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Toxoplasma gondii modulates pro- and anti-inflammatory responses to regulate parasite multiplication and
host survival. Pressure from the immune response causes the conversion of tachyzoites into slowly dividing
bradyzoites. The regulatory mechanisms involved in this switch are poorly understood. The aim of this study
was to investigate the immunomodulatory role of T. gondii cyclophilin 18 (TgCyp18) in macrophages and the
consequences of the cellular responses on the conversion machinery. Recombinant TgCyp18 induced the
production of nitric oxide (NO), interleukin-12 (IL-12), and tumor necrosis factor alpha through its binding
with cysteine-cysteine chemokine receptor 5 (CCRS5) and the production of gamma interferon and IL-6 in a
CCRS5-independent manner. Interestingly, the treatment of macrophages with TgCyp18 resulted in the inhi-
bition of parasite growth and an enhancement of the conversion into bradyzoites via NO in a CCR5-dependent
manner. In conclusion, 7. gondii possesses sophisticated mechanisms to manipulate host cell responses in a

TgCyp18-mediated process.

Toxoplasma gondii is a ubiquitous protozoan parasite that is
able to infect a broad range of warm-blooded animals, includ-
ing humans (17, 38). Fortunately, T. gondii is a well-adapted
parasite which generally causes very little disease unless the
host’s immune system is compromised in situations such as
AIDS (41). Toxoplasma gondii affects pro- and anti-inflamma-
tory host cell signaling in such a way as to maximize parasite
multiplication and spread while maintaining host survival (14).
One aspect of this manipulation is the upregulation of the
interleukin-12 (IL-12)-dependent production of gamma in-
terferon (IFN-v), which is critical to host survival of acute
toxoplasmosis (7, 8, 26, 28). This effect appears to occur by
a pathway unique to 7. gondii and involves the triggering of
cysteine-cysteine chemokine receptor 5 (CCRS5) in dendritic
cells (DC) and macrophages by secreted 7. gondii cyclophilin
18 (TgCyp18) (2). High et al. previously isolated genes encod-
ing two Toxoplasma gondii cyclophilins, TgCyp18 and TgCyp20
(27). In T. gondii, the isolation of cyclosporine-binding proteins
on affinity columns yielded only the cyclophilins TgCypl8 and
TgCyp20 (27). Both cyclophilins were highly similar to human
cyclophilin (hCyp18) in the central core region, but TgCyp20
differed in a 7-amino-acid “insertion” in the same region as
that in Plasmodium falciparum cyclophilins (27).

TgCyp18, but not hCypl8 or P. falciparum cyclophilin 19A
(PfCyp19A), appears to induce IL-12 production by interacting
directly with CCRS, an effect that was blocked by the addition
of cyclosporine (2, 4, 63). These observations implied that
structural determinants of TgCypl8, related to cyclosporine
binding, were responsible for the induction of IL-12 synthesis
(4, 63). This idea was confirmed by modeling of the TgCyp18

* Corresponding author. Mailing address: National Research Center
for Protozoan Diseases, Obihiro University of Agriculture and Veterinary
Medicine, Inada-cho, Obihiro, Hokkaido 080-8555, Japan. Phone: 81-155-
49-5886. Fax: 81-155-49-5643. E-mail: nisikawa@obihiro.ac.jp.

¥ Published ahead of print on 29 June 2009.

3686

structure on that of PfCypl19A and site-directed mutagenesis
of putatively surface-exposed residues that were absent in
PfCypl19A (63). Two of the TgCypl8 mutants, namely,
YGEH'" to VTAAA' and "**RP"° to '*YV'°, located in the
N and C termini of the protein, respectively, had reduced
interactions with CCR5 and reduced IL-12 induction (63).
Moreover, TgCypl8 peptidyl-prolyl cis-trans isomerase (PPlase)
activity was not required for its interaction with CCRS, but
IL-12 induction by TgCyp18 required both CCRS5 binding and
PPIase enzymatic activities (63). TgCypl8 appears to act as a
structural mimic of CCRS5-binding ligands, albeit one with no
sequence similarity to the known host ligands, macrophage in-
flammatory protein le/chemokine (C-C motif) ligand 3 (CCL3),
macrophage inflammatory protein 18/CCLA4, regulated on activa-
tion normal T-cell expressed and secreted (RANTES)/CCLS, or
monocyte chemotactic protein 2/CCLS, for this receptor (4, 63).
There is also evidence that the closely related protozoan Neo-
spora caninum cyclophilin plays a role in stimulating IFN-y
production by bovine peripheral blood mononuclear cells and
N. caninum-specific CD4" T cells (59). This effect is also
blocked by cyclosporine (59). IFN-y production induced by N.
caninum tachyzoites is thought to be critical in controlling the
acute phase of neosporosis (59).

Pressure from the immune response causes tachyzoites to
differentiate into slowly multiplying bradyzoites, which form
cysts within muscle and brain cells (19). The cysts are protected
from the host immune response and establish a life-long chronic
infection (18). If the tissue cysts are ingested, for example,
through the consumption of undercooked meat, bradyzoites are
released into the gut, invade epithelial cells, and differentiate into
tachyzoites, initiating a new asexual cycle (10). In vitro models
of tachyzoite-to-bradyzoite differentiation have been estab-
lished by using a variety of stress conditions that mimic the
stresses of the host immune response. These conditions in-
clude treatment with IFN-y (5), mitochondrial inhibitors (6),
alkaline pH (pH 8.1) (53), and high temperature (54). The
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stress response is controlled in part by eukaryotic initiation
factor 2 kinase in the parasite, which is well characterized as
a stress response in eukaryotic cells (55), and differentiation
also involves parasite-derived cyclic nucleotide kinases (20).
Large-scale sequencing of stage-specific cDNA (36, 39), mi-
croarray studies (10), and serial analysis of gene expression
tags (44) revealed that stage conversion involves changes in
the levels of expression of a large number of genes, although
the regulatory mechanism(s) involved in the conversion is
poorly understood.

Although previous reports mentioned the ability of TgCyp18
to induce the production of the IL-12 (1, 2, 14, 63), the pro-
ductions of other cytokines were not elucidated. Here we show
that TgCyp18 induces the production of other cytokines and
nitric oxide (NO) and enhances the bradyzoite conversion of T.
gondii.

MATERIALS AND METHODS

Parasite and cell cultures. T. gondii (PLK strain) tachyzoites were maintained
on monkey kidney adherent fibroblasts (Vero cells) cultured in Eagle’s minimum
essential medium (Sigma, St. Louis, MO) supplemented with 8% heat-inacti-
vated fetal bovine serum. For the purification of tachyzoites, parasites and host
cell debris were washed in cold phosphate-buffered saline (PBS), and the final
pellet was resuspended in cold PBS and passed through a 27-gauge needle and
a 5.0-pm-pore-size filter (Millipore, Bedford, MA).

Animals. C57BL/6] female mice (B6 mice), 6 to 8 weeks of age, and a female
Japanese white rabbit were obtained from Clea Japan (Tokyo, Japan). CCRS
knockout (CCR5™/7) mice (B6.129P2-Ccr5™1%12/J stock no. 005427) were pur-
chased from the Jackson Laboratory (Bar Harbor, ME). Animals were housed
under specific-pathogen-free conditions in the animal facility of the National
Research Center for Protozoan Diseases at the Obihiro University of Agriculture
and Veterinary Medicine, Obihiro, Japan. Animals used in this study were
treated and used according to the Guiding Principles for the Care and Use of
Research Animals of the Obihiro University of Agriculture and Veterinary
Medicine.

Reagents. Lipopolysaccharide (LPS) from Escherichia coli (10-p.g/ml stock
solution in RPMI 1640 medium), cyclosporine from Tolypocladium inflatum (1
mM stock solution in 0.01% ethanol-RPMI 1640 medium), and N®-monomethyl-
L-arginine acetate (L-NMMA) (100 mM stock solution in Dulbecco’s modified
Eagle’s medium) were obtained from Sigma.

Construction and expression of recombinant TgCyp18 and recombinant
MTgCyp18. A cDNA was synthesized from RNA isolated with Tri reagent (Sigma)
using a SuperScript first-strand synthesis system for reverse transcription-PCR
(Invitrogen, Carlsbad, CA). The cDNA was used as a template to amplify the
coding region of wild-type TgCyp18. The DNA and amino acid sequences of
TgCyp18 are stored in the GenBank database under accession number U04633.1.
To clone wild-type recombinant TgCyp18 without the signal peptide (amino
acids 1 to 17), consisting of 163 amino acids, one set of oligonucleotide primers
that included a BamHI restriction enzyme site (boldface type) and a methionine
start codon in the forward primer (5'-CTG GAT CCA TGG AAA ATG CCG
GAG TCA GAA AG-3") and an EcoRlI site (boldface type) in the reverse primer
(5'-GCG AAT TCT TAC TCC AAC AAA CCA ATG TC-3") was designed. The
PCR products were digested with BamHI and EcoRI and then ligated into the
glutathione S-transferase (GST) fusion protein in Escherichia coli expression
vector pGEX-4T1 (GE Healthcare, Buckinghamshire, England), which had been
digested with the same set of restriction enzymes (pGEX-TgCyp18). To generate
the indicated mutant TgCyp18 (MTgCyp18), the following primers were used:
the forward primer contained an EcoRV restriction site (boldface type) (5'-CAT
GGA TAT CGA CAT CGA CGC AGC AGC TGC CGG GCG CAT TAT
CTT-3") ("GEH'" to '"AAA'"), and the reverse primer contained a Nrul re-
striction site (boldface type) (5'-TCC GTG ATT TTC GCG ACC TTA GAC
ACG TAG CCG CCG CTG CCG CCG-3") (**RP'* to "*9YV'*Y). The PCR
products were digested with EcoRV and Nrul and then ligated into EcoRV- and
Nrul-treated pGEX-TgCyp18 (pGEX-MTgCyp18). The nucleotide sequences of
the plasmid were analyzed with a model ABI 3100 DNA sequencer (Applied
Biosystems, Foster City, CA). Wild-type and MTgCyp18s were expressed as GST
fusion proteins in E. coli DH5« cells (Takara, Bio, Inc., Japan). The GST tags of
the recombinant proteins were removed with thrombin protease (GE Health-
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care) according to the manufacturer’s instructions. Proteins were dialyzed in PBS
and purified with Detoxi-Gel endotoxin-removing gel (Pierce Biotechnology Inc.,
Rockford, IL) to remove endotoxins. For cell culture use, the proteins were
filtered using a 0.45-pm low-protein-binding Supor membrane (Pall Life Sci-
ences, Ann Arbor, MI). The purity and quantity of the proteins were detected as
a single band by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophore-
sis (PAGE) followed by Coomassie brilliant blue R250 staining (MP Biomedicals
Inc., France). The concentration was measured using a BCA protein assay kit
(Pierce Biotechnology Inc.).

Production of anti-TgCyp18 serum and purification of IgG. Three hundred
micrograms of recombinant TgCyp18 in Freund’s complete adjuvant (Sigma) was
intradermally injected into a female Japanese white rabbit. The same antigen in
Freund’s incomplete adjuvant (Sigma) was intradermally injected into the rabbit
on days 14, 28, and 42. Serum from the immunized rabbit was collected 7 days
after the last immunization. Immunoglobulin G (IgG) was purified from 2 ml of
rabbit sera through protein A chromatography columns according to the man-
ufacturer’s instructions (Bio-Rad Laboratories, Hercules, CA). The fractions
containing IgG were pooled and resolved by SDS-PAGE to test purity and
quantity.

Monolayer cultures of peritoneal macrophages. Mouse peritoneal macro-
phages were collected from B6 and CCR5 ™/~ mice 4 days after intraperitoneal
injection of 1 ml of 4.05% Brewer modified BBL thioglycolate medium (Becton
Dickinson, Sparks, MD) by peritoneal washing with 5 ml of cold PBS. After
harvesting, the cells were centrifuged at 800 X g for 10 min and suspended in
RPMI 1640 medium containing 10% fetal bovine serum. The macrophage sus-
pension was then added to 24-well tissue culture microplates at 1 X 10° cells/well.
The suspensions were incubated at 37°C for 3 h, washed thoroughly to remove
nonadherent cells, and further incubated at 37°C. The purities of the peritoneal
macrophage cultures were quantified by flow cytometry using anti-CD11b and
anti-CD3 monoclonal antibodies. The percentages of CDI11b" cells were
99.4% + 0.17% at 0 h and 98.6% = 1.01% at 24 h (n = 3). Moreover, the
percentages of CD3™" cells were 0.02% *+ 0% at 0 h and 0.04% = 0.06% at 24 h.
These results indicate the high purity of the peritoneal macrophages used in this
study.

Cytokine enzyme-linked immunosorbent assay. Macrophage culture superna-
tants were collected for measurements of IL-12p40, IL-6, tumor necrosis factor
alpha (TNF-a), and IFN-y levels by an enzyme-linked immunosorbent assay
(Pierce Biotechnology Inc.) according to the manufacturer’s recommendations.
Cytokine concentrations were calculated using standard cytokine curves run on
the same plates.

Measurement of NO. Supernatants from peritoneal macrophages cultured in
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum were
collected for analysis of NO levels. Levels of nitrate and nitrite production in the
culture medium were measured using a nitrite/nitrate assay kit (Cayman Chem-
ical Co., Ann Arbor, MI) according to the manufacturer’s recommendations.
Nitrite and nitrate levels were calculated with a standard absorbance curve run
on the same plate.

Examination of parasite growth. Measurement of [*H]uracil uptake in the
tachyzoites was performed because [*H]uracil serves as a parasite-specific met-
abolic label for measuring viability, as previously described (42). In order to study
the role of TgCypl8 during primary and secondary infections, pre- and post-
TgCypl8 treatment experiments were designed. In the posttreatment experiment
mimicking a primary infection, peritoneal macrophages were infected with 2 X
10° parasites for 12 h before the culture was incubated for 24 h with TgCyp18,
MTgCypl8, GST as a negative control, or LPS as a positive control. In the
pretreatment experiment mimicking a secondary infection, peritoneal macro-
phages were pretreated with TgCyp18, MTgCyp18, GST, or LPS for 12 h, and
the culture was then infected with 2 X 10° parasites. After incubation for 24 h at
37°C, [5,6->H] uracil (Moravek Biochemicals, Brea, CA) was added to the plate
at 1 pnCi/well, and the cell mixtures were further incubated for 2 h at 37°C. After
fixation with 10% trichloroacetic acid, the cell mixtures were incubated with 0.2
N NaOH for 30 min at 37°C. The radioactivity incorporated into the parasites
was measured using a beta counter.

Effects of L-NMMA on parasite growth in vitro. Peritoneal macrophages (1 X
10° macrophages) in a 24-well culture plate were incubated with recombinant
proteins or LPS for 12 h and then cultured with T. gondii tachyzoites for 24 h at
37°C with or without L-NMMA at the indicated concentrations as described
previously (43). After incubation, cells were processed for the parasite growth
assay as described above.

Western blot analysis. Peritoneal macrophages were incubated with recombi-
nant proteins for 12 h before the cells were infected with 2 X 10* T. gondii
tachyzoites. After 72 h, the cells containing the parasites were washed, scraped,
suspended in 100 pl of PBS, sonicated, and mixed with 100 pl of 2X SDS
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gel-loading buffer (62.5 mM Tris-HCI [pH 6.8], 2% [wt/vol] SDS, 140 mM
2-mercaptoethanol, 10% [wt/vol] glycerol, and 0.02% [wt/vol] bromophenol
blue) under reducing conditions. The samples were heated at 95°C for 5 min and
separated on a 12% polyacrylamide gel. After SDS-PAGE, the protein bands in
the gel were electrically transferred onto a membrane (Immobilon-P; Millipore).
The membrane was blocked with 1X PBS containing 3% skim milk (PBS-SM)
and then incubated with BAG1 or GRAL polyclonal antibody raised in mice (13)
or with a TgSAG1 monoclonal antibody (Advanced Immunochemical Inc., Long
Beach, CA) at a 1:100 dilution in PBS-SM at 37°C for 60 min. The membrane
was washed three times with PBS for 5 min and then incubated with a 1:1,000
dilution of horseradish peroxidase-conjugated goat anti-mouse IgG (Amersham
Pharmacia Biotech, Piscataway, NJ) in PBS-SM at 37°C for 60 min. The mem-
brane was washed three times with PBS for 5 min, incubated with ECL Western
blotting detection reagents (Amersham, GE Healthcare) for 1 min, and exposed
to a film.

Indirect fluorescent antibody test (IFAT). Confirmation of the conversion of
the parasite was explored using coverslips of confluent peritoneal macrophages
pretreated with TgCyp18 and infected with 7. gondii parasites. The coverslips
were collected 72 h after parasite inoculation, washed twice with PBS containing
1 mM CaCl, and MgCl, (PBS* ™), and then fixed with 3% paraformaldehyde in
PBS**. After washing twice with PBS™* ™, the cells were permeabilized with 0.3%
Triton X-100 in PBS*™" for 5 min at room temperature. After washing, the
coverslips were incubated with 3% bovine serum albumin (BSA) in PBS** at
room temperature for 30 min. The coverslips were incubated with BAG1 mouse
antiserum and anti-Cyp18 rabbit IgG diluted 1:100 in 3% BSA in PBS** for 1 h
at room temperature. After washing three times with PBS™**, the coverslips were
incubated with Alexa Fluor 488-conjugated goat anti-mouse IgG and Alexa
Fluor 594-conjugated goat anti-rabbit IgG (Sigma) diluted 1:1,000 in 3% BSA in
PBS™™ for 1 h at room temperature and then washed again. The coverslips were
placed onto a glass slide coated with Mowiol (Calbiochem, San Diego, CA). The
slides were examined using a fluorescence microscope (Nikon, Tokyo, Japan).
Three hundred infected cells were counted, and the average numbers as a
percentage of BAG1-positive cells, indicating bradyzoites, and Cyp18-positive
cells, as total parasites, were determined.

Statistical analysis. Data are expressed as means * standard deviations.
Various assay conditions were evaluated by using an analysis of variance
(ANOVA) test followed by post hoc analysis of group differences that was per-
formed by use of the least significant difference (LSD) test; P values of <0.001 were
considered to be statistically significant.

RESULTS

Cytokine production in response to TgCyp18. TgCyp18 has
been shown to stimulate DC to produce IL-12 in a CCRS-
dependent manner (2). However, the effect of TgCyp18 stim-
ulation on the production of other cytokines has not yet been
elucidated. We investigated the production of TNF-a, IL-6,
IL-12p40, and IFN-y by peritoneal macrophages treated with
TgCyp18, demonstrating the role of CCRS and the inhibitory
effect of cyclosporine (Fig. 1). Interestingly, TgCyp18 induced
low-level production of TNF-a and IL-12p40 in a CCRS5-de-
pendent manner. MTgCyp18, TgCypl8 plus cyclosporine in
combination, and CCR5/~ macrophage treatment with
TgCyp18 produced levels of TNF-« and IL-12p40 comparable to
those of the negative controls (complete medium, GST, and
cyclosporine alone) (Fig. 1A and B). On the other hand,
TgCyp18 succeed in upregulating the production of IL-6 and
IFN-vy in a CCR5-independent way. The level of IL-6 produc-
tion in wild-type B6 macrophages was significantly different
among the TgCyp18, MTgCyp18, and TgCyp18-plus-cyclospor-
ine treatments (P < 0.001). CCR5/~ macrophages treated
with TgCyp18, MTgCyp18, and TgCyp18 plus cyclosporine had
comparable differences from each other with no significant
differences observed compared to wild-type B6 macrophages
(Fig. 1C). It was previously reported that the expression of
IFN-y mRNA was detected upon LPS stimulation of murine
macrophages (22). Moreover, a small population of IFN-vy-
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positive cells with a macrophage phenotype was identified,
particularly in chronically Trypanosoma cruzi-infected mice,
reinforcing the notion that macrophages can be an alternative
source of IFN-y (3). Human macrophages derived from mono-
cytes in vitro and naturally activated alveolar macrophages
immediately secreted IFN-y upon treatment with IL-12 and
IL-18 (12), suggesting that macrophages have the ability to
produce IFN-y in response to certain stimuli. The treatment of
wild-type B6 macrophages with TgCyp18, MTgCyp18, and the
combination of TgCyp18 plus cyclosporine led to significantly
increased levels of IFN-y compared to those of the negative
controls (P < 0.001), although there were no differences
among the treatment groups. Similar results were seen with
CCR5 ™/~ macrophages, which also significantly increased
IFN-y production levels of over those of the negative controls
(P < 0.001) (Fig. 1D). The level of production of TNF-a and
IFN-v by LPS-treated CCR5 '~ macrophages was significantly
less than that in LPS-treated wild-type B6 macrophages, which
might help to clarify the direct or the indirect role of CCRS
in controlling both TNF-a and IFN-y induction by LPS.
Altogether, TgCyp18 induced the production of TNF-a and
IL-12p40 in a CCRS5-dependent manner and succeeded in
upregulating the production of IL-6 and IFN-y in a CCRS-
independent way.

CCRS controls production of NO in response to TgCyp18.
Because of the critical role of NO in the toxoplasma-static
effect in activated macrophages, we measured the effect of
TgCyp18 on NO production. TgCyp18 at doses of 25 and 50
pg/ml enhanced the production of NO. Pretreatment of B6
macrophages with MTgCyp18 or CCR5/~ macrophages with
TgCypl8 failed to produce NO above negative control levels
(complete medium and GST). Moreover, the combination of
TgCyp18 plus cyclosporine failed to produce NO at levels
above those of ethanol, the negative control for this group (Fig.
2). Altogether, TgCyp18 enhanced the production of NO in a
CCRS5-dependent manner.

Effects of TgCyp18 treatment on parasite growth. In order to
study the role of TgCyp18 in response to uninfected and in-
fected macrophages, the cells were pre- and posttreated with
TgCypl8, and parasite growth was measured (Fig. 3). In the
posttreatment experiment, the effects of TgCyp18 on infected
cells were examined. As shown in Fig. 3A, there were no
significant differences in parasite growth in wild-type B6 or
CCR5 ™/~ macrophages compared to each other and to the
negative controls (complete media and GST). LPS-treated B6
and CCR5~/~ macrophages showed levels of downregulated
parasite growth similar to those of untreated control macro-
phages. Next, we investigated the effects of TgCyp18 on unin-
fected cells through the pretreatment experiment. In this ex-
periment, we mimicked the cell status after parasite egress by
adding larger amounts of TgCyp18 (Fig. 3B). All doses (12.5,
25, and 50 pg/ml) of TgCypl8 inhibited parasite growth in
wild-type macrophages compared to the control groups and
the CCR5™/~ macrophages. Only 50 pg/ml of TgCyp18 down-
regulated parasite growth in CCR5 ™/~ macrophages compared
to control groups. Moreover, 50 pg/ml of MTgCyp18 inhibited
parasite growth in B6 wild-type macrophages compared to
CCR5~/~ macrophages and to control groups, suggesting that
TgCypl8 might act with other receptors to regulate parasite
growth. LPS-treated macrophages again showed a downregu-
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FIG. 1. Cytokine production induced by TgCyp18. Peritoneal macrophages (1 X 10° macrophages) from B6 mice and CCR5/~ mice were
incubated for 24 h with 50 pg/ml GST, 50 pg/ml TgCyp18, 50 wg/ml MTgCypl8, 1 uM cyclosporine (CsA), or 10 ng/ml LPS, and the supernatants
were collected for measurements of the production of TNF-a (A), IL-12p40 (B), IL-6 (C), and IFN-y (D). Each value represents the mean = the
standard deviation of data from triplicate samples. The results are representative of two repeated experiments with similar results. Statistical
significance was calculated between groups compared to the control (medium only or GST) and also for IL-6 among the TgCyp18-, MTgCyp18-,
and TgCyp18-plus-cyclosporine-treated macrophage groups, calculated using ANOVA and follow-up test (LSD). %, P < 0.001.

lation of parasite growth in both wild-type B6 and CCR5 ™/~
macrophages. These results suggest that the treatment of mac-
rophages with TgCypl18 results in the inhibition of parasite
growth under conditions that mimic secondary infection in a
CCRS5-dependent manner.

Inhibition of parasite growth by TgCyp18-induced NO. As
shown in Fig. 2, the amounts of NO produced by wild-type

peritoneal macrophages treated with TgCypl8 were signifi-
cantly higher than those of MTgCypl8-treated B6 macro-
phages or CCR5 '~ macrophages treated with TgCyp18. To
confirm the role of NO induced by TgCyp18, the effect of the
inducible NO synthase (iNOS) inhibitor L-NMMA on parasite
growth was investigated (Fig. 4). The addition of L-NMMA
restored the growth of the parasite in wild-type macrophages
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FIG. 2. NO production by TgCyp18. Peritoneal macrophages (1 X 10° macrophages) from B6 mice and CCR5 ™/~ mice were incubated for 24 h
with 25 or 50 pg/ml of GST, TgCyp18, or MTgCyp18; 1 uM cyclosporine (CsA); or 10 ng/ml LPS, and supernatants were collected for analysis
of NO production. Each value represents the mean * the standard deviation of data from triplicate samples. The results are representative of two
repeated experiments with similar results. Statistical significance was calculated compared to the control groups (medium only or GST) using

ANOVA and a follow-up test (LSD). %, P < 0.001.
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FIG. 3. Inhibition of T. gondii growth by treatment of macrophages
with TgCyp18. (A) Posttreatment experiment. Peritoneal macrophages
(1 X 10° macrophages) from B6 mice and CCR5 ™/~ mice were in-
fected with 7. gondii (2 X 10° parasites) for 12 h, and the culture was
then incubated with TgCyp18, MTgCyp18, 50 ng/ml GST, or 10 ng/ml
LPS. After 24 h, [*H]uracil uptake in tachyzoites was measured.
(B) Pretreatment experiment. Peritoneal macrophages (1 X 10° mac-
rophages) from B6 mice and CCR5™/~ mice were incubated with
TgCyp18, MTgCyp18, 50 pg/ml GST, and 10 ng/ml LPS for 12 h before
the cells were infected with T. gondii (2 X 10° parasites). After incu-
bation for 24 h, the [*H]uracil uptake in tachyzoites was measured. The
percentage of growth was calculated by dividing each value (control or
tested) by the average means of the control samples (parasite growth
in nontreated macrophages) multiplied by 100. Each value represents
the mean = the standard deviation of data from triplicate samples.
Statistical significance was calculated between the TgCypl8- or
MTgCypl8-pretreated B6 wild-type macrophages and the pretreated
CCR5 ™/~ macrophages or the negative control groups. Moreover,
significant differences were calculated between the positive controls for
both macrophages and the negative control using ANOVA and a
follow-up test (LSD). *, P < 0.001.

pretreated with TgCyp18, while the inhibitor did not have any
significant effects on wild-type macrophages pretreated with
MTgCypl8. Our data demonstrated that anti-Toxoplasma ac-
tivity was induced in an NO-dependent manner in wild-type
macrophages pretreated with TgCyp18.

TgCyp18 enhanced bradyzoite conversion via NO produc-
tion. Since TgCyp18 had the ability to induce the production of
NO related to the inhibition of parasite growth, we speculated
that TgCypl8 would have an influence on bradyzoite conver-
sion. In order to investigate the ability of TgCyp18 to induce
the conversion of 7. gondii from the tachyzoite stage to the
bradyzoite stage, Western blot analysis and IFAT were per-
formed with specific markers for each stage. As shown in Fig.
5, Western blots of lysates from infected wild-type B6 macro-
phages pretreated with TgCyp18 were strongly positive for the
30-kDa bradyzoite-specific marker BAG1 (13) but showed only
weak staining for the 31-kDa tachyzoite-specific marker SAG1.

L-NMMA
=

: gouM

& 500 uM
s

= B 1000 M

50 25 50 25

TgCypl8 (ng/ml)

FIG. 4. Effect of L-NMMA on T. gondii growth in response to
TgCyp18. Peritoneal macrophages (1 X 10° macrophages) from B6
mice were pretreated with 0 pM, 500 wM, or 1,000 pM L-NMMA for
15 min. The cells were incubated with TgCyp18, MTgCyp18, 50 pg/ml
GST, or 10 ng/ml LPS for 12 h before infection with 2 X 10° parasites.
After incubation for 24 h, the [*H]uracil uptake in tachyzoites was
measured. The percentage of growth was calculated by dividing each
value (control or tested) by the average means of the control samples
(parasite growth in nontreated macrophages) multiplied by 100. Each
value represents the mean =+ standard deviation of data from triplicate
samples. Statistical significance was calculated against 0 pM L-NMMA
treatment using ANOVA and a follow-up test (LSD). *, P < 0.001.

MTgCypl8 (ng/ml)
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FIG. 5. Western blot analysis of 7. gondii-infected macrophages
pretreated with TgCyp18. Peritoneal macrophages (1 X 10° macro-
phages) were incubated with TgCyp18 or MTgCyp18 (50 wg/ml) for
12 h before the culture was infected with T. gondii (2 X 10* parasites).
After 72 h, the lysates of cells containing the parasite were subjected to
Western blot analysis using a SAG1 monoclonal antibody (mAb),
BAGT1 polyclonal antibody (Ab), or GRA1 antibody. B6 macrophages
and CCR5™/~ macrophages were preincubated with MTgCypl8,
TgCypl8, complete medium, or macrophages (M®) without infec-
tion.

The lysates from infected wild-type B6 macrophages cultured
with MTgCyp18 or complete medium were positive for SAG1
only. On the other hand, TgCyp18 did not have any effects on
T. gondii conversion in CCR5 ™/~ macrophages because BAG1
expression was not detected in infected CCR5 ™/~ macro-
phages pretreated with TgCypl8. Anti-GRA1 was used as a
control because it is a suitable marker for characterizing both
tachyzoites and bradyzoites (21, 60). We then confirmed the
induction of bradyzoites following TgCypl8 treatment by
IFAT (Fig. 6). The conversion was confirmed using BAG1- and
TgCypl8-specific antibodies (for both stages). BAG1 expres-
sion was detected on parasites in wild-type B6 macrophages
pretreated with TgCypl8 (Fig. 6A), while no expression of
BAGI1 was detected on parasites in wild-type macrophages
pretreated with TgCyp18 plus L-NMMA or MTgCyp18 (Fig.
6B and C). Three hundred infected cells were counted, and
percentages of BAG1-positive and TgCyp18-positive parasites
were determined (Fig. 6Q). Pretreatment with TgCypl8 re-
sulted in the staining of 67.3% of the parasites with antibodies
to BAGI by day 3 of culture, while other pretreatments failed
to express any considerable levels of BAG1 (Fig. 6Q). Taken
together, these results suggest that the treatment of macro-
phages with TgCypl18 resulted in the induction of bradyzoite
conversion in an NO- and CCRS5-dependent manner.

DISCUSSION

Elucidation of the molecular mechanisms underlying the
regulation of the protective immune response has provided
important clues for an understanding of the basis of successful
long-term interactions between parasites and their vertebrate
hosts (15). Toxoplasma so far appears to be unique in that it
possesses two mechanisms to trigger IL-12 production from
DC (2, 14, 46). One is dependent upon the common adaptor
protein myeloid differentiation protein 88 (MyDS88) and is
likely to involve Toll-like receptors (14, 46, 62). The other is
through an 18-kDa cyclophilin, TgCyp18, which is released by
extracellular tachyzoites, triggering IL-12 production through
binding to CCRS5 (2). DC from CCR5 /"~ mice display defects
in IL-12 production and have increased susceptibility to 7.
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gondii (1). The present study aimed to clarify the immuno-
modulatory role of TgCypl8 in relation to CCRS in macro-
phages and the consequences of immunoregulation on the
parasite growth and stage conversion of 7. gondii parasites.

The results of the present study demonstrated that TgCyp18
induced the production of NO, TNF-a, and IL-12p40 in a
CCRS5-dependent manner. MTgCyp18 or TgCypl8 plus cyclo-
sporine-treated wild-type B6 and CCR5 '~ macrophages did
not produce comparable levels of these cytokines (Fig. 1A and
B and 2). In susceptible mouse strains (such as C57BL/6 mice),
moderate inflammation characterized by the presence of gene
transcripts for IFN-y, TNF-a, granulocyte-macrophage colony-
stimulating factor, IL-6, IL-1, and IL-10 is found in the central
nervous system of chronically infected animals (25, 29, 30).
Moreover, it was previously reported that TgHSP70-induced
NO release was dependent on Toll-like receptor 2, MyDSS,
and IRAK4 (40), which means that 7. gondii has several pro-
teins that work through different pathways to induce NO pro-
duction. On the other hand, TgCyp18 succeeded in upregulat-
ing the production of IFN-y and IL-6 in a CCR5-independent
way, which may provide some clues about the roles of other
receptors for TgCyp18 in macrophages. The cytokine IFN-vy is
central for resistance to 7. gondii at both acute and chronic
stages of infection, as demonstrated by cytokine depletion,
cytokine repletion, and gene knockout studies (24, 48, 56, 57).
Both TNF-a and IFN-y are required for the induction of
optimal levels of iNOS and reactive nitrogen intermediates
(31). However, our results showed no significant differences in
IFN-y production among TgCyp18-, MTgCyp18-, and TgCyp18-
plus-cyclosporine-treated groups (Fig. 1D), and only TgCypl8
enhanced the production of NO (Fig. 2). Interestingly, LPS-
treated macrophages showed comparable differences between
wild-type B6 and CCR5~/~ macrophages in the production of
TNF-a and IFN-y. A recent report suggested that CCR5-medi-
ated neuron-glia signaling functions to protect neurons by sup-
pressing microglia toxicity through the downregulation of the
expression of mRNAs for inflammatory cytokines (IL-1B and
TNF-a) and iNOS induced by LPS (23). This might clarify the
direct or the indirect role of CCRS in controlling both TNF-« and
IFN-y induced by LPS. Altogether, these results suggest that
CCRS acts as one of the main receptors controlling NO produc-
tion in response to 7. gondii, playing a direct role in NO produc-
tion in response to TgCypl18. Moreover, IFN-y induced by Tg-
Cypl18 did not appear to be responsible for the production of NO
in our experimental model.

Following infection of intermediate hosts with 7. gondii, the
parasite initially multiplies in the tachyzoite stage before dif-
ferentiating into bradyzoites due to pressure from the host
immune response (19). Retarded parasite growth seems to be
necessary for the induction of bradyzoite-specific antigens (6).
Our study demonstrated that the treatment of macrophages
with TgCyp18 under conditions that mimic a secondary infec-
tion resulted in the inhibition of parasite growth (Fig. 3B and
4) and an enhancement of the conversion into bradyzoites in a
CCRS5-dependent manner via a NO-dependent pathway (Fig. 5
and 6). In contrast, TgCyp18 under conditions mimicking a
primary infection failed to downregulate parasite growth (Fig.
3A). These results emphasized the role of secondary infection
in controlling the parasite life cycle.

Two explanations can be imagined to clarify these results.
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FIG. 6. IFAT of T. gondii-infected macrophages pretreated with TgCyp18. Peritoneal macrophages (1 X 10° macrophages) were incubated with
TgCyp18 or MTgCyp18 (50 wg/ml) or pretreated with 1,000 uM L-NMMA for 15 min, followed by 50 pg/ml of TgCyp18 for 12 h before the culture
was infected with T. gondii (2 X 10* parasites). After 72 h, the cells containing the parasite were subjected to IFAT. Cells treated with TgCyp18
(A, E, I, and M), TgCyp18 plus L-NMMA (B, F, J, and N), MTgCyp18 (C, G, K, and O), or complete medium (D, H, L, and P) were stained with
a BAG1 antibody as a bradyzoite-specific marker (A to D) or a TgCyp18 antibody as a tachyzoite and bradyzoite marker (E to H). Light images
(I to L) and merged images (M to P) are also shown. For the conversion ratio of 7. gondii from the tachyzoite stage to the bradyzoite stage (Q),
the data are presented as mean percentages of duplicated samples of BAG1-positive and TgCyp18-positive cells of 300 cells infected with 7. gondii.
Scale bars, 10 pm.
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First, the number of parasites during primary infection was not
enough to secrete an effective concentration of TgCypl8 ca-
pable of enhancing the immune response and NO production.
In this scenario, a threshold concentration of TgCyp18 is needed
to enhance the production of NO and trigger its consequent
effects. We found low levels of secreted endogenous TgCypl8
(216.3 = 17.5 pg/ml) from extracellular parasites (2 X 107 para-
sites) after 120 min at 37°C that appeared to be time and
temperature dependent (data not shown). Aliberti et al. pre-
viously proved that TgCypl8 was actively secreted in a time-
and temperature-dependent fashion (2). Therefore, these low
levels compared to doses used in our experiments suggest that
huge numbers of tachyzoites (proliferated asexually through
many cycles) were required to secrete a threshold dose of
TgCyp18 capable of mimicking the effects of secondary infec-
tion. This concept of a threshold level of TgCyp18 might also
explain both the failure of the primary infection experiment to
downregulate parasite growth as well as the success of the
secondary infection. A second possibility concerns the length
of time of macrophage exposure to TgCyp18. In this scenario,
macrophages would be required to be exposed to TgCyp18 for
a specific duration before NO production proceeds. The crit-
ical role of NO for the toxoplasma-static effects in activated
macrophages has been well documented by studies that inhib-
ited its formation with the NO synthase inhibitor L-NMMA
(35, 37, 50). It is known that endogenous NO is reactive with
iron-sulfur centers in proteins and therefore has the potential
to inhibit several proteins involved in mitochondrial electron
transport (16, 34). Previous in vitro studies indicated that NO,
an important effector molecule produced by activated macro-
phages and an inhibitor of mitochondrial electron transport
and ATP formation, induced both parasite stasis and the ex-
pression of a subset of bradyzoite-specific antigens (6, 52). NO
mediated by TgCyp18 may also be capable of targeting specif-
ically the parasite’s mitochondrial electron transfer in a man-
ner similar to the effects of atovaquone. Treatment of parasites
with atovaquone resulted in the inhibition of the mitochondrial
membrane potential and a subsequent increase of mitochon-
drial respiration over time, eventually leading to the differen-
tiation of 7. gondii from tachyzoites to bradyzoites (58, 61). It
is also possible that the differentiation of 7. gondii is a combi-
nation of these two models requiring both a threshold concen-
tration and prolonged exposure times.

The conversion process of 7. gondii is a very complicated
process incorporating multiple pathways into this process. Ex-
amples of this complexity have been shown when tachyzoite-
to-bradyzoite transformation was established in vitro through
the inducement of stress including the treatment of host cells
with IFN-y or mitochondrial inhibitors (5, 6) or via the addi-
tion of alkaline pH or high temperatures (11, 53, 54). More-
over, while tissue cysts containing 7. gondii bradyzoites are
found in multiple organs of the host, there appears to be
preferential development within neural and muscular tissue
(19), suggesting that host cell type plays a role in this process
(11). Indeed, changes in host cell transcription can directly
influence the molecular environment to enable bradyzoite de-
velopment (45). Human cell division autoantigen 1, which is
involved in cell cycle arrest and the downregulation of cell
proliferation (9), played a crucial role in cyst development
through its ability to modify the growth state of the host cell
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(45). Exogenous stress factors appear to influence the devel-
opmental differentiation of 7. gondii. With this complexity,
previous work that found evidence of iNOS independence in
cyst formation is not entirely surprising (51); the blockage of
iNOS in knockout mice may have led to a compensation of
alternate inputs (pathways) leading to 7. gondii conversion.
Certainly, there is ample evidence of an in vivo role for iNOS
in parasite development and disease pathology (32, 47, 49).
Moreover, a previous in vivo study reported that CCRS5 was
required for effective T. gondii control and that CCR5 ™/~ re-
sulted in the death of infected mice due to uncontrolled par-
asite replication (33). While the present study was carried out
in vitro, it does provide enticing indications that TgCyp18 can
act as an input for parasite conversion through NO induction
and warrants further study in vivo.

In conclusion, our data suggested that TgCyp18-induced NO
production played a critical role not only in the inhibition of
parasite replication but also in triggering the induction of bra-
dyzoite development. This led to the hypothesis that TgCyp18
can manipulate the immune response not only to fulfill its life
cycle by converting to the slowly replicating bradyzoite but also
to protect its host from the highly dividing tachyzoite. T. gondii
would possess sophisticated mechanisms to instruct and sub-
vert host cell responses by secreting TgCyp18. This dual po-
tency of the parasite could allow for the establishment of a
stable host-parasite interaction.
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