
Characterization of the B-cell immune response elicited in BALB/c
mice challenged with Neospora caninum tachyzoites

Introduction

Neospora caninum is a cyst-forming coccidian parasite

first identified as the causative agent of a fatal disease in

dogs.1 Further reports showed that clinical N. caninum

infection was also detected naturally in cattle, horse,

sheep, goat, deer and rhinoceros2,3 and experimentally

induced in animal models.4–7 In cattle, N. caninum is

now known to be responsible for abortion or stillbirths

worldwide2 with a major economic impact on the dairy

industry.8

The murine model of N. caninum infection has been

extensively used for the study of immune responses elici-

ted in the host by this parasite.9–17 These studies have

shown that both innate and acquired immune responses

mediate resistance to neosporosis.5,10,12,14–17 In particular,

T cells have been demonstrated to play a major role in the

murine host response against N. caninum.17 There is now

ample evidence that in the murine model a T helper 1

(Th1)-type immune response involving interferon-c
(IFN-c) and interleukin-12 (IL-12) mediates protection to

acute N. caninum infection9,11,13–16 whereas a Th2-type

Luzia Teixeira,1 Andreia Marques,1

Carla Sofia Meireles,2 Ana Rita

Seabra,1 Diana Rodrigues,1 Pedro

Madureira,1 Augusto M. R.

Faustino,1 Carolina Silva,1 Adı́lia

Ribeiro,1 Paula Ferreira,1,3 José
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Summary

Activation of B cells occurring in hosts infected with protozoan parasites

has been implicated either in protective or parasite-evasion immune-medi-

ated mechanisms. Intraperitoneal inoculation of Neospora caninum tachy-

zoites into BALB/c mice induces an acute response characterized by a

rapid increase in the numbers of CD69-expressing peritoneal and splenic

B cells. This early B-cell stimulatory effect preceded an increase in the

numbers of total and immunoglobulin-secreting splenic B cells and a rise

in serum levels of N. caninum-specific immunoglobulins, predominantly

of the immunoglobulin G2a (IgG2a) and IgM isotypes. Increased numbers

of B cells expressing the costimulatory molecules CD80 and CD86 were

also observed in the N. caninum-infected mice. The B-cell stimulatory

effect observed in mice challenged with N. caninum tachyzoites was

reduced in mice challenged with c-irradiated parasites. Contrasting with

the peripheral B-cell expansion, a depletion of B-lineage cells was

observed in the bone-marrow of the N. caninum-infected mice. Intrader-

mal immunization of BALB/c mice with diverse N. caninum antigenic

preparations although inducing the production of parasite-specific anti-

bodies nevertheless impaired interferon-c (IFN-c) mRNA expression and

caused lethal susceptibility to infection in mice inoculated with a non-

lethal parasitic inoculum. This increased susceptibility to N. caninum was

not observed in naı̈ve mice passively transferred with anti-N. caninum

antibodies. Taken together, these results show that N. caninum induces in

BALB/c mice a parasite-specific, non-polyclonal, B-cell response, reinforce

previous observations made by others showing that immunization with

N. caninum whole structural antigens increases susceptibility to murine

neosporosis and further stress the role of IFN-c in the host protective

immune mechanisms against this parasite.
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immune response is correlated with increased susceptibil-

ity.12–14 Additionally, parasite-specific CD4+ cytotoxic

T cells were reported to be involved in the bovine host

immune response against this parasite.18

Comparatively to the T-cell mediated immune response,

the B-cell response elicited in the course of murine

N. caninum infection has been less characterized. A host

protective role of this lymphocyte population has been,

however, described in a murine model of neosporosis10 and

production of N. caninum-specific antibodies in mice infec-

ted with this parasite has been extensively reported.9,12,19

In addition, B cells and/or antibodies have also been impli-

cated in the murine host resistance to infection with the

related apicomplexan parasite Toxoplasma gondii.20,21 On

the other hand B cells, and polyclonal B-lymphocyte stimu-

lation in particular, have also been shown to mediate

immune mechanisms of parasite evasion.22 In the present

report we therefore aimed at better characterizing the B-cell

immune response elicited in the murine BALB/c mice

model of N. caninum infection and, in particular, to

investigate whether a polyclonal immune response is

induced by this parasite in the murine host.

Materials and methods

Mice

Male BALB/c mice (6–8 weeks old) were purchased from

the Gulbenkian Institute of Science (Oeiras, Portugal).

Animals were kept at the animal facilities of the Institute

Abel Salazar during the time of the experiments. All pro-

cedures involving mice were performed according to the

European Convention for the Protection of Vertebrate

Animals used for Experimenttal and Other Scientific Pur-

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

guese rules (DL 129/92).

Neospora caninum

Neospora caninum tachyzoites (NC-1 isolate) were cul-

tured and serially passaged in VERO cells maintained at

37� in minimum essential medium (MEM) supplemented

with 10% fetal calf serum, Earle’s salts, L-glutamine, peni-

cillin (100 IU/ml) and streptomycin (50 lg/ml) (all from

Sigma, St Louis, MO) in a humidified atmosphere of 5%

CO2 in air. To obtain the free parasitic forms N. cani-

num-infected VERO cells were cultured until the host cell

monolayer was completely destroyed and culture super-

natants were collected. Cell debris were removed by three

serial centrifugations at 100 g for 10 min in phosphate-

buffered saline (PBS) and the supernatants thus obtained

were then passed through a PD-10 column (Amersham

Biosciences Europe GmbH, Freiburg, Germany) to

improve the tachyzoite purification. The filtered tachyzo-

ite suspensions were then washed in PBS and the concen-

tration of parasites determined with a hemocytometer

using trypan blue to exclude dead cells.

Challenge infections

N. caninum infections were performed by intraperitoneal

(i.p.) inoculation of 0�5 ml PBS containing 5 · 105 or

5 · 106 tachyzoites. Alternatively, mice were similarly

inoculated with 0�5 ml of PBS (control) or with 0�5 ml

PBS containing 5 · 105 tachyzoites c-irradiated with

200 Gy in a Gammacell1000Elite irradiator (Nordion

International, Inc., Ottawa, Canada).

Pathologic examination and immunohistochemistry

The brains of N. caninum-infected mice and controls

were collected and fixed in 10% formalin and four sagittal

sections with 3 mm gap of each brain were obtained.

These were dehydrated, embedded in paraffin wax and

four serial sections were cut from each block. One section

was stained with haematoxylin–eosin and the others were

used for immunohistochemistry, performed according to

the modified avidin–biotin–peroxidase complex (ABC)

method.23 Briefly, sections were dewaxed, rehydrated and

immersed in 10% target retrieval solution (Dako, Carpen-

teria, CA) and incubated in a water bath at 100� for

20 min. Endogenous peroxidase activity was blocked by

treatment with 0�3% hydrogen peroxide in methanol

(Merck, Darmstadt, Germany) for 10 min. Sections were

then incubated in a moist chamber for 20 min with nor-

mal pig serum (Dako, Glostrup, Denmark) diluted 1 : 5

in 10% bovine serum albumin (Sigma), to eliminate non-

specific staining. Excess serum was removed and the

sections were incubated overnight at 4�, with an anti-

N. caninum rabbit antiserum24 diluted 1 : 5000. Subse-

quently, slides were incubated for 30 min with a 1 : 200

dilution of biotin-labelled anti-rabbit secondary antibody

(Dako) and then with the avidin-biotin-peroxidase com-

plex (Dako), for further 30 min. The colour was devel-

oped by incubation with diaminobenzidine (Dako) for

7 min. After counterstaining tissue sections with haema-

toxylin, slides were mounted in Entellan (Merck). A pos-

itive reaction was indicated by the presence of brown

cytoplasmic staining and formalin-fixed N. caninum tach-

yzoites (NcT) were used as positive controls.

Preparation of micro-organism sonicates

N. caninum tachyzoites obtained from in vitro cultures as

described above were disrupted by freeze-thawing twice

followed by sonication (10 cycles of 30 s at 100 W) with

a Branson cell disrupter, model W 185 D, on ice. The

N. caninum sonicates (NcS) were successively filtered

through 0�45 and 0�2 lm pore-size filters (Schleicher &

Schuell) and stored in small aliquots at )80�. Sonicates of
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Candida albicans yeast or Streptoccus agalactiae cells were

similarly prepared.

In vitro mononuclear cell cultures

Spleen cells were obtained by gently teasing the organ in

RPMI-1640 medium (Sigma) supplemented with penicillin

(100 IU/ml), streptomycin (50 lg/ml), 2-mercaptoethanol

(0�05 m) and 10% of fetal bovine serum (all from Sigma)

(RPMI). Cell suspensions were layered onto 2�5 ml of a

polysucrose/sodium ditrizoate solution (histopaque-1083,

Sigma) and centrifuged at 650 g for 20 min at room tem-

perature. Cells collected from the medium/histopaque

interface, were washed with RPMI, distributed in 96-well

plates (5 · 105 cells/well) and cultured for 6 h at 37� in a

humidified atmosphere containing 5% CO2 in air. Plated

cells were stimulated with medium alone or with 2�5 lg of

LPS (as positive control) or with serial 10-fold amounts

(102 to 105) of NcT per ml of culture medium.

Flow cytometric analysis

For cytometric analysis spleen, peritoneal exudate or bone

marrow cells from BALB/c mice, the latter collected by

flushing the femoral shaft with 5 ml of balanced salt solu-

tion (BSS) using a syringe fitted with a 25G needle, were

resuspended in BSS, supplemented with 10 mm of sodium

azide and 1% BSA. The following monoclonal antibodies

were used on previously titrated dilutions for immunofluo-

rescence cytometric analysis in a FACScan (Becton Dickin-

son, San Jose, CA) with the CellQuest software (Becton

Dickinson): goat anti-mouse IgM fluoroscein isothiocya-

nate (FITC) conjugate (Southern Biotechnology Associates,

Birmingham, AL); hamster anti-mouse CD3 FITC conju-

gate (Southern Biotechnology Associates); rat anti-mouse

B220 phycoerythrin (PE) conjugate (PharMingen, San

Diego, CA); hamster anti-mouse CD80 FITC conju-

gate (PharMingen) rat anti-mouse CD86 FITC conjugate

(PharMingen); hamster anti-mouse CD69 PE conjugate

(PharMingen) and rat anti-mouse major histocompatibility

complex (MHC) Class II biotin-conjugate (Southern Bio-

technology Associates) revealed with Cy-Chrome-conju-

gated streptavidin (PharMingen). Peanut-agglutinin (PNA)

FITC-conjugate (Sigma) was used for the detection of

germinal centre spleen cells. A number of 5 · 105 mono-

nuclear cells were stained per sample. Dead cells were

excluded by propidium iodide incorporation. For the

detection of apoptotic cells the TACSTM Annexin V–FITC

apoptosis detection kit (R & D systems, Minneapolis, MN)

was used according to manufacturer’s instructions.

Immunizations

Different groups of mice were injected intradermally (i.d.)

twice at 3-week intervals, with 100 ll of the following

preparations: 10 lg of NcS in a 1 : 1 PBS/alum (alumin-

ium hydroxide Gel, Brenntag, Frederikssund, Denmark, a

kind gift of Dr Erik Lindblad, Biosector, Frederikssund,

Denmark); 10 lg of NcS in a 1 : 1 PBS/Freund’s adjuvant

(Sigma), complete in the first and incomplete in the sec-

ond immunizations; 5 · 105 c-irradiated N. caninum

tachyzoites in PBS. Control animals received 100 ll of a
1 : 1 PBS/alum suspension, a 1 : 1 PBS Freund’s adjuvant

suspension or PBS, respectively. Passive immunization

was performed by i.p. administration of 800 lg of immuno-

globulin G (IgG) antibodies purified from pooled sera of

mice NcS-immunized as described above or 800 lg of

IgG purified from pooled sera of sham-immunized mice,

both prepared as described below, 6 hr prior to parasite

i.p. challenge. Survival of the NcT-inoculated animals was

monitored daily.

Antibody detection

Total antibodies or specific for NcS, Candida albicans

extracellular proteins (CaEP), C. albicans sonicates (CaS),

Streptococcus agalactiae extracellular proteins (SaEP) or

Streptococcus agalactiae sonicates (SaS) antibodies in mice

sera, collected by retro-orbital bleeding, were quantified

by ELISA. Briefly, polystyrene microtitre plates (Nunc,

Roskilde, Denmark) were coated with 5 lg/ml of goat

anti-mouse immunoglobulin (Southern Biotechnology

Associates) or with 10 lg/ml of NcS, CaEP, CaS, SaEP or

SaS and incubated overnight at 4�. Wells were then satur-

ated with 1% BSA in PBS for 1 hr at room temperature.

Serial dilutions of the serum samples were then plated

and incubated for 2 hr at room temperature. After wash-

ing, bound antibodies were detected by addition of

alkaline phosphatase-coupled monoclonal goat anti-

mouse-IgG isotypes (IgG1, IgG2a, IgG2b, IgG3) or goat

anti-mouse–IgM antibody (all from Southern Biotech-

nology Associates) for 30 min at room temperature.

Substrate solution containing p-nitrophenyl phosphate

(Sigma) was then added after washing and the reaction

was stopped by addition of 0�1 m ethylenediaminetetra-

acetic acid (EDTA) pH 8�0. The absorbance was measured

at 405 nm. The enzyme-linked immunosorbent assay

(ELISA) antibody titres were expressed as the reciprocal

of the highest dilution giving an absorbance of 0�1 above

that of the control (no serum added).

Purification of serum IgG antibodies

Sera of mice immunized i.d. with NcS plus adjuvant or

sham-immunized with adjuvant alone, twice at a 3-week

interval, as described above, were collected and pooled

20 days after the second i.d. inoculation with any of the

two preparations. Purification of IgG antibodies from

these sera was then performed as follows: pooled serum

samples were equilibrated in binding buffer (20 mm

40 � 2005 Blackwell Publishing Ltd, Immunology, 116, 38–52
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sodium phosphate, pH 7�0) by overnight dialysis and

3 ml of these preparations were applied to a PROTEIN G

HP affinity column (HiTrap, Amersham Biosciences UK

Limited, Little Chalfont, UK) for each separation. Bound

antibodies were eluted with glycine-HCl buffer, pH 2�7
and recovered in 50 ll of 1 m Tris-HCl pH 9�0 per ml of

eluent, according to the manufacturer’s instructions.

Recovered IgG antibody fractions were further equili-

brated in PBS in a VIVAPORE concentrator with a

7�5 000 MW cutoff membrane (Vivascience, Hanover,

Germany) and stored at )80� in frozen aliquots. The

purified IgG antibody fractions obtained from sera of

PBS/alum or PBS/alum/NcS inoculated mice were desig-

nated IgG-alum and IgG-alumNcS, respectively.

ELISA-spot assays

The numbers of splenic immunoglobulin-producing cells

were assessed by an ELISA-spot assay as described else-

where.25 Briefly, polystyrene microtitre plates (Nunc)

were coated overnight at 4� with 10 lg/ml of goat anti-

mouse immunoglobulin (Southern Biotechnology Associ-

ates) or with 20 lg/ml of NcS prepared as described

above. The wells were then saturated for 30 min with 2%

bovine serum albumin in PBS at 37�. Appropriate serial

suspensions of spleen cells in RPMI-1640 (Sigma) supple-

mented with 3% calf serum (Gibco Biocult, Irvine, UK)

were incubated in the plates for 6 hr at 37� in a humid-

ified atmosphere of 5% CO2 in air. The plates were then

rinsed with 0�075% Tween-20 in water (Sigma) and

washed four times with PBS containing 0�075% Tween-

20. Antigen-specific or total antibody-secreting cells were

revealed by the addition of alkaline phosphatase-coupled

monoclonal goat anti-mouse–IgG isotypes (IgG1, IgG2a,

IgG2b, IgG3) or goat anti-mouse-IgM antibodies (all

from Southern Biotechnology Associates) overnight at 4�.
After washing, 5-bromo 4-chloro 3-indolyl phosphate

(Sigma) in 2-amino 2-methyl 1-propanol (Sigma) buffer

was used as substrate for 2 hr at 37�. After washing four

times with distilled water, the number of spots was quan-

tified in triplicate wells with a dissecting microscope.

RNA isolation and quantitative reverse transcription–
polymerase chain reaction (RT–PCR) analysis

Total RNA was extracted from 1 · 106 spleen mononu-

clear cells of BALB/c mice of the different experimental

groups using TriPureTM Isolation Reagent (Roche Diag-

nostics, Indianapolis, IN) according to the manufacturer’s

instructions. All RNA samples were recovered in 50 ll of
nuclease-free H2O and spectrophotometrically analysed

for quantity and quality. Synthesis of cDNA was then per-

formed from 200 lg of total RNA prepared as described

above in a 20 ll final volume using 200 U of Super-

scriptTM RNAse H Reverse Transcriptase (Invitrogen, Car-

lsbad, CA) according to manufacturer’s instructions. The

PCR programme run (42�, 60 min; 70�, 15 min; 4� infin-

ite) was performed in a Bio-Rad iCycler Thermal Cycler

(Bio-Rad, Hercules, CA). Real time PCR was then used

for the quantification of hypoxanthine phosphonibosyl

transferase (HRPT) or cytokine mRNA expression levels

with the LightCycler FastStart DNA Master Hybridization

Probes kit (Roche) in a LightCycler device (Roche). For

the quantification of HPRT expression levels, the reaction

was performed in a final volume of 10 ll containing

5�0 mm MgCl2, 1�0 lm of each primer (sense: 50-GCT

GGT GAA AAG GAC CTC T, antisense: 50-CAC AGG

ACT AGA ACA CCT GC), 0�2 lm of each probe (30-fluo-

rescein-labelled [FL] 50-AAA GCC TAA GAT GAG CGC

AAG TTG A – FL, 50-LC-red 640-labelled [LC] 50-TCT

GCA AAT ACG AGG AGT CCT GTT G – PH) and

1 · Master Mix plus 1 ll of the synthesized cDNA. The

PCR programme run was as follows: (1) denaturation at

95�, 10 min; (2) amplification in 40 cycles 95�, 10 s; 60�,
10 s; 72�, 11 s; (3) cooling 40�, 2 min. The temperature

transition rate was 20�/s in all steps. Quantification of

IFN-c expression levels was similarly performed with spe-

cific primers (sense: 50-TGG CAA AAG GAT GGT GAC

ATG, antisense: 30-GAC TCC TTT TCC GCT TCC TGA)

(TibMol, Berlin, Germany), and probes (FL TGC CAA

GTT TGA GGT CAA CAA CCC ACA – FL; LC TCC

AGC GCC AAG CAT TCA ATG AGC – PH) (TibMol) in

MgCl2 4�0 mm and an annealing temperature of 52�, and
extension at 72�, 12 s. At the end of each annealing phase

fluorescence was measured in a ‘single’ acquisition mode

with the channel setting F2/F1. Quantitative evaluation of

fluorescence signals from the PCR products was per-

formed with the LightCycler software (version 3.5) and

was determined by plotting the fluorescence signals versus

the cycle numbers at which the signals crossed the base-

line. The baseline adjustment was performed in ‘minimize

error’ mode. Samples containing 108)102 cDNA mole-

cules of the respective gene were included as external

standards. The correlation coefficient among the standard

reactions assured linearity.

IFN-c serum measurements

Serum IFN-c titres in NcT-inoculated mice and controls

were quantified with the Quantikine� M Murine IFN-c
ELISA kit (R & D Systems) according to manufacturer’s

instructions.

Statistical analysis

Unless otherwise indicated, the level of significance of the

results obtained in parasite-inoculated mice versus respect-

ive control groups was determined using analysis of vari-

ance (anova) single factor, calculated with Microsoft

Excel 2000 software. On results described in Fig. 8 the
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Kaplan–Meier method was used to estimate survival time

and the median survival was calculated and respective

95% CI. For comparing distribution of survival in experi-

mental and control groups the log rank test was used.

Results

Expression of CD69 on the surface of B cells induced
in vivo and in vitro by N. caninum

Polyclonal B-cell activation is a common feauture of several

parasitic infections that has been considered as a mechan-

ism of immune evasion.26 In order to determine the ability

of NcT to induce the stimulation of B cells, the expression

of the early activation marker CD69 on the surface of IgM+

splenocytes upon in vitro or in vivo stimulation with this

parasite was quantified by flow cytometric analysis. Stimu-

lation of splenocytes in vitro with different numbers of NcT

induced an increased expression of the early activation

marker CD69 on a sizeable population of B lymphocytes in

a dose-dependent manner (Fig. 1a). Similarly, BALB/c mice

that received 5 · 105 parasites i.p. showed increased num-

bers of peritoneal and splenic CD69-expressing B cells

when compared to control animals, observed 14 hr after

the parasitic challenge (Figs 1b,c). The stimulatory effect

of NcT was however, less marked than the one obtained

in vitro or in vivo with the B-cell polyclonal activator lipo-

loysaccharide (LPS), used as a positive control (Fig. 1).

These results indicate that NcT have a B-cell stimulatory

effect, already noticeable at very early stages of infection.

B-cell population kinetics in the spleen of
N. caninum-challenged mice

Because NcT induced in vivo an early stimulation of splenic

B cells we determined to what extent this early stimulatory

effect induced a later expansion of this lymphocyte popula-

tion at different time-points of infection. As shown in

Fig. 2 there was an increase in the numbers of B cells in the

spleen of mice infected i.p. with N. caninum as compared

to PBS-inoculated controls. This increase was statistically

significant for CD5– B cells already at day 4 after the parasi-

tic inoculation, reached an observed maximum at day 7

and was still noticeable 15 days after the parasitic challenge

(Fig. 2a). At day 21 postinoculation (p.i) the increase in

B-cell numbers observed in infected mice had already sub-

sided (Fig. 2a). Spleen CD5+ B cells also increased in num-

ber in N. caninum-infected animals. However, this increase

was only statistically significant at day 15 p.i. as compared

to PBS-inoculated controls thus occurring later than the

one detected for CD5– B cells (Fig. 2b). Apicomplexan par-

asites attenuated by c-irradiation were previously used in

immunoprotection studies.27,28 Therefore we also quanti-

tated the effect of the i.p. inoculation of irradiated NcT in

the numbers of splenic B cells, regarding their potential

usage as antigen targets in immunoprotective studies. As

shown in Fig. 2 irradiated parasites did not induce an

increase in the numbers of the CD5+ B cells and caused a

reduced response in the CD5– population.

These results show that the early stimulatory effect on

B cells observed in mice challenged with N. caninum is

followed by the expansion of this cell population in the

spleen.

Effect of N. caninum challenge on B-cell maturation
in the bone marrow

Because B-cell activation and expansion was observed in

the spleen of NcT-infected mice we studied the effect of

N. caninum infection on the maturation of B cells in the

bone-marrow. In contrast and prior to the peripheral

0

20

40

60

80

100

None(a)

(b) (c)

LPS

%
 o

f C
D

69
-e

xp
re

ss
in

g 
Ig

M
+
 c

el
ls

 

 **

 **  ** **

**

102NcT 103NcT 104NcT 105NcT

0

1

Control LPS NcT Control LPS NcT

N
o 

of
 p

er
ito

ne
al

 C
D

69
+
 Ig

M
+
 c

el
l ×

 1
0–6

N
o 

of
 s

pl
en

ic
 C

D
69

+
 Ig

M
+
 c

el
l ×

 1
0–6

**

*

0

10

20

30

40

50

60
**

**

Figure 1. Early B-cell activation induced in vitro and in vivo by

N. caninum. (a) Expression of CD69 on the surface of BALB/c mice

splenic IgM+ cells as evaluated by flow cytometric analysis 14 hr after

in vitro stimulation with medium alone (None), with 5 lg/ml of LPS

(LPS) as a positive control or with 102)105 N. caninum tachyzoites/

ml (NcT) as indicated. Bars represent means plus 1 SD of triplicated

well samples for each indicated group. This is one representative

result of three independent experiments. (b and c) Numbers of

BALB/c mice peritoneal (b) or splenic (c) CD69+ IgM+ cells, 14 hr

after i.p. treatment with PBS (Control), 12�5 lg of LPS (LPS) or

5 · 105 NcT. Bars represent the mean plus one SD of three mice per

control groups and four mice per N. caninum-treated groups. This is

one representative result of three independent experiments. In this

and in the following figures statistically significant differences

between control and N. caninum-stimulated groups were indicated

(*P < 0�05; **P < 0�01).

42 � 2005 Blackwell Publishing Ltd, Immunology, 116, 38–52

L. Teixeira et al.



expansion observed in the B-cell compartment, a reduc-

tion in the numbers of B220+ IgM+ cells was observed in

the bone marrow of NcT-infected mice at day 3 p.i.

(Fig. 3a). As shown in Fig. 3(b), this reduction was pre-

ceded by an increase in the numbers of cells displaying

the apoptotic marker annexin V in the membrane,

observed 24 hr after the parasitic challenge. These results

indicate that the observed reduction in bone-marrow

B220+ IgM+ cells in mice infected with N. caninum can

therefore be a consequence of an apoptotic effect of the

NcT infection on B-cell precursors rather than of an

accelerated recruitment into peripheral lymphoid organs

induced by this parasite.

Production of antibodies in N. caninum-challenged
mice

Because we observed an increase in the numbers of sple-

nic B cells in N. caninum-infected mice we quantitated by

an ELISA-spot assay the numbers of antibody-secreting

cells in the spleen of mice inoculated i.p. with 5 · 105

NcT or irradiated NcT, or with PBS (controls). As shown

in Table 1, an increase in the numbers of immuno-

globulin-secreting cells, comparatively to PBS-inoculated

controls, was observed in BALB/c mice 7 days after the

NcT infection. This increase was statistically significant
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control groups and four mice per N. caninum-treated groups. This is

one representative result of three independent experiments. ND, not

done.
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Figure 3. Effect of N. caninum challenge on B-cell maturation in the

bone-marrow. Quantification of B-cell precursors (a) in the bone

marrow of BALB/c mice 3 days after injection i.p. with PBS or with

5 · 105 N. caninum tachyzoites (NcT). Figures shown in the lower

dot-plots above the respective regions represent numbers in millions

of B220+ IgM– and B220+ IgM+ bone-marrow cells displaying lym-

phoid forward and side scatter parameters (gated as shown in the

upper dot-plots) observed in PBS- or NcT-infected mice as indica-

ted. Numbers represent the mean ± one SD of three mice in the

control group and four mice on the N. caninum-infected group. This

is one representative result of three independent experiments. Quan-

tification of apoptotic B-lineage (B220+) cells (b) gated as described

above, observed in the bone marrow of BALB/c mice 24 hr after

PBS- or NcT-inoculation as indicated. Regions on the figure identify

early apoptotic (annexin V+) B220+ cells (Early) and late apoptotic/

necrotic (propidium iodide+) cells (Late). Represented is one typical

result from each mice group of an experiment repeated three

times. The mean numbers ± 1 SD of early apoptotic cells were

of 92 · 103 ± 3�5 · 103 and 234 · 103 ± 76 · 103 for PBS- or

NcT-inoculated mice, respectively (n ¼ 4 on each group, P < 0�05).
No significant difference in the numbers of late apoptotic/necrotic

cells between these two mice groups was observed.
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for IgG2a-, IgG2b-, IgG3- and IgM-secreting cells, but

not for IgG1-secreting cells. Increased numbers of anti-

body-secreting cells, were also observed 7 days after

inoculation of irradiated NcT. However this increase was

only statistically significant for IgG2a- and IgM-secreting

cells as compared to control mice and less marked than

that observed in NcT-challenged mice for the cells produ-

cing immunoglobulins of these isotypes.

This B-cell stimulatory effect detected in the spleen of

NcT-inoculated BALB/c mice led to an increase in the

serum levels of immunoglobulins of all IgG isotypes but

IgG1 and of IgM, comparatively to those of PBS-inocula-

ted controls, as determined by ELISA 15 days after the

i.p. NcT inoculation (Fig. 4a). In mice inoculated with

irradiated NcT only IgG2a and IgG2b serum levels were

significantly above those of controls, 15 days after the i.p.

challenge (Fig. 4a). This increase in IgG2a and IgG2b

serum levels was however, much lower than that detected

for these two isotypes in mice inoculated with non-irradi-

ated parasites.

The levels of N. caninum-specific serum antibodies of

all tested isotypes were also increased in mice challenged

with NcT or irradiated NcT as compared to those of

PBS-inoculated controls as detected by ELISA 15 days

after the N. caninum i.p inoculation. This increase in

N. caninum-specific antibodies was higher for IgG2a and

IgM than for the other studied isotypes (Fig. 4b). The

production of antigen-specific IgG2a antibodies is consis-

tent with a significant increase in the levels of IFN-c
m-RNA detected by RT–PCR in spleen cells of NcT-infec-

ted mice, comparatively to controls, at days 7 and 15 after

the parasitic challenge (Fig. 5). As also shown in Fig. 5,

serum levels of IFN-c were also increased in the NcT

infected mice, comparatively to non-infected controls, as

observed at days 7 and 15 after the parasitic challenge.

No spleen IFN-c mRNA or serum IFN-c were detected

above that of controls at the same days postchallenge in

mice inoculated with irradiated-NcT (data not shown).

However, at 60 days p.i. higher levels of N. caninum-

specific IgG1 antibodies than those of IgG2a antibodies

with the same specificity, 5711 ± 830 and 2713 ± 798

serum ELISA titres, respectively (n ¼ 4, P < 0�05), were

detected in NcT challenged mice, as compared with non-

infected controls where no detectable levels of anti-

N. caninum antibodies were found. The preferential

production of parasite-specific IgG1 antibodies over that

of IgG2a antibodies with that specificity was also detected

in mice 15 days after challenging with a higher parasitic

inoculum consisting of 5 · 106 NcT (3820 ± 1853 and

1971 ± 142, respectively, n ¼ 6, P < 0�05).
Inoculation of irradiated parasites also increased the

serum levels of parasite-specific antibodies of all tested

Table 1. Numbers of immunoglobulin-secreting cells of the indicated isotypes detected in the spleen of BALB/c mice 7 days after i.p. injection

with PBS, or 5 · 105 N. caninum tachyzoites (NcT) or with the same number of irradiated NcT (Irr-NcT)

Injection

i.p. IgG1 IgG2a IgG2b IgG3 IgM

PBS 52 034 ± 29081 47 214 ± 19 605 758 ± 59 2645 ± 694 698 226 ± 206 261

NcT 62 901 ± 5442 111 852 ± 2816** 1823 ± 431** 5621 ± 702* 1 634 721 ± 311 355*

Irr-NcT 66 492 ± 13 186 80 554 ± 19 537* 1240 ± 591 3808 ± 1365 1 266 213 ± 184 402*

1Values are means ± 1 SD of immunoglobulin-secreting cells of four mice per group and are one representative result of three independent

experiments. Significance of the results between control (PBS) and NcT or Irr-NcT groups determined using anova is indicated in the table

(*P < 0�05; **P < 0�01).
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Figure 4. Increased serum antibody titres in NcT-infected mice.

Serum ELISA titres of total (a) or NcS-specific (b) antibodies of the

indicated isotypes detected in mice sera collected 15 days after i.p.

inoculation with PBS (open bars), 5 · 105 N. caninum tachyzoites

(closed bars) or 5 · 105 N. caninum c-irradiated tachyzoites (dashed

bars). Bars represent the mean plus 1 SD of four mice per control

groups and six mice per N. caninum-infected groups. This is one

representative result of three independent experiments. ND, not

detected.
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isotypes, although to a lesser level than the one reached

when the challenge was performed with non-irradiated

parasites (Fig. 4b).

In order to investigate whether the increase in serum

immunoglobulins observed in N. caninum infected mice

was antigen driven or polyclonal we also evaluated by

ELISA the reactivity of IgG2a and IgM antibodies against

secreted or constitutive fungal or bacterial antigens. As

shown in Table 2, the ELISA serum titres of IgG2a anti-

bodies specific for bacterial or fungal structural or secre-

ted antigens were very low or not detectable in the sera of

N. caninum-inoculated mice. In contrast, serum IgG2a

anti-NcS titres were clearly increased in the NcT- or

irradiated-NcT-inoculated mice, comparatively to that

observed in PBS inoculated controls (Table 2). Because

polyclonal B-cell activation is a characteristic previously

observed in mice infected with Leishmania spp.29–31 we

compared the pattern of reactivity of antibodies in the

sera of mice infected with L. infantum (a kind gift of

Dr Ana Tomás, Institute for Molecular and Cellular Bio-

logy, Porto, Portugal) with that observed for serum anti-

bodies of NcT-infected mice. As shown in Table 2, in

L. infantum-infected mice the serum IgG2a antibody

levels against yeast (Candida albicans) and bacterial

(Streptococcus agalactiae) antigens were higher than those

observed in the serum of NcT-infected mice (Table 2). As

also shown in Table 2, the levels of serum IgM antibodies

specific for NcS, but not of those specific for C. albicans

or S. agalactiae antigens, were significantly increased in

the NcT or irradiated NcT inoculated mice as compared

to PBS-inoculated controls. The titres of N. caninum

non-specific IgM serum antibody levels observed in NcT-

inoculated mice groups and those of N. caninum-specific

antibodies detected in PBS-treated controls probably

reflect the binding of polyreactive natural antibodies.32

The serum IgM antibody titres against C. albicans or anti-

S. agalactiae structural or secreted antigens detected in

L. infantum-infected mice were significantly higher than

those observed in PBS-inoculated controls (Table 2).

Together, the above results indicate that the B-cell stimu-

latory effect observed in N. caninum-infected BALB/c

mice is parasite-specific rather than polyclonal. This stim-

ulatory effect elicits the preferential production of IgG2a

and IgM antibodies.

Expression of T-cell costimulatory molecules on the
surface of B-cells induced in mice challenged with NcT

Because a parasite-specific B-cell immune response was eli-

cited in N. caninum-infected BALB/c mice we evaluated by

flow cytometric analysis the expression in this lymphocyte

cell population of the costimulatory molecules CD80 and

CD86. As shown in Fig. 6, an increase in the numbers of

Table 2. ELISA titres of IgG2a and IgM anti-

bodies anti-N. caninum sonicates (NcS), C. albi-

cans extracellular proteins (CaEP), C. albicans

sonicates (CaS), Streptococcus agalactiae extra-

cellular proteins (SaEP) or S. agalactiae soni-

cates (SaS), detected in BALB/c mice sera

collected 15 days after i.p. injection with

PBS, 106 Leishmania infantum promastigotes,

5 · 105 N. caninum tachyzoites (NcT) or with

the same number of irradiated NcT (Irr-NcT)

Mice groups NcS CaS CaEP SaS SaEP

IgG2a

PBS ND1 ND ND 13 ± 152 10 ± 17

L. infantum 70 ± 34** 20 ± 12* 5 ± 7 108 ± 10** 98 ± 42*

NcT 6075 ± 4670** ND ND 7 ± 11 32 ± 21

Irr-NcT 2145 ± 1275** ND ND ND 5 ± 6

IgM

PBS 811 ± 46 150 ± 104 396 ± 228 1953 ± 1022 1134 ± 428

L. infantum 864 ± 93 1242 ± 187** 1224 ± 82** 4212 ± 1122* 4724 ± 306**

NcT 3564 ± 1223* 241 ± 51 540 ± 270 3454 ± 1686 1134 ± 290

Irr-NcT 1674 ± 247** 244 ± 96 630 ± 311 2943 ± 1032 1458 ± 730

1ND, not detected.
2Numbers represent means ± 1SD of three serum samples on the PBS group and of four sam-

ples in the L. infantum, NcT or Irr-NcT groups. This is one representative result of three

independent experiments. Significance of the results between control (PBS) and NcT or

Irr-NcT groups determined using anova is indicated in the table (*P < 0�05; **P < 0�01).
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Figure 5. Increased IFN-c production in BALB/c mice challenged

with N. caninum tachyzoites. Levels of IFN-c mRNA expression,

normalized to HPRT mRNA (a) detected by real time RT–PCR in

the spleen of BALB/c mice inoculated i.p. with PBS (controls, open

bars) or 5 · 105 N. caninum tachyzoites (closed bars), 7 and 15 days

after challenge. Bars represent the mean plus 1 SD of four mice per

group. This is one representative result of two independent experi-

ments. Serum ELISA titres of IFN-c (b) detected in mice sera collec-

ted 7 and 15 days after i.p. inoculation with PBS (open bars) or

5 · 105 N. caninum tachyzoites (closed bars). Bars represent the

mean plus 1 SD of four mice per group. This is one representative

result of three independent experiments. ND, not detected.
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B cells expressing CD80 and, to a lesser extent, CD86 was

observed in NcT and less markedly in irradiated NcT-

inoculated mice, 15 days p.i. Also, increased numbers of

PNAhigh B cells, characteristically germinal centre B cells,

were observed in the spleen of NcT-inoculated mice at the

same time p.i. (Fig. 6). An up-regulation of class II mole-

cules was observed on the surface of PNAhigh cells compar-

atively to that observed on PNAlow B-cell population, as

shown in Fig. 6. These results suggest that B-cells could

participate in the activation of T-cells or in T-cell mediated

responses elicited by N. caninum in BALB/c mice.

Pathologic examination and immunohistochemistry
of N. caninum-challenged mice brains

Because brain lesions were previously reported to occur in

N. caninum-infected mice we analysed histopathologically

and immunohistochemically serial sections of BALB/c mice

(four animals per group) brains collected 3 and 10 weeks

after i.p. infection with 5 · 105 NcT or inoculation with

PBS (controls). No evidence of inflammatory lesions in

any of the analysed tissue samples was detected. Moreover,

no NcT or cysts were observed in any of the brain sections

of the NcT-infected mice upon specific staining with a

polyclonal rabbit anti-N. caninum antiserum.

Increased susceptibility to N. caninum infection in
BALB/c mice immunized with NcT structural antigens
or irradiated parasites

Because a specific antibody response against N. caninum

structural antigens was elicited in mice infected with this

parasite, we investigated the possibility that an immune

response involving the production of parasite-specific
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Figure 6. Expression of costimulatory molecules on B cells is increased in NcT-infected mice. Flow cytometric analysis of PNA binding and of

CD80 or CD86 expression on the surface of splenic cells from BALB/c mice 15 days after i.p. inoculation with PBS (PBS), 5 · 105 c-irradiated
NcT (Irr-NcT) or with 5 · 105 NcT (NcT). Figures shown inside the dot plots are means ± 1 SD of the numbers (in millions) of PNA+, CD80+

or CD86+ B cells (B220+ cells) as indicated, on each mouse group. Four mice per group were used and the results are representative of one

experiment repeated three times. Also shown on the far right is a representative example of MHC class II expression observed on the surface of

PNAlow (grey histogram) and PNAhigh (overlay open histogram) B220+ cells in NcT-infected mice.
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antibodies could have a protective effect against the infec-

tion of BALB/c mice by N. caninum. We thus immunized

mice with two i.d. inoculations at 3-week intervals

with 10 lg of NcS using alum or Freund’s as adjuvants.

Sham-immunized controls were inoculated i.d. with the

respective adjuvants alone. A third group of mice were

immunized i.d. with 5 · 105 irradiated-NcT in PBS or

sham-immunized with PBS alone as controls. All mice

were challenged i.p. 30 days after the second immuno-

genic i.d. inoculation with 5 · 106 NcT, an inoculum we

previously determined as inducing the appearance of

N. caninum cysts in the brain of BALB/c mice, detectable

by immunofluorescence already at 21 days after challenge

(data not shown). As shown in Fig. 7, mice immunized

with NcS in alum or Freund’s adjuvant induced a pre-

dominant production of serum IgG1 comparatively to

IgG2a anti-NcS antibodies whereas low levels or absence

of antibodies with this specificity were detected in sham-

immunized controls, as determined by ELISA on the day

of the parasitic challenge. Low titres of anti-NcS antibod-

ies of the other isotypes were detected on the same day in

immunized mice and sham-immunized controls (data not

shown). In spite of the N. caninum-specific antibody

response elicited in the NcS-immunized mice, all of them

eventually died between day 6 and day 9 after the i.p.

parasitic challenge whereas mice of alum or Freund’s con-

trol groups survived for at least 40 days after parasitic

challenge (Fig. 8a, b). Interestingly, as shown in Fig. 8(c)

the immunization of BALB/c mice i.d. with irradiated

NcT in the absence of adjuvant, however, inducing lower

levels of N. caninum-specific antibodies than those detec-

ted for mice immunized with NcS plus adjuvant (Fig. 7),

also lead to an increased susceptibility to infection by this

parasite. As shown in Fig. 9, immunization with N. cani-

num antigens by any of the three different protocols used

here lead to a diminished IFN-c mRNA expression in the

spleen of the immunized mice, comparatively to the

respective sham-immunized controls, observed 6 days

after i.p. challenge with 5 · 106 NcT.

To test the hypothesis that the production of antibodies

specific for N. caninum whole structural antigens could

actually be responsible for the increased susceptibility to

neosporosis of the immunized mice, BALB/c mice were

passively transferred with preparations of IgG antibodies

purified from pooled sera of mice immunized with NcS

in alum adjuvant, the immunization procedure eliciting

a greater N. caninum-specific antibody production, or

sham-immunized with adjuvant alone (IgG-NcS/alum or

IgG-alum, respectively) and challenged i.p. with 5 · 106

NcT. No enhanced susceptibility to this challenge infec-

tion was observed in the mice treated with the antibody

preparations since all were alive for at least 40 days p.i.

The results show that immunization of BALB/c mice

with N. caninum structural antigens in alum or Freund’s

adjuvant leads to an increased susceptibility to this parasite.

This increased susceptibility was also observed in mice

immunized with irradiated NcT in the absence of adjuvant

and correlates with a decrease in IFN-c mRNA expression

observed in the immunized mice upon NcT challenge.

Discussion

Polyclonal B-cell activation has been described in a vast

number of infections caused by different micro-organisms

including viruses, bacteria, fungi and protozoa.26 The

induction of lymphocyte polyclonal activation of the host

elicited by infectious agents has been pointed out as a

major mechanism of parasite-induced host susceptibility

to infection.22 We therefore studied here the possibility

that N. caninum could induce a polyclonal B-lymphocyte

activation in BALB/c mice, a murine model previously

used for the study of neosporosis.9,12,13,17 Our results

show that NcT stimulate BALB/c mice B cells. This stim-

ulatory effect was already noticeable early after infection
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Figure 7. Anti-NcS antibody titres in NcS- or irradiated-NcT immunized BALB/c mice. Immunoglobulin ELISA titres of anti-NcS antibodies of

the indicated isotypes detected in mice sera 30 days after the second i.d. inoculation with the different immunogenic preparations (right closed

bars on each panel), from left to right, 10 lg of NcS in alum adjuvant, 10 lg of NcS in Freund’s adjuvant, 5 · 105 c-irradiated NcT or with con-

trol preparations (left open bars): alum adjuvant, Freund’s adjuvant, PBS, respectively. Bars represent the mean plus 1 SD of six mice per group.

This is one representative result of two independent experiments. ND not detected.
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as evidenced by a rapid increase in surface expression of

the activation marker CD69 observed on B-cells after

in vivo or in vitro stimulation with this parasite. Stimula-

tion of the peripheral B-cell compartment was also evi-

dent at later times p.i. where an increase in the numbers

of total and immunoglobulin-secreting B cells was also

observed. However, the numbers of activated (CD69-

expressing) B cells at early times after infection were

markedly lower than those observed upon stimulation

with the B-cell polyclonal activator LPS or than those

induced by other B-cell mitogens of microbial origin33

suggesting that a specific rather than a parasite non-speci-

fic B-cell activation was elicited by N. caninum. This is

further indicated by a rise in N. caninum-specific serum

antibodies detected in NcT-infected mice and not in anti-

bodies specific for Neospora-unrelated antigens. Moreover,

in mice infected with Leishmania, higher serum antifungal

or antibacterial antibody titres were detected than those

observed in N. caninum-infected mice. Together these

observations indicate the parasite-specific character of the

N. caninum-elicited B-cell response.

Interestingly, and in contrast to peripheral B-cell

expansion, a depletion of B220+ IgM+ cells was observed

in the bone marrow of NcT-infected mice. Depletion of

B-cell precursors in the bone marrow was previously des-

cribed in other conditions characterized by extensive per-

ipheral B-cell activation34,35 and has been interpreted as

an inhibitory ‘feed back’ on B lymphopoiesis caused by

peripheral immunoglobulin production.35 However, as

the lymphoid depletion observed in the bone-marrow of

parasite-infected mice was already noticeable prior to the

observed peripheral B-cell expansion, it is unlikely that it

could result from a so sudden increase in serum immuno-

globulin concentrations. Tumour necrosis factor-a and

lymphotoxin-a have been shown to mediate B-cell pre-

cursor depletion by an apoptotic mechanism in a murine

model of influenza virus infection.36 Therefore, the deple-

tion of B-cell precursors observed at early times after the

murine N. caninum infection can thus be explained by a

rapid parasite-induced innate response. This is also sug-

gested by the increased number of B-lineage apoptotic

cells observed in the bone marrow of the NcT-infected

mice 24 hr after the parasitic challenge.
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Figure 9. Decreased IFN-c mRNA expression, comparatively to

sham-immunized controls, in BALB/c mice immunized with N. cani-

num antigens and challenged with N. caninum tachyzoites. Levels of

IFN-c mRNA expression, normalized to HPRT mRNA, detected by

real time RT–PCR, 6 days after challenge i.p. with 5 · 106 N. cani-

num tachyzoites, in the spleen of mice (a) sham-immunized with

alum (open bars) or immunized with NcS in alum adjuvant (closed

bars); (b) sham-immunized with Freund’s adjuvant (open bars) or

immunized with NcS in Freund’s adjuvant (closed bars); (c) sham-

immunized with PBS (open bars) or immunized with irradiated NcT

in PBS (closed bars). Bars represent the mean plus 1 SD of three

mice per group. This is one representative result of two independent

experiments.
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Figure 8. Increased susceptibility to neosporosis in mice immunized

with N. caninum antigens. Survival rates of mice infected i.p. with

5 · 106 NcT 30 days after the second i.d. inoculation at a 3-week

interval of (a) alum (open circles) or 10 lg of NcS in alum adjuvant

(closed triangles), (b) Freund’s adjuvant (open circles) or 10 lg of

NcS in Freund’s adjuvant (closed lozenges), (c) PBS (open circles)

or 5 · 105 gamma-irradiated NcT in PBS (closed squares). The sur-

vival rate of mice sham-immunized was significantly different from

that of immunized mice immunized in all the groups (median survi-

val time in days (MST) ¼ 7 (95% CI: 6; 8) chi-square ¼ 12�1,
d.f. ¼ 1, P < 0�0006; MST ¼ 8 (95% CI: 7; 9) chi-square ¼
11�4, d.f. ¼ 1, P < 0�0008; MST ¼ 9 (95% CI: 8; 10) chi-square ¼
8�1, d.f. ¼ 1, P < 0�005, for results shown in panels A, B and C,

respectively). Six mice per group were used. This is one representa-

tive result of two independent experiments.
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In agreement with previous reports showing that in

BALB/c mice a bias towards a Th1-type immune response

was observed in the initial weeks after N. caninum infec-

tion9,37 we observed a rise in spleen IFN-c mRNA expres-

sion and in IFN-c serum levels as well as parasite-specific

IgG2a antibodies in mice of the same strain infected with

5 · 105 NcT. The Th1 bias is however, apparently abro-

gated at later times p.i., as higher titres of N. caninum-

specific IgG1 than those of IgG2a antibodies with that

specificity were detected in mice sera collected at later

times p.i.. This result is in agreement with other reports

showing the predominance of an IgG1 N caninum-specific

antibody response in mice infected with this parasite.9,19

Moreover, the challenging antigen dose could also deter-

mine the isotypic profile of the NcT-elicited antibody

response since higher serum levels of IgG1 than those of

IgG2a parasite-specific antibodies, Th2- and Th1-associ-

ated isotypes, respectively, were detected at 15 days p.i.

when BALB/c mice were challenged with a 5 · 106 para-

site inoculum. Thus in contrast with the preferential

IgG2a response elicited by a 10-fold lower inoculum. The

polarization of the immune responses towards a Th2

phenotype by high antigen doses has been previously

described in other in vivo and in vitro systems.38–40 Anti-

gen-specific IgG immune responses have been shown to

depend of costimulatory signals provided by CD80 or

CD86 molecules.41 Both these molecules were up-regula-

ted on the surface of splenic B cells on NcT-infected mice

and therefore the participation of B cells on the antigen-

driven T-cell activation and differentiation in these mice

can be hypothesized. This is also suggested by an increase

in the numbers of PNAhigh B cells with up-regulated sur-

face expression of MHC class II molecules, a phenotype

characteristic of germinal centre B cells42,43 observed in

the spleen of NcT-infected mice.

Lack of detected brain lesions in NcT-infected mice

could suggest that in the NcT-infected BALB/c mice some

degree of protection against this parasite was achieved.

However, persistence of N. caninum and latent chronic

infection in experimentally infected BALB/c mice has pre-

viously been described by others7 and cannot be excluded

by histopathological or immunohistochemical examina-

tion. The presence of high titres of N. caninum-specific

IgG1 antibodies detected in the sera of NcT-infected mice

60 days after the parasitic challenge, a distinct isotype

than that predominant at earlier p.i. times, could also

reflect parasitic-antigen persistence. Therefore, the lack of

easily detectable brain lesions or parasites could merely

result from the number of parasites used in the inoculum,

too low regarding this aspect. Absence of brain lesions

was also reported by others in BALB/c mice infected with

2 · 105 of NcT.37

Previous results showing that B-cell deficient mice are

more susceptible to N. caninum infection than normal

wild-type counterparts indicate that B cells could have an

active role in the protective immune response against neo-

sporosis.10 Our finding as well as those previously repor-

ted by others19,44 showing that mice immunized with

N. caninum structural antigens are more susceptible to

Neospora infection, despite possessing high titres of para-

site-specific IgG antibodies, could suggest that a protective

role of B cells in murine neosporosis is not antibody

mediated. However, it cannot be excluded that an anti-

body-mediated immune response targeting particular NcT

antigens, instead of whole NcT sonicates, may have a pro-

tective role against neosporosis. The production of anti-

bodies specific for particular N. caninum antigens has

been previously associated with immunoprotection against

neosporosis in other immunization studies.45,46 Moreover,

because the immunization procedures described here elici-

ted the predominant production of the Th2-associated

IgG1 isotype, it could be hypothesized that a Th2 cell-

mediated immune response strongly associated with host

susceptibility to neosporosis19 could overcame a putative

protective role of antibodies. This is further suggested by a

decrease in the levels of IFN-c mRNA expression elicited

in the immunized mice challenged with N. caninum com-

paratively to that detected on sham-immunized controls.

A protective role of B cells can however, be explained by

stimulation or costimulation of T cells through CD80 or

CD86. The interaction of these molecules with CD28 on

the surface of T cells has previously been shown to be cru-

cial in the host resistance to Trypanosoma cruzi infection.47

A possible role in host protective mechanisms could also

be played by B-1 cells that are transiently expanded in

NcT-infected mice. Primed B cells of this lympho-

cyte population have been shown to promote protective

immunity against the apicomplexan parasite Toxoplasma

gondii.48 Also, and similarly to our finding in NcT-infected

mice, an expansion of splenic B-1 cells, associated with

host protection, has previously been described in Plasmo-

dium chabaudi-infected mice.49

On the other hand, it has been reported in several

experimental infections that pathogen-specific antibodies

could facilitate host colonization thus implying a deleteri-

ous effect of B cells in host immunity to several micro-

organisms.50–52 Our results suggest that such a mechanism

is unlikely to increase the susceptibility of the murine host

to N. caninum infection as mice passively transferred with

N. caninum-specific antibodies survived a parasite inocu-

lum that was lethal for NcS-imunized mice. However,

administration of different antibody preparations contain-

ing higher parasite-specific immunoglobulin concentra-

tions or enriched in other IgG isotypes should also be

attempted to better evaluate the role played by antibodies

in N. caninum infection.

The B-cell stimulatory effect was markedly decreased

when BALB/c mice were treated with gamma-irradiated

NcT, as shown by a decrease in the numbers of total,

immunoglobulin-secreting or costimulatory molecule-
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expressing splenic B cells observed in irradiated NcT-

treated mice as compared to that of mice inoculated

with non-irradited NcT. This milder B-cell stimulatory

effect of irradiated NcT was however, not qualitatively

different from that induced by non-irradiated NcT

because no modification on the isotypic profile of the

N. caninum-specific antibodies produced in the chal-

lenged mice was observed. It can thus be hypothesized

that the lower B-cell stimulation obtained when mice

were challenged with irradiated NcT can be the result of

a lower antigenic load thus indicating that non-irradiated

NcT are able to multiply inside BALB/c mice. On the

other hand, since IgG2a production was elicited in this

host by i.p. inoculation with irradiated NcT this raises

the possibility that a Th1-type protective immune

response can in this way be elicited in the host by

irradiated parasites. Previous reports have shown that

c-irradiated tachyzoites28 or oocysts27 of the apicomplex-

an parasite Toxoplasma gondii have been used to elicit

protective immune responses against murine toxoplas-

mosis. However, i.d inoculation of irradiated NcT in the

absence of adjuvant, as used here for immunization

purposes, actually induced lethal susceptibility to non-

irradiated NcT challenge in the immunized mice, as well

as a reduction in the levels of spleen IFN-c mRNA

expression, comparatively to sham-immunized mice.

Impairment of host protective immune mechanisms

against S. mansoni by previous immunization has been

also reported and shown to depend on the antigen

administration route.53 Moreover, the increased suscepti-

bility to N. caninum observed in mice immunized i.d.

with irradiated NcT, is in apparent agreement with a

previous report showing that immunization of mice with

N. caninum lysate, also without adjuvant, elicited an

immune response more skewed towards the Th2 type44

associated with susceptibility to this parasite.12–14 How-

ever, since no clear switch towards the preferential pro-

duction of IgG1 over that of IgG2a antibodies was

induced by the i.d. immunization with irradiated NcT,

other mechanisms, than just a mere Th2 switch, could

be hypothesized. Immunization-induced transforming

growth factor-b production has been previously implica-

ted in the suppression of protective immune responses

to S. mansoni.53 It will thus be worth investigate the pos-

sibility that specific N. caninum antigens could directly

promote the induction of host immune responses ulti-

mately involved in successful host colonization.
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