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Summary

Neospora caninum is an Apicomplexa parasite that in the last two decades

was acknowledged as the main pathogenic agent responsible for economic

losses in the cattle industry. In the present study, the effectiveness of

intranasal immunization with N. caninum membrane antigens plus CpG

adjuvant was assessed in a murine model of intragastrically established

neosporosis. Immunized mice presented a lower parasitic burden in the

brain on infection with 5 3 107 tachyzoites, showing that significant pro-

tection was achieved by this immunization strategy. Intestinal IgA anti-

bodies raised by immunization markedly agglutinated live N. caninum

tachyzoites whereas previous opsonization with IgG antibodies purified

from immunized mice sera reduced parasite survival within macrophage

cells. Although an IgG1 : IgG2a ratio < 1 was detected in the immunized

mice before and after infection, indicative of a predominant T helper type

1 immune response, no increased production of interferon-c was detected

in the spleen or mesenteric lymph nodes of the immunized mice. Alto-

gether, these results show that mucosal immunization with N. caninum

membrane proteins plus CpG adjuvant protect against intragastrically

established neosporosis and indicate that parasite-specific mucosal

and circulating antibodies have a protective role against this parasitic

infection.

Keywords: antibody responses; CpG DNA; mucosal immunity; mucosal

vaccines; parasitology.

Introduction

Neospora caninum is an Apicomplexa parasite initially

described as the causative agent of neuromuscular disease

in dogs.1 Although canids have been identified as the

definitive hosts of N. caninum, this parasite can infect a

wide range of intermediate hosts including bovines.2

Infected cattle have increased incidence of abortion,

which, together with the high efficiency of vertical trans-

mission, makes neosporosis responsible for severe eco-

nomic losses.3 Therefore, effective control methods that

could prevent parasite spread are necessary. Lack of inter-

vention carries too great a risk and a test and cull

approach, despite its effectiveness, is too expensive. Coc-

cidiostatic treatment also appears to be an expensive

option that raises concerns regarding its use in animals

Abbreviations: BMDM, bone marrow-derived macrophages; CpG, oligodeoxynucleotides containing non methylated guanine-p-
citosine motifs; i.g., intragastric; IgA-CpG, IgA purified from the intestinal lavage fluids of mice from the CpG group; IgA-
NcMP/CpG, IgA purified from the intestinal lavage fluids of mice from the NcMP/CpG group; IgG-CpG, IgG purified from
the sera of mice from the CpG group; IgG-NcMP/CpG, IgG purified from the sera of mice from the NcMP/CpG group; i.n.,
intranasal; ILF, intestinal lavage fluids; LCCM, L-929 cell condition medium; mAb, monoclonal antibody; MOI, multiplicity of
infection; MLN, mesenteric lymph nodes; NcMP, Neospora caninum membrane proteins; NcS, Neospora caninum sonicates;
PE, phycoerythrin; PerCP-Cy5.5, peridinin-chlorophyll proteins-cychrome 5.5; qPCR, quantitative real-time PCR; RT, room
temperature; SD, standard deviation; SEM, standard error of the mean; VLF, vaginal lavage fluids
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for human consumption.4 Vaccination appears to be the

best approach to effectively control neosporosis.5 How-

ever, no commercial vaccine is currently available for

neosporosis, after the recent withdrawal of Bovilis� Neo-

guard, which nevertheless had limited efficacy.3 Therefore,

development of a novel vaccine that could prevent this

parasitic disease is a pressing necessity.

Attenuated N. caninum tachyzoites were successfully

used to immunize mice6–8 or cattle9 against neosporosis.

However, the use of attenuated strains is undesirable

because of their short shelf life and the possible regression

to a more virulent status.5 On the other hand, although it

was reported that immunization with whole parasite

lysates protected mice from N. caninum infection or

vertical transmission,10,11 other studies showed that

immunization using parasite lysates conferred little pro-

tection or even exacerbated the outcome of murine infec-

tion12–14 and failed to prevent vertical transmission in

cattle.15 Recombinant N. caninum proteins have also been

tested as potential vaccine candidates with promising

although variable efficacy.16–22 Nonetheless, and despite

the gastrointestinal mucosa being a natural infection

route for N. caninum, mucosal (intranasal; i.n.) immuni-

zation against neosporosis has been attempted in a lim-

ited number of studies that yielded encouraging

results.23–25 Despite the immunization route used therein,

the immune response in the mucosae or associated lym-

phoid tissue was not specifically addressed.

Here, our previously described model of N. caninum

infection established through the gastrointestinal tract26,27

was used to assess the protective effect of i.n. immuniza-

tion against neosporosis by using N. caninum membrane

proteins (NcMP) as target antigens. Our results show that

immunization with NcMP plus CpG adjuvant conferred

protection against the parasite infection. Moreover, by

showing an in vitro effector function of mucosal and cir-

culating antibodies, we provide evidence for a protective

role of the humoral immune response against neosporosis.

Materials and methods

Animals

Seven-week-old female C57BL/6 mice were purchased

from Charles River (Barcelona, Spain). Animals were kept

at the Instituto de Ciências Biom�edicas Abel Salazar

animal facility throughout the experimental proce-

dures. Interleukin-12 (IL-12)/IL-23 p40�/� C57BL/6 mice

7–11 weeks old, were purchased from Jackson Laborato-

ries (Bar Harbor, ME) and bred at the same facility. Pro-

cedures involving mice were performed according to the

European Convention for the Protection of Vertebrate

Animals used for Experimental and Other Scientific Pur-

poses (ETS 123) and 86/609/EEC Directive and

Portuguese rules (DL 129/92). Authorization for the

experiments was issued by the animal welfare section of

the competent national board, Direcc�~ao Geral de Veter-

in�aria (0420/000/000/2008).

Parasites

Neospora caninum tachyzoites (Nc1 isolate) were kept by

serial passages in VERO cell cultures, maintained in mini-

mal essential medium containing Earle’s salts (Sigma, St

Louis, MO), supplemented with 10% fetal calf serum

(PAA Laboratories, Pasching, Austria), L-glutamine

(2 mM), penicillin (200 IU/ml) and streptomycin (200 g/ml)

(all from Sigma), in a humidified atmosphere with 5%

CO2 at 37°. Tachyzoites were maintained until 80%

destruction of the host cell monolayer and were isolated

as previously described.26 Briefly, free parasites and

adherent cells were recovered using a cell scraper and

centrifuged at 1500 g for 15 min. The pellet was passed

through a 25-G needle and then washed three times in

PBS by centrifugation at 1500 g for 15 min. The resulting

pellet was resuspended and passed through a PD-10

desalting column, containing SephadexTM G-25M (GE

Healthcare, Freiburg, Germany). Tachyzoite concentration

was determined in a haemocytometer. In these experi-

ments the parasites used underwent fewer than 15 in vitro

passages from the original ATCC vial. The viability of

the used inocula was confirmed in IL-12/IL-23 p40�/�

mice that were earlier shown to be highly susceptible to

neosporosis.28

Preparation of whole tachyzoite lysates and cell-membrane
extracts

The NcMP were extracted by using a modification of a

previously described method.29,30 Briefly, free tachyzoites

were resuspended in PBS containing 0�75% Triton X-114

(Sigma), incubated for 10 min on ice and centrifuged at

10 000 g for 30 min at 4°. The supernatant was recovered

and placed in a water bath at 30° for 3 min. The proce-

dure was repeated and the supernatant was centrifuged at

1000 g for 3 min at room temperature. The aqueous

phase was discarded and the NcMP were precipitated

with the addition of absolute ethanol, vortexed vigorously

for 15 seconds and incubated for 1 hr on ice. The sam-

ples were centrifuged at 12 000 g for 20 min at 4° and

the resulting pellet was dried, resuspended in PBS and

stored at �20°. Whole N. caninum lysates were prepared

by disruption of tachyzoites following sonication (26

cycles of 15 seconds at 100 W) with a Branson cell dis-

rupter model W 185 D in an ice bath. The obtained

N. caninum sonicates (NcS) were sequentially passaged

through 0�45-µm and 0�2-lm pore-size filters and stored

at �20°. Quantification of NcMP or NcS was performed

using the Lowry protein assay. SDS–PAGE was performed

following each protein extraction to determine and
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confirm the protein migration profile. Briefly a discontin-

uous SDS–PAGE (4–10% acrylamide) was loaded with

10 lg NcMP or NcS, previously heated at 95° for 5 min,

and electrophoresis was carried out at a 25-mA constant

current. Protein migration profiles were visualized using

silver nitrate staining.

Electrophoretic analysis of NcMP

Neospora caninum tachyzoite membrane proteins were

prepared for their use as target antigens in mucosal

immunization. After extraction, prepared proteins were

analysed by SDS–PAGE under reducing conditions and

the protein migration profile was determined. As shown

in the Supplementary material, Fig. S1, the membrane

protein extraction displayed an enrichment of the pro-

teins with molecular weights of approximately 55 000,

35 000 and 29 000, as compared with the proteins

obtained in NcS preparations. Additionally, the extraction

protocol yielded proteins with estimated molecular

weights of 39 000 and 17 000 that were not visible in the

NcS gel lane.

Immunizations and tissue sample collection

Eight-week-old female mice were used in three indepen-

dent experiments with random distribution into four

groups per experiment. The immunizations and proce-

dures for collection of serum or vaginal or intestinal

lavage fluids (VLF and ILF, respectively) are schematically

described in the Supplementary material, Fig. S2. Mice

were immunized i.n. at day zero under light isoflurane

anaesthesia with 20 ll of PBS containing 30 lg NcMP

(NcMP group) or 30 lg NcMP plus 10 lg CpG 1826

VacciGrade (Invivogen, San Diego, CA) (NcMP/CpG

group). Sham-immunized control mice were treated with

PBS alone (PBS group) or with PBS containing 10 lg
CpG 1826 VacciGrade (CpG group). The immunization

procedure was repeated 3 weeks after the first immuniza-

tion. At 6 weeks, all mice were challenged intragastrically

(i.g.) with 5 9 107 freshly isolated N. caninum tachyzo-

ites as previously described.26 At 7 weeks, mice were

killed by cervical dislocation and spleens and mesenteric

lymph nodes (MLN) were aseptically removed for analysis

of the immune response, while the brains were collected

and stored at �20° for DNA extraction. One week after

the boost immunization and 1 week after infection,

serum was collected from all mice from the the subman-

dibular vein for detection of N. caninum-specific IgG. At

4 and 7 weeks after the first immunization, vaginal and

intestinal lavages were performed, respectively, for detec-

tion of N. caninum-specific IgA. The total number of

mice used in the three experiments was 14 in the PBS

and NcMP/CpG groups and 13 in the CpG and NcMP

groups. Mice similarly immunized with NcMP/CpG or

treated with CpG alone (n = 6 for both groups) were

kept for 4 months after the boost immunization and then

killed for analysis of intestinal IgA.

Antibody detection

Serum IgG1 and IgG2a antibodies specific for NcMP were

quantified by ELISA. Briefly 96-well plates (Maxisorp;

Nunc, Roskilde, Denmark) were coated overnight at 4°
with NcMP diluted in PBS at a concentration of 5 lg/ml.

All the wells were saturated with 2% BSA (Sigma) in TST

buffer (150 mM NaCl, 10 mM EDTA and 0�05% Tween

20, pH 8) for 1 hr at room temperature. Serum samples

were serially diluted in 1% BSA TST buffer and incubated

for 1 hr at room temperature, followed by washing and

addition of alkaline phosphatase-coupled goat anti-mouse

IgG1 or IgG2a monoclonal antibodies (mAb) (Southern

Biotechnology Associates, Birmingham, AL) and incuba-

tion for 1 hr at room temperature. After washing, the

specifically bound antibodies were detected by adding the

p-nitrophenyl phosphate (Sigma) substrate solution and

on development the reaction was stopped by the addition

of 0�1 M EDTA, pH 8 solution. The absorbance was mea-

sured at 405 nm, subtracting for each well the value of

the absorbance at 570 nm. The antibody titres were

expressed as the log10 value of the reciprocal highest dilu-

tion with an absorbance higher than the value of the con-

trol (no serum added). IgA antibodies specific for NcMP

were quantified by ELISA as described above, using alka-

line phosphatase-coupled goat anti-mouse anti-IgA mAb

(Southern Biotech).

Purification of serum IgG antibodies and mucosal IgA

Mouse serum samples and ILF collected on the day of

euthanasia were, respectively, used for IgG and IgA purifi-

cation. Pooled sera collected from mice of the NcMP/

CpG and CpG groups were used to purify IgG antibodies

by using a HiTrap Protein G HP purification column

(GE Healthcare), according to the manufacturer’s instruc-

tions. Recovered antibodies were buffer-exchanged against

sterile PBS to a final concentration of 4�5 mg/ml as deter-

mined by Lowry protein assay and stored at �20°. The
purified IgG fractions obtained from the sera of CpG or

NcMP/CpG groups were, respectively, designated as IgG-

CpG or IgG-NcMP/CpG. The NcMP-specific antibody ti-

tres of the IgG-CpG and IgG-NcMP/CpG preparations

were below the detection limit and 1�559 9 109, respec-

tively, as determined by ELISA.

To obtain IgA antibodies, pooled ILF were passed

through a 20-lm pore-size filter before being introduced in

a Protein L/Agarose (Invivogen) column. Antibody purifi-

cation was carried out according to the manufacturer’s

instructions. Recovered antibodies were buffer-exchanged

against sterile PBS, and stored at �20°. The purified IgA
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fractions obtained from the ILF of the CpG or NcMP/CpG

groups were, respectively, designated as IgA-CpG or IgA-

NcMP/CpG. The total IgA titres for the IgA-CpG and IgA-

NcMP/CpG preparations were 657 648 and 786 788,

respectively, and were normalized to 650 9 103 for further

use. The NcMP-specific IgA titres of the IgA-CpG and IgA-

NcMP/CpG preparations were below the detection limit

and 8995, respectively.

Antibody-binding and parasite-agglutination assays

To evaluate the ability of antibodies present in IgG-CpG,

IgA-CpG, IgG-NcMP/CpG or IgA-NcMP/CpG to bind

N. caninum, different dilutions of these preparations were

incubated with 1 9 106 tachyzoites, for 25 min on ice.

Detection of bound antibodies was made by using flow

cytometry, for which parasites were further incubated with

polyclonal anti-IgG antiserum, FITC-conjugated (Southern

Biotech), or with anti-IgA FITC-conjugated (BD Bio-

sciences Pharmingen, San Diego, CA) mAb (clone C10-3)

for 25 min on ice and then washed with PBS containing

1% BSA and 10 mM sodium azide. Parasite samples were

analysed in an EPICS XL flow cytometer using the

EXPO32ADC software (Beckman Coulter, Miami, FL).

The collected data files (100 000 events per sample) were

converted for analysis with the CELLQUEST software,

v3.2.1f1 by using FACS CONVERT, v1.0 (both from Becton

Dickinson, San Jose, CA). Agglutination assays were per-

formed by incubating 1 9 106 tachyzoites with either IgA-

CpG or IgA-NcMP/CpG or PBS alone for 1 hr at 4°. After
incubation, smears of each sample were prepared on

microscope slides that were fixed in cold methanol for

5 min. Samples were then stained with Hemacolor 2 and 3

(Merk, Darmstadt, Germany) according to the manufac-

turer’s instructions. Mounted slides were observed in a

light microscope and 20 micrographs at 200 9 and 400 9

magnification were taken (Leica Qwin plus v3.5.1 Soft-

ware, Leica Microsystems, Wetzlar, Germany) as a repre-

sentative display of each slide. The number and size of

parasite clusters were analysed using IMAGEJ software

(Version 1.47, National Institutes of Health, Bethesda, MD).

Intracytoplasmic staining

For intracellular cytokine detection by flow cytometry,

spleens and MLN were aseptically removed from the

killed infected mice, homogenized in Hanks’ balanced salt

solution (Sigma) and red blood cells were lysed. The

remaining cells were counted and plated in round-bottom

96-well plates (Nunc), at a concentration of 1 9

106 cells/ml in RPMI-1640 (Sigma) supplemented with

10% fetal calf serum (PAA Laboratories), HEPES

(10 mM), penicillin (200 IU/ml) and streptomycin (200 g/ml)

(all from Sigma), b-mercaptoethanol (0�1 mM) (Merk)

(RPMI-1640 complete medium). Cells were incubated in

a humidified atmosphere with 5% CO2 at 37° for 5 hr

under stimulation with 20 ng/ml PMA (Sigma), 200 ng/

ml ionomycin (Merk) and 10 ng/ml brefeldin A (Epicen-

tre Biotechologies, Madison, WI). Then, cells were recov-

ered and non-specific antibody binding was prevented by

the pre-incubation with anti-FccR mAb followed by incu-

bation with either anti-CD4 peridinin-chlorophyll pro-

tein-cychrome 5.5 (PerCP-Cy5.5) -conjugate (clone RM4-

5) or anti-CD8 PerCP-Cy5.5-conjugate (clone 53-6.7)

mAb (both from BD Biosciences). Following extracellular

staining the cells were washed, fixed in 2% formaldehyde,

washed again and permeabilized with 0�05% saponin

(Sigma)/PBS solution. Intracytoplasmic staining was car-

ried out with anti-interferon-c (IFN-c) FITC-conjugate

(clone XMG1.2), anti-IL-4 phycoerythrin-conjugate

(clone BVD4-1D11) and anti-IL-10 phycoerythrin-conju-

gate (clone JES5-16E3) (all from BD Biosciences) after

pre-incubation of the cells with anti-FccR mAb. Anti-

body-labelled cells were analysed in an EPICS XL flow cy-

tometer using the EXPO32ADC software (Beckman

Coulter). At least 150 000 events were acquired per sam-

ple. The collected data files were converted using FACS

CONVERT, v1.0 (Becton Dickinson) and analysed using CELL

QUEST software, v3.2.1f1 (Becton Dickinson).

In vitro cell cultures and cytokine detection

To assess in vitro cytokine production by NcMP-stimu-

lated spleen and MLN cells, 5�0-ml aliquots of cell suspen-

sions prepared as described above for intracytoplasmic

staining, by homogenizing these organs in Hanks’ bal-

anced salt solution (Sigma) followed by red blood cell

lysis, were layered onto 2�5 ml of a polysucrose-sodium

ditrizoate solution (Histopaque 1083�, Sigma) and centri-

fuged at 800 g for 20 min at room temperature. Mononu-

clear cells collected from the medium–Histopaque

interface were washed, suspended in RPMI-1640 complete

medium, plated (5�0 9 105/well) in round-bottom 96-well

plates, and stimulated with NcMP (100 lg/ml) for 5 days

at 37° and 5% CO2. Four animals from each group were

used and triplicate wells were set for cells cultured from

each animal. The concentrations of IFN-c and IL-4 in cell

culture supernatants were quantified with the Mouse IFN-

c DuoSet� ELISA development system (R&D Systems,

Minneapolis, MN) and the IL-4 ELISA Ready-Set-Go!�

(eBioscience, San Diego, CA) kits, respectively, both

according to the manufacturer’s instructions.

Macrophage cell cultures and parasite opsonization
survival

Murine bone marrow-derived macrophages were differen-

tiated from bone marrow precursors. The bone marrow-

derived macrophage cultures were generated in six-well

plates (Nunc) by culturing 5 9 106 cells in 5 ml
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RPMI-1640 complete medium supplemented with 10%

L-929 cell line conditioned medium and incubated at 37°
in a 5% CO2 humidified chamber. On day 4, the cell cul-

ture medium was renewed and 5 ml of fresh medium

supplemented with L-929 cell line conditioned medium

was added. Differentiated macrophages were harvested on

day 7 by gently scraping the wells. The cells were counted

and plated in 24-well plates at a concentration of

1 9 106 cells/ml.

Macrophages were then infected at a multiplicity of

infection of 1 : 1 with N. caninum tachyzoites incubated

with IgG-NcMP/CpG or IgG-CpG, as described above, at

different dilutions or with untreated parasites as control.

Cells were incubated for 6 hr at 37° in a 5% CO2 humid-

ified chamber.

DNA extraction

DNA from the brain of infected mice or from macrophag-

es infected with the parasite was extracted as previously

described.31 Briefly, brains were weighed and homoge-

nized. Both sample types were incubated overnight at 55°
in a solution containing 1% SDS and 1 mg/ml Proteinase

K (Sigma). DNA was extracted by the phenol–chloroform
(from Sigma and Merk, respectively) method followed by

ammonium acetate/ethanol precipitation.

Real-time PCR analysis

The parasite burden in the brain of infected mice and

macrophage cell cultures was assessed by a quantitative

real-time PCR (qPCR) analysis of the parasite DNA per-

formed in a Corbett rotor gene 6000 system (Corbett Life

Science, Sydney, NSW, Australia). Brain analysis was per-

formed using a Rotor-Gene probe PCR kit (Qiagen,

Hilden, Germany), for the amplification of a 103-bp

sequence of the Nc5 region of the N. caninum genome

using the primers NcA 5′-GCTACCAACTCCCTCGGTT-
3′ and NcS 5′-GTTGCTCTGCTGACGTGTCG-3′, both at

a final concentration of 0�2 lM, and the fluorescent probe

FAM-CCCGTTCACACACTATAGTCACAAACAAAA-BBQ

at a final concentration of 0�1 lM (all designed and

obtained from TIB-Molbiol, Berlin, Germany). The DNA

samples were amplified using the following programme:

95° for 3 min, 95° for 5 seconds, 60° for 20 seconds with

fluorescence acquisition. The second and third steps were

repeated 50 times. Length of the amplified DNA was con-

firmed in a 3% agarose gel stained with ethidium bro-

mide. Macrophage samples were analysed using Express

Sybr green ER qPCR supermix universal (Invitrogen), for

the amplification of a 337-bp sequence of the Nc5 region

of the N. caninum genome using the primers Np21plus

5′-CCCAGTGCGTCCAATCCTGTAAC-3′ and Np6plus

5′-CTCGCCAGTCAACCTACGTCTTCT-3′ (both from

TIB-Molbiol), both at a final concentration of 0�25 lM.

The DNA samples were amplified using the following

programme: 95° for 10 min, 95° for 30 seconds, 63° for

20 seconds, 72° for 45 seconds with fluorescence acquisi-

tion, the second, third and fourth steps were repeated 45

times. A melting curve was performed in each run to

access the PCR-amplified fragments: from 65° to 95°,
with increments of 1° for 5 seconds. In all runs, the para-

site burden was determined by interpolation of a standard

curve, ranging from 101 to 10�4 ng of DNA extracted

from N. caninum tachyzoites included in each run and

the data were analysed using the ROTOR GENE 6000 soft-

ware v1.7 (Corbett Life Science).

Statistical analysis

Statistical analyses were performed using GRAPHPAD soft-

ware (Version 5.0, GraphPad Software, Inc. La Jolla, CA).

In the scatter dot graphs the mean for each group was

displayed as a horizontal line. Column graphs are repre-

sented showing the mean plus one standard error of the

mean (SEM). Statistical analysis was performed using

one-way analysis of variance with Newman–Keuls post-

hoc analysis.

Results

Intestinal mucosa IgA produced on immunization
binds to and agglutinates N. caninum tachyzoites

Production of IgA is the hallmark of specific immune

responses at the mucosa.32 As IgA levels in the small

intestine are difficult to ascertain without invasive proce-

dures, NcMP-specific IgA titres were measured in VLF to

monitor the effectiveness of the mucosal immunization.

As shown in Fig. 1(a), higher titres of antigen-specific

IgA were detected in the VLF of mice from the NcMP/

CpG group than in the other groups at 7 days after the

boosting i.n. immunization. Accordingly, elevated levels

of NcMP-specific IgA were detected in ILF of the NcMP/

CpG immunized mice, as compared with the other

groups studied, 7 days after infection (Fig. 1b). Mice of

the NcMP group also presented higher antibody levels in

the VLF and ILF than control groups at both assessed

time-points, although lower than those of the NcMP/CpG

group, so highlighting the adjuvant effect of CpG. NcMP-

specific IgA levels in the ILF of non-infected NcMP/CpG-

immunized mice were sustained and were elevated

4 months after the boost immunization compared with

those of CpG-treated controls (2�62 � 0�31 mean log10
IgA titre � 1 SD versus below detection limit values,

respectively; n = 6/group). The ability of the raised IgA

antibodies to bind N. caninum tachyzoites was confirmed

using flow cytometry. As shown in Fig. 2(a), a significant

increase in the mean fluorescence intensity value due to

parasite-bound IgA was observed in tachyzoites incubated
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with IgA-NcMP/CpG compared with that of parasites

incubated with IgA-CpG, so confirming the specificity of

the antibodies raised by immunization. The agglutination

of pathogens is one recognized effector function of IgA in

the intestinal mucosa, so preventing their attachment to

host cells.33 To assess the agglutinating capacity of the

intestinal IgA produced on i.n. immunization, N. caninum

tachyzoites were incubated with IgA-NcMP/CpG and IgA-

CpG and the formation of parasitic agglutinates was

assessed by optical microscopy. On incubation, a higher

number of parasite clusters and a higher area per cluster

(Fig. 2b,c, respectively) were found when the tachyzoites

were incubated with IgA-NcMP/CpG than with IgA-CpG

or PBS alone. Parasites incubated with IgA-CpG or PBS

were mainly observed as single cells, whereas parasites trea-

ted with IgA-NcMP/CpG were mainly observed aggluti-

nated in large bodies (see Supplementary material, Fig. S3).

Together, these results show that mucosal parasite-aggluti-

nating IgA antibodies are produced on i.n. immunization

targeting NcMP.

Serum IgG antibodies elicited on immunization with
NcNP plus CpG bind to N. caninum and reduce
parasite survival in infected macrophages

To determine whether parasite-specific IgG antibodies

were also induced by the i.n. immunization, serum sam-

ples were analysed for the presence of NcMP-specific

antibodies of that isotype. As shown in Fig. 3, the major-

ity of the immunized mice presented high levels of anti-

gen-specific IgG antibodies, detected before and after the

i.g. parasitic challenge. All but one mouse treated i.n.

with CpG or PBS alone presented no detectable serum

IgG antibodies with this specificity by day 7 on the para-

sitic challenge. Analysis of the IgG isotype profile revealed

a mixed IgG1 and IgG2a response in the NcMP and

NcMP/CpG groups. However, disparate IgG1/IgG2a ratios

were detected in these groups. Whereas in the mice

immunized with NcMP alone, this ratio was > 1 before

and after infection, a ratio < 1 was observed for the

NcMP/CpG group (Fig. 3). As the IgG2a and IgG1 iso-

types were, respectively, associated with a T helper type 1

(Th1) and a Th2-type immune response,34 these results

indicate that a predominant Th1-type immune response

was induced in the NcMP/CpG group whereas a Th2-type

immune response was elicited by NcMP immunization in

the absence of adjuvant. To determine the ability of

serum IgG produced in the immunized mice to bind

N. caninum parasites, tachyzoites were incubated with

either IgG-NcMP/CpG or IgG-CpG and analysed by flow

cytometry. As shown in Fig. 4(a), IgG-NcMP/CpG anti-

bodies bound N. caninum tachyzoites more markedly

than those in the IgG-CpG preparation.

Neospora caninum is an obligate intracellular parasite

and consequently the capacity to infect new cells once

inside the host is essential for its survival. Therefore,

blocking the infection of new cells could be an important

factor for parasite control. To test the effects of the IgG

preparations in the capacity of N. caninum to survive in

the macrophage cell cultures, tachyzoites were incubated

with the IgG antibody preparations. The opsonized tach-

yzoites as well as non-opsonized counterparts were used

to challenge macrophage cell cultures for 6 hr, after

which the number of parasites therein was evaluated by

qPCR. As shown in Fig. 4(b), parasite opsonization with

IgG raised by immunization resulted in a dose-dependent
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Figure 1. Neospora caninum membrane proteins (NcMP)-specific

IgA titres detected by ELISA in vaginal and intestinal lavage fluids

(VLF and ILF, respectively). IgA titres were determined by ELISA in

(a) VLF collected 7 days after the second immunization from mice

immunized twice intranasally with NcMP with or without CpG

adjuvant (NcMP and NcMP/CpG, respectively) or sham-immunized

with PBS (PBS) or CpG adjuvant alone (CpG); (b) ILF collected

from the same groups 7 days after intragastric challenge with

5 9 107 N. caninum tachyzoites performed 3 weeks after the last

immunizing administration. Results correspond to pooled data of

three independent experiments (PBS n = 14; CpG n = 13; NcMP

n = 13; NcMP/CpG n = 14). Each dot represents an individual

mouse. Horizontal lines correspond to the mean value in each group

[*P < 0�05; *** P < 0�001; detection limit (DL) is indicated by a

horizontal line].
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reduction in the total number of parasites detected in the

cultures.

Protective effect of mucosal immunization against i.g.
established neosporosis

Neosporosis is thought to be horizontally transmitted by

oocyst ingestion in naturally infected hosts.35 Therefore, it

is conceivable that boosting the immune response in the

gastrointestinal mucosa by parasite-specific immunization

may increase host resistance against this parasitic disease.

To assess whether the immunization procedures used here

could be protective, we evaluated by using qPCR the par-

asitic burden in the brain of mice of the different groups,

7 days after i.g. administration of 5 9 107 N. caninum

tachyzoites performed 3 weeks after the last immuniza-

tion. As shown in Fig. 5, a significant reduction of the

mean parasitic DNA level in mice of the NcMP/CpG

group was detected, as compared with that in control

mice, which received CpG or PBS alone. Moreover, the

NcMP/CpG group showed the highest number of mice

with absent or below detection-limit parasitic DNA

(n = 4; n = 5 and n = 10 in the PBS, CpG and NcMP,

and NcMP/CpG groups, respectively). Interestingly, the
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Figure 2. (a) Flow cytometric analysis of anti-IgA-FITC monoclonal antibody (mAb) staining of Neospora caninum tachyzoites incubated with

intestinaI IgA antibodies collected from mice 7 days after intragastric infection with 5 9 107 N. caninum tachyzoites 3 weeks after the second of

two intranasal immunizations with N. caninum membrane proteins (NcMP) plus CpG adjuvant (IgA-NcMP/CpG) or similarly treated with CpG

alone (IgA-CpG), or with anti-IgA-FITC alone (Secondary Ab), or untreated (Nc). Histograms are a representative example from three indepen-

dent experiments with n = 3 for each condition. The mean fluorescence intensity (MFI) � one SD is indicated. Statistical significance of the

IgA-NcMP/CpG condition as compared with any of the other conditions is indicated (**P < 0�01). Parasite agglutination was assessed by Hema-

color staining of tachyzoites incubated with PBS (Nc) or IgA-CpG or IgA-NcMP/CpG fractions for 1 hr. Analysis of the number (b) and size (c)

of parasite clusters was made with pooled results of 20 micrographs taken from each condition at a 200 9 magnification. Parasite clustering was

considered for four or more parasites appearing bound together. Bars correspond to tachyzoites incubated in: PBS alone (Nc), IgA-CpG alone

(IgA-CpG) or with IgA-NcMP/CpG (IgA-NcMP/CpG), as indicated. Results are of one representative example out of three independent experi-

ments. Each bar represents the mean value for each group. Error bar = SEM (***P < 0�001).
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mouse within the NcMP/CpG group showing higher par-

asitic colonization was the only one presenting no detect-

able levels of IgA in either VLF or ILF, as shown in

Fig. 1. No significant differences were found among any

other groups, although the mean parasitic burden

detected in the NcMP/CpG group was greatly reduced

compared with that of the NcMP group. These results

together show that i.n. immunization with NcMP plus

CpG adjuvant confers protection against neosporosis

established by the gastrointestinal tract.

Cytokine production in the immunized mice

Host production of IFN-c is associated with resistance to

neosporosis whereas production of IL-4 and IL-10 are

associated with susceptibility to this infection.36 Therefore,

the frequency and numbers of cells producing these cyto-

kines were assessed in the spleen and MLN of immunized

mice and controls, 7 days after i.g. infection. Unexpect-

edly, no differences were observed among the different

analysed groups in the frequencies of splenic CD4+ T cells

producing any of these cytokines (Fig. 6a and see Supple-
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Figure 3. Titres of Neospora caninum membrane protein (NcMP)

-specific serum IgG1 (open circles) and IgG2a (closed circles) anti-

bodies determined by ELISA (a) 7 days after the second immuniza-

tion in mice immunized twice intranasally with NcMP with or

without CpG adjuvant (NcMP and NcMP/CpG, respectively) or

sham-immunized with PBS (PBS) or CpG adjuvant alone (CpG) or

(b) in the same groups, 7 days after an intragastric challenge with

5 9 107 N. caninum tachyzoites performed 3 weeks after the last

immunizing administration. Numbers above each group represent the

IgG1 : IgG2a ratio, calculated with the mean log10 titres for the corre-

spondent IgG isotype. Results correspond to pooled data of three

independent experiments (PBS n = 14; CpG n = 13; NcMP n = 13;

NcMP/CpG n = 14). Each dot represents an individual mouse. Hori-

zontal lines correspond to the mean value in each group (*P < 0�05;
***P < 0�001; detection limit (DL) is indicated by a horizontal line.
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Figure 4. (a) Flow cytometric analysis of anti-IgG-FITC polyclonal

antibody staining of Neospora caninum tachyzoites incubated with

serum IgG antibodies collected from mice 7 days after intragastric

infection with 5 9 107 N. caninum tachyzoites 3 weeks after being

immunized twice intranasally with N. caninum membrane proteins

(NcMP) plus CpG adjuvant (IgG-NcMP/CpG) or similarly treated

with CpG alone (IgG-CpG), or with anti-IgG-FITC alone (Secondary

Ab), or untreated (Nc). Histograms are a representative example

from one of three independent experiments (n = 3 for each condi-

tion). The mean fluorescence intensity (MFI) � one SD is indicated.

Statistical significance of the IgG-NcMP/CpG condition as compared

with any of the other conditions is indicated (***P < 0�001). (b)

Number of parasites, assessed by quantitative PCR in bone marrow-

derived macrophage cell cultures challenged at a multiplicity of

infection (MOI) of 1 : 1 for 6 hr with 1 9 106 tachyzoites previ-

ously incubated with IgG-CpG or IgG-NcMP/CpG at the indicated

dilutions, or untreated parasites (Nc). Results are of a representative

example out of three independent experiments. Each bar represents

the mean of three wells. Error bar = SEM (*P < 0�05).
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mentary material, Fig. S4). Similarly, no significant differ-

ences in the frequency of splenic IFN-c-producing CD8+

T cells were observed among groups (Fig. 6a). To deter-

mine whether, despite being present in similar frequencies

to those of controls, CD4+ IFN-c+ and CD8+ IFN-c+ T

cells of immunized mice could be producing higher

amounts of this cytokine, the mean fluorescence intensity

due to the IFN-c staining was assessed in these lympho-

cyte populations. Results shown in Fig. 6(a) indicate that

this is not the case, as mean fluorescence intensity values

detected among all assessed groups did not significantly

vary. Nevertheless, and surprisingly, lower numbers of

splenic CD4+ IFN-c+ cells were observed in the NcMP/

CpG group compared with the respective CpG control

group. Similarly, lower numbers of CD8+ IFN-c+ cells

were observed in the NcMP/CpG group, although not

reaching statistical significance (Fig. 6b). The NcMP/CpG

group also presented significantly lower numbers of total

CD4+ and CD8+ T cells, compared with the CpG and

NcMP groups (Fig. 6c). Similar analyses to all those per-

formed in the spleen were carried out in the MLN that

did not show any significant differences among the analy-

sed groups (data not shown). Moreover, no significant

differences among groups were observed in the levels of

IFN-c or of IL-4 detected in cell culture supernatants of

NcMP-stimulated splenocytes collected from the different

analysed mice, 7 days after infection (see Supplementary

material, Fig. S4). Cytokine levels in similarly stimulated

MLN cell cultures were consistently found near or below

detection limits (data not shown). Taken together, these

results indicate that in the NcMP/CpG group, the cellular

immune response elicited on parasitic challenge was com-

parable to that of non-immunized PBS-treated infected

mice and less noticeable than in the mice that received

CpG adjuvant or NcMP alone.

Discussion

We show here that mice i.n. immunized with membrane

proteins extracted from N. caninum tachyzoites plus CpG

adjuvant presented a lower parasitic burden in the brain

when infected i.g. with N. caninum tachyzoites than con-

trols receiving CpG or PBS alone. These results are in

agreement with previous reports showing a host protective

effect of i.n. immunization with N. caninum antigens in

mice intraperitoneally challenged with this parasite.23–25

Yet, our data extend the protective effect of i.n.

immunization to N. caninum infection established

through the gastrointestinal tract, a route more closely

resembling the one naturally used for parasite penetrance

into the host in horizontally transmitted neosporosis.35 A

higher number of mice without detectable parasite DNA

was observed in the NcMP/CpG group than in the other

studied groups. This might indicate that the immunization

procedure used here could completely prevent parasite

colonization in some of the infected mice. Nevertheless,

further experiments will be necessary to more rigorously

determine to what extent this may have happened as some

of the mice that received CpG or PBS alone also presented

parasite DNA below the detection limit.

CpG adjuvant typically promotes a Th1-type immune

response.37 Therefore, as could be expected, the immuniza-

tion procedure assessed here induced a predominant pro-

duction of antigen-specific antibodies of the IgG2a isotype,

which is associated with a Th1-type immune response.34

Nevertheless, the production of IgG1 antibodies was also

raised by the i.n. immunization. As previously remarked, a

balanced Th1/Th2 response might be more adequate in the

course of neosporosis by conferring protection against the

parasite, nonetheless avoiding fetal rejection.25 Immuniza-

tion with NcMP alone also induced the production of anti-

gen-specific IgG. However, and in contrast with NcMP plus

CpG immunization, this response was mainly characterized

by the production of IgG1, indicative of a predominant

Th2-type response. These results may indicate that N. cani-

num structural antigens promote a Th2-type polarization of

the immune response, associated with host susceptibility to

neosporosis38 that could be overcome by the usage of CpG

adjuvant. A similar effect of CpG was previously observed

in mice subcutaneously immunized with N. caninum lysates

or soluble antigen preparations.11 Our results also reinforce

the adequateness of using CpG adjuvant to achieve immu-

noprotection against N. caninum infection, as described by

others using alternative immunization strategies.11,39
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Figure 6. Frequency (a) and total numbers (b) of splenic interferon-c-positive (IFN-c+) CD8+ and CD4+ T cells, or of (c) total splenic CD8+

and CD4+ T cells, detected 7 days after intragastric challenge with 5 9 107 Neospora caninum tachyzoites in mice previously immunized with

N. caninum membrane proteins (NcMP) with or without CpG adjuvant (NcMP and NcMP/CpG, respectively) or sham-immunized with PBS

(PBS) or CpG adjuvant alone (CpG). The mean fluorescence intensity (MFI) � one SEM due to IFN-c staining is indicated for each group in

(a). Results correspond to pooled data of two independent experiments. PBS, CpG and NcMP n = 8; NcMP/CpG n = 9. Each bar represents the

mean value for each group. Error bar = SEM (*P < 0�05; ** P < 0�01).
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Despite the fact that the serum IgG isotype profile

might indicate that a Th1-type immune response was elic-

ited in the NcMP/CpG group, no significant differences in

the frequencies of splenic or MLN T cells producing IFN-

c, IL-10 and IL-4 could be detected among the studied

groups. As the majority of mice from the NcMP/CpG

group presented no detectable parasitic colonization in the

absence of a significant increase in IFN-c production the

achieved protection could be, at least partially, indepen-

dent of a strong Th1 response. Vaccine-induced protec-

tion in the absence of a Th1-type response was previously

reported in mice infected by the protozoan Leishmania

amazonensis.40 As the parasite-specific IgA obtained from

the intestinal lumen of immunized mice was shown to

agglutinate N. caninum parasites, it might be hypothesized

that the lack of a noticeable Th1-type cytokine bias in the

NcMP/CpG group could result from the impairment of

host invasion across the intestinal mucosa and consequent

antigenic stimulation. Supporting this hypothesis, the only

animal in that group that did not present detectable levels

of IgA in both analysed mucosa was the one showing

higher parasite DNA levels. In this scenario, although a

cell mediated immune response, polarized to a Th1-type

response, might be generated by the immunization, its full

activation upon infection in the immunized mice could

have been prevented by lack of antigenic stimulation in

the NcMP/CpG group. The lack of an exacerbated cellular

immune response in the spleen and MLN of the NcMP/

CpG group further supports this hypothesis. As a strong

production of IFN-c in dams has previously been shown

to compromise fetus viability,41 it might be worth assess-

ing the immunizing protocol attempted here in pregnant

mice infected with N. caninum as we observed that pro-

tection could be attained without a marked Th1 response.

As N. caninum is an obligate intracellular pathogen a

cell-mediated rather than a humoral immune response

could be expected to be protective. Nevertheless, previous

studies have reported a host protective role of intestinal

IgA in cats42 and mice43 infected with the closely related

protozoan Toxoplasma gondii, in agreement with the evi-

dence presented here indicating that such a protective role

may also be played by IgA in the course of N. caninum

infection. Interestingly, non-infected mice immunized with

NcMP plus CpG still presented antigen-specific intestinal

IgA antibodies by 4 months after the last i.n. antigenic

administration. Although preliminary, these results might

indicate that this immunization procedure can induce a

long-term IgA response in the gut, this would be worth

assessing in more detail. Moreover, as we also show, IgG

antibodies obtained from immunized mice can opsonize

N. caninum tachyzoites and reduce parasite survival in

murine macrophages challenged with this parasitic form,

indicating that antibodies specific for N. caninum might

contribute to host protection against this parasite. These

results are in agreement with previous reports demonstrat-

ing that antibodies specific for different membrane pro-

teins of N. caninum are capable of interfering with, and

may even block, the parasite entry into host cells.44–46

However, such a protective role needs to be confirmed in

further experiments, namely as the effect of IgG opsoniza-

tion on leucocyte killing of tachyzoites of the closely related

protozoan T. gondii remains controversial with previous

studies showing either enhanced killing47 or no effect in

this regard.48

Only a limited number of reports specifically studied

the mucosal immune response to this parasite26,27 and to

the best of our knowledge no study had previously

addressed the immune response in the intestinal mucosa

and associated lymphoid tissue of mice immunized with

N. caninum antigens. The widespread usage of intraperito-

neal inoculation in experimental studies on neosporosis

probably contributed to the overlooking of the mucosal

layer of immune defence against this parasitosis. By show-

ing that intestinal lumen antibodies induced by mucosal

immunization can agglutinate N. caninum tachyzoites we

provide the first evidence indicating that stimulating anti-

body production in the gut by means of mucosal immuni-

zation may be worth attempting as a protective strategy

against horizontally transmitted neosporosis.
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