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Abstract

Background: Calcium-activated chloride channels (CLCAs)
have been found to be preferentially expressed on the secre-
tory epithelium. They may play a pivotal role in mucous over-
production by bronchial goblet cells in asthma. It has been
reported that the inhibition of CLCAs with niflumic acid could
relieve the symptoms of asthma. However, niflumic acid has
serious adverse effects. DNA vaccination is considered to be
a promising strategy to treat allergic diseases such as asthma
and dust mite allergy. Methods: We constructed a vaccine en-
coding human CLCA1 (hCLCAT1) and evaluated its effects on
promoting antibodies against hCLCA1 and the related pre-
ventive function in a mouse model of asthma. Results: Our
results reveal that the induced hCLCA1 antibodies can be de-
tected in the first 2 weeks after immunization with hCLCA1
plasmids (hCLCA1-p) by intramuscular injection and aug-
mented gradually in the following several weeks. The autoan-
tibodies against hCLCAT induced by the DNA vaccine bound
to three segments of the mouse CLCA3 (mCLCA3) protein, in-
cluding the amino terminal (PepN), the carboxyl terminal
(PepC) and the middle of the protein (PepM). In our study,
mice immunized with hCLCA1-p developed fewer pathologi-
cal changes compared with other control groups, including a

remarkable reduction in the air pressure-time index of the tra-
chea, the number of eosinophils and mast cells in the bron-
choalveolar lavage fluid and the mRNA level of MUC5AC in
goblet cells. Conclusion: Taken together, our results suggest
that a DNA vaccine encoding the CLCA protein may have po-
tential as a useful pharmacotherapy for asthma in the future.

Copyright © 2013 S. Karger AG, Basel

Introduction

Allergic asthma is a common chronic inflammatory
disorder in the airways, which is characterized by revers-
ible airflow obstruction, airway inflammation including
infiltration of eosinophils, hypersensitivity to various
stimuli and mucus hypersecretion. Airway mucus hyper-
secretion is a cardinal feature of asthma and contributes
to the morbidity and mortality of asthma in many pa-
tients [1]. The mechanisms underlying mucus hyperse-
cretion have been reported to be related to the expression
of Th2 cytokines, such as interleukin (IL)-4, -9 and -13
[2]. These cytokines appear to be directly linked to CLCA
overexpression in the asthmatic patient and in mouse
models of asthma [3].

L.Q.S. and Y.L. contributed equally to this study.

KARG ER ©2013 S. Karger AG, Basel
1018-2438/13/1613-0243$38.00/0

E-Mail karger@karger.com
www.karger.com/iaa

Correspondence to: Dr. Ligiang Song

Department of Respiratory Medicine

Xijing Hospital, Fourth Military Medical University
15 Changle West Road, Xi’an 710032 (China)
E-Mail Iqsongxian @ gmail.com



Calcium-activated chloride channel (CLCA)) pro-
teins were identified as important molecules on the cell
surface, especially cells lining the surface of the secre-
tory epithelium. These channels play an important role
in calcium-dependent chloride conductance across epi-
thelial cells and epithelial fluid secretion [4]. In recent
years, the CLCA gene family has been extensively stud-
ied. The family members have been detected in bovine,
human, murine, equine and porcine tissues, and have
been shown to be involved in cell-cell adhesion, apopto-
sis, cell cycle control, tumorigenesis and metastasis [5].
The relationship between CLCAs and asthma was the
most commonly investigated aspect in functional stud-
ies on CLCAs. HumanCLCA1 (hCLCA1) has been re-
ported to be overexpressed in bronchial allergic asth-
matic responses with excessive mucus production [6].
Mucus hypersecretion is responsible for much of the
morbidity and mortality associated with airway diseas-
es; it is possible that CLCA-controlled mucus production
is especially relevant to clinical aspects of airway dis-
eases, such as asthma [7, 8]. There is significant evidence
that the CLCA proteins have a causal role in this condi-
tion, suggesting that these proteins may have some inter-
est as targets for pharmacological intervention in allergic
asthma [9].

It has been implicated that mouse CLCA3 (mCLCA3)
is largely induced in the mouse inflammatory airway and
greatly contributes to goblet cell hyperplasia [10, 11]. The
significance of research on mCLCA3 is that hCLCA1 is the
putative counterpart of mCLCA3 in humans and shares
75% sequence homology with mCLCA3 [12]. It was ini-
tially reported that intratracheal administration of an ad-
enovirus expressing the antisense RNA of mCLCA3 RNA
into a mouse model of airway hyperreactivity efficiently
suppressed the asthmatic phenotype, whereas the overex-
pression of mCLCA3 in the airway epithelium using an
adenoviral vector exacerbated the asthmatic phenotype
[10]. Follow-up studies on the mechanisms of CLCA pro-
tein function revealed that cytokines, especially IL-13 and
IL-9, can augment mCLCA3/hCLCAL1 production in asth-
ma; therefore, mCLCA3/hCLCA1 acts as a downstream
molecule of the Th2 cytokine network [13]. Studies on the
molecular structure of CLCAs have clarified that mCLCA3
and hCLCAL are both soluble secreted molecules and the
precursor, a 120-kDa glycoprotein, can be cleaved into
~85-kDa N-terminal and ~35-kDa C-terminal products,
which may serve as subunits of the chloride channel, but
are not themselves functional chloride channels.

The outcomes of contemporary pharmacotherapy for
severe asthma, for which no specific treatment exists, are
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still unsatisfying. However, therapies addressing airway
mucus hypersecretion have obtained some favorable out-
comes [14]. Although specific inhibitors targeting the
subtype of CLCA protein are currently not available,
DNA vaccination provides an attractive option for pro-
tecting an organism against disease through activation of
the immune system and antibody production. Following
the injection of a genetically engineered DNA molecule,
the body will develop an adaptive immune response, in-
cluding antibodies, helper T cells and cytotoxic T lym-
phocytes, as well as innate immune responses [15]. Since
DNA vaccination has many advantages over traditional
vaccines, a variety of DNA vaccines has been developed
in human clinical trials against various infectious dis-
eases and cancer, but vaccine therapies against autoim-
mune diseases and allergy are still in development. Even
so, DNA vaccine therapies for allergic asthma have cur-
rently mainly focused on allergens. Few of the pathologi-
cal molecules related to allergic asthma, such ashCLCAL,
have been investigated by researchers. Therefore, we pro-
posed that a CLCA DNA vaccine may activate the im-
mune system, thereby inducing antibodies against
mCLCA3 protein and resulting in the repression of the
mCLCA3-mediated pathological process in asthma. In
this study, we demonstrate that an hCLCA1 DNA vaccine
prevented mucus hypersecretion and related pathological
changes in a murine asthma model through the induc-
tion of anti-mCLCA3 antibodies.

Materials and Methods

Animals

Specific pathogen-free male BALB/c mice between 6 and 8
weeks of age were purchased from the Experimental Animal Cen-
ter of Shaanxi Province, China. Experiments were conducted un-
der a protocol approved by the Institutional Animal Care and Use
Committee of the Fourth Military University. The mice were
raised with ovalbumin (OVA)-free food and water ad libitum and
housed in Macrolon cages in a laminar flow cabinet.

Construction of DNA Plasmid Vaccines

pcDNA3.1 (+)/hCLCA1 and pcDNA/mCLCA3 constructs
were gifts from Dr. R.C. Levitt (Genaera Corporation). To estab-
lish a new recombinant construct of hCLCA1, the hCLCA cDNA1
fragments in the plasmids were released by digestion with the re-
striction enzymes Nhel and Xhol (Takara Corporation) and iden-
tified by DNA sequencing. pcDNA3.1 (+)/hCLCA1 was used as
the template for PCR amplification. Meanwhile, new digestion
siteswereadded usingthesenseprimer5-CAAGCTTATGGGGC-
CATTTAAGAGTTC-3" and the antisense primer 5-CTAGGC-
TATTGACAGCTGCA-3". The PCR product was identified by di-
gestion with HindIII and Xhol, followed by sequencing to verify
the accuracy of the amplified gene. The amplified gene was cloned
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into the pSecTag2-B expression vector to construct an hCLCA1
DNA vaccine, which was confirmed by sequencing [13]. The same
procedures were applied to the construction of the pSecTag2-B/
mCLCA3 plasmid. The primers for full-length mCLCA3 were:
sense 5-GGGAAAGCTGCAGGATGGAATC-3' and antisense
5" TATACCGCCCCCTACAGGAAGTCTAA-3".

Expression of the Recombinant Proteins of Three Extracellular

Regions of mCLCA3

The three cDNA segments of the mCLCA3 gene were ampli-
fied by PCR using pcDNA3.1 (+)/mCLCA3 as the template. The
first segment encoded the amino terminal (PepN; E83~E279), for
which the primer pairs were: sense 5-CGGGATCCATGATTTT-
GATTCCCGAGAGCTGGA-3' and antisense 5-GCGAATTCT-
TACCCACGTGCTTCGGAGTTTGC-3". The second encoded
the middle section (PepM; N446~1508), for which the primer
pairs were: sense 5-CGGGATCCATGGCTAAAGAGCTTGAG-
CAGCT-3"and antisense 5-CATCCATTGGTTATTCTGGAG-3".
The third was the carboxyl terminal (PepC; S684~Q913), for
whichtheprimerpairswere:sense5-GGAGGAGTCACTTCAGA-
CAGA-3' and antisense 5"“TCACCTGCATTTCCCCTAGCC-3',
The cDNA fragments encoding PepN and PepC were cloned into
the pRSETB vector, and the segment encoding PepM was cloned
into the pGEXT-T1 vector. The three recombinant proteins were
produced by transforming Escherichia coli DE3 cells using three
plasmids of recombinant mCLCA3 and IPTG induction for 4 h
before harvesting the bacteria.

Purification of the Recombinant Proteins of Three

Extracellular Regions of mCLCA3

The recombinant proteins were purified using a previously de-
scribed method with minor modifications [16]. The bacterial pre-
cipitate was resuspended in inclusion body wash buffer [1 mol/l
Tris-HCI (pH 0.9), 0.5 mol/l EDTA, 5 mol/l NaCl, glycerol, 0.3
mol/I DTT], and PMSF was added to achieve a final concentration
of 10 mmol/l, followed by ultrasonic degradation and centrifuga-
tion (10 min at 12,000 g at 4°C). The precipitate was dissolved in
washing buffer of inclusion body and sodium deoxycholate for 10
min and then centrifuged for 10 min at 12,000 g at 4°C. After
washing, the inclusion bodies were dissolved by washing buffer of
inclusion body and SKL for 50 min, centrifuged (10 min at 12,000
gat 4°C). The supernatant was dialyzed in washing buffer of in-
clusion body for 24 h. To evaluate the recombinant protein, the
bacterial lysates were resolved via 10% SDS-PAGE, followed by
blotting and Coomassie blue staining.

Determination of Antibody Titers by ELISA

Sera from immunized mice were collected and the titers of
antibodies against PepN, PepM and PepC were examined by
indirect ELISA. Briefly, 96-well microtiter plates were coated
with 5 mg/1 of the recombinant PepN, PepM or PepC proteins,
which were diluted in sodium carbonate buffer at 4°C over-
night. Anti-goat IgG horseradish peroxidase was used as the
secondary antibody. The plates were washed, and detection was
performed using sodium citrate buffer, containing 1 mg/ml
3,5,5-tetramethylbenzidine and 0.03% H,O,. The reaction was
stopped by adding 50 ul of 0.25% hydrofluoric acid to each well.
The plates were read at an absorbance of 630 nm. All experi-
ments included 12 mice per group and were repeated at least
three times.

hCLCA1-DNA Vaccine for Asthmatic
Mice

Western Blot Analysis

A total of 8 ul of bacterial lysate was fractionated by 15% SDS-
PAGE and transferred to a nitrocellulose membrane. The efficien-
cy of electrotransfer was verified by Ponceau staining. The mem-
brane was blocked in 5% skim milk for 30 min and then blotted
with immunized murine serum at a working dilution of 1:50 at
4°C overnight. A horseradish peroxidase-linked goat anti-mouse
antibody (Boster Corporation; diluted 1:1,000) was used as the
secondary antibody. Finally, the blots were detected using en-
hanced chemiluminescence reagents. All experiments included
12 mice per group and were repeated at least three times.

Murine Asthma Model

Mice were injected with 50 ul of 50% bupivacaine into the bi-
lateral muscle of the posterior thigh prior to immunization; 24 h
later, the mice were immunized at the same site with 100 pg of the
hCLCA1 DNA vaccine, which was dissolved in 50 ul of PBS. Suc-
cessive immunization was performed three times once every 2
weeks and blood samples were collected at the same time by cut-
ting off a small piece of the tail. On the day after the last immuni-
zation, the mice were sensitized by an intraperitoneal injection of
OVA (20 pg) along with 2 mg of aluminum hydroxide. One week
after the sensitizing injection, mice were injected again with 10 ug
of OVA. Two weeks after the first sensitizing injection, the mice
were daily challenged for 30 min with an aerosol of 5% (w/v) OVA
for 5 consecutive days. Sham-challenged mice inhaled an aerosol
of PBS alone using the same protocol [17, 18]. All experiments in-
cluded 12 mice per group and were repeated at least three times.

Airway Hyperresponsiveness

Airway hyperresponsiveness was evaluated on the day after
the last challenge, as described in the literature [19]. Briefly, mice
were anesthetized with pentobarbital sodium, and the trachea
and caudal vein were cannulated. Then animals were artificially
ventilated by a breathing machine with a tidal volume of 8 ml/kg
at a rate of 60 breaths/min. Airway pressure was measured
through a minute pressure transducer. The mice were injected a
range of methacholine (Sigma Corporation) doses (from 0.1 to 1.5
mg/kg iv.) at 10-min intervals using a syringe. Airway respon-
siveness to methacholine, represented by the airway pressure-
time index (APTI), was assessed after intravenous injection of
mice. All experiments included 12 mice per group and were re-
peated at least three times.

RT-PCR for the Detection of MUC5AC

Total RNA was extracted from frozen lung tissue using
TRIzol reagent (Invitrogen) following the manufacturer’s proto-
col. RT-PCR was performed by reverse transcription using 1 pug
of total RNA and the appropriate primers. Custom-designed
specific primer pairs for MUC5AC were: sense 5-GTGGAAC-
CACG ATGA-3' and antisense 5-TCAGCACATAGCTG-
CAGTCG-3". A ¢cDNA fragment of GAPDH was amplified as the
control [12, 20].

Statistical Analyses

Data are presented as means + SD. One-way analysis of vari-
ance was used to compare values among multiple groups followed
by unpaired two-tailed Student’s t tests. Differences were consid-
ered statistically significant at p < 0.05. All experiments were re-
peated at least three times.
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Fig. 1. Identification of the hCLCA1-DNA vaccineand mCLCA3
peptides. a Agarose gel electrophoresis for verification of
hCLCA1-p and mCLCA3-p. M = DNA marker; 1 = the hollow
vector of pSecTag-2B; 2 = hCLCA1l-p; 3 = hCLCA1l-p digested
with HindlIIl and Xhol; 4 = mCLCA3-p; 5 = mCLCA3-p digest-
ed with HindIIl and Xhol. b Identification of PCR products. M
= DNA marker; 1 = PepN cDNA; 2 = PepM cDNA; 3 = PepC
cDNA. ¢, d Identification of the recombinant mCLCA3 pep-

Results

Characteristics of the hCLCAI-DNA Vaccine

The pSecTag2-B/hCLCA1 and pSecTag2-B/mCLCA3
plasmids were digested with restriction enzymes and se-
quenced as described above. The plasmids were verified
by agarose gel electrophoresis. The recombinant plas-
mids released a fragment of 2.7 kb, as shown in figure la.
Alignment using BLAST (Basic Local Alignment Search
Tool) confirmed the sequencing results were identical to
AA541829 and AA508854 (GenBank).

Alignment analysis of the protein sequence of
mCLCA3 and hCLCA1 found three segments that were
different in their sequences at the N-terminal, middle
and C-terminal regions, which had the potential to be
exogenously antigenic. We cloned these three segments
of mCLCA3 individually. The cDNA sizes of PepN, PepC
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tides. ¢ M = Protein marker; 1 = lysates of normal DE3 cells; 2,
3 = DE3 cells transformed by PepN-p without or with induction
of IPTG; 4, 5 = DE3 cells transformed by PepC-p without or with
induction of IPTG; d M = Protein marker; 1 = lysates of normal
DES3 cells; 2, 3 = DE3 cells transformed by the vector of pGEXT-
T1 without or with induction of IPTG; 4, 5 = DE3 cells trans-
formed by PepM-p without or with induction of IPTG.

and PepM were 591, 687 and 186 bp, respectively. The
PCR products for cloning were identified by agarose gel
electrophoresis (fig. 1b). A prokaryotic expression system
was used to produce the recombinant peptides. The mo-
lecular weights of the PepN and PepC peptides were
around 25.21 and 29.31 kDa, respectively, and an addi-
tional 6 histidines were added to PepN and PepCin E. coli
DE3 cells. The cDNA of PepM was cloned into the pGEX T-
T1 vector and fused to the GST protein (26 kDa). SDS-
PAGE was carried out to confirm the production of the
three peptides (fig. 1c, d).

To estimate the efficacy of immunization with the
hCLCA1 DNA vaccine, the antibody titers in the serum of
immunized mice were examined by ELISA, in which the
serum was used as the primary antibody. The results
showed that antibodies to PepN, PepM and PepC were de-
tectable in the serum 2 weeks after the 1st dose challenge

Song/Li/Li/Zhang/Qi/Wu



0 N-ED
1807 g wmep
1601 mcep
140 +
120

Antibody titers (x 10)

100

80

60

40 4
’f_‘g

Immunizations

§

Small intestine

Fig. 2. Characterization of the hCLCA1-DNA vaccine. a Antibody
titers for the three nCLCA3-ED in the serum of mice immunized
with hCLCA1-p at different time points. * p < 0.01 vs. 1st immu-
nization. b Western blot for polyclonal autoantibodies in murine
serum 6 weeks after the first challenge. 1 = Normal DE3 cells; 2 =

ofhCLCA1 plasmids (hCLCA1-p) and gradually increased
as immunization continued (fig. 2a). However, the titer of
the PepM antibody was lower than that of antibodies to
PepN and PepC. Antibody production had doubled after
the 4th immunization compared with the 2nd immuniza-
tion. However, the other four groups were all negative and
did not produce any antibody (data not shown). To further
confirm the specificity of the antibodies to the 3 peptides,
serum was collected after the last immunization and an-
tibodies were detected by Western blot analysis, as de-
scribed in the Materials and Methods (fig. 2b).

During the immunization process, no abnormalities
were observed in the activity, diet or growth conditions
of the immunized mice, and no respiratory side effects or
deaths occurred. The small intestine and colon of the im-
munized mice were removed and paraffin sections were
stained with periodic acid-Schiff (PAS). The results dem-

hCLCA1-DNA Vaccine for Asthmatic
Mice

DES3 cells transformed by PepN-p; 3 = DE3 cells transformed by
the vector of pGEXT-T1; 4 = DE3 cells transformed by PepM-p; 5
= DE3 cells transformed by PepC-p. ¢ Detection of mucus secre-
tion by goblet cells in the colon and small intestine (x100) by PAS
staining. ED = Extracellular domain.

onstrate no apparent damage or loss of mucus-secreting
goblet cells in hCLCA1-p-immunized mice compared
with control mice, suggesting that the DNA vaccine did
not affect the normal functions of the colon and small
intestine (fig. 2¢).

Effect of the hCLCA1 DNA Vaccine on Mucus

Production in Asthmatic Mice

Goblet cells are the major mucin-producing cells in the
airways in asthma. The PAS stain specifically binds to
mucus glycoconjugates and glycoproteins and appears as
bright purple [21]. Compared with the sham-challenged
group, goblet cells in the bronchial epithelium, which were
stained either singly or in clusters, were obviously in-
creased in the groups of OVA-challenged mice that re-
ceived mCLCA3-p, the vector and PBS. A large amount of
mucus was also found in the bronchial lumen. However,
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Fig. 3. Effect of the hCLCA1 DNA vaccine on mucus production
in asthmatic mice. a PAS staining for mucus production of goblet
cells in the bronchial epithelium (x200). b RT-PCR detection of
the MUC5AC mRNA level in lung tissue. M = DNA marker; 1 =
sham-challenged group; 2 = hCLCA1l-p group; 3 = mCLCA3-p

mucus production in the hCLCA-p group showed the
same characteristics as the sham-challenged group. This
observation suggests that the antibodies induced by
hCLCA1l-p vaccination attenuated mucin production.
The reduced production of mucin could be considered as
an indicator of a hypoinflammatory state (fig. 3a). MU-
C5AC is a gel-forming glycoprotein produced by gastric
and respiratory tract epithelial cells. It has been reported
that mCLCA3 or hCLCAL1 can significantly induce MU-
C5AC expression, which is also a marker of goblet cell
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group; 4 = vector-p group; 5 = PBS group. GAPDH mRNA is
shown as the loading control. ¢ The ratio of gray value of MU-
C5AC mRNA. * p < 0.01 vs. sham-challenged group; ** p < 0.01
vs. hCLCA1-p group.

metaplasia in asthmatic airways. The mRNA level of MU-
C5AC in the challenged groups was determined by RT-
PCR; the results show that the MUC5AC mRNA level in-
creased in the mCLCA3-p, vector and PBS groups, but not
in the hCLCA1-p group (fig. 3b). In addition, there was a
significant decrease in the hCLCAIl-p group compared
with the mCLCA3-p, vector and PBS groups, and there is
no significant difference between the hCLCA1l-p group
and the sham-challenged group (fig. 3¢). These results are
consistent with the results of PAS staining (fig. 3a).

Song/Li/Li/Zhang/Qi/Wu

Color version available online



1 O Sham challenged

1 O hCLCA1-p

B mCLCA3-p *
4 B Vector-p

*_L*
127 mpss }%

APTI

05 ‘ 1.0 15
Methacholine (mg/kg)

300 7 M Mast cells
O Eosinophils XXX¥ EXEEN xR
250 +
K|
=z
Q —~
2 F 200
2% XXHX EXX¥ %X XK%
23
= Y 150 -
© O
o=
= x
[}
U c 100 +
2 *%
©
=
50
0 -
Sham hCLCA1-p mCLCA3-p Vector-p PBS
challenged

Fig. 4. Airway responsiveness of asthmatic mice to various con-
centrations of methacholine. * p < 0.01 vs. hCLCAl-p group;
**p <0.01, ¥ p < 0.05 vs. sham-challenged group.

Effect of the hCLCAI DNA Vaccine on Airway

Hyperreactivity

Airway hyperresponsiveness to nonspecific stimuli is
one of the characteristic features of allergic bronchial
asthma. Elevated contractility of bronchial smooth mus-
cle is considered to be the main cause of airway hyperre-
sponsiveness. APTT is a simple and repeatable method for
testing peak inspiratory pressure and is highly correlated
with respiratory resistance. The APTI-methacholine
dose-relationship histogram (fig. 4) indicates that in all
challenged groups APTI was significantly higher than in
the sham-challenged group. However, APTI in the
hCLCA1-p group was much lower than that of the other
challenged groups, suggesting that a hyporeactive state
existed in the mice of the hCLCAl-p group compared
with the other challenged groups.

Effect of the hCLCA1 DNA Vaccine on Eosinophilic

Airway Inflammation

Recruitment of eosinophils, which participate in the
inflammatory process, is a hallmark of allergic asthma.
There is a feedback control mechanism between eosino-
phils and mast cells. Mast cells play an important role in
allergic asthma. The results of our study show that the
number of eosinophils and mast cells in the bronchoal-
veolar lavage fluid was elevated in all the OVA-challenged
groups. However, the number of eosinophils in the
hCLCA1-p group was lower than in the other three chal-
lenged groups. The eosinophil numbers in the mCLCA3-
p, vector and PBS groups were very close and were nearly

hCLCA1-DNA Vaccine for Asthmatic
Mice

Fig.5. The number of eosinophils and mast cells in the bronchoal-
veolar lavage fluid counted under a microscope after Giemsa
staining. * p < 0.01, ** p < 0.05 vs. sham-challenged group; ** p <
0.01 vs. hCLCA1-p group).

threefold higher than in the hCLCA1-p group. Moreover,
the number of mast cells in the four groups have the same
variation tendency with the eosinophil number (fig. 5),
indicating the preventive effect of hCLCA-p vaccination
on asthma progression.

Discussion

The highest expression of hCLCA1 was in the small
intestine, appendix and colon, whereas the majority of
the hCLCA1 mRNA was in cells at the base of the crypts,
with the goblet cells having the highest expression [22].
Airway goblet cells play an important role in the airways
of patients with bronchial asthma, and hCLCAL1 expres-
sion in the airways has been reported more recently [23].
Several studies have shown that the levels of hCLCAL1
mRNA and protein are significantly increased in the air-
way epithelium of asthmatic patients and cleaved CLCA
N- and C-termini can also be detected in bronchoalveo-
lar lavage fluid. Overexpression of hCLCA1l and
mCLCA3, two orthologs of the CLCA gene family, re-
sulted in increased mucus production in bronchial aller-
gic asthmatic responses [6]. CLCA3 and hCLCA1 appear
to be central to the development of an airway-hyperse-
cretory phenotype. There is significant evidence that
CLCA proteins play a causal role in bronchial allergic
asthmatic, suggesting that these proteins may be of in-
terest as targets for pharmacological intervention in al-
lergic asthma [24].
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DNA vaccination is a promising strategy for treating
various diseases such as infection, cancer, autoimmunity
or allergy. It relies on the production of specific antibod-
ies to pathogenic molecules along with other immuno-
logical mechanisms [25]. The mechanisms underlying
DNA vaccine-induced immune responses are complicat-
ed, and DNA sequences in the plasmid are known to be
important in driving an effective immune response
through the induction of cytokines [26].

Asthma is an airway inflammation disease. Many
types of cells play a crucial role in asthma, particular eo-
sinophils, mast cells and T lymphocytes. These cells con-
tributed to the release of the Th2 cell-derived cytokines
IL-4, IL-9 and IL-13 [27]. These cytokines mediate their
effects by binding to their receptors. For example, IL-13
mediates its effects by binding to the IL-13 receptor (IL-
4R/IL-13R al) [28]. Evidence has accumulated that the
associated cytokines IL-9, IL-4 and IL-13 appear to be
directly linked to CLCA overexpression in the asthmatic
patient and in mouse models of asthma, with signalling
via the EGFR-MAP kinase pathway [29]. The precise sig-
nals that regulate mCLCA3 gene expression in mouse
models of asthma are unclear. There is some evidence
that CLCA proteins increase the activity of Ca®*-depen-
dent chloride channels, and inhibiting CLCA expression
inhibits mucus production. Additionally, the extracellu-
lar polypeptide structure effects of Ca?* ionophores on
chloride conductance associated with CLCA expression
invoke changes in intracellular Ca** concentration as the
basis for CLCA regulation of chloride conductance. How-
ever, it is not clear why these proteins can decrease mucus
secretion. Therefore, we hypothesized that DNA vaccine
could produce specific antibodies in asthmatic mice and
then these antibodies may influence the function of Th2
cell cytokines via blocking of the EGFR-MAP Kkinase
pathway. Another assumption is that DNA vaccine may
influence the activity of Ca**-dependent chloride chan-
nels to relieve the symptoms of asthma.

Although the focus of most DNA vaccine studies is the
induction of protective immunity against infectious
pathogens, important applications of this technology
have also been reported in other immune-related diseas-
es [30]. Inspired by the fact that inhibition of a pathology-
related protein (CLCA) with corresponding antibodies
brought about favorable outcomes in an asthma model,
we developed a DNA vaccine encoding hCLCAL1, a single
xenogeneic gene homologous to mCLCA3, and applied it
to a mouse model of asthma, with the aim of determining
whether it could induce cross-reactive antibodies against
the mCLCA3 protein.
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It could be advantageous to distinguish the functional
segment sequences of mCLCA3 for vaccine design and
for the development of a strategy to prevent and treat
asthma by interfering with hCLCALI. Identification of
mCLCA3 epitopes is difficult due to its relatively large
molecular weight [31]. To address this issue and to deter-
mine which segments are potential epitopes, we studied
the amino acid sequence of mCLCA3 and found three
segments which differ markedly from their hCLCALl
counterparts. Our results suggest that these amino acids
in mCLCA3 molecules would be antigenic and cross-re-
active to hCLCAIL. Among the three amino acid seg-
ments, the N- and C-terminal (PepN and PepC) segments
could induce much stronger immunoreactions, i.e. high-
er antibody titers than that of the middle (PepM) seg-
ment. Our study paves the way for further discovery of
specific antibodies to hCLCAL.

As we know, CLCA is a large gene family which is
broadly distributed in animals and humans. There are
several subtypes of each family member [21, 22]. Both
hCLCA1 and mCLCA3 are constitutively expressed in
the intestines and both can be induced in human and
mouse airway epithelial cells under inflammatory condi-
tions. The patch clamp technique identified niflumic acid
as a nonspecific inhibitor, which could not only inhibit
hCLCA1 and other chloride channels, but also activate
some types of potassium channels in nerve terminals
[23]. However, we are not certain whether the hCLCA1
DNA vaccine can influence other subtypes or inhibit
mCLCA3, which are also located in normally function-
ing cells, thereby resulting in side effects. Since the mice
in our study did not show serious side effects and the se-
cretory behavior in the small intestines and colon were
not affected, these results suggest that the induced anti-
bodies may have a lower affinity for other subtypes or
that compensatory mechanisms may exist in intestinal
goblet cells.

In conclusion, successful vaccine design and construc-
tion made it possible for us to evaluate its efficacy in mice.
Our animal experiments showed that the hCLCA1-p vac-
cine can reduce asthma symptoms in a mouse model, in-
cluding significant inhibition of eosinophils and mast
cell infiltration and effective reduction of hyperrespon-
siveness following methacholine challenge. Meanwhile,
mucus hypersecretion was also ameliorated. The results
of our study not only show that hCLCAL1 is a potential
therapeutic target for the prevention of human asthma,
but also demonstrate the effectiveness of DNA vaccina-
tion in the treatment of diseases such as asthma or chron-
ic obstructive pulmonary disease, suggesting that immu-

Song/Li/Li/Zhang/Qi/Wu



notherapeutic targeting of the hCLCA1 protein is a fasci-
nating aspect of the prevention and treatment of asthma.
However, there are some limitations to our study, e.g.

hCLCA1 DNA vaccine did not totally prevent mice from

asthma. The main reason is that the cause of airway hy-
perreactivity is not just goblet cell hyperplasia and the
antibodies produced by the DNA vaccine block the func-
tion of mCLCA3 only to some extent. Further electro-
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