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Neospora caninum is an apicomplexan parasite closely related to Toxoplasma gondii. In nature this parasite
is found especially in dogs and cattle, but it may also infect other livestock. The growth of N. caninum, which
is an obligate intracellular parasite, is controlled mainly by the cell-mediated immune response. During
infection the cytokine gamma interferon (IFN-vy) plays a prominent role in regulating the growth of N. caninum
in natural and experimental disease. The present study showed that induction of the tryptophan-degrading
enzyme indoleamine 2,3-dioxygenase (IDO) is responsible for the inhibition of parasite growth that is mediated
by IFN-y-activated bovine fibroblasts and endothelial cells. This antiparasite effect could be abrogated by
addition of tryptophan, as well as by the IDO-specific inhibitor 1-L-methyltryptophan. In conclusion, our data
show that human and bovine cells use the same effector mechanism to control the growth of N. caninum.

Toxoplasma gondii, a protozoan belonging to the apicompl-
exan phylum, is one of the most successful parasites on earth.
This parasite is capable of infecting nearly all warm-blooded
animals, including humans. 7. gondii can be transmitted via
tissue cysts, raw meat, and environmental-resistant oocysts de-
rived from cat feces and is able to spread transplacentally from
mother to fetus. Furthermore, another special feature of this
evolutionarily successful parasite is the fact that it usually
causes asymptomatic infections and in most cases does not kill
immunocompetent hosts. However, without sufficient therapy,
reactivation of 7. gondii in immunocompromised individuals
frequently results in death of the host (31, 26, 18).

In 1984 a T. gondii-like parasite was found in the cerebral
tissue of dogs and described (5). This parasite was later de-
tected in brain tissue from dogs which had clinical signs of
neuromuscular disease and was named Neospora caninum (15).
It took until 1998 to discover that dogs are not only interme-
diate hosts but also one of the definitive hosts of this parasite
(29). In nature, dogs are frequently intermediate hosts of N.
caninum, although canine neosporosis seems to be rare (2). N.
caninum can also be isolated from cattle, and vertically trans-
mitted N. caninum infection is considered an important cause
of bovine abortion worldwide (17). In sheep N. caninum-asso-
ciated abortion seems to be rare (16). This is in contrast to
infections with T. gondii, which often cause abortion in sheep
but seldom in cattle (14). Furthermore, so far, there is no
evidence that N. caninum infection is zoonotic (16). It has been
shown that under experimental conditions N. caninum is able
to infect rhesus monkeys, indicating the zoonotic potential of
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this parasite. However, serologic studies with humans have
shown that no or only small amounts of N. caninum-specific
antibodies are detectable in some human sera, even sera from
high-risk groups like farm workers (30, 16, 22). Despite the
high levels of homology between 7. gondii and N. caninum,
many differences have also been detected. Both parasites can
be transmitted via food, via oocysts in soil, and also transpla-
centally (23). Several species have been successfully infected
experimentally with N. caninum, and in vitro N. caninum is
capable of replicating in different types of cells derived from
various animal species or humans.

The variability in the susceptibility to natural 7. gondii or N.
caninum infection among various host species might be due to
differences in the immune responses. Different antiparasite
effector mechanisms might, at least in part, be involved in the
evolutionary success of both parasites. In support of this, work-
ers have obtained some data showing that experimental infec-
tion with attenuated or apathogenic N. caninum strains can
induce immunity to this parasite in mice and cattle (3). Fur-
thermore, a lot of data indicate that the cellular immune re-
sponse is necessary to control infection with N. caninum. In
addition, it was found that gamma interferon (IFN-v), a prod-
uct of activated T cells and natural killer (NK) cells, is one of
the main cytokines conferring resistance to N. caninum (21).
So far, the IFN-y-induced effector mechanism that is active
against N. caninum in cattle has not been defined.

In this paper we provide evidence that induction of the
tryptophan-degrading enzyme indoleamine 2,3-dioxygenase
(IDO), which is the most prominent antiparasite effector
mechanism active against 7. gondii in human cells (28), is also
effective for inhibiting N. caninum growth in tissue cells from
humans and cattle.

MATERIALS AND METHODS

Cell lines and culture. A549 human epithelial lung cells (American Type
Culture Collection, Rockville, MD), human astrocytoma cell line 86HG39 (4),
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human foreskin fibroblasts (HFFs) (ATCC, LGC Standards, Wesel, Germany),
bovine fibroblast-like cells (EBTr cells), and bovine endothelial cells (BAOEC
cells) (European Collection of Cell Cultures, Salisbury, United Kingdom) were
used. Human cells were cultivated in Iscove’s modified Dulbecco’s medium
(IMDM) with 25 mM (wt/vol) HEPES (Cambrex, East Rutherford, NJ) contain-
ing 5% (volfvol) fetal calf serum (FCS) (Cambrex, East Rutherford, NJ) in
culture flasks (Costar, Cambridge, MA). Bovine fibroblasts were cultured in
IMDM with 10% FCS, while bovine endothelial cells were cultured in Dulbecco’s
modified Eagle’s medium (Gibco, Grand Island, NY) with 15% FCS. Depending
on cell growth, cultures were split every 2 to 5 days using ratios of 1:3 to 1:10 and
0.25% trypsin-EDTA (Gibco, Grand Island, NY). For the toxicity assay, BAOEC
cells (2 X 10° cells/per well) were cultured in six-well plates for 3 days, and then
the cells were diluted in trypan blue and the number of cells was determined
using a Neubauer chamber.

Reagents. Recombinant human IFN-y, human interleukin-1 (IL-1), human
tumor necrosis factor alpha (TNF-a), and recombinant bovine IFN-y were pur-
chased from R&D Systems, Wiesbaden-Nordenstadt, Germany. L-Tryptophan,
L-kynurenine, Griess reagent (0.3% naphthylenediamine dihydrochloride and
1% sulfanilamide), and 1-L-methyltryptophan (1-MT) were obtained from Sigma-
Aldrich (Deisenhofen, Germany).

N. caninum and T. gondii culture and preparation. 7. gondii strain RH
tachyzoites and N. caninum strain NS-1 tachyzoites were maintained in HFFs in
IMDM containing 5% (vol/vol) FCS. Tachyzoites were usually harvested after
3 or 5 days of incubation, purified by differential centrifugation as described
previously (9), resuspended in tryptophan-free RPMI 1640 medium (Gibco,
Grand Island, NY), and then used for infection experiments.

IDO assay. The activity of IDO correlates directly with the concentration of
N-formyl-kynurenine in supernatants of tissue culture cells, and thus measure-
ment of the kynurenine concentration can be used to determine IDO activity
(10). The different types of cells described above were plated in 96-well flat-
bottom microtiter plates (3 X 10* cells per well) in the appropriate media
containing 0.6 mM L-tryptophan (0.08 mM in basic media, 0.52 mM added to
simplify the measurement of kynurenine production using the Ehrlich reagent
method). Cells were stimulated with human or bovine IFN-y at concentrations
ranging from 0 to 1,000 U/ml. The plates were incubated at 37°C for 72 h, after
which 160 pl of the culture supernatant was removed from each well and trans-
ferred to a 96-well V-bottom plate. After addition of 10 wl 30% trichloroacetic
acid to each well, the plates were incubated at 50°C for 30 min to hydrolyze the
N-formyl-kynurenine to kynurenine. After centrifugation for 10 min at 600 X g,
100 wl of supernatant was transferred to 96-well flat-bottom plates, and 100 pl
1.2% (wt/vol) 4-(dimethylamino)benzaldehyde (Ehrlich reagent; Sigma-Aldrich,
Deisenhofen, Germany) in glacial acetic acid was added. After incubation for 10
min at room temperature, the optical density was determined at 492 nm with a
microplate reader (Tecan, Crailsheim, Germany). Data were expressed as mean
optical densities for triplicate cultures. The concentration of kynurenine was
calculated using a standard curve for rL-kynurenine sulfate (Sigma-Aldrich,
Deisenhofen, Germany). In some experiments 1-MT was used to inhibit IDO
activity as described previously (19).

Proliferation of N. caninum and T. gondii. After cytokine stimulation for 72 h
at 37°C, cells were infected with 2 X 10* N. caninum tachyzoites per well or with
2 x 10* T. gondii tachyzoites per well. Parasite growth was measured by the
[*H]uracil incorporation method, which could be used to determine the growth
of T. gondii (35), as well as the growth of N. caninum (21). Forty-eight hours after
infection 0.33 wCi [*H]uracil was added, and after an additional 24 h, host cells
and parasites were lysed by freeze-thawing. [*H]uracil incorporation was mea-
sured using liquid scintillation spectrometry (1205 Betaplate; PerkinElmer,
Jugesheim, Germany).

IDO inhibitor treatment. The IDO inhibitor 1-MT was used at a final con-
centration of 1.5 mM. First, 1-MT was dissolved in 1 M NaOH to obtain a
concentration of 1 M, and then it was diluted with IMDM to obtain a 20 mM
stock solution. The inhibitor was always added at the beginning of the experi-
ment. To exclude the possibility of direct toxicity of 1-MT or NaOH, the viability
of cells was checked using the trypan blue method.

Statistical analysis. All data are expressed as means and standard errors of the
means for three or four independent experiments, and each experiment was
performed in triplicate. For comparison of data Student’s ¢ test for unpaired
groups was used, and the P value was calculated using GraphPad Prism software.

RESULTS

N. caninum is able to successfully infect and replicate within
different human cells in vitro. Therefore, we first analyzed the
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FIG. 1. Inhibition of N. caninum growth in human cells and abro-
gation of inhibition by addition of tryptophan. A total of 3 X 10* HFFs
(A), astrocytoma cells (86HG39 cells) (B), or human lung cells (A549
cells) (C) were stimulated with IFN-y (0 to 1,000 U/ml) in the presence
or absence of L-tryptophan (final concentration, 0.6 mM). After 3 days
of incubation, N. caninum tachyzoites (2 X 10 tachyzoites per well)
were added with or without L-tryptophan. Parasite growth was deter-
mined as described in Materials and Methods. The data are means and
standard errors of the means of four independent experiments, each
performed in triplicate. Significant inhibition of N. caninum growth by
IFN-vy-activated cells is indicated by one asterisk, and significant abro-
gation of inhibition by L-tryptophan is indicated by two asterisks (P <
0.05).

growth of N. caninum in human fibroblasts (HFFs), in astro-
cytoma cells (86HG39 cells), and in lung alveolar cells (A549
cells). As shown in Fig. 1, the growth rates of N. caninum in the
three lines of host cells were comparable. Moreover, we found
that prestimulation of cells with about 500 U/ml IFN-vy allowed
the different types of cells to mediate >90% inhibition of N.
caninum growth. We observed slight differences in the
amounts of IFN-y necessary to mediate 50% inhibition of N.
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FIG. 2. IDO-specific inhibitor 1-MT antagonizes IFN-y-induced inhibition of N. caninum growth. HFFs (3 X 10* cells per well) were stimulated
with IFN-y (250 U/ml) in the presence or absence of 1-MT (1.5 mM). (A) After 72 h of stimulation supernatants were harvested, and the
kynurenine content was determined by use of the Ehrlich reagent. The data are means and standard errors of the means of four independent
experiments performed in triplicate. Significant inhibition of IDO by 1-MT is indicated by an asterisk. OD 495, optical density at 492 nm. (B) After
72 h cultures were infected with N. caninum tachyzoites (2 X 10* tachyzoites per well). N. caninum growth was monitored using [*H]uracil, and
the data are means and standard errors of the means of four independent experiments performed in triplicate. A significant inhibitory effect of

1-MT (P < 0.05) is indicated by an asterisk.

caninum growth. For example, more than 250 U/ml of IFN-y
had to be added to mediate 50% inhibition of N. caninum
growth in A549 cells, while about 100 U/ml IFN-y was suffi-
cient to mediate quantitatively comparable inhibition of N.
caninum growth in human fibroblasts. In addition to the anti-
parasite effect observed, we found that supplementation of cell
cultures with excess amounts of L-tryptophan abrogated the
IFN-vy-induced antiparasite effect. This indicates that, despite
quantitative differences, the IFN-y-inducible tryptophan-de-
grading enzyme IDO is responsible for the inhibition of para-
site growth in all three types of human cells analyzed. In order
to estimate the role of IDO in the antiparasite effect against N.
caninum in more detail, 1-MT, an IDO-specific inhibitor, was
used. Figure 2A shows that 1-MT is capable of inhibiting the
production of kynurenine by IFN-y-stimulated human fibro-
blasts significantly (P < 0.05). In parallel experiments we
showed that 1-MT can block the IFN-y-induced antineospora
effect in human fibroblasts, at least partially (Fig. 2B). Thus,
these data indicate that IDO can function as an antiparasite
effector against V. caninum in human cells. Since humans are
not natural hosts of N. caninum, we analyzed the capacity of
bovine cells to restrict the growth of N. caninum, since cattle
are the most important secondary host of N. caninum. In the
first experiment, we analyzed the capacity of bovine fibroblast-
like cells (EBTT cells) to express IDO activity. As shown in Fig.
3A, native bovine fibroblasts produced large amounts of
kynurenine after stimulation with bovine IFN-y. We detected
61.34 = 6.616 pwg/ml kynurenine (mean = standard error of the
mean) in the culture supernatant after stimulation with 100
U/ml IFN-y (Fig. 3A). The amount of tryptophan degraded
was fourfold greater than the physiologic tryptophan concen-
tration in the serum. Having shown that bovine fibroblasts
express IDO activity, we analyzed the capacity of these cells to
restrict the growth of N. caninum in further experiments. As
shown in Fig. 3B and 3C, we observed a strong IFN-y-induced
antiparasite effect mediated by bovine fibroblasts (EBTr cells)
against 1. gondii and N. caninum. This effect could be blocked,
at least in part, by addition of excess tryptophan, indicating
that IDO induction is the antiparasite effector mechanism in-
volved. In order to explore the possible role of the inducible

nitric oxide synthase (iNOS) in induction of an anti-N. cani-
num effect in bovine fibroblasts, we analyzed the production of
nitric oxide by IFN-y-stimulated bovine cells. We were unable
to detect nitric oxide in the supernatants of IFN-y-stimulated
cells, even in the presence of IL-1 and TNF-a, using the Griess
reagent method (13). Furthermore, N®-monomethyl-L-argi-
nine (N°®MMA), an iNOS inhibitor, did not influence the anti-N.
caninum effect in the cells analyzed (data not shown).

In vivo, fibroblasts might be host cells of N. caninum; how-
ever, especially during entry of this parasite into the brain or
other tissues, endothelial cells also control the spread of the
parasite. We therefore analyzed the capacity of native bovine
endothelial cells (BAOEC cells) to express IDO activity and to
inhibit the growth of N. caninum. As shown in Fig. 4, we found
that N. caninum can replicate in bovine endothelial cells; how-
ever, the rate of proliferation of the parasite seems to be lower
in endothelial cells than in fibroblasts. In addition, IFN-y-
activated bovine endothelial cells have a profound antiparasite
capacity and restrict the growth of N. caninum and T. gondii. In
these experiments the involvement of IDO in mediation of the
antiparasite effect was shown by determination of IFN-y-in-
duced IDO activity (Fig. 4A) and by the antagonistic effect of
the IDO-specific inhibitor 1-MT or supplemental tryptophan
on the IFN-y-induced antiparasite effect (Fig. 4B and 4C). In
order to exclude the possibility of toxic effects of IFN-y and
L-kynurenine (41) on bovine endothelial cells, we determined
that neither IFN-y (100 U/ml) nor L-kynurenine (20 wg/ml)
influenced the rate of proliferation or viability of BAOEC
cells, as shown in Fig. 4D.

Thus, our data indicate that induction of the tryptophan-
degrading enzyme IDO is involved in the control of N. cani-
num growth and that this effector mechanism is functional in
human cells, as well as in bovine cells.

DISCUSSION

Neosporosis is a major cause of abortion in dairy and beef
cattle (17). N. caninum seroprevalence is quite high in cattle in
some countries (17). The risk of abortion in transplacentally
infected seropositive animals is up to three- to sevenfold higher
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FIG. 3. IDO induction as an antiparasite effector mechanism in bovine
cells. Bovine fibroblasts (EBTr cells; 3 X 10* cells per well) were stimulated
with bovine IFN-y (0 to 100 U/ml) in the presence of 0.6 mM tryptophan.
(A) After 72 h of stimulation supernatants were harvested, and the kynure-
nine content was determined by use of the Ehrlich reagent. The data are
means and standard errors of the means of four independent experiments
performed in triplicate. OD g5, optical density at 492 nm. (B) After 72 h
cultures were infected with 7. gondii tachyzoites (2 X 10* tachyzoites per
well), and T. gondii growth was monitored using [*H]uracil. The data are
means and standard errors of the means of three independent experiments
performed in triplicate. A significant inhibitory effect of supplemental tryp-
tophan (0.6 mM) on IFN-y (50 U/ml)-induced inhibition of parasite growth
is indicated by an asterisk. (C) At 72 h poststimulation, cells were infected
with N. caninum tachyzoites (2 X 10* tachyzoites per well), and growth was
monitored using [*H]uracil. The data are means and standard errors of the
means of four independent experiments performed in triplicate. A significant
inhibitory effect of supplemental tryptophan (0.6 mM) on IFN-y (50 U/ml)-
induced inhibition of parasite growth is indicated by an asterisk.

than that in seronegative animals (17). Therefore, significant
economic loss is associated with this disease (17, 23). Thus,
vaccination of cattle against N. caninum would be an interest-
ing tool to avoid financial losses due to natural infections with
this pathogen.

IDO CONTROLS N. CANINUM 4499

A protective immune response against an experimental in-
fection with N. caninum could be induced in mice by vaccina-
tion using several recombinant antigens (1, 7, 8, 34, 38, 43), as
well as DNA vaccines (8). Vaccination using viable N. caninum
has been used successfully in the mouse model (3), as well as
in cattle (44). These vaccination studies showed the impor-
tance of the adaptive immune response in defense against N.
caninum in different species. A type 1 T-helper-cell (TH1)
response was found to protect against natural (27) and exper-
imental N. caninum infections (22). During pregnancy, a shift
of the immune response toward a TH2 response was described
for mice (24, 25). In contrast, experimental infection of cattle
with N. caninum early in gestation and also late in gestation
results in profound activation of T cells. TH1 cytokines like
IFN-y and TH2 cytokines like IL-4 were produced by CD4-
positive T cells irrespective of the gestation time (39), and this
finding argues against the possibility of a polarized TH1 re-
sponse in N. caninum-infected cattle.

So far, there is no doubt that IFN-y is one of the most
important cytokines involved in the control of N. caninum
growth. For example, BALB/c mice were usually resistant to
acute infection with N. caninum, but IFN-y-deficient mice died
within a few days after infection (33). Moreover, IFN-y was
found to be active against N. caninum in different experimental
systems: Tanaka et al. (40) showed that IFN-y-activated mu-
rine macrophages were able to restrict the growth of N. cani-
num. This anti-N. caninum effect was successfully blocked by
N®MMA, a competitive inhibitor of iNOS. Furthermore,
iNOS-deficient mice were more susceptible to experimental N.
caninum infection than wild-type mice (40). Nitric oxide pro-
duction is one of the most prominent antimicrobial effector
mechanisms used by rodents; however, other species have
evolved other defense mechanisms. For example, Pfefferkorn
found that the IFN-y-inducible tryptophan-degrading enzyme
IDO is capable of blocking the growth of T. gondii (36). Pro-
liferation of N. caninum in bovine fibroblasts was analyzed in a
coculture system consisting of N. caninum-infected fibroblasts
and bovine NK cells (6). Boysen et al. found that N. caninum-
infected fibroblasts induce IFN-y production in NK cells,
which inhibit N. caninum growth by killing infected fibroblasts.
In this study, we show for the first time that IFN-vy-activated
bovine fibroblasts are capable of inhibiting N. caninum growth
by an IDO-dependent mechanism. Therefore, human and bo-
vine cells use the same antiparasite effector mechanism to
defend themselves against N. caninum. In our experiments we
used the inhibitory effects of 1-MT and of supplemental tryp-
tophan on IFN-y-induced inhibition of N. caninum growth to
indicate the involvement of IDO. In bovine cells both of these
compounds significantly, but not completely, block the IFN-y-
induced antiparasite effect. Despite the fact that 1-MT did not
completely inhibit kynurenine production by IFN-y-activated
human and murine cells, we could not exclude the possibility of
activity of other antiparasite compounds, like iINOS or
GTPases. However, we found no evidence of iNOS induction
in bovine cells, and as described previously, parallel iNOS
induction and IDO induction would result in inhibition of IDO
activity (12, 20, 42). Therefore, we suggest that it is unlikely
that iNOS is involved in the observed antiparasite effect in
bovine cells.

Pinheiro et al. (37) showed that native rat astrocytes can
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and the number of cells was determined. The data are means and standard errors of the means of three independent experiments.

support proliferation of N. caninum and that an infection re-
sults in production of a proinflammatory reaction in astrocytes,
indicated by production of nitric oxide and of TNF-« by these
cells. These two compounds can be toxic for neurons and may
contribute to the pathology of N. caninum in mice. Compara-
ble experiments demonstrated that IFN-y and TNF-a can ac-
tivate primary bovine brain cells to restrict the growth of N.
caninum. This antiparasite effect, mediated by bovine cells, was
not blocked by N°MMA, indicating that iNOS is not involved
in this process. Analogous to this finding, we observed that
human astrocytoma cells are susceptible to N. caninum infec-
tion. However, these cells are unable to produce nitric oxide, as
previously shown by us, but they are capable of restricting
the growth of parasites due to an IDO-dependent mecha-
nism (9, 11).

Defense against N. caninum during pregnancy is a problem
since at this time point a semiallogeneic fetus is present in the
uterus and immunosuppression is necessary to protect the fe-
tus, while a proinflammatory TH1 response is necessary to
mediate successful defense against N. caninum. Data obtained
in animal experiments with mice indicated that during preg-
nancy immunosuppression or induction of tolerance of the
fetal tissue is mediated by induction of IDO (32). In conclu-

sion, in this paper, we show that IDO is a major antiparasite
effector against N. caninum in bovine fibroblasts and endothe-
lial cells. Therefore, a proinflammatory response, including
IFN-y production, might mediate immunosuppressive effects,
as well as antiparasite effects.
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