with OVA were
identified as KO-RES-OVA and SLPI KO WT littermates treated with RES
and challenged with OVA as WTXC-RES-OVA, respectively.

Assessment of respiratory resistance

Forty-eight hours after the last challenge, mice were anesthetized with
ketamine (70 mg/kg) and xylazine (10 mg/kg). After the depth of anesthesia
was verified, mice were tracheotomized, endotracheally intubated (with an
18-gauge stainless steel cannula), injected i.p. with 10 wl/g pancuronium
(1 mg/ml), and connected to the MiniVent (type 845) small animal ven-
tilator (Harvard Apparatus, Saint-Laurent, Quebec, Canada). Tidal volume
was adjusted to 10 pl/g and a respiratory frequency of 180 strokes/min.
The peak respiratory system resistance was measured with the Buxco re-
sistance system (Buxco Electronics, Wilmington, NC) after administering
increasing doses of aerosolized methacholine (Mch; 10 w1 of 0-80 wg/ml)
(Sigma-Aldrich, Oakville, Ontario, Canada).

Histological analysis of lung inflammation

Forty-eight hours after the last challenge, the left lung was dissected,
inflated with 10% buffered formalin at a pressure of 25 cm H,O, kept in
a 50-ml tube filled with 15 ml 10% formalin overnight, and then embedded
in paraffin. Lungs were cut into 3-pwm sections for histological analysis.
Deparaffinized and hydrated sections were stained with H&E, Congo red
(CR), or periodic acid-Schiff (PAS).

Inflammation of the lungs was assessed by histological analysis of H&E-
or CR-stained lung sections. Quantification of the infiltrating cells was per-

formed by counting 300 infiltrating cells in the peribronchial space, and the
percentage of eosinophils was calculated based on the nuclear morphology
and the presence of eosin staining in the cytoplasm. The percentage of
eosinophils was corroborated with CR-stained lung sections. Goblet cell
hyperplasia of the airways was assessed by histological analysis of PAS-
stained sections. Goblet cell hyperplasia was quantified by determining the
percentage of PAS-stained epithelial cells in at least five airway cross-
sections per slide. Five independent experiments were performed, and 15
animals were included in each group.

Plasma IgE levels

Mice were euthanized with CO, 48 h after the final challenge, and blood
was collected by cardiac puncture in 0.05 M EDTA-coated tubes. Plasma
was isolated from blood by centrifuging for 7 min at 2000 X g. Total IgE
levels were measured using a commercial ELISA kit, following the
manufacturer’s instructions (BD Biosciences, San Diego, CA). Briefly, 96-
well ELISA plates (Thermo Labsystems, Franklin, MA) were coated with
anti-mouse IgE mAb and blocked with 10% FBS (Winsent Inc., Saint-
Bruno, Quebec, Canada) in PBS. Standards and plasma samples were in-
cubated for 2 h at room temperature, and mouse IgE was detected with
biotinylated anti-mouse IgE and streptavidin-HRP conjugate using ABTS
reagent mixture (Roche Diagnostics, Laval, Quebec, Canada). The plate
was read at 450 nm in an ELISA plate reader (Biorad, Hercules, CA).
Purified mouse IgE, provided with the kit, was used as a standard.

RNA extraction

Total RNA was extracted from half lung homogenized with a Mixer Mill
type MM 301 (Retsch GmbH & Co. KG, Haan, Germany), using TRIzol
reagent and RNA extraction protocol (Invitrogen, Burlington, Ontario,
Canada). RNA quality was tested by electrophoresis in 2.2 M formaldehyde-
1.2% agarose gel and with a 2100 Bioanalyser using the RNA 6000 Nano
LabChip Kit (Agilent Technologies, Boblingen, Germany). Total RNA was
used for gene-expression analysis by real-time quantitative PCR.

Quantitative real-time PCR

A DNA-free Kit (Ambion, Austin, TX) was used to digest any residual DNA
from 1 pg RNA obtained from the lungs. A reverse-transcription reaction
was performed using the QuantiTect reverse transcription kit (Qiagen,
Mississauga, Ontario, Canada), according to manufacturer’s instructions.
Next, 2 wl the 25-pl reverse-transcriptase reaction was added to 50 pl
Brilliant IT SYBR Green quantitative PCR Master Mix (Stratagene, Cedar
Creek, TX), and the Stratagene MX-4000 apparatus was used to amplify
the target cDNA to assess SLPI expression by real-time quantitative PCR.
The following primers were used to amplify murine SLPI ¢cDNA: 5'-CT-
CAGGCAAGATGTATGATG-3' (sense) and 5'-TTTCCCACATATACC-
CTCAC-3' (antisense). The amount of cDNA was calculated based on the
threshold cycle (Cr) value and was standardized by the amount of the
housekeeping gene Gapdh using the 22T method (32):

AACVT = (CT, Target — CT,GAPDH) - (CT,Tur‘ycL - CT’GAPDH)(ca]ibrator.uvg)‘
where “target” represents the gene of interest and “calibrator” represents
KO-PBS mice. SLPI gene expression was standardized against the ex-
pression of Gapdh. Melting-curve analysis and agarose gel electrophoresis
were also performed to confirm that a single product of the expected length
was amplified.

The amplification program consisted of an enzyme-activation step at
95°C for 10 min, followed by 40 cycles of denaturing at 95°C for 30 s,
annealing at 56°C for 30 s, and extension at 72°C for 30 s. Gapdh was used
as the normalizing gene to compensate for potential differences in total
cDNA amounts. The primer sequences were all designed based on the
National Center for Biotechnology Information GenBank mRNA se-
quence, using the PrimerQuest Web-based software, Integrated DNA
Technologies (http://www.idtdna.com/Scitools/Applications/Primerquest/).

Effect of RES in mRNA expression of SLPI

C57BL/6 mice were injected i.p. with PBS or 0.1 mg RES (generously
provided by Dr. T.C. Meng, Graceway Pharmaceuticals LLC, Exton, PA).
Three or six hours following i.p. injection, the mice were euthanized by
CO,, and their lung RNA was extracted as described above.

Immunoprecipitation

Mice were euthanized by CO, 48 h after the last challenge; the right lung
was dissected and homogenized in 500 wl PBS containing a protease in-
hibitor mixture (Complete Inhibitor; Roche Diagnostics). One microgram
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of rabbit anti-mouse SLPI Ab, generated as previously described (33), was
added to 500 I the homogenate and incubated at 4°C for 1 h. A mix of 20 pl
protein A/G plus agarose beads (Santa Cruz Biotechnologies, Santa Cruz,
CA) was added, and the solution was gently mixed at 4°C overnight.
Supernatants were removed after centrifugation at 1000 rpm for 5 min
and washed three times with 500 pl immunoprecipitation buffer (2% Triton
X-100, 100 and 300 mM NaCl). Samples were concentrated using Microcon
YM-3 centrifugal filters (Millipore, Billerica, MA), and total protein con-
centration was measured using the Bio-Rad protein assay dye (Biorad).

Western blot

Protein concentration was adjusted, and 30 g each sample was mixed with
SDS-PAGE sample buffer containing 2.5% 2-ME (Fisher, Fairlawn, NJ),
heated at 95°C, and loaded in a 4-12% Bis-Tris NuPAGE gel (Invitrogen)
for acrylamide electrophoresis. Human recombinant SLPI protein was used
as a positive control, and SeeBlue Plus2 (Invitrogen) molecular weight
marker as reference. Next, proteins were transferred onto Immobilon
transfer membranes (Millipore) by semidry transfer. Membranes were
blocked with 5% nonfat skim milk at 4°C overnight; they were incubated
with rabbit anti-mouse SLPI (33) at a concentration of 1 pwg/ml in 5%
nonfat skim milk for 1 h at room temperature and subsequently with a
solution of anti-mouse IgG HRP-conjugated Ab (1:5000; Santa Cruz Bio-
technologies) for 1 h at room temperature. The signal was visualized using
Western Lightning Plus-ECL reagent (GE Healthcare Bio-Sciences Corp.,
Piscataway, NJ).

Western blot analysis for NF-kB was performed by detection of IkB-f3
using an anti-IkB-B Ab (Santa Cruz Biotechnology) and following the
protocol described above.

Cytokine analysis

Mice were euthanized 3 h after the last challenge, and the lungs were
dissected and homogenized in 500 wl PBS containing a protease inhibitor
mixture (Complete Inhibitor; Roche Diagnostics). Using Microcon YM-3
centrifugal filters (Millipore), the samples were concentrated 20-fold, and
total protein concentration was adjusted using the Bio-Rad protein assay
dye (Bio-Rad) for analysis using a custom Lincoplex mouse cytokine kit
(Millipore) on a Luminex 100 LS apparatus with software version 2.3
(Luminex Corporation, Austin, TX). The minimum detectable concen-
trations for the Lincoplex kit using the Luminex 100 LS apparatus are as
follows: IL-4, 0.3 pg/ml; IL-5, 0.6 pg/ml; IL-6, 0.7 pg/ml; IFN-vy, 0.7 pg/
ml; IL-2, 0.8 pg/ml; RANTES, 0.7 pg/ml; TNF-«, 0.9 pg/ml; and MCP-1,
6.3 pg/ml.

Statistical analysis

Data were analyzed using a nonparametric one-way ANOVA, followed by
the Bonferroni multiple-comparison posttest and correlation coefficient using
95% confidence intervals (GraphPad Prism 4, version 4.03; GraphPad Soft-
ware, San Diego, CA). Differences were considered significant at p < 0.05.

Results
SLPI mRNA and protein expression in the lungs of SLPI TG
mice

Because TG mice frequently show a highly variable expression of
the transgene, we first evaluated SLPI mRNA and protein levels in
the lungs. OVA-sensitized SLPI TG mice clearly expressed higher
levels of SLPI mRNA following PBS and OVA aerosol challenge
compared with similarly treated WT controls (Supplemental Fig.
1A). Furthermore, the expression of SLPI mRNA was induced by
allergen challenge in SLPI TG mice (304 = 91 in TG-OVA versus
91 =+ 17 in TG-PBS; p < 0.001) and WT mice (85 + 7 in WTTC-
OVA versus 12 * 3 in WITE-PBS; p < 0.01). Compared with
SLPI WT™C animals, SLPI constitutive-protein expression was
greater in lungs of TG mice following PBS challenge, and it was
increased in the lungs of OVA-challenged TG animals following
allergen challenge (Supplemental Fig. 1B). Taken together, SLPI
protein is overexpressed in OVA-sensitized and OVA-challenged
TG mice (Supplemental Fig. 1).

SLPI overexpression improves AHR and influences IgE levels
in plasma

Previous studies suggested that SLPI modified the airway response
in guinea pigs induced with a chronic model of allergic asthma (2).

We evaluated whether the expression of SLPI was able to in-
fluence AHR and levels of plasma IgE in sensitized and chal-
lenged SLPI TG or KO mice. As expected, allergen challenge
increased airway resistance in response to Mch in SLPI TG mice
(6.3 = 1.1 cm H,O X s/ml) and WT mice (8.0 £ 2.1 cm H,O X
s/ml) (Fig. 1A). TG (3.6 = 0.3 cm H,O X s/ml) and WT (4.3 =
0.5 cm H,O X s/ml) mice demonstrated similar levels of airway
responsiveness in the absence of OVA challenge. However,
compared with WT mice, SLPI overexpression (TG-OVA) sig-
nificantly (p < 0.001) prevented the increase in airway respon-
siveness associated with OVA challenge (Fig. 1A). The same pro-
tective effect of SLPI overexpression was observed for plasma
IgE levels (Fig. 1B). Significantly lower IgE levels were observed
in OVA-challenged TG mice (2014.1 = 309.2 ng/ml) compared
with OVA WT mice (2014.1 = 309.2 ng/ml; p < 0.01), and a
significant difference was observed compared with the TG-PBS
group (9253 = 136.4 ng/ml; p < 0.01). WTTC-PBS (3308 =
396.3 ng/ml) control group displayed lower (p < 0.001) IgE levels
than did WTTS-OVA mice. Overall, greater SLPI expression was
associated with lower lung resistance and plasma IgE.

SLPI decreases allergic inflammation in SLPI TG mice

OVA-challenged SLPI TG mice displayed a lower degree of in-
flammatory cell infiltration in the lungs compared with WT™¢ mice
under the same conditions (Fig. 2). Consistent with allergic in-
flammation, the inflammatory cells found in the lungs of OVA-
challenged TG mice contained a significantly lower (p < 0.05)
proportion of eosinophils (24 *+ 1.1%) compared with WT'TC
OVA-challenged mice (29 *= 2.3%) (Supplemental Fig. 24). Al-
most no eosinophilic infiltration was observed in the control
groups, which were sensitized with OVA and challenged with PBS
(TG-PBS [1 = 0.2%] and WTTC.PBS [1 = 0.3%]) (Supplemental
Fig. 2A). Again, SLPI overexpression exerted a protective effect
against the development of allergic asthma by significantly re-
ducing the inflammatory cell influx and the proportion of eosi-
nophils into the peribronchial space.

SLPI decreases goblet cell hyperplasia in SLPI TG mice

The development of goblet cell hyperplasia and mucus production
are other histological changes that characterize allergic asthma
(34). OVA challenge caused a significant and marked increase
(p < 0.001) in the number of airway goblet cells in WT and
TG animals (Supplemental Fig. 2B). WT OVA-challenged mice
showed a significantly higher (p < 0.001) percentage of goblet
cells compared with the control group challenged with PBS (8 =
1.9%). However, TG OVA-challenged mice had a significantly
lower (p < 0.05) percentage of goblet cells (25 = 2.4%) com-
pared with WT mice under the same conditions (36 = 4.0%) or
TG mice (p < 0.001) challenged with PBS (6 = 1.4%), and it
correlated with the percentage of eosinophils (= 0.72) under each
condition. These results demonstrated that the expression of SLPI
plays a protective role against the induction of goblet cell hy-
perplasia in our model of allergic asthma.

SLPI mRNA and protein expression in the lungs of SLPI KO
mice

We used an SLPI-KO mouse model to further corroborate our
findings regarding the biological importance of SLPI in allergic
asthma. As anticipated, SLPI mRNA was not expressed in the lungs
of any KO mice (Supplemental Fig. 3A), regardless of the Ag
challenge. SLPI mRNA levels in the pulmonary tissue from WTX©-
OVA mice (73 £ 8.7) demonstrated a significant increase fol-
lowing OVA challenge compared with WTXC-PBS (26 = 3.1; p <
0.01) and KO-OVA (0 = 0.01; p < 0.001) animals. Western blot
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analysis was used to confirm the expression of SLPI at the protein
level. As expected, SLPI protein expression was not detectable
in the KO-PBS and KO-OVA mice, whereas WTXC_.OVA mice
showed higher protein levels compared with WTXC-PBS mice
(Supplemental Fig. 3B). These results demonstrated the absence of
SLPI in KO mice and confirmed the SLPI constitutive expression
in OVA-sensitized and -challenged WTX mice.

SLPI ablation increases AHR and IgE levels in plasma

Our results demonstrated that the overexpression of SLPI protein
prevented the development of AHR following allergen challenge,
and it prevented the increase in plasma IgE levels. We then hy-
pothesized that ablation of the SLPI gene would generate the
opposite effect.

Allergen challenge led to a significant increase in airway re-
sponsiveness in SLPI KO and WTX® mice (Fig. 3A); levels in KO-
OVA mice (10.2 = 1.6 cm H,0 X s/ml) were significantly higher
(p < 0.001) compared with WTXC-OVA mice (6.6 * 0.5 cm
H,0 X s/ml; p < 0.05) or KO-PBS mice (3.1 £ 0.5 cm H,0 X
s/ml). WTXC-PBS mice (2.6 = 0.2 cm H,0 X s/ml) displayed
significantly lower (p < 0.05) lung resistance than WTX°-OVA
mice. Similarly, in SLPI KO and WT mice, OVA challenge led to
a marked and significant increase in plasma IgE titers (Fig. 3B).
Again, ablation of the SLPI gene led to a more severe asthmatic
phenotype in the form of higher plasma IgE levels. Plasma IgE

: : \ Lo e O - ‘i 4 oy
FIGURE 2. H&E-stained lung sections from SLPI TG and WT mice.
Lungs from TG-PBS (4), TG-OVA (B), WTTS-PBS (C), and WTT6-OVA
(D) mice. The lungs from TG-OVA mice show a decrease in cellular in-

filtration after OVA challenge compared with the lungs of similarly treated
WT'C-OVA mice.

levels in KO-OVA mice (3598 * 204.7 ng/ml) were significantly
higher compared with WTX¥°-OVA mice (2763 *+ 220.3 ng/ml;
p < 0.01) or the KO-PBS control group (920 * 125.4 ng/ml; p <
0.001) control group, whereas WTX°-PBS mice (958 * 166.8 ng/
ml) showed lower (p < 0.001) IgE plasma levels than WTX°-OVA
mice. We concluded that ablation of the SLPI gene enhanced AHR
and IgE levels in OVA-sensitized and -challenged mice, whereas
higher SLPI expression improved lung physiology and limited
the atopic condition.

Absence of SLPI promotes inflammation in an acute asthma
model

Using SLPI TG mice, we observed an anti-inflammatory effect
in the lungs of OVA- challenged mice (Fig. 2B; TG-OVA). To
demonstrate that SLPI is responsible for these results, we sensi-
tized and challenged SLPI KO mice, expecting to observe higher
inflammatory cell infiltration in their lungs compared with WT
controls. As predicted, KO-OVA mice displayed a greater degree
of infiltration than WTX°-OVA mice (Fig. 4). All PBS-challenged
animals showed minimal inflammatory cell infiltration compared
with the groups challenged with OVA. These results confirmed
that, in the absence of SLPI, mice were unable to control the in-
flammatory process in response to OVA challenge, resulting in
a much greater influx of inflammatory cells into peribronchial
spaces of the lungs in OVA-sensitized and -challenged mice.

SLPI ablation increases eosinophilia and goblet cell
hyperplasia in SLPI KO mice

To further corroborate the effect of SLPI gene ablation on lung
inflammation, we evaluated the percentage of eosinophils in the
inflammatory infiltrate of the lungs and the degree of goblet cell
hyperplasia. SLPI KO-OVA mice (36 * 2.7%) exhibited a signif-
icantly higher percentage of eosinophils compared with WTXC-
OVA mice (29 £ 1.5%; p < 0.05) or KO-PBS mice (1 % 0.4%;
p < 0.001) (Fig. 5A). Allergen challenge significantly induced
goblet cell hyperplasia in KO and WT mice (Fig. 5B). Inter-
estingly, ablation of the SLPI gene caused a significant (p < 0.05)
increase in the percentage of goblet cells in KO-OVA mice (40 =
4.1%) compared with WTXC-OVA mice (30 * 1.4%), and this
correlated (r = 0.75) with the eosinophil percentage, indicating
that the antiproliferative effect that SLPI exerts on goblet cells is
active in the presence of allergic inflammation.

SLPI affects cytokine levels in an acute asthma model

In the assessment of the cytokine profiles of OVA-sensitized and
-challenged mice, we found significantly higher (p << 0.001) levels
of IL-4, IL-5, and IL-6 in OVA-challenged KO and WTXC mice
compared with their respective PBS-challenged controls (Fig. 6).
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Consistent with their higher level of inflammation and plasma IgE
levels, SLPI KO mice expressed cytokines at higher levels. The
levels of IFN-vy and IL-2 followed similar patterns of expression,
indicating that allergen challenge did not uniquely induce Th2
cytokines and that SLPI demonstrates a broad anti-inflammatory
effect in the context of allergic asthma. RANTES and TNF-a were
also significantly higher (p < 0.05) in KO-OVA mice compared
with KO-PBS mice, but no significant difference was found in the
assessment of MCP-1.

Using SLPI TG and WT™® mice, our results showed signifi-
cantly higher (p < 0.001) levels for the entire panel of cytokines
assessed in mice challenged with OVA compared with their PBS-
challenged controls (Fig. 7). The levels of IL-6, IFN-v, IL-2, and
MCP-1 were significantly higher (p < 0.05) in WTC mice chal-
lenged with OVA compared with TG mice under the same con-
ditions. IL-4, IL-5, RANTES, TNF-a, and MCP-1 were also
higher in WTT®-OVA mice, but there was no significant difference
compared with TG-OVA mice.

Our data showed that Th1 and Th2 cytokines were expressed at
higher levels in KO and TG mice challenged with OVA compared
with their respective WT controls, as assessed 3 h following the last
allergen challenge. Additionally, TG-OVA mice showed lower
cytokine levels compared with WTTC-OVA mice. These results can
explain, in part, the degree of inflammation in the lungs and the
magnitude of lung resistance observed in each group of animals.

10%
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=

> 2 e 5
;;\1 X0

e o]

FIGURE 4. H&E-stained lung sections from SLPI KO and WT*® mice.
Lungs from KO-PBS (4), KO-OVA (B), WTX°-PBS (C), and WTX°-OVA (D)
mice. Lungs from KO-OVA mice show an increase in cellular infiltration after
OVA challenge compared with lungs of similarly treated WTX®-OVA mice.

Effect of RES treatment on SLPI mRNA and protein expression
and IkB-B level

Previous studies by our laboratory demonstrated that RES treat-
ment prevented the development of AHR in allergic A/J and
C57BL/6 mice, as well as Brown Norway rats (28, 29). We also
found higher SLPI expression in macrophages derived from OVA-
sensitized and -challenged mice compared with control animals
(data not shown). Those results led us to investigate the mRNA
expression of SLPI after RES treatment in naive C57BL/6 mice.
We found significantly higher (p < 0.05) SLPI mRNA expression
3 and 6 h after RES injection compared with nontreated mice. As
expected, SLPI mRNA was absent from the lungs of SLPI KO
mice (Fig. 8A), regardless of PBS or OVA challenge or RES
treatment. In the analysis of SLPI protein expression (Fig. 8B),
there was no difference between WTX°-OVA mice compared with
the WTXC-RES-OVA group. WTXC-PBS and WTXC-RES-PBS
mice displayed no SLPI protein expression in the Western blots.
SLPI regulates the activation of NF-«kB through the protection
of IkB-3 (35). We evaluated whether RES was able to modify the
protection effect of SLPI on IkB-f. Treatment with RES in SLPI
KO and WTX® mice challenged with PBS or OVA (KO-RES-PBS
and WTXC-RES-OVA) resulted in higher IkB-B levels compared
with their respective untreated group (Fig. 8B). WTX© mice dis-
played higher levels of IkB-f3 compared with KO mice. These data
showed the protective effect of constitutive SLPI expression over
IkB-p and suggested a potential effect of RES in protecting the
activation of NF-kB, which is independent of SLPI expression.

RES treatment prevents OVA-induced AHR independently of
SLPI

To evaluate the role of SLPI expression in RES treatment of allergic
asthma, we treated SLPI KO mice with RES prior to OVA challenge.
SLPI gene ablation in KO-OVA mice (12.3 = 1.6 cm H,O X s/ml)
increased the severity of AHR following allergen challenge com-
pared with WTXC-OVA mice (8.4 = 0.8 cm H,O X s/ml; p < 0.05)
(Fig. 9). However, treatment with RES significantly reduced (p <
0.05) the lung responsiveness in KO-RES-OVA mice (5.8 = 0.9 cm
H,0 X s/ml) and WTX°-RES-OVA mice (4.7 = 1.2 cm H,O X s/ml)
compared with untreated animals. Overall, these results showed that
treatment with RES prevented AHR, and the effectiveness of the
drug does not depend on the expression of SLPI.

RES treatment prevents inflammation in allergic asthma

To determine whether the inhibition of allergic inflammation me-
diated by RES is dependent on SLPI expression, we assessed in-
flammatory cell infiltration and the percentage of eosinophils in
RES-treated OVA-sensitized and -challenged SLPI KO and WTX©
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mice. We found that OVA-challenged SLPI KO mice and the
group treated with RES (KO-RES-OVA) showed increased num-
bers of inflammatory cells compared with their respective controls
(Fig. 10A). Also, the percentage of eosinophils was significantly
higher (p < 0.001) in KO-OVA mice (29.0 = 2.2%) (Fig. 10B)
compared with the control mice. After treatment with RES, KO-
RES-OVA mice (1.0 + 0.2%) and WTX°-RES-OVA mice (0.5 +
0.2%) showed a significantly lower (p < 0.001) fraction of eosi-
nophils compared with KO-OVA or WTX°-OVA groups. These
results confirmed that treatment with RES prevents AHR and
diminishes inflammatory cell infiltration into allergen-sensitized
and -challenged lungs and that the effect of the drug seems to be
independent on the induction or even basal expression of SLPIL.

Discussion

The objective of this study was to evaluate the role of SLPI in
allergic asthma and to assess whether the protective effect of RES
treatment depends on the expression of SLPIL. To test this, we
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evaluated lung physiology and inflammatory responses in a murine
model of acute allergic asthma, using SLPI TG and KO mice. Our
results demonstrated that overexpression of SLPI prevented the
development of AHR and decreased the influx of inflammatory
cells into the lungs following airway allergen challenge. Fur-
thermore, ablation of SLPI expression resulted in more severe
AHR and inflammation under similar conditions. Finally, treatment
of allergic asthma with RES modulated the activation of NF-kB
through the protection of IkB, but its effect is independent of
SLPI expression.

AHR is one of the characteristics of allergic asthma in humans
(36-38) that can be reproduced in animal models (28, 39, 40).
Allergic C57BL/6 mice are hyporesponsive to Mch compared with
BALB/c and A/J mice (41, 42). In preliminary experiments, we
found that SLPI KO mice on a C57BL/6 genetic background were
relatively hyperresponsive to Mch compared with WTXC C57BL/6
mice. To confirm whether this effect was generated by the ablation
of expression of SLPI, we assessed airway resistance in KO and
TG mice constitutively expressing different levels of SLPI. Our
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FIGURE 6. Cytokine levels in lungs of SLPI KO and WTX® mice. The bars represent the mean = SEM (n = 6 per group). *p < 0.001, for IL-4, IL-5, IL-
6, IL-2, and MCP-1 in KO-PBS mice versus KO-OVA mice and for WTXO_PBS mice versus WTKO—OVA; **p < 0.05, for IFN-y, RANTES, and TNF-y in
KO-PBS mice versus KO-OVA mice and WTX°-PBS mice versus WTXC-OVA mice.
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FIGURE 7. Cytokine levels in lungs of SLPI TG and WT'® mice. The bars represent the mean + SEM (n = 3-5 per group). *p < 0.001 for IL-4, IL-5,
IL-6, IFN-y, IL-2, and MCP-1 in TG-PBS mice versus TG-OVA mice and WTT®-PBS mice versus WTS-OVA mice; **p < 0.05 for RANTES and TNF-y
in TG-PBS mice versus TG-OVA mice and WTTC-PBS mice versus WTTS-OVA mice.

results showed that allergic SLPI TG mice were hyporesponsive to
Mch compared with WTTC mice, whereas SLPI KO mice were
hyperresponsive compared with WTX© mice. Hence, we were able
to demonstrate that lung physiology is directly influenced by the
differential expression of SLPIL.

It was shown that acute OVA sensitization and challenge increase
airway reactivity to the allergen, which causes inflammation, and
increase resistance to expiratory airflow by narrowing of the air-
ways (5, 42, 43). SLPI expressed in TG and WT mice may de-
crease the airway responsiveness to Mch by exerting its anti-
inflammatory effect (21). Therefore, it is likely that ablation of
the SLPI gene contributes to the hyperresponsiveness to allergen
challenge observed in SLPI KO mice.

Allergen sensitization triggers the immune response character-
ized for the presence of eosinophils, neutrophils, and macrophages.
These cells secrete proteases, which degrade the tissue matrix, in-
creasing chemotaxis, improving the remodeling of damaged tis-
sue, and clearing opsonized particles, including allergens (44).
Considering that asthma is characterized by an important inflam-
matory component, we evaluated the inflammatory response and

the role of SLPI in this process. Previous studies performed in our
laboratory, using acute and chronic allergic asthma models, showed
a significant inflammatory process in the lungs characterized by in-
filtration of the peribronchial space in the lungs (28, 29).

In the current study, we found that OVA-challenged SLPI TG
mice showed significantly lower inflammatory cell influx, in-
cluding eosinophils, surrounding the airways compared with WT
controls; the opposite phenomenon was observed in KO mice un-
der the same conditions. The presence of eosinophils could be
explained by the triggering of an inflammatory response whereby
epithelial cells secrete chemotactic factors that recruit granu-
locytes, including eosinophils (45). The milder inflammatory re-
sponse found in mice in which SLPI expression was not ablated
confirmed the effect of SLPI in controlling inflammation in this
acute asthma model. These results support the work of Wright
et al. (2), who reported that leukocyte influx into the airway could
be inhibited by administration of intratracheal SLPI in guinea pigs
after allergen sensitization and challenge.

To further evaluate the degree of inflammation, goblet cell
hyperplasia was also assessed. The higher goblet cell hyperplasia
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FIGURE 9. Airway resistance in OVA-sensitized and -challenged SLPI
KO and WT*® mice after RES treatment. Bars represent the mean = SEM
from three independent experiments (n = 6 per group). RES treatment
significantly reduces airway resistance in SLPI KO (KO-RES-OVA) and
WT (WTXC-RES-OVA) mice compared with untreated mice under the
same conditions.

found in KO-OVA mice is related to the inflammatory cell influx,
and it correlated (r = 0.72) with the percentage of eosinophils in
the peribronchial region. The increase in goblet cell activity could
be explained by the fact that, in asthma, there is an inflammatory
process in the lungs, which includes increased mucus production
due to goblet cell hyperplasia. The excess of mucus, along with
edema and smooth muscle contraction, results in the closure of
distal airways and increased resistance in the airway (6).
Allergic asthma is an atopic disease characterized by an ele-
vation of blood IgE levels (28, 46). Westin et al. (47) showed that
SLPI regulates allergic reactions by inhibiting IgE. It is tempting
to speculate that early inflammatory events in acute allergic
asthma, characterized by cell infiltration in the lungs and IgE, are
directly modulated by SLPI. We found higher levels of IgE in
plasma of OVA-challenged SLPI KO mice, whereas animals con-
stitutively expressing SLPI showed the opposite phenomenon.

KO-RES-OVA

These findings are consistent with the observation by Nakamura
et al. (48) of increased B cell proliferation and Ig production in
SLPI KO mice. Our results could be explained by the theories that
SLPI plays a role as a negative feedback protein in the production
of Abs by interfering with transcription factor activation during
the immune response (49) or the lack of control in the production
of IgE in SLPI KO mice compared with those who express normal
levels of SLPI (41, 46).

During the inflammatory process in the airway, epithelial cells
interact with dendritic cells that activate CD4" Th cells to initiate
a Th2 response to produce IL-4 and IL-10; finally, the Th2 cyto-
kines stimulate B cells to produce IgE. We assessed the cytokine
profile of OVA-sensitized and -challenged mice in an attempt to
further clarify the mechanism of action of SLPI in the immune
response of allergic asthma, and we found a significant increase in
the entire cytokine panel using KO-OVA mice compared with KO-
PBS or WTXC-OVA mice. Additionally, IL-2, IL-6, IEN-y, and
MCP-1 showed significant increases using TG-OVA mice com-
pared with WTTS-PBS or WTT®-OVA mice; interestingly, TG-
OVA mice showed lower cytokine levels compared with WTTC
mice under the same conditions. No specific Th1 or Th2 pattern of
cytokine/chemokine expression seems to distinguish SLPI KO and
TG mice from their respective WT controls. These results dem-
onstrated that constitutive expression of SLPI is a determinant in
the production of differential cytokines levels, which are associ-
ated with IgE in plasma and the severity of the inflammatory
process.

RES is a TLR7/8 ligand in humans (50), and previous studies
demonstrated that its protective effect is dependent on MyD88 but
independent of MAPKAP-2 (28). The anti-inflammatory role of
TLR7 signaling in allergic asthma is reflected by the complete
inhibition of Thl and Th2 cytokines following RES treatment in
OVA-challenged animals (29). Additionally, several studies using
RES treatment in mice performed in our laboratory showed that
RES induced the expression of SLPI in macrophages derived from
OVA-sensitized and -challenged mice compared with untreated
controls. This observation led us to assess the effect of RES on
SLPI expression and its role in modulating the development of
inflammation in a murine model of allergic asthma. In this study,
we found that RES increased mRNA expression in naive C57BL/6
mice and inhibited the inflammatory process in SLPI KO and TG
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FIGURE 10. Inflammatory cell infiltration and eosinophils in lungs from SLPI KO and WTX® mice after RES treatment. A, H&E-stained lung sections.
B, Percentage of eosinophils (mean + SEM) (n = 6 per group). KO-RES-OVA and WTX®-RES-OVA mice show lower cellular infiltration and a significant
decrease in eosinophil percentage after RES treatment compared with untreated mice. p < 0.001.
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OVA-sensitized and -challenged mice, which is reflected by the
lower degree of inflammatory cell infiltration in the lungs, the
decreased percentage of eosinophils, and the reduction in goblet
cell hyperplasia compared with untreated animals.

The immunoregulatory role of SLPI occurs through the NF-kB—
signaling pathway. Taggart et al. (51) demonstrated that SLPI is
located in the cytoplasm and nucleus of U937 cells and peripheral
blood monocytes. These results were confirmed by Xu et al. (49),
who also found SLPI in the nucleus and cytoplasm of tonsillar
epithelial cells. SLPI protects IkB-3 and binds NF-kB in a specific
manner, affecting its activation (51). These results were confirmed
by Xu et al. (49), who also found SLPI in the nucleus and cyto-
plasm of tonsillar epithelial cells. Using SLPI KO mice, we
studied the effect of RES on the activation of NF-kB and its effect
on SLPI. We found higher levels of IkB-B in SLPI KO and WTX®
mice treated with RES compared with untreated mice, showing
a protective effect on the activation of NF-kB in those animals
under RES treatment.

These results demonstrated how the expression of SLPI exerts
a protective effect in the activation of NF-kB using SLPI KO and
WT mice and showed that treatment with RES is effective against
allergic asthma through the protection of IkB-f3, but it is not di-
rectly associated with the expression of SLPI. An additional
mechanism related to activation of NF-kB should be involved in
the treatment with RES, and further studies must be performed to
elucidate the participation of this NF in the treatment of allergic
asthma with this drug.

Using an acute model of allergic asthma in SLPI TG and KO
mice, we demonstrated that constitutive expression of SLPI directly
reduces the inflammatory response in the respiratory tract and
improves lung function. Because of the anti-inflammatory and
antimicrobial functions attributed to SLPI, the lack of genetic
polymorphism, and its early expression after tissue injury, this
protein should be considered a target for novel therapies in allergic
asthma.
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Figures

Figure E1. Analysis of SLPI mRNA and protein expression in lung homogenates from OVA-
sensitized and -challenged SLPI TG and WT'® mice. (A) SLPI mRNA relative expression (mean
+ SEM). n = 11 per group. (B) SLPI and GAPDH protein expression. SLPI Transgenic mice

showed higher SLPI mRNA and protein expression compared with wild type.

Figure E2. Eosinophils and Goblet cell hyperplasia in lung sections from SLPI TG and WT'®
mice. (A) Percentage of eosinophils (mean £ SEM). (B) Percentage of goblet cells (mean =
SEM). n = 14 per group. TG-OVA showed significant lower percentage of eosinophils and

goblet cells compared WT'C-OVA.

Figure E3. Analysis of SLPI mRNA and protein expression in lung homogenates from KO
WT"© mice. (A) SLPI mRNA relative expression (mean = SEM). (B) SLPI and GAPDH protein
expression from SLPI KO and TG mice challenged with PBS or OVA. n = 10 per group. SLPI

KO mice showed no SLPI mRNA and protein expression compared with wild type.



SLPI mRNA relative expression

p < 0.001

A p<0.01 B
p < 0.001
400-
- 9
350 % R L 'QV'
300- & & & &
sLpl 2 &7 @ )

2504 -14 kDa
SLPI | " L — > -

2004 - 6 kDa

150+ GAPDH W T e e |- 37 kDa

TG WTTS TG WTTS

PBS OVA

Figure E1. Analysis of SLPI mRNA and protein expression in lung homogenates from OV A-sensitized and -challenged SLPI1 TG
and WTTC mice. (A) SLPI mRNA relative expression (mean + SEM). n = 11 for all groups. (B) SLPI and GAPDH protein
expression. SLPI Transgenic mice showed higher SLPI mRNA and protein expression compared with wild type.
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Figure E2. Eosinophils and Goblet cell hyperplasia in lung sections from SLPI TG and WTT mice. (A) Percentage of eosinophils (mean +
SEM). n = 14 for all groups. (B) Percentage of goblet cells (mean = SEM). n = 14. TG-OVA showed significant lower percentage of
eosinophils and goblet cells compared to WTT6-OVA.
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Figure E3. Analysis of SLPI mRNA and protein expression in lung homogenates from KO WTX® mice. (A) SLPI mRNA relative
expression (mean £ SEM). n = 10 for all. (B) SLPI and GAPDH protein expression from SLPI KO and TG mice challenged with PBS or
OVA. SLPI KO mice showed no SLPI mRNA and protein expression compared with wild type.



