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Abstract

It has been shown that cytokines can act as molecular adjuvant to enhance the immune response induced by DNA vaccines,

but it is unknown whether interleukin 33 (IL-33) can enhance the immunocontraceptive effect induced by DNA vaccines. In the

present study, we explored the effects of murine IL-33 on infertility induced by Lagurus lagurus zona pellucida 3 (Lzp3)

contraceptive DNA vaccine administered by the mucosal route. Plasmid pcD-Lzp3 and plasmid pcD-mIL-33 were encapsulated

with chitosan to generate the nanoparticle chi-(pcD-Lzp3+pcD-mIL-33) as the DNA vaccine. Sixty female ICR mice, divided

into 5 groups (n=12/group), were intranasally immunized on days 0, 14, 28, and 42. After intranasal immunization, the anti-

LZP3-specific IgG in serum and IgA in vaginal secretions and feces were determined by ELISA. The results showed that chi-

(pcD-Lzp3+pcD-mIL-33) co-immunization induced the highest levels of serum IgG, secreted mucosal IgA, and T cell

proliferation. Importantly, mice co-immunized with chi-(pcD-Lzp3+pcD-mIL-33) had the lowest birth rate and mean litter size,

which correlated with high levels of antibodies. Ovaries from infertile female mice co-immunized with chi-(pcD-Lzp3+pcD-mIL-
33) showed abnormal development of ovarian follicles, indicated by atretic follicles and loss of oocytes. Our results

demonstrated that intranasal delivery of the molecular adjuvant mIL-33 with chi-pcD-Lzp3 significantly increased infertility by

enhancing both systemic and mucosal immune responses. Therefore, chi-(pcD-Lzp3+pcD-mIL-33) co-immunization could be

a strategy for controlling the population of wild animal pests.
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Introduction

Immunocontraception prevents pregnancy or oocyte

fertilization by immunological mechanisms (1-3). The

potential of immunocontraceptive vaccines to control the

population of pest animals and wildlife such as foxes,

mice, rabbits, African elephants, and white-tailed deer has

been investigated (4-6). Mammalian zona pellucida

glycoprotein (ZP) is made up of three sulfated glycopro-

teins (ZP1, ZP2, ZP3 or ZPA, ZPB, ZPC) that surround

the oocyte (7). ZP3 glycoprotein, a primary sperm

receptor, plays a critical role in specific sperm-oocyte

combining and triggers the acrosome reaction (8,9). It has

been regarded as a promising target antigen for develop-

ing an immunocontraceptive vaccine because ZP3 anti-

bodies (Abs) can block sperm-oocyte binding (9-11).

It has been shown that inoculation of murine cytome-

galovirus-expressing mouse ZP3 (mZP3) (2) or purified

mZP3 protein expressed by vaccinia virus (12) induces an

anti-ZP3 immune response and results in a strong

immunocontraceptive effect in immunized mice. Except

for the direct effects of ZP3 Abs blocking the sperm binding

site, some studies showed that ovarian pathological

features characterized by depletion of primordial follicles

and loss of follicles might cause the infertility induced by

ZP3 protein vaccination (7,13). Accumulated evidence

indicates that both T cell and Ab-mediated reactions could

cause ovarian pathology (14-16). For humans, a safe

immunocontraceptive vaccine should not induce ovarian

pathology. A number of research groups focused their
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investigations on developing a safe and effective immuno-

contraceptive vaccine (10,17,18). However, for wildlife

pests such as Lagurus lagurus (a wild pest in the Xinjiang

desert grassland, in Northwest China), immunocontracep-

tive efficiency should be the first issue of concern.

Therefore, we tried to develop an effective DNA vaccine

expressing LZP3 to decrease the fertility of L. lagurus. DNA
vaccines can induce both cellular and humoral responses,

but the level of immune response needs to be further

improved, especially humoral responses.

The signaling of interleukin 33 (IL-33), a novel cytokine

of the IL-1 family, and its receptor ST2 promotes

generation of proinflammatory cytokines, chemokines,

and Th2-associated cytokines in many cells of the

immune system such as Th2 lymphocytes, basophils,

eosinophils, mast cells, and natural killer cells (19,20). IL-

33 has strong immunomodulatory functions and predomi-

nantly induces Th2 immune responses (21,22) by

activating dendritic cells (23). The Th2 immune response

is important for induction of Ab production because Th2

cells effectively activate B cells to secrete Abs (24). Th2

immune responses to ZP3 antigens also play a role in

autoimmune infertility caused by immunization with ZP3

proteins (12). Therefore, we chose IL-33 as a molecular

adjuvant for our DNA vaccine.

Conventional vaccine delivery technologies are based

on injection into the body of a mixture of protective

components with an immunostimulatory agent (25).

Direct injection of zona pellucida antigens into the body is

not feasible for controlling the overpopulation of widely

distributed pest animals (26). Mucosal vaccination has the

advantage of needle-free administration, induces both

systemic and mucosal immune responses, and can be

used for mass vaccination (25). Our previous studies

showed that nasal immunization induced both IgA and IgG

Ab responses to mZP3 in mouse models (27,28). In order

to protect DNA from degradation, chitosan, a biodegrad-

able cationic polysaccharide, was used to encapsulate the

plasmid DNA as in our previous studies (14,27).

In this study, LZP3 DNA vaccine (pcD-Lzp3) and a

molecular adjuvant Mus musculus IL-33 (pcD-mIL-33)
were encapsulated with chitosan and delivered intrana-

sally into ICR mice, an outbred Swiss-derived model. The

results showed that mice intranasally co-immunized with

chitosan (chi)-(pcD-Lzp3+pcD-mIL-33) produced signifi-

cantly higher levels of systemic and mucosal immune

responses than mice immunized with chi-pcD-Lzp3 alone

and decreased the birth rate, suggesting that IL-33 is a

good candidate for developing an immunocontraceptive

DNA vaccine for L. lagurus.

Material and Methods

Animals
Female ICR mice (6-8 weeks old) were purchased

from the Center for Disease Control and Prevention

(Xinjiang, China). Animal experimental procedures were

in compliance with regulations issued by the Science

and Technology Department [approval number SCXK

(Xin) 2003-0002] of Xinjiang Uygur Autonomous Region,

China.

LZP3 antigen and plasmids
The core coding region of the L. lagurus ZP3 gene

(Lzp3, GenBank No. AF515621) was cloned into pGEX-

4T-1 to generate pGEX-4T-1-Lzp3 plasmids, which were

expressed in Escherichia coli BL21(DE3) as a GST-LZP3

fusion protein. GST-LZP3 was purified and quantified

using a Bradford micro-assay kit (Tiangen, China), and

was used as a specific antigen in ELISA or T-cell

proliferation assays. Lzp3 was inserted into the eukaryotic

expression plasmid pcDNA3.0 to produce a pcD-Lzp3

construct, which was used as the DNA vaccine. mIL-33
encoding the open reading frame of M. musculus IL-33
was inserted into the pcDNA3.0 plasmid to yield a pcD-

mIL-33 plasmid that was used as the molecular adjuvant.

pcD-mIL-33 was prepared on a large scale and trans-

fected into mouse hepatocytes by a hydrodynamic-based

transfection method to detect the expression of mIL-33

(29). Briefly, 37.5 mg (12.5 mg/mL) plasmid was injected

via the tail vein using a 21-gauge needle syringe. The

plasmid solution injection was completed within 8-10 s

and did not exceed 8-10% body weight according to the

age and weight of mice. Total RNA was extracted from

hepatocytes 8 h after injection, and the expression of the

target gene was assayed by RT-PCR.

Preparation of chitosan-DNA complex nanoparticles
Chitosan (170 kD, 85% deacetylated) was purchased

from Xindie Chitin Co., Ltd., China. Chitosan-DNA

nanoparticles were prepared as described previously

(14,27). In brief, chitosan was dissolved completely in

1% acetic acid, then 0.14% chitosan solution (w/v) in 0.1

M sodium acetate buffer, pH 5.7, and 100 mg/mL plasmid

(pcD-Lzp3, pcD-mIL-33, or pcDNA3) solution in 0.2 M

sodium sulfate were incubated at 556C for 30 min

separately, then were mixed together quickly and shaken

vigorously for 60 s. The DNA plasmids were encapsulated

with chitosan in a 1:7 ratio. The resulting nanoparticles

were named chi-pcDNA3, chi-pcD-Lzp3, and chi-pcD-

mIL-33, respectively. Equal amounts of pcD-Lzp3 and

pcD-mIL-33 were encapsulated together with chitosan to

generate the nanoparticle chi-(pcD-Lzp3++pcD-mIL-33).
The mixture was kept at 46C for 30 min, then centrifuged

at 10,000 g at 46C for 20 min. Pellets were resuspended

in 0.9% sterile saline, and the final concentration of

plasmid DNA in the chitosan-DNA complex was

2.5 mg/mL.

Examination of chitosan-DNA nanoparticles
For scanning electron microscopy observation, 20 mL

chitosan-DNA nanoparticle solution was pipetted onto a
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glass slide and sprayed with silver powder after being

dried for 30 min. The surface of the chitosan-DNA

nanoparticles was observed using scanning electron

microscopy.

The protective effect of chitosan against nuclease

degradation of DNA plasmids was checked by gel

electrophoresis. The chitosan-coated plasmids and the

corresponding naked plasmids (3.4 mL) were separately

digested with 0.3 mL 5 U/mL DNase I (Takara, China) at

376C for 30 min in a 20-mL digestion system. Two

microliters of 66 loading buffer was added to deactivate

DNase I after each reaction. The protective effect of

chitosan on DNA was detected by 0.7% agarose gel

electrophoresis.

Intranasal immunization with chitosan-DNA
nanoparticles

Sixty ICR female mice were randomly divided into 5

groups (n=12/group). The five groups were randomly

administered chi-(pcD-Lzp3+pcD-mIL-33), chi-pcD-Lzp3,
chi-pcD-mIL-33, chi-pcDNA3, and chitosan. Inoculation

was conducted intranasally on days 0, 14, 28, and 42 by

dropping 40 mL of the chitosan-DNA nanoparticle solution

(containing 100 mg plasmid DNA) into a nasal cavity with a

Gilson pipette. In the co-immunization group, each mouse

was inoculated with a total of 80 mL chi-(pcD-Lzp3+pcD-

mIL-33) nanoparticle solution (containing 100 mg pcD-

Lzp3 and 100 mg pcD-mIL-33). In the blank control group,

each mouse received 40 mL chitosan solution.

Sample collection
Serum was collected from mice at 2, 4, 6, and 8 weeks

after the first immunization and stored at ––206C until

ELISA detection for IgG, and at the same time vaginal

washings and fecal extracts were collected to measure

secretory IgA (sIgA). The vaginal washings were obtained

by washing the mouse’s vaginal cavity with 150 mL sterile

PBS containing 1% bovine serum albumin (BSA-PBS)

nine times with a Gilson pipette. The vaginal washing was

centrifuged at 10,000 g at 46C for 20 min. The super-

natant was collected, 10 mM protease inhibitor phenyl-

methylsulfonyl fluoride (PMSF) was added, and then it

was stored at ––206C. The fecal sample was dissolved in

1 mL PBS at a final concentration of 0.1 g/mL and kept at

46C for 2 h, and then vigorously shaken for 5 min. The

fecal sample was centrifuged at 10,000 g for 20 min at

46C, and the supernatant was collected and detected by

ELISA.

Assessment of specific IgG and sIgA responses
The levels of anti-LZP3 Abs in the serum samples,

vaginal washings, and fecal extracts were determined

using ELISA. A 96-well microtiter plate (Jet Biofil1, China)

was coated with 5 mg/mL recombinant LZP3 protein (in

10 mL 0.05 M bicarbonate buffer, pH 9.6) at 46C over-

night, and then was blocked with 3% BSA-PBST (PBS

with 0.05% Tween 20) for 2 h at 376C. The serum and

vaginal washings were diluted at 1:100 and 1:4 in 1%

BSA-PBST, respectively. One hundred microliters of

serum dilution, vaginal washing dilution, or supernatant

of fecal extract was added to each well and incubated at

376C for 1 h. The plate was washed four times with

350 mL PBST with a microplate washer. After washing,

100 mL secondary, goat anti-mouse IgG conjugated with

horseradish peroxidase (Southern Biotechnology

Associates, USA) at a dilution of 1:8000 in 1% BSA-

PBST was added to each well and incubated at 376C for

1 h. Other secondary Ab IgA subtypes (Southern

Biotechnology Associates) were diluted at 1:10,000. To

display the color, 100 mg 3,39,5,59-tetramethylbenzidine

(TMB) (Shanghai Lanji Science and Technology

Development Co., Ltd., China) was dissolved in 10 mL

dimethyl sulfoxide (DMSO), then 100 mL of the TMB

solution and 42 mL 0.75% H2O2 were added to 10 mL

0.025 M phosphate-citrate buffer, and 100 mL of the

resulting solution was added to each well. Finally, 50 mL 2

M H2SO4 was added to each well to stop the reaction. The

absorbance at 450/655 nm was read with a microplate

spectrophotometer (Benchmark PlusTM, Bio-Rad, USA).

Antibody titers were determined by the ratio of the

absorbance values (postimmune/preimmune §2.0) with

successive dilution of the serum of each sample.

T cell proliferation
On day 7 after the final immunization, spleens were

collected from immunized mice. A suspension of single

splenocytes was made and 16105 cells/well were

inoculated onto a 96-well plate in RPMI-1640 medium

with 10% fetal bovine serum and stimulated in vitro by

each of the following antigens: 20 mg/mL ConA as a

positive control, 10 mg/mL LZP3 protein as a specific

antigen, 2.0 mg/mL BSA as an irrelevant antigen, or

medium. The plate was incubated with 5% CO2 for 48 h at

376C.

To determine lymphocyte proliferation, 20 mL MTT

solution [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-

lium bromide, 5 mg/mL in PBS, pH 7.2-7.4] was added

to each well and further incubated for 4 h at 376C. One

hundred microliters of DMSO was added to each well, and

the absorbance was measured at 570 nm using a

microplate spectrophotometer (Benchmark PlusTM, Bio-

Rad). Data are reported as stimulation index, calculated

as the mean absorbance of triplicate wells stimulated with

an antigen, and divided by the mean absorbance of

triplicate wells stimulated with the medium (Aantigen/

Acontrol, used as control) (27,28).

Detection of contraceptive efficacy
Immunized ICR female mice were mated on day 7

after the last immunization with healthy fertile male ICR

mice. Mating was performed by housing two immunized

female mice together with a male mouse in one cage. The
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male and female mice were co-habited for 16 days to

assess the efficacy of the contraceptive.

Histological analysis of the ovaries
Mouse ovaries were fixed in 4% paraformaldehyde

buffer, dehydrated and embedded in paraffin, and subse-

quently sectioned at a thickness of 5 mm. The slides were

stained with hematoxylin and eosin (HE), and then

observed and photographed using a Leica inverted

fluorescence microscope (Leica, DMI Series, Germany).

Statistical analysis
Data are reported as means±SE, and were analyzed

using the one-sided Student t-test and one-way analysis

of variance with the GraphPad Prism 4 software. A value

of P,0.05 was considered to be statistically significant.

Results

Characterization of chitosan-DNA nanoparticles
The morphology of the chitosan-DNA nanoparticles

was observed with scanning electronmicroscopy (Figure 1).

The size of chitosan-DNA nanoparticles was approximately

100-1000 nm. The protective effect of nanoparticles was

detected using DNase I digestion. The nanoparticles

completely protected DNA plasmids from digestion by

DNase I, whereas the naked DNA was completely

degraded by DNase I after 30 min (Figure 2). These

results show that chitosan could protect DNA vaccine from

degradation.

Transcription expression of mIL-33 plasmid in mouse
hepatocytes

In order to confirm the expression of mIL-33 plasmids

in the eukaryotic cells, plasmid pcDNA3-mIL-33 was

transfected into mouse hepatocytes. Total RNA was

isolated 8 h after transfection and RT-PCR was con-

ducted. A specific band of 801 bp was observed from the

cells transfected with pcD-mIL-33, which is consistent

with the size of mIL-33, whereas a similar size band was

not displayed in the negative control groups (Figure 3).

The results revealed that the construct encoding mIL-33
was expressed in eukaryotic cells.

Systemic IgG Ab responses to different nanoparticles
To investigate whether these different nanoparticles

could induce humoral immune responses, serum samples

were collected on days 14, 28, 42, 56, and 70 after the

first immunization, and anti-LZP3 IgG Abs were detected

by ELISA. As shown in Figure 4A, the group immunized

with chi-pcD-Lzp3 produced LZP3-specific IgG Abs,

which were significantly higher than control groups

immunized with chitosan, chi-pcDNA3, and chi-pcD-mIL-

33 on days 42 and 56 (P,0.05). The level of LZP3-

specific IgG Abs produced by the mice co-immunized with

chi-(pcD-Lzp3+pcD-mIL-33) was statistically higher than

that observed in the mice immunized with chi-pcD-Lzp3

Figure 1. Scanning electron microscope (SEM) analysis of the

chitosan-encapsulated plasmid DNA. DNA plasmids were

encapsulated by the chitosan at the ratio of 1:7, and the

generated chitosan-DNA complexes were observed under the

SEM at a magnification of 30,0006.

Figure 2. Degradation of the chitosan-DNA nanoparticles by

DNase I. The chitosan-DNA nanoparticles and naked DNA

plasmids were all digested with or without DNase I (RNase free,

40 U/mL) at 376C for 30 min. The resulting products were analyzed

by agarose gel electrophoresis. Lane 1, chitosan-DNA nanopar-

ticles were digested without DNase I; lane 2, naked DNA plasmids

were digested without DNase I; lane 3, chitosan-DNA nanoparti-

cles were digested by DNase I; lane 4, naked DNA plasmids were

digested by DNase I.
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and in the control groups on days 28, 42, 56 (P,0.01) and

70 (P,0.05 vs control groups; Figure 4A). LZP3-specific

IgG Abs were detected as early as 28 days in chi-(pcD-

Lzp3+pcD-mIL-33) co-immunized mice, suggesting that

chi-(pcD-Lzp3+pcD-mIL-33) co-immunization not only

enhanced the level of IgG Ab but also quickly induced

Ab production. The level of Abs reached the maximum on

day 42. The highest IgG titer of the group co-immunized

with chi-(pcD-Lzp3+pcD-mIL-33) was 4000 on day 42

(P,0.01 vs chi-pcD-Lzp3 and control groups; P,0.05 vs

control groups; Figure 4B). Importantly, we analyzed the

level of IgG Ab in infertile and fertile mice after mating.

The levels of IgG Abs in infertile mice were significantly

higher than those in fertile mice in the co-immunized

group (P,0.01; Figure 5), suggesting that infertility was

correlated with the higher level of Abs. The results

showed that mIL-33 as a molecular adjuvant for pcD-

Lzp3 DNA vaccine could enhance systemic Ab responses

against ZP3 through mucosal immunization.

Mucosal IgA responses
After testing the systemic IgG Ab responses, we

detected a mucosal response, antigen-specific sIgA, in

the vaginal washes and fecal extracts by ELISA. Chi-

(pcD-Lzp3+pcD-mIL-33) co-immunization quickly

induced high levels of LZP3-specific sIgA in the vaginal

washes and reached peak responses on day 28 after the

first immunization. The sIgA levels in response to co-

immunization were statistically higher than those in mice

immunized with chi-pcD-Lzp3 and the control groups on

days 28, 42, and 70. On day 56, both chi-(pcD-

Lzp3+pcD-mIL-33) and chi-pcD-Lzp3 induced higher

sIgA levels than control groups, but the sIgA level of

chi-pcD-Lzp3 quickly decreased on day 70 (Figure 6A).

Both chi-(pcD-Lzp3+pcD-mIL-33) and chi-pcD-Lzp3
induced LZP3-specific sIgA in fecal extracts on day 28,

and the level of sIgA induced by chi-(pcD-Lzp3+pcD-

mIL-33) was significantly higher than that induced by chi-

pcD-Lzp3 and the control groups (P,0.05 vs chi-pcD-

Lzp3 and control groups; Figure 6B). LZP3-specific sIgA

in mice immunized with chi-pcD-Lzp3 decreased to basal

levels on day 42, but a high level of LZP3-specific sIgA in

mice co-immunized with chi-(pcD-Lzp3+pcD-mIL-33)

remained on day 42. These results suggest that mIL-33

not only increases the level of sIgA induced by LZP3 DNA

vaccine but also enhances the longevity of sIgA.

T cell proliferation in vitro
The above results show that mIL-33 enhanced

systemic and mucosal Ab responses induced by LZP3

DNA vaccine. We next examined whether mIL-33

enhanced cellular responses. T cell proliferation in vitro
was assessed by the MTT method. The level of T cell

proliferation induced by chi-(pcD-Lzp3+pcD-mIL-33) was
significantly higher than that of other groups (P,0.05;

Figure 7). The level of T cell proliferation induced by chi-

pcD-Lzp3 was somewhat higher than that of the control

groups but was not significantly different. The results

indicated that IL-33 as a mucosal adjuvant also enhanced

antigen-specific cellular immune responses.

Analysis of antifertility
To detect the antifertility effect of the mice immunized

with different nanoparticles, the rate of fertility was

recorded. The results showed that mice of the co-

immunized group had the lowest birth rate and mean litter

size compared with the other groups. Three of 8 female

mice in the co-immunized group were infertile, the other 5

females had 54 pups in total, and the average litter size for

the entire group was 6.75 pups, that is, significantly lower

than that of other groups (Table 1). Only one mouse in the

group immunized with chi-pcD-Lzp3 was infertile, and the

average litter size was 9.25. All females in other control

groups were fertile. These results showed that the fertility

of mice co-immunized with chi-(pcD-Lzp3+pcD-mIL-33)
by intranasal delivery was reduced.

Ovarian pathology
Ovaries were collected from immunized mice 6 weeks

after mating. Ovarian slides were prepared and stained

with HE. The results indicated that the fertile mice

immunized with chi-(pcD-Lzp3+pcD-mIL-33) or chi-pcD-

Lzp3 or other control groups had normal follicles in

numbers and in morphology with primordial, primary,

secondary, tertiary, and mature follicles (Figure 8A-F). The

mature follicles contained oocytes surrounded by a single

Figure 3. Expression of pcDNA3-mIL-33 in mouse hepatocytes.

Total RNA was extracted from mouse hepatocytes 8 h after

transfection with pcDNA3-mIL-33 using the hydrodynamics-

based transfection method. The templates used for RT-PCR

were as follows: lane 1, distilled water as a negative control; lane
2, cDNA from hepatocytes of mouse transfected with pcDNA3 as

a negative control; lane 3, RNA from hepatocytes of mouse

transfected with pcDNA3-mIL-33 as a negative control; lane 4,
cDNA from hepatocytes of mouse transfected with pcDNA3-mIL-
33; lane 5, pcDNA3-mIL-33 plasmid served as a positive

template. M1: 1500 bp DNA marker; M2: DL15,000++2000 bp

DNA marker.
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layer of granulosa cells. However, the infertile mice co-

immunized with chi-(pcD-Lzp3+pcD-mIL-33) showed aber-

rant development of ovarian follicles (Figure 8E1), where

secondary follicles and tertiary follicles were absent and the

number of primary follicles was reduced. The results suggest

that T cell responses induced by chi-(pcD-Lzp3+pcD-mIL-
33) co-immunization may cause an abnormal morphological

structure of the ovary that may be correlated with lower

fertility.

Discussion

In order to enhance the immunogenicity of DNA

vaccines, many materials, such as liposomes and

poly(DL-lactide-co-glycolic acid) microspheres, have been

tested for protecting the DNA from degradation (30,31). In

the present study, the chitosan-DNA nanoparticles dis-

played resistance against DNase I degradation (Figure 2).

This could result in that a greater amount of plasmid DNA

in the chitosan-DNA complex was not degraded, more

DNA would be used for transcription, leading to the

formation of a greater amount of antigenic protein and the

generation of a better immune response (32). Chitosan

Figure 4. Serum anti-LZP3 IgG of ICR mice

immunized intranasally with different chitosan-

DNA nanoparticles. Serum samples were col-

lected from mice (n=12/group) immunized with

different nanoparticles on days (d) 14, 28, 42, 56,

and 70 after the 1st immunization. A, Anti-LZP3
IgG levels of serum (diluted at 1:100) were

detected by ELISA on days 14, 28, 42, 56, and

70. +P,0.05, compared to the control groups

immunized with chitosan, chi-pcDNA3 and chi-

pcD-mIL-33; **P,0.01, chi-(pcD-Lzp3+pcD-

mIL-33) group compared to the chi-pcD-Lzp3
group and the control groups (one-way ANOVA).

B, Serum anti-LZP3 IgG levels (diluted from

1:100 to 1:4000) were assessed by ELISA on

day 42 after the 1st immunization. +P,0.05, chi-

pcD-Lzp3 group compared to the control groups;

**P,0.01, chi-(pcD-Lzp3+pcD-mIL-33) group

compared to the chi-pcD-Lzp3 group and the

control groups (one-way ANOVA).

Figure 5. Anti-LZP3 IgG levels in serum of fertile and infertile

mice. Anti-LZP3 IgG levels in serum of fertile and infertile mice

(n=8/group) were detected by ELISA on day 56 after the 1st

immunization. *P,0.01, IgG levels in infertile mice co-immunized

with chi-(pcD-Lzp3+pcD-mIL-33) compared to fertile mice (one-

sided Student t-test).
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also has an immune-stimulating activity, including recruit-

ment and activation of macrophages and polymorpho-

nuclear cells, and enhancing the cytotoxic T cell response

(33). Chitosan-DNA nanoparticles can induce mucosal

immunity and produce sIgA (33-35).

Cytokines have been used as mucosal adjuvants to

overcome the mucosal tolerance and promote IgA

secretion because of their pleiotropic functions (36).

Cytokines can enhance both mucosal and systemic

immunities. Intranasal co-immunization of mice with

IL-15-expressing DNA constructs with foot and mouth

disease virus DNA vaccine increased the levels of both

IgG and sIgA (36). IL-33 administration could induce

production of IgA and IgG by increasing the production of

Th2-associated cytokines, IL-5 and IL-13 (22), or activa-

tion of mast cells (37). Consistent with that, we also

observed that IL-33 enhanced not only the level of

systemic IgG but also mucosal sIgA in the vaginal tract

and intestine (Figures 4A, 6A and B). Interestingly, nasal

immunization at one local IgA inductive site always

induced specific immunity responses at distant mucosal

effector sites through the common mucosal immune

system (33); therefore, nasal immunization could produce

a strong genital-vaginal mucosal immune response and

mucosal IgA antibody (38). Our study showed that co-

immunization with chi-(pcD-Lzp3+pcD-mIL-33) in the

nasal cavity could also elicit IgA responses in the genital

tract and intestine through the common mucosal immune

system. All this evidence has demonstrated that intrana-

sal immunization is an effective method to generate

specific mucosal immune responses in the female

reproductive tract and that IL-33 is a good molecular

adjuvant for intranasal administration.

IgG Abs against ZP3 in the circulation are very

important to infertility, because the Abs can infiltrate

Figure 6. SIgA levels from vaginal washes and fecal samples of

ICR mice immunized intranasally with different chitosan-DNA

nanoparticles. Vaginal washes were collected from each immu-

nized mouse (n=12/group). Fecal samples were collected from

immunized mice (n=12/group). LZP3-specific sIgA (secretory

IgA) antibodies in vaginal washes (diluted at 1:4) on days (d) 28,

42, 56, and 70 (A) and fecal samples on days 28 and 42 (B) after
the 1st immunization were determined by ELISA. +P,0.05, IgA

levels in mice immunized with chi-pcD-Lzp3 compared to control

group mice immunized with chitosan, chi-pcDNA3 and chi-pcD-

mIL-33 (one-way ANOVA). *P,0.05, IgA levels in mice co-

immunized with chi-(pcD-Lzp3+pcD-mIL-33) compared to mice

immunized with chi-pcD-Lzp3 and the control groups (one-way

ANOVA).

Figure 7. T cell proliferation in spleens of ICR mice immunized

intranasally with different chitosan-DNA nanoparticles. Spleens

were isolated from the vaccinatedmice (n=3/group) on day 7 after

the last immunization. Single cell suspensions were prepared and

stimulated in vitrowith LZP3 protein, BSA and ConA, separately. T

cell proliferation was determined by the MTT colorimetric method.
+P,0.05, stimulation index of mice co-immunized with chi-(pcD-

Lzp3+pcD-mIL-33) compared to mice immunized with chitosan,

chi-pcDNA3, and chi-pcD-mIL-33 (one-way ANOVA).
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through ovarian follicles and bind to ZP to block sperm-

oocyte binding in vivo (11). In several studies, high titers of

ZP-specific total IgG Abs are associated with infertility in

mice immunized with the recombinant ZP3 protein or ZP3

peptides (12,18,39). Consistent with those studies, we also

demonstrated that the higher level of total IgG Abs was

correlated with infertility in mice in the group co-immunized

with chi-(pcD-Lzp3+pcD-mIL-33) (Figure 5). Furthermore,

chi-(pcD-Lzp3+pcD-mIL-33) co-immunization also induced

high levels of mucosal sIgA, which may be also correlated

with decreased fertility. Themean litter size and birth rate of

mice co-immunized with chi-(pcD-Lzp3+pcD-mIL-33)

were significantly reduced compared with control groups.

Anti-LZP3-specific Abs may lead to abnormal devel-

opment of ovaries. Calongos et al. (40) and Lloyd et al.

(16) found that anti-ZP Abs were detrimental to normal

folliculogenesis and oocyte development. Anti-ZP Abs

may give rise to follicle loss and premature ovarian

failure because they impair zona pellucida formation in

developing follicles and formation of gap junctions

between the oocyte and granulosa cells (16,40). Some

reports suggested that anti-ZP Abs may induce infertility

of immunized mice via two mechanisms, one disrupting

ZP formation and oocyte development and the other

blocking sperm-oocyte binding and oocyte fertilization.

The degree to which these two mechanisms each bear

responsibility for infertility may rely on the Ab titer and the

interval since the beginning of the response (16). Our

results showed that chi-(pcD-Lzp3+pcD-mIL-33) co-

immunization induced significantly higher levels of Abs

Table 1. Fertility of mice immunized intranasally with different chitosan-DNA vaccines.

Groups No. micea No. fertile Birth rateb

(%)
Total pups Mean litter sizec P

Chitosan 8 8 100 87 10.88 ± 0.990

chi-pcDNA3 8 8 100 88 11.00 ± 1.052

chi-pcD-Lzp3 8 7 87.5 74 9.25 ± 1.359

chi-(pcD-Lzp3+pcD-mIL-33) 8 5 62.5 54 6.750 ± 2.502 0.0463d

0.0437e

chi-pcD-mIL-33 8 8 100 94 11.75 ± 0.730 0.0190f

Data are reported as means±SE. aFemale ICR mice were immunized with chitosan or different chitosan-DNA vaccines at 2-week

intervals. Mice were mated on day 7 after the final immunization. bBirth rate was calculated by the fertile numbers divided by the

number of total mated females in each group. cMean litter size was calculated by the total number of pups of each group divided by the

number of total mated females in each group. dP,0.05, chi-(pcD-Lzp3+pcD-mIL-33) compared to chitosan. eP,0.05, chi-(pcD-

Lzp3+pcD-mIL-33) compared to chi-pcDNA3. fP,0.05, chi-pcD-mIL-33 compared to chi-(pcD-Lzp3+pcD-mIL-33). The one-sided

Student t-test was used for statistical analyses.

Figure 8. Histological examination of ovarian

sections of the ICR mice immunized intranasally

with different chitosan-DNA nanoparticles.

Ovaries were collected from fertile and infertile

mice (n=6/group) on day 49 after final immuni-

zation. Ovarian sections were stained with

hematoxylin and eosin and photographs (100X)

were taken under a microscope. Ovaries were

collected from naive mice (A) or mice immunized

with chitosan (B), chi-pcDNA3 (C), chi-pcD-Lzp3
(D), chi-(pcD-Lzp3+pcD-mIL-33) (E, E1) and

chi-pcD-mIL-33 (F). Black arrows indicate nor-

mal mature ovarian follicles; white arrows indi-

cate immature ovarian fol l ic les; white

arrowheads indicate tertiary follicles; black

arrowheads indicate atrophic follicles; CL: cor-

pora lutea; St: stroma.
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in infertile mice than in fertile mice, suggesting that the

infertility may be due to the Abs blocking sperm-oocyte

binding. We also observed abnormal development of

follicles in infertile mice co-immunized with chi-(pcD-

Lzp3+pcD-mIL-33), which may be correlated with the

high level of T cell proliferation, and the abnormal

development of follicles may also contribute to infertility.

Taken together, our results show that IL-33 is a good

molecular adjuvant to enhance systemic and mucosal

Ab responses and cellular responses induced by LZP3

DNA vaccine. Importantly, chi-(pcD-Lzp3+pcD-mIL-33)
co-immunization significantly increased infertility. We

provide a potential strategy to control the population of

wild animal pests.
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