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Purpose: Serine protease inhibitors are involved in immune development, anti-inflammatory mechanisms, and tissue repair. In the present study,
the serine protease inhibitor 4{2-aminoethyl) benzene sulfonyl fluoride hydrochloride (AEBSF) was evaluated for its prophylactic and therapeutic ap-
plications in a mouse model of allergic rhinitis (AR). Methods: BALB/c mice were divided into 5 groups: contol (CON), Dermatophagoides farinae
(Derf), AR mice treated with AEBSF before sensitization (S), AR mice treated with AEBSF after challenge (C), and steroid groups. Derf was used as an
allergen. AEBSF was administered before S or after C. Allergic symptom scores, eosinophil counts, proteolytic activity, interferon-y, interleukin (IL)-10
levels and serum Derf-specific IgE levels were measured. T-bet, GATA-3, Foxp3, IL-13, and transforming growth factor (TGF)-3 mRNA levels were de-
termined using real-time polymerase chain reaction. CD4'CD25*Foxp3* T cells were assessed using flow cytometry. Results: Symptom scores, se-
rum Derf-specific IgE levels, GATA-3 mRNA levels, IL-13 mRNA levels, and tissue eosinophil counts decreased in both the S and C groups (P<0.05).
Additionally, the percentage of CD4*CD25Foxp3* T cells, IL-10 levels, and Foxp3 mRNA levels increased in the S and C groups compared with those
in the Derf group (P<0.05). AEBSF treatment decreased the proteolytic activity in the S and C groups (P<0.05). Conclusions: Prophylactic and ther-
apeutic treatment with AEBSF significantly reduces allergic airway inflammation and can induce regulatory T cells in a murine model of AR.
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INTRODUCTION

Allergic rhinitis (AR) occurs in over 500 million people world-
wide and its prevalence is increasing rapidly.' The management
of AR encompasses education, pharmacotherapy, immuno-
therapy, and surgery. Despite the broad spectrum of strategies
for the treatment of AR, there is a need for new effective thera-
peutic options with fewer side effects. Serine proteases are in-
volved in the maintenance of the epithelial barrier in the skin
and airways and can cause epithelial lysis. Several recognized
mutations and defects in genes controlling serine protease in-
hibitors and proteases are associated with allergic conditions.**
To understand how defects in protease homeostasis may spe-
cifically stimulate allergic responses such as an epithelial barri-
er lysis, a Th2 cytokine shift and IgE stimulation, the immuno-
logical responses of dust mite serine and cysteine protease al-
lergens can be examined.” Compound 4-(2-Aminoethyl) ben-
zene sulfonyl fluoride hydrochloride (AEBSF) is an irreversible
serine protease inhibitor with broad specificity (trypsin, chy-
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motrypsin, plasmin, thrombin, kallikreins) and high affinity.
AEBSF is a unique molecule that can inhibit serine proteases as
well as NADPH oxidase, the primary enzyme responsible for
catalyzing the production of reactive oxygen species in epitheli-
al cells, inflammatory cells, and phagocytes.® Due to these prop-
erties, we hypothesized that AEBSF might reduce allergic air-
way inflammation. Recently, it was reported that nafamostat
mesilate, a potent serine protease inhibitor, inhibits airway eo-
sinophilic inflammation and airway epithelial remodeling in a
murine model of allergic asthma.® Additionally, several serine
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protease inhibitors induce interlukin (IL)-10 in an airway aller-
gic model.” IL-10 is a key mediator released from regulatory T
(Treg) cells that protects against allergic diseases.? We hypothe-
sized that induction of Treg cells may be associated with the an-
ti-allergic effect of AEBSF in an allergic model.

In this report, we explored the effect of AEBSF on allergic in-
flammation and induction of Treg cells in a mouse model of
AR. In addition, we explored differences in the effect of AEBSF
according to the timing of its administration.

MATERIALS AND METHODS

Experimental animals

Six-week-old healthy female BALB/c mice (20-30 g) were used
in the present study. The experiment was performed with the
approval of the Institutional Animal Care and Use Committee
at the Catholic University of Korea.

Reagents

Derf crude body extract (Arthropods of Medical Importance
Resource Bank, College of Medicine, Yonsei University, Seoul,
Korea) was used as allergen. The Derf crude extract was solubi-
lized and stored at —-70°C and dissolved prior to use. The serine
protease inhibitor AEBSF (Sigma Aldrich, St. Louis, MO, USA)
and ciclesonide (Omnaris®, Nycomed Canada Inc., Oakville,
Ontario, Canada) were prepared in sterile phosphate-buffered
saline (PBS).

Production of the AR model and treatment protocol

Forty mice were randomized into 5 groups: CON (control,
n=8), Derf (AR mice, n=8), S (AR mice treated with AEBSF be-
fore sensitization, n=8), C (AR mice treated with AEBSF after
challenge, n=8), and steroid (AR mice treated with steroid be-
fore challenge, n=8). Allergen sensitization and challenge for
development of the AR murine model are summarized in Fig. 1.
Briefly, on days 2, 9, and 16, all mice were immunized by intra-
peritoneal injection of 100 pg Derf and 1-mg aluminum hy-
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droxide (Sigma Aldrich). Mice in the S group were treated intra-
nasally with 10 pg AEBSF on days 0-2. One week after sensitiza-
tion, all mice were challenged intranasally with 20 pg Derf for 6
consecutive days. Mice in the C group were treated intranasally
with 10 ug AEBSF on days 26-28. Mice in the steroid group were
treated intranasally with 20 pg of ciclesonide on days 26-28. The
control group received PBS intranasally instead of Derf.’

Evaluation of allergic symptoms induced after allergen
challenge

The numbers of sneezing and nose-rubbing motions during
the 15 minutes after the final allergen challenge were recorded
and compared among the experimental groups by observers
blinded to the experimental groups.'’

Nasal lavage fluid (NALF)

Using ether anesthesia, thoracotomies were performed on the
mice in each group 24 hours after the final allergen challenge.
NALF was obtained after partial tracheal resection using a
22-gauge catheter. The catheter was inserted into the tracheal
opening and advanced in the direction of the upper airway into
the nasopharynx. The nasal passages were perfused with 1 mL
of PBS from the choana to the nostril, and NALF was collected
from the nares.""?

Nasal mucosal tissue evaluation

Mice were sacrificed and decapitated 24 hours after the final
allergen challenge. The heads were fixed in 4% paraformalde-
hyde for three days at 4°C, washed in running water, decalcified
for three days with Calci-Clear Rapid (National Diagnostics, At-
lanta, GA, USA)" at room temperature, dehydrated by passage
through a graded alcohol series, and embedded in paraffin
blocks. The blocks were cut into 4-pm-thick sections and stained
with hematoxylin and eosin to evaluate the general morphology
and the number of eosinophils in the lamina propria. Eosino-
phils were counted under a light microscope. The individuals
who counted eosinophils were blinded to the animals’ group
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Fig. 1. Data are expressed as days. Schematic representation of the experimental allergic rhinitis model and treatment protocol. Mice in the steroid group were
treated intranasally with 20 ug of ciclesonide on days 26-28. AEBSF, 4-(2-aminoethyl) benzene sulfony! fluoride hydrochloride; S, AEBSF before sensitization; C,
AEBSF after challenge; Derf, Dermatophagoides farinae; IP, intraperitoneal administration; IN, intranasal administration.
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assignments.

Cytokine levels in NALF and Derf-specific immunoglobulin E
levels in serum

To evaluate the allergic reaction using NALE interferon (IFN)-y
and IL-10 levels were measured using enzyme-linked immuno-
sorbent assays (ELISA; Multiplex; Millipore, Billerica, MA, USA).
Serum Derf-specific immunoglobulin E (IgE) levels were mea-
sured using an ELISA kit (Indoor Biotechnologies, Manchester,
UK).

Real-time polymerase chain reaction (PCR)

The nasal mucosa was removed for detection of IL-13 and
TGF- using real-time PCR. The spleen was removed from each
animal aseptically 24 hours after the final challenge. Total RNA
was extracted from splenic mononuclear cells using the TRIzol
reagent (Invitrogen, Carlsbad, CA, USA), and the first strand was
reverse-transcribed using random primers (TaKaRa, Otsu, Ja-
pan).'*" The oligonucleotide primer sequences were as follows:
T-bet forward primer, 5'-GCCAGGGAACCGCTTATA-3’, and T-
bet reverse primer, 5’-CCTTGTTGTTGGTGAGCTTTA-3’; GATA-
3 forward primer, 5'-CTGGATGGCGGCAAAGC-3', and GATA-3
reverse primer, 5-GTGGGCGGGAAGGTGAA-3’; Foxp3 forward
primer, 5'-GAAAGCGGATACCAAATGA-3’, and Foxp3 reverse
primer, 5’-CTGTGAGGACTACCGAGCC-3’; IL-13 forward prim-
er, 5-CCTCTGACCCTTAAGGAGCTTAT -3’, and IL-13 reverse
primer, 5'-CGTTGCACAGGGGAGTCT -3’; TGF-f forward prim-
er, 5'-CCTCTGACCCTTAAGGAGCTTAT-3’, and TGF-p reverse
primer, 5’-CGTTGCACAGGGGAGTCT-3’; glyceraldehyde
3-phosphate dehydrogenase (GAPDH) forward primer, 5’-GCA-
CAGTCAAGGCCGAGAAT-3’, and GAPDH reverse primer,
5'-GCCTTCTCCATGGTGGTGAA-3'. The T-bet, GATA-3, Foxp3,
IL-13, TGF-B, and GAPDH mRNA levels were determined using
real-time PCR with the ABIPRISM 7300 Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA) and SYBR Green PCR
master mix (TaKaRa). The levels of expression of these mRNAs
were analyzed using the ABI 7300 Sequence Detection System
(Applied Biosystems). The results were normalized relative to
GAPDH expression and are shown as fold increases compared
to the control group.

Flow cytometry

For cell-surface staining, aliquots of 10° splenic mononuclear
cells were incubated with fluorescein isothiocyanate (FITC)-
conjugated anti-mouse CD4 (GK1.5) antibody (eBioscience, San
Diego, CA, USA). For intracellular staining, cells stained with
CD4 were incubated with fixation/permeabilization working so-
lution, and Fc receptors were blocked with excess mouse Fc
block. Cells were then stained with anti-phycoerythrin (PE)-Cy5-
conjugated anti-mouse Foxp3 (FJK-16s) and anti-allophycocya-
nin (APC)-CD25 antibodies (eBioscience). CD4'CD25'Foxp3* T
cells were analyzed by flow cytometry (FACSCalibur; Becton
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Dickinson, San Jose, CA, USA).'>'6

Proteolytic activity in NALF

To evaluate proteolytic activity in NALE green fluorescent dye-
impregnated casein (Sigma Aldrich) was used as a substrate.
Ten milligrams of substrate in 1 mL of Tris-HCI buffer (pH 6.5)
were incubated with 20 pL of NALF at 20°C. After 60 minutes of
incubation with constant shaking at 200 rpm, 4% trichloroace-
tic acid was added to stop the reaction. The mixture was centri-
fuged and the absorbance was measured at 490/525 nm. One
unit of specific activity was defined as a 1.00 change in absor-
bance per microgram of protein per hour.

Statistical analysis

All measured parameters were expressed as means *stan-
dard deviation. Differences among groups were analyzed using
the Kruskal-Wallis test. In cases of statistical significance, the
ranked parameters were compared using one-way analysis of
variance and Bonferroni’s multiple comparison tests (PASW
Statistics 18; SPSS Inc., Chicago, IL, USA). In all analyses, P<
0.05 was considered to indicate statistical significance.

RESULTS

Allergic symptoms

Allergic symptoms were determined based on the numbers of
nasal rubbing motions and sneezes during the 15 minutes after
the final challenge. The numbers of nasal rubbing motions were
6.01+1.58 in the CON group, 73.62+10.11 in the Derf group,
18.621+12.91 in the S group, 27.37+9.13 in the C group, and
21.6218.66 in the steroid group. The numbers of sneezes were
6.01+1.58 in the CONgroup, 24.37+8.55 in the Derf group,
11.83+4.7 in the S group, 161£4.56 in the C group, and 9.12+
2.35 in the steroid group. The number of nasal rubbing motions
was significantly higher in the Derf group than in the other
groups (all P=0.000; Fig. 2A). The number of sneezes was signif-
icantly higher in the Derf group than in the CON, S, and steroid
groups (P=0.000; vs P=0.002, vs P=0.000; Fig. 2B).

Serum Derf-specific IgE

Serum Derf-specific IgE levels were significantly higher in the
Derfgroup (2.95+0.07 ng/mL, P=0.000) than in the CON (0.52 +
0.08 ng/mL), S (2.61£0.06 ng/mL, P=0.018), C (2.46+0.20 ng/
mL, P=0.002) groups, and steroid (2.30%0.39 ng/mL, P=0.000)
groups. The CON group had a significantly lower serum Derf-
specific IgE level than all other groups (P=0.000; Fig. 3).

Eosinophil counts in the lamina propria

Fig. 4 shows eosinophil infiltration in the lamina propria. Eo-
sinophil numbers were 20+5.35 in the CON group, 115.3+
13.65 in the Derf group, 26+1.73 in the S group, 30.6+1.15 in
the C group, and 23.6 1 1.15 in the steroid group. The eosinophil
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Fig. 2. Nasal symptom score. Rubbing (A) and sneezing (B). Error bars represent
standard deviations. *P<0.05 vs the Derf group; **P<0.05 vs the control

group.

count was significantly higher in the Derf group than in the S
(P=0.024) and steroid (P=0.002) groups (Fig. 5).

NALF cytokine analysis

IFN-y levels in NALF were 9.86 +2.40 pg/mL in the CON group,
4.00%1.06 pg/mL in the Derf group, 4.61+1.87 pg/mL in the S
group, 3.911£0.64 pg/mL in the C group, and 4.61 £1.65 pg/mL
in the steroid group. IFN-y levels were higher in the CON group
than in all other groups (Derf, P=0.003; S, P=0.011; C, P=0.012;
Steroid, P=0.031; Fig. 6A).

IL-10 levels in NALF were 4.45+3.62 pg/mL in the CON
group, 4.541+4.03 pg/mL in the Derf group, 162+13.52 pg/mL
in the S group, 151.01+9.0 pg/mL in the C group, and 3.78 £0.65
pg/mL in the steroid group. The IL-10 level was significantly
higher in the S and C groups than in the Derf group (S, P=0.028;
C, P=0.049; Fig. 6B).

Real-time PCR

T-bet, GATA-3, and Foxp3 mRNA levels in splenic mononu-
clear cells were evaluated using real-time PCR. T-bet mRNA
levels showed no significant differences among the groups (Fig.
7A). The GATA-3 mRNA level was significantly higher in the
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Fig. 3. Serum Derf-specific immunoglobulin E. Error bars represent standard de-
viations. *P<0.05 vs the Derf group; **P<0.05 vs the control group.

Derf group than in the CON (P=0.000), S (P=0.009), C, and ste-
roid groups (all, P=0.000; Fig. 7B). Foxp3 mRNA levels were sig-
nificantly higher in the S (P=0.000), C (P=0.000), and steroid
(P=0.013) groups than in the Derf group (Fig. 7C). IL-13 mRNA
levels were significantly higher in the Derf group than in the S
(P=0.000), C (P=0.001), and steroid (P=0.001) groups (Fig.
7D). TGF-f mRNA levels showed no significant differences
among the groups (Fig. 7E).

Flow cytometric analysis of CD4* CD25* Foxp3* T cells from
splenic mononuclear cells

Cells were sorted based on Foxp3 and CD25 expression levels
and whether they expressed CD4 (Fig. 8A). CD4* CD25'Foxp3* T
cells accounted for 0.065+0.026% of all splenic mononuclear
cells in the CON group, 0.047 £0.013% in the Derf group, 0.122 +
0.033% in the S group, 0.143£0.033% in the C group, and 0.07 &
0.028% in the steroid groups. The S and C groups had significant-
ly higher percentages of these cells than the CON (S, P=0.008; C,
P=0.000) and Derf (S, P=0.000; C, P=0.000) groups. The steroid
group had a significantly higher percentage of CD4*CD25'Foxp3*
T cells than the Derf group (P=0.008) (Fig. 8B).

AEBSF modulates the proteolytic activity in NALF

Derf-sensitized and challenged mice showed increased pro-
tease activity in NALE. AEBSF treatment significantly reduced
proteolytic activity in S and C groups (Fig. 9). Additionally, there
was a significant reduction in protease activity in NALF of the
steroid group compared with that in the Derf group.

DISCUSSION

Steroids, a major therapeutic agent for AR, are not an ideal
treatment because of undesirable side effects with long-term
use. Thus, there is a need for new effective therapeutic options
with fewer side effects. One therapeutic strategy is to use serine
protease inhibitors, anti-inflammatory proteins that are thought
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Fig. 4. Infiltration of eosinophils (arrows) in the nasal mucosa of BALB/c mice: (A) control group, (B) Derf group, (C) S group, and (D) C group (E) steroid group (hema-

toxylin and eosin staining; original magnification, < 400).

e
140 e

= 120

2

E 100}

=

S wf

8

=

2

g M0F

w
il | N1
0

CON Derf S C Steroid

Fig. 5. Eosinophil counts in the nasal mucosa of each study group. Error bars
represent standard deviations. *P<0.05 vs the Derf group; **P<0.05 vs the
control group.

to play a protective role in allergic disease.'®

Earlier studies suggested that the protease load in human air-
ways increases significantly following allergen exposure and
lead to a protease-anti-protease imbalance at the respiratory
mucosal surfaces.'*?' Treatment of ovalbumin-sensitized mice
with AEBSF was reported to suppress the development of hall-
mark features of allergic airway disease in several previous
studies.”* In this report, we investigated the effect of AEBSF on
an allergic inflammation model and determined the underly-
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ing mechanism of the anti-allergic effect of AEBSF in the AR
model.

In the present study, AEBSF treatment was performed in sen-
sitized mice, which were administered intranasal treatment to
limit the effect of protease inhibitors on affected tissue. The dose
of AEBSF used was determined in a preliminary study.*

In our study, repeated exposure to Derf induced a T helper 2
(Th2) milieu in mice with a subsequent increase in serum IgE
levels, GATA-3 expression levels in the spleen, IL-13 expression
levels in nasal mucosa, and tissue eosinophil counts. AEBSF
treatment significantly decreased serum IgE levels, GATA-3
mRNA levels, and IL-13 mRNA levels in the S and C groups
compared with those in the Derf group. Tissue eosinophil
counts were also reduced significantly in both the S and C
groups. These results indicated that AEBSF decreases the Th2
response.

We next explored how the AEBSF pathway generates an anti-
allergic effect in the AR model. One proposed mechanism is
that an imbalance in proteases and anti-proteases can result in
lysis of the epithelial barrier.*** Dust mite serine proteases and
serine/cysteine protease inhibitors are involved in the mainte-
nance of the epithelial barrier in the skin and the airways. Addi-
tionally, it was reported that house dust mite cysteine proteases
influence Th2 and IgE regulation. One role of house dust mite
protease is cleaving the IL-2 receptor (CD25) from T cells, block-
ing a major Thl cytokine, and increasing IL-4 from T lympho-
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AAIR Serine Protease Inhibitors Reduce Allergic Rhinitis

e
e
" - 200
150
= jury
£ £
= 2 100 -
I S
z i
i i A
0
CON Steroid CON Derf s c steroid @

Fig. 6. Cytokine levels in the nasal lavage fluid of each study group: (A) interferon- (B) interleukin-10. Error bars represent standard deviations. *P<0.05 vs the Derf
group; **P<0.05 vs the control group.
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cytes.” IL-2 is a key growth and survival factor for natural Treg
cells. And CD25 is a component with high affinity IL-2 receptor.
IL-2 receptor is therefore an indispensable molecule for their
anti-allergic effect in Treg cells.”® We suggested that the serine
protease inhibitor can prevent destruction of the IL-2 receptor.
In addition, it may have an anti-allergic effect through Treg cells.

One cellular mechanism for maintenance of immune toler-
ance to foreign antigens, including allergens, is the natural
Foxp3* Treg cell population.’**” These cells have been implicat-
ed as potent inducers of a nonresponsive state in several im-
mune-mediated pathologies, such as autoimmunity, graft-ver-
sus-host disease, and allergy.?®** For allergies, it has been
shown that Treg cells can be transferred, conferring specific tol-
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erance to subsequent challenges with allergen.** Importantly,
Foxp3 deficiency in mouse models leads to severe immune
dysregulation characterized by allergic and autoimmune mani-
festations.® In our study, Foxp3 mRNA levels were significantly
increased in both the S and C groups compared with those in
the Derf group. The percentage of CD4*CD25'Foxp3* T cells de-
termined by flow cytometry also increased significantly in both
S and C groups compared with the Derf group. Thus, AEBSF
may induce CD4*CD25'Foxp3* Treg cells.

Other studies suggested that nafamostat mesilate and gabex-
ate mesilate increased IL-10 levels in an airway inflammation
model.® It was also reported that the IL-10 level increased sig-
nificantly in the AEBSF treatment group of mice compared with
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the control group.” Thus, in the present study, we focused on
the role of IL-10-secreting Treg cells in the anti-allergic effect of
a serine protease inhibitor.

In our study, IL-10 levels increased significantly in both the S
and C groups compared with those in the Derf group. Addition-
ally, our hypothesis that the induction of Treg cells may be re-
lated to the anti-allergic effect of AEBSF in the allergic model is
supported by our findings.

In summary, the anti-allergic effect of AEBSF in the AR model
can be explained by several pathways. First, serine protease in-
hibitors can prevent lysis of the epithelial barrier. If the epitheli-
um becomes disrupted, then there is an increase in trans-epi-
dermal water loss and the subepithelium is more exposed to
bacteria and allergens.*** Second, AEBSF may influence Th2
and IgE regulation through several mechanisms. For example,
serine protease inhibitors may prevent an increase in IL-4 and
activation of PAR receptor.* Third, AEBSF may induce Treg cells,
which suppresses allergic responses via their capacity to inhibit
various immune responses.” Additionally, IL-10-secreting Treg
cells (called Tr1 cells, one subset of Treg cells) may play an im-
portant role in the anti-allergic effect of AEBSF in the AR mod-
el.” There may be no significant difference in the effect of Treg
cells according to the timing of AEBSF administration.

Our study differs from prior research in several respects. An
important strength of the present study was the use of intraper-
itoneal sensitization and intranasal challenge with D. farinae,
which is the most common aeroallergen to elicit AR in human
patients. Additionally, we hypothesized that Treg cells play a
role in the anti-allergic effect of AEBSE Our data support a rela-
tionship between induction of Treg cells and the anti-allergic
effect of AEBSE

CONCLUSIONS

Both prophylactic and therapeutic treatment with AEBSF sig-
nificantly reduces allergic airway inflammation and may in-
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duce Treg cells in a murine model of AR. Additionally, no sig-
nificant difference was found in the effect of Treg cells accord-
ing to the timing of AEBSF administration. Overall, the anti-al-
lergic mechanism of AEBSF requires further investigation.

ACKNOWLEDGMENTS

Funded by Basic Science Research Program through the Na-
tional Research Foundation of Korea (NRF) funded by the Min-
istry of Education, Science, and Technology (2011-0026915).

REFERENCES

1. Bousquet J, Khaltaev N, Cruz AA, Denburg J, Fokkens W], Togias A,
Zuberbier T, Baena-Cagnani CE, Canonica GW, van Weel C,
Agache I, Ait-Khaled N, Bachert C, Blaiss MS, Bonini S, Boulet LP,
Bousquet PJ, Camargos P, Carlsen KH, Chen Y, Custovic A, Dahl R,
Demoly P, Douagui H, Durham SR, van Wijk RG, Kalayci O, Kaliner
MA, Kim YY, Kowalski ML, Kuna P, Le LT, Lemiere C, Li ], Lockey
RE Mavale-Manuel S, Meltzer EO, Mohammad Y, Mullol ], Nacle-
rio R, O'Hehir RE, Ohta K, Ouedraogo S, Palkonen S, Papadopou-
los N, Passalacqua G, Pawankar R, Popov TA, Rabe KE Rosado-
Pinto J, Scadding GK, Simons FE, Toskala E, Valovirta E, van Cau-
wenberge P, Wang DY, Wickman M, Yawn BP, Yorgancioglu A, Yu-
suf OM, Zar H, Annesi-Maesano I, Bateman ED, Ben Kheder A,
Boakye DA, Bouchard J, Burney P, Busse WW, Chan-Yeung M, Cha-
vannes NH, Chuchalin A, Dolen WK, Emuzyte R, Grouse L, Hum-
bert M, Jackson C, Johnston SL, Keith PK, Kemp JP, Klossek JM,
Larenas-Linnemann D, Lipworth B, Malo JL, Marshall GD, Naspitz
C, Nekam K, Niggemann B, Nizankowska-Mogilnicka E, Okamoto
Y, Orru MP, Potter P, Price D, Stoloff SW, Vandenplas O, Viegi G,
Williams D; World Health Organization; GA(2)LEN; AllerGen. Al-
lergic Rhinitis and its Impact on Asthma (ARIA) 2008 update (in
collaboration with the World Health Organization, GA(2)LEN and
AllerGen). Allergy 2008;63 Suppl 86:8-160.

2. Allen M, Heinzmann A, Noguchi E, Abecasis G, Broxholme J, Pon-
ting CP, Bhattacharyya S, Tinsley J, Zhang Y, Holt R, Jones EY, Lench
N, Carey A, Jones H, Dickens NJ, Dimon C, Nicholls R, Baker C,
Xue L, Townsend E, Kabesch M, Weiland SK, Carr D, von Mutius E,
Adcock IM, Barnes PJ, Lathrop GM, Edwards M, Moffatt ME, Cook-
son WO. Positional cloning of a novel gene influencing asthma
from chromosome 2q14. Nat Genet 2003;35:258-63.

3. Mao XQ), Shirakawa T, Yoshikawa T, Yoshikawa K, Kawai M, Sasaki S,
Enomoto T, Hashimoto T, Furuyama J, Hopkin JM, Morimoto K.
Association between genetic variants of mast-cell chymase and ec-
zema. Lancet 1996;348:581-3.

4. Smith PK, Harper JI. Serine proteases, their inhibitors and allergy.
Allergy 2006;61:1441-7.

5. Izakovicova Holla L, Kankova K, Znojil V. Haplotype analysis of the
NADPH oxidase p22 phox gene in patients with bronchial asthma.
Int Arch Allergy Immunol 2009;148:73-80.

6. Ishizaki M, Tanaka H, Kajiwara D, Toyohara T, Wakahara K, Inagaki
N, Nagai H. Nafamostat mesilate, a potent serine protease inhibi-
tor, inhibits airway eosinophilic inflammation and airway epitheli-
al remodeling in a murine model of allergic asthma. J Pharmacol
Sci 2008;108:355-63.

7. Saw S, Kale SL, Arora N. Serine protease inhibitor attenuates oval-

http://e-aairorg 565



Kim etal.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

566

bumin induced inflammation in mouse model of allergic airway
disease. PLoS One 2012;7:e41107.

. Nabe T, Ikedo A, Hosokawa E Kishima M, Fujii M, Mizutani N, Yo-

shino S, Ishihara K, Akiba S, Chaplin DD. Regulatory role of anti-
gen-induced interleukin-10, produced by CD4(+) T cells, in airway
neutrophilia in a murine model for asthma. Eur J Pharmacol
2012;677:154-62.

. Zhou C, Kang XD, Chen Z. A synthetic Toll-like receptor 2 ligand

decreases allergic immune responses in a mouse rhinitis model
sensitized to mite allergen. ] Zhejiang Univ Sci B 2008;9:279-85.
Wang W, Zhu Z, Zhu B, Ma Z. Peroxisome proliferator-activated re-
ceptor-gamma agonist induces regulatory T cells in a murine mod-
el of allergic rhinitis. Otolaryngol Head Neck Surg 2011;144:506-13.
Cho SH, Oh SY, Zhu Z, Lee J, Lane AP. Spontaneous eosinophilic
nasal inflammation in a genetically-mutant mouse: comparative
study with an allergic inflammation model. PLoS One 2012;7:
e35114.

Takahashi Y, Kagawa Y, Izawa K, Ono R, Akagi M, Kamei C. Effect
of histamine H4 receptor antagonist on allergic rhinitis in mice. Int
Immunopharmacol 2009;9:734-8.

Minty A, Chalon P, Derocq JM, Dumont X, Guillemot JC, Kaghad M,
Labit C, Leplatois P, Liauzun P, Miloux B, Minty C, Casellas P, Loi-
son G, Lupker J, Shire D, Ferrara P, Caput D. Interleukin-13 is a new
human lymphokine regulating inflammatory and immune re-
sponses. Nature 1993;362:248-50.

Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher LH. A
novel transcription factor, T-bet, directs Th1 lineage commitment.
Cell 2000;100:655-69.

Yamashita M, Ukai-Tadenuma M, Miyamoto T, Sugaya K, Hosoka-
wa H, Hasegawa A, Kimura M, Taniguchi M, DeGregori J, Nakaya-
ma T. Essential role of GATAS3 for the maintenance of type 2 helper
T (Th2) cytokine production and chromatin remodeling at the Th2
cytokine gene loci. ] Biol Chem 2004;279:26983-90.

Fields ML, Hondowicz BD, Metzgar MH, Nish SA, Wharton GN,
Picca CC, Caton AJ, Erikson J. CD4+ CD25+ regulatory T cells in-
hibit the maturation but not the initiation of an autoantibody re-
sponse. ] Immunol 2005;175:4255-64.

Ko K, Yamazaki S, Nakamura K, Nishioka T, Hirota K, Yamaguchi T,
Shimizu J, Nomura T, Chiba T, Sakaguchi S. Treatment of advanced
tumors with agonistic anti-GITR mAb and its effects on tumor-in-
filtrating Foxp3+CD25+CD4+ regulatory T cells. ] Exp Med 2005;
202:885-91.

Marino R, Thuraisingam T, Camateros P, Kanagaratham C, Xu YZ,
HenriJ, YangJ, He G, Ding A, Radzioch D. Secretory leukocyte pro-
tease inhibitor plays an important role in the regulation of allergic
asthma in mice. ] Immunol 2011;186:4433-42.

Wenzel SE, Fowler AA 3rd, Schwartz LB. Activation of pulmonary
mast cells by bronchoalveolar allergen challenge. In vivo release of
histamine and tryptase in atopic subjects with and without asth-
ma. Am Rev Respir Dis 1988;137:1002-8.

Simpson JL, Scott R], Boyle M]J, Gibson PG. Differential proteolytic

http://e-aair.org

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Volume 6, Number 6, November 2014

enzyme activity in eosinophilic and neutrophilic asthma. Am J
Respir Crit Care Med 2005;172:559-65.

Inoue K, Takano H, Yoshikawa T. Protease-antiprotease imbalance
in inflammatory diseases in the lung. Chest 2005;128:1069.

Saw S, Kale SL, Arora N. Serine protease inhibitor attenuates oval-
bumin induced inflammation in mouse model of allergic airway
disease. PLoS One 2012;7:e41107.

Oh SW, Pae CI, Lee DK, Jones E Chiang GK, Kim HO, Moon SH,
Cao B, Ogbu C, Jeong KW, Kozu G, Nakanishi H, Kahn M, Chi EY,
Henderson WR Jr. Tryptase inhibition blocks airway inflammation
in amouse asthma model. ] Immunol 2002;168:1992-2000.

Winton HL, Wan H, Cannell MB, Thompson PJ, Garrod DR, Stew-
art GA, Robinson C. Class specific inhibition of house dust mite
proteinases which cleave cell adhesion, induce cell death and
which increase the permeability of lung epithelium. Br ] Pharma-
col 1998;124:1048-59.

Sakaguchi S, Wing K, Miyara M. Regulatory T cells - a brief history
and perspective. Eur ] Immunol 2007;37 Suppl 1:5S116-23.
Rudensky AY. Regulatory T cells and Foxp3. Immunol Rev 2011;
241:260-8.

Sakaguchi S, Wing K, Miyara M. Regulatory T cells - a brief history
and perspective. Eur ] Immunol 2007;37 Suppl 1:S116-23.

Valencia X, Lipsky PE. CD4+CD25+FoxP3+ regulatory T cells in au-
toimmune diseases. Nat Clin Pract Rheumatol 2007;3:619-26.

Ling EM, Smith T, Nguyen XD, Pridgeon C, Dallman M, Arbery J,
Carr VA, Robinson DS. Relation of CD4+CD25+ regulatory T-cell
suppression of allergen-driven T-cell activation to atopic status and
expression of allergic disease. Lancet 2004;363:608-15.

Waldmann H, Chen TC, Graca L, Adams E, Daley S, Cobbold S,
Fairchild PJ. Regulatory T cells in transplantation. Semin Immunol
2006;18:111-9.

Graca L, Le Moine A, Cobbold SP, Waldmann H. Dominant trans-
plantation tolerance. Opinion. Curr Opin Immunol 2003;15:499-
506.

Wood K]J, Bushell A, Hester J. Regulatory immune cells in trans-
plantation. Nat Rev Immunol 2012;12:417-30.

Cottrez E Hurst SD, Coffman RL, Groux H. T regulatory cells 1 in-
hibit a Th2-specific response in vivo. ] Immunol 2000;165:4848-53.
Navarro S, Cossalter G, Chiavaroli C, Kanda A, Fleury S, Lazzari A,
Cazareth J, Sparwasser T, Dombrowicz D, Glaichenhaus N, Julia V.
The oral administration of bacterial extracts prevents asthma via
the recruitment of regulatory T cells to the airways. Mucosal Im-
munol 2011;4:53-65.

Bennett CL, Christie ], Ramsdell E Brunkow ME, Ferguson PJ, Whi-
tesell L, Kelly TE, Saulsbury FT, Chance PE Ochs HD. The immune
dysregulation, polyendocrinopathy, enteropathy, X-linked syn-
drome (IPEX) is caused by mutations of FOXP3. Nat Genet 2001;
27:20-1.

Shevach EM. Mechanisms of Foxp3+ T regulatory cell-mediated
suppression. Immunity 2009;30:636-45.

Allergy Asthma Immunol Res. 2014 November;6(6):558-566. http;//dx.doi.org/10.4168/aair.2014.6.6.558



