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Chemokines play an important role in inflammation and infection due to their ability to recruit cells of
innate and adaptive immunity. Here we examined mouse macrophage chemokine responses during intracel-
lular infections with high- and low-virulence Toxoplasma gondii strains. The high-virulence type I strain RH
induced a large panel of CC-type chemokines, whereas responses elicited by strains PTG (type II) and M7741
(type III) were much weaker. Strikingly, the 7. gondii-induced chemokine response occurred independently of
signaling through the Toll-like receptor adaptor MyD88. Instead, production of chemokines during infection
was heavily dependent upon phosphoinositide-3-kinase signaling pathways. Because infection with type I
strains such as RH results in an uncontrolled proinflammatory cytokine response, we hypothesize that this
virulence phenotype is a consequence of early strong induction of chemokines by type I, but not type II or III,

Toxoplasma strains.

The intracellular apicomplexan parasite Toxoplasma gondii
is a major opportunistic pathogen in immunocompromised
populations worldwide and a cause of abortion in humans and
animals (16, 24). During acute infection, the parasite invades a
wide variety of cell types, including innate immune cells such as
macrophages and dendritic cells (10, 33). Entry into host cells
involves parasite actin-based motility and regulated discharge
of apical organelles (40, 52). Inside the cell, the parasite es-
tablishes a nonfusogenic parasitophorous vacuole that remains
segregated from host endosomal and lysosomal pathways (8).
In most cases, the parasite progresses to establish a persistent,
asymptomatic infection associated with formation of quiescent
cysts in tissues of the skeletal muscles and central nervous
system.

Toxoplasma is known for its ability to trigger vigorous inter-
leukin-12 (IL-12) responses by innate immune cells, including
macrophages, dendritic cells, and neutrophils (51). In turn, this
results in strong cell-mediated immunity that is associated with
gamma interferon (IFN-y)-producing CD4" Thl and CD8"
T-cell effectors (15). In animals lacking IL-12 or IFN-y, Toxo-
plasma causes a lethal infection that is marked by uncontrolled
parasite replication and widespread dissemination (50, 59).
Nevertheless, these cytokines must be tightly regulated
through the action of mediators such as IL-10 to avoid inflam-
matory pathology that can itself be lethal to the host (20, 56).
Thus, the ability to establish long-term asymptomatic infection
in which both the host and parasite coexist is dependent upon
an appropriate balance between cytokines with opposing func-
tions.

In Europe and North America, the population structure of
Toxoplasma is dominated by three lineages, designated strain
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types I, 11, and IIT (12, 22, 53, 54). These strain types appear to
have emerged by rapid clonal expansion from a limited number
of crosses between ancestral strains occurring approximately
10,000 years ago (7, 55). The present-day strain types possess
differing virulence phenotypes. Strains of type I are uniformly
lethal in mice prior to establishment of cyst-associated persis-
tence, whereas type II and III strains are less virulent and can
establish chronic infections. There is evidence that type I par-
asites also cause more severe disease in humans (6, 17, 21, 26).
Recently, parasite injection of polymorphic rhoptry kinases has
been linked to the virulence properties of Toxoplasma (47, 57).

Parasite strain type exerts an important influence on the
immune response to 7. gondii infection. The prototypic type I
strain, RH, causes overproduction of proinflammatory cyto-
kines and widespread apoptosis that is likely to contribute to
death during acute infection (18, 39). In contrast, the less
virulent type II strain ME49 induces lower levels of cytokines
such as IL-12 and IFN-y in vivo, and infection is associated
with progression to a chronic stage. Paradoxically, the ME49
strain induces larger amounts of IL-12 than does RH during in
vitro infection of murine bone marrow-derived macrophages
(44). At least in part, this appears to be because ME49 engages
MyDS8S signaling pathways, leading to IL-12 induction during
macrophage infection, whereas the RH strain relies on
MyD88-independent signaling to elicit low-level macrophage
IL-12 production (31).

Because of the importance of chemokines in the initiation of
immunity to infection, we compared Toxoplasma strains RH
(type I), PTG (type II; derived from ME49), and M7741 (type
III) for their relative abilities to trigger expression of this class
of molecules and their receptors. Strikingly, RH infection in-
duced a vigorous and long-lasting chemokine response, in con-
trast to the type II and type III strains. In bone marrow-derived
macrophages, parasite triggering of the chemokine response
did not depend on the Toll-like receptor (TLR) adaptor mol-
ecule MyDS8S but, instead, required intact G; protein and phos-
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phoinositide-3-kinase (PI 3-kinase) signaling pathways. The
ability of RH to trigger rapid, strong, and long-lasting proin-
flammatory chemokine responses may explain the ability of
this parasite strain to cause cytokine overproduction that leads
to pathology and death in infected animals.

MATERIALS AND METHODS

Mice. Female C57BL/6 mice between 6 and 8 weeks of age were purchased
from Charles River Laboratories (Wilmington, MA). MyD88™/~ mice on a
partially backcrossed 129/0Ola X C57BL/6 background were originally con-
structed by S. Akira (Osaka University, Osaka, Japan) and were provided by E.
Pearlman (Case Western Reserve University). The animals were bred as het-
erozygous crosses, and F, '~ progeny were identified by reverse transcription-
PCR. F,*/* littermates were used as controls in these experiments. Female mice
between 5 and 12 weeks of age were used for experiments. All animals were
housed under specific-pathogen-free conditions at the Cornell University Col-
lege of Veterinary Medicine animal facility, which is accredited by the Associa-
tion for Assessment and Accreditation of Laboratory Care.

Parasites. Tachyzoites of the virulent 7. gondii RH strain (ATCC 50174;
American Type Culture Collection, Manassas, VA) served as the representative
type I strain. The low-virulence strains PTG (ATCC 50841) and M7741 (ATCC
50859) served as representative type II and III strains, respectively. In addition,
type I strains MOR and ENT and type II strains CC and DEG (all from ATCC)
were used in some studies. Parasites were maintained by biweekly passage on
human foreskin fibroblast medium consisting of Dulbecco’s modified Eagle’s
medium (Mediatech Inc., Herndon, VA), 1% heat-inactivated bovine growth
serum (HyClone, Logan, UT), penicillin (100 U/ml; Invitrogen Life Technolo-
gies, Grand Island, NY), and streptomycin (0.1 mg/ml; Invitrogen). Parasite
cultures were tested every 4 to 6 weeks for Mycoplasma contamination, using a
commercial PCR-enzyme-linked immunosorbent assay (ELISA)-based kit
(Roche Applied Science, Mannheim, Germany). Tachyzoites were filtered prior
to use to remove host cell debris (5-pm pore size; Corning Life Sciences,
Acton, MA).

Bone marrow-derived macrophage preparation. Macrophages were prepared
from flushed femur and tibia bone marrow cells and generated as previously
described (34). On day 5, nonadherent cells were discarded, and adherent cells
were washed and resuspended in medium consisting of Dulbecco’s modified
Eagle’s medium (Mediatech), 10% heat-inactivated bovine growth serum
(HyClone), 0.1 mM nonessential amino acids (HyClone), 1 mM sodium pyruvate,
1 mM HEPES, penicillin (100 U/ml), and streptomycin (0.1 mg/ml).

In vivo experimental setup. Mice were inoculated intraperitoneally (i.p.) with
1.0 X 10° RH, PTG, or M7741 tachyzoites. Peritoneal exudate cells were col-
lected by lavage with ice-cold phosphate-buffered saline (PBS) for total RNA
extraction at 6 and 18 h postinfection.

In vitro experimental setup. Macrophages were allowed to adhere at 3.0 X 10°
cells per well in six-well tissue culture plates (Falcon, Franklin Lakes, NJ) for 2 h.
Each independent experiment consisted of a medium control and cells infected
with RH, PTG, or M7741 tachyzoites (6:1 ratio of parasites to cells) for 6 and
18 h. In some cases, cells were stimulated with ultrapure Salmonella enterica
serovar Minnesota lipopolysaccharide (LPS; List Biological Laboratories, Camp-
bell, CA) at 100 ng/ml for 6 h. In some experiments, cells were preincubated for
2 h with 50 ng/ml of pertussis toxin or 50 ng/ml of wortmannin (both purchased
from Calbiochem, La Jolla, CA) prior to infection with parasites for 6 h. Plates
containing cells and parasites were briefly centrifuged to synchronize tachyzoite
and macrophage contact. At the termination of the experiments, cells were
collected for total RNA extraction.

Gene array analysis. Gene array analysis was performed as previously de-
scribed (34). Briefly, total RNA was isolated using RNeasy mini kits (Qiagen,
Valencia, CA). A commercial pathway-focused oligonucleotide array (OMM-
022; mouse chemokine and receptor microarray) was obtained from SuperArray
Bioscience Corp. (Frederick, MD), and analyses were performed using a chemi-
luminescence-based detection system following the manufacturer’s recommen-
dation. Images were captured on X-ray film (Amersham Biosciences, Little
Chalfont, Buckinghamshire, United Kingdom), and the data sets were scanned
and analyzed using ScanAlyze and Microsoft Excel software, respectively. Back-
ground adjustment was performed by subtracting the lowest measured value on
the membrane from the values for all genes. Data were normalized against the
positive control glyceraldehyde-3-phosphate dehydrogenase housekeeping gene
to obtain the processed data sets. Changes were calculated as normalized ratios
of the experimental processed data sets to the medium or PBS control processed
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data sets. Thresholds were set to select genes whose values were upregulated >3
standard deviations from the mean value for all genes.

Immunoblotting. Immunoblotting was performed as previously described (30).
Briefly, macrophages at 2 X 10° cells per well (24-well plate) were lysed with
reducing sodium dodecyl sulfate sample buffer and sheared three times through
a 27-gauge needle. Samples were boiled (5 min) and briefly centrifuged (18,000 X g)
prior to being separated by 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and electrotransferred to nitrocellulose membranes (Whatman
GmbH, Dassel, Germany). The membranes were blocked in 0.1% Tween 20
(Sigma-Aldrich, St. Louis, MO) in Tris-buffered saline (TBST; pH 7.6) contain-
ing 5% nonfat dry milk (Nestle USA, Solon, OH) at room temperature for 1 h.
Membranes were then incubated with an antibody (Ab) specific for phospho-
Tyr705 STAT3 (Cell Signaling Technology, Beverly, MA) overnight at 4°C in
TBST containing 5% bovine serum albumin. After washing of the membranes,
Ab binding was detected with a horseradish peroxidase-conjugated secondary Ab
(Cell Signaling Technology) in combination with enhanced chemiluminescence
fluorescence (Lumi-GLO; Cell Signaling Technology). A specific horseradish
peroxidase-conjugated anti-actin Ab (Santa Cruz Biotechnology, Santa Cruz,
CA) was used to confirm an equivalent protein concentration in each sample.

Cytokine ELISA. Levels of IL-12p40 were measured as described previously
(31). A commercially obtained Ab pair was used to measure CCL17 according to
the manufacturer’s directions (R&D Systems, Minneapolis, MN).

RESULTS

Type I T. gondii strain RH induces high levels of chemokine
CCL17/TARC in bone marrow-derived macrophages. Chemo-
kines and chemokine receptors are key to orchestrating cell
recruitment and initiating immunity during in vivo infection.
Thymus and activated regulated chemokine (TARC)/CCL17 is
involved in recruitment of activated and memory T cells (11,
36). We found a strong parasite strain-specific dependence of
induction of this chemokine during Toxoplasma infection of
bone marrow-derived macrophages. In particular, RH (type I
strain) induced a robust CCL17 response, whereas PTG (type
IT) and M7741 (type III) elicited little or no production of this
chemokine (Fig. 1A). In sharp contrast, infection with PTG
induced strong IL-12p40 production, whereas RH and M7741
induced minimal amounts of this cytokine (Fig. 1B). T. gondii
strain-specific IL-12 production during macrophage infection
has been reported previously (31, 44), but strain-specific
CCL17 production is a novel finding. Because of the impor-
tance of the TLR-MyDS8S8 signaling pathway in innate immune
recognition of microbes, including Toxoplasma (14, 19, 38, 41,
49, 60), we assessed the involvement of the TLR adaptor
MyD88 in parasite-induced CCL17 production. As shown in
Fig. 1C, the absence of MyD88 had little effect on RH-induced
CCL17 production. The slightly lower levels of CCL17 pro-
duced by MyD88 null macrophages shown in Fig. 1C were not
reproduced in repeat experiments. In contrast, LPS induced a
weaker CCL17 response that was dependent upon MyDS88
(Fig. 1D). Toxoplasma-induced CCL17 production required
intact parasites, since a soluble tachyzoite lysate, as well as
filtered supernatants from a lysed culture of infected fibro-
blasts, elicited no CCL17 (Fig. 1E). Therefore, MyD88-inde-
pendent induction of CCL17 is likely to require active infection
rather than the release of soluble molecules from either
tachyzoites themselves or infected host cells. In Fig. 1F, we
show that two additional type I strains, MOR and ENT, in-
duced levels of CCL17 similar to those induced by RH. Fur-
thermore, two additional type II strains, CC and DEG, did not
induce detectable amounts of this chemokine.

We recently reported that infection with 7. gondii induces PI
3-kinase-dependent signaling in infected macrophages (32). As
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FIG. 1. Infection with Toxoplasma type 1 (RH), but not type II (PTG) or III (M7741), tachyzoites induces MyD88-independent CCL17
production. Bone marrow-derived macrophages were incubated for 18 h with RH, PTG, and M7741, and supernatants were collected for analysis
of CCL17 (A) and IL-12p40 (B). (C) Wild-type (WT) and MyD88 knockout (KO) mice were infected with strain RH tachyzoites, and CCL17 levels
were assessed 18 h later. (D) Wild-type and knockout cells stimulated with LPS. (E) Wild-type macrophages were incubated with live RH strain
parasites (3:1 ratio of tachyzoites to cells), soluble tachyzoite lysate (STAg; 40 wg/ml), or cell-free supernatant from a culture of infected fibroblasts
containing egressed parasites (FBSN; diluted 1:1). (F) Ability of RH, MOR, and ENT (type I strains) and PTG, CC, and DEG (type II strains)
to induce CCL17 production. This experiment employed a 1.5:1 ratio of tachyzoites to cells. *, <60 pg/ml. The experiments were repeated two to

four times with similar results.

shown in Fig. 2A, we assessed CCL17 production in the pres-
ence of wortmannin, a potent and specific inhibitor of PI 3-ki-
nase activity (58). As shown in the figure, inhibition of PI
3-kinase signaling substantially blocked the release of CCL17.
Chemokine receptor-mediated signaling involves PI 3-kinase,
and CCRS is implicated in recognition of 7. gondii (1). Ac-
cordingly, we examined the involvement of this chemokine
receptor in CCL17 production. As shown in Fig. 2B, wild-type
macrophages expressed low but detectable levels of CCRS
compared to CCRS5™/~ cells. During infection with RH
tachyzoites, wild-type and knockout macrophages produced
equivalent amounts of CCL17, arguing against involvement of
CCRS5 (Fig. 2C).

Infection of macrophages with type I 7. gondii elicits a panel
of MyD88-independent CC motif chemokines. We employed a
pathway-specific microarray gene profiling system to assess the

expression of 114 genes related to chemokines during infection
with the three Toxoplasma strain types. The complete gene
listing can be found on the manufacturer’s website (www
.superarray.com; OMM-022). The CC and CXC motif
chemokines and their receptors are included in the array.
Other genes important in regulating chemokines as well as
their receptors are also contained in this array.

We examined responses in wild-type and MyD88 knockout
macrophages, comparing upregulation of chemokines and re-
lated genes during infection with the three strain types relative
to expression in uninfected cells. In this analysis, the standard
deviation for the data set with the least amount of variation
was calculated (type III strain infection of MyD88™/~ cells).
We then considered any value of >3 standard deviations from
a value of 1 (no change relative to noninfected cells) as show-
ing significant upregulation. At 6 h postexposure, LPS induced



VoL. 75, 2007

- MED

12- O-WM

94

CCL17 (ng/ml)
b

MACROPHAGE CHEMOKINE RESPONSE TO TOXOPLASMA 5791

3_

N 0.1‘25 0.I25 OTS i é ;

=3~ Tachyzoite: Cell

8_
B Ko C --WT
o 2.43| | 945 §Ae] el TR
o £
< E=)
(=] ‘E' 4-
@« M~
5 =
. o
II O 2'
<
d = o-
. 0.0.1 4”505* i i 0 @rﬁ’ a2 Q'f’ K
0 ¥

FL2-H: CCR5 PE

Tachyzoite: Cell

FIG. 2. Macrophage CCL17 response during Toxoplasma RH infection depends upon PI 3-kinase signaling. (A) Bone marrow-derived
macrophages were preincubated for 60 min with wortmannin (50 ng/ml) and then infected with RH strain parasites. Supernatants were collected
for ELISA 18 h later. (B) CCRS expression in wild-type (WT) and CCR5 knockout (KO) macrophages. The mean fluorescence intensities were
8.1 and 7.3 for wild-type and knockout macrophages, respectively. (C) RH-induced CCL17 production in wild-type and CCRS knockout
macrophages. These experiments were repeated twice with the same results.

a broad spectrum of chemokines and related genes (Fig. 3 and
data not shown). Of 23 genes upregulated by LPS, 9 were
upregulated in the absence of MyD88 signaling. This finding is
consistent with a recent report that found that an unexpectedly
large proportion of LPS-responsive genes were upregulated
independently of this TLR adaptor molecule in a genome-wide
screen (4).

Type I (RH) infection induced a response at 6 h that con-
sisted of upregulation of Ccl7, Ccll7, Ccl24, and Ccl28 as well
as Csfl and Tnfsfl4 (Fig. 3 and data not shown). With the
exception of Ccl28 and Tnfsf14, the responses were intact or
even greater in the absence of MyDS88 signaling. In contrast,
infection with type II and III strains induced a weaker re-
sponse. The divergent chemokine induction during infection
with type I versus type II and III strains cannot be explained by
differences in intracellular parasite numbers, because the ini-
tial infection rates were equivalent among the parasite strain
types. Furthermore, strain differences in parasite replication
rates do not account for distinct chemokine responses because
cells were collected for analysis prior to the first round of
parasite division.

Chemokine responses 18 h after infection with Toxoplasma
strain types I, II, and III were also examined (Fig. 4 and data
not shown). At this time point, the RH strain induced a larger
panel of CC-type chemokines. In common with the 6-h time
point, these responses were equivalent or greater in MyD88 ™/~
macrophages. Furthermore, some chemokines (e.g., CCLS8)
were upregulated during infection of knockout, but not wild-
type, macrophages. The 18-h chemokine response during in-
fection with the type II and type III strains remained highly

restricted in wild-type macrophages. Nevertheless, MyD88 null
cells appeared to be slightly more responsive. For example,
Ccl24 was upregulated in MyD88 '~ but not MyD88™/* mac-
rophages during infection with PTG and M7741. Although we
detected low-level CCL17 protein production during M7741
infection (Fig. 1), this was not apparent in the chemokine array
(Fig. 4). This may be because the low levels of CCL17 protein
produced during type III infection may not be detectable in the
gene arrays. Alternatively, the samples for the gene arrays were
collected at a single time point (18 h), and it is possible that
CCL17 gene transcription was switched off at this time. In
contrast, the supernatants contained the total amount of che-
mokine that was produced over 18 h.

In sum, the response to 7. gondii is skewed towards CC-type
chemokine induction, type I infection induces a stronger and
broader response pattern than that for strain types II and III,
and the majority of these response are independent of TLR-
MyDS8S signaling.

G;-dependent PI 3-kinase signaling controls the CC chemo-
kine response during type I infection. We next assessed the
extent to which the RH-induced CC chemokine response was
dependent upon PI 3-kinase signaling. Strikingly, preincuba-
tion of macrophages with wortmannin potently inhibited the
ability of type I parasites to induce CC chemokines (Fig. 5A).
The G; protein-coupled receptor family is involved in the ac-
tivation of PI 3-kinase signaling pathways. Therefore, we ex-
amined the effect of pertussis toxin, a bacterial compound that
uncouples G; protein-coupled receptor signaling, on RH-in-
duced CC chemokine induction. Use of this inhibitor also had
dramatic inhibitory effects on CC chemokine induction (Fig.
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FIG. 3. Chemokine response patterns during early 7. gondii infection or LPS stimulation of wild-type and MyD88 knockout macrophages. Bone
marrow-derived macrophages were stimulated with LPS (100 ng/ml) or infected with type I (RH), type II (PTG), or type III (M7741) tachyzoites,
and samples were collected at 6 h postinfection for analysis. A 6:1 ratio of parasites to cells was used, yielding >80% infection. (A) Response
patterns of 114 chemokine, chemokine receptor, and related genes. Values are expressed relative to those for nonstimulated cells. The horizontal
line defines 3 standard deviations from the mean for all genes for the sample showing the least amount of change (type III infection of MyD88 ™/~
macrophages). (B) Identities of genes upregulated by parasites and LPS. Numbers in parentheses indicate x-fold increases relative to levels in

nonstimulated cells.

5A). Nevertheless, it is interesting that two chemokine genes,
namely, Ccl24 and Ccl2, were less sensitive to PI 3-kinase
inhibition, despite being blocked by pertussis toxin. We con-
firmed that neither pertussis toxin nor wortmannin blocked the
ability of parasites to infect macrophages by assessing the per-
centage of parasite-positive cells at 6 h postinfection (Fig. 5B).
In addition, neither inhibitor affected phosphorylation of
STATS3 during tachyzoite infection (Fig. 5C), confirming that
pertussis toxin and wortmannin do not cause generalized non-
responsiveness of cells at the concentrations employed in these
experiments.

In vivo chemokine response during infection. We next ex-
amined the chemokine responses to the three parasite strains
in an in vivo model of infection consisting of tachyzoite inoc-
ulation into the mouse peritoneal cavity. As shown in Fig. 6,
type I infection induced a relatively large panel of chemokines
and chemokine-related genes at 6 h postinfection, including
both CC and CXC types. In contrast, both type II and type III
infections induced a highly restricted response at this time
point. At 18 h postinoculation, the expression pattern during

type II and type III infection diversified (Fig. 6 and data not
shown). Several CXC-type chemokines were upregulated, a
pattern that was evident for each of the three strain types.

Therefore, although the in vivo response is complicated by
the fact that multiple cell types can be expected to enter and
exit the peritoneal cavity during infection with the different
parasite strains, the responses were similar to the in vitro
responses in that type I infection induced more vigorous che-
mokine production. However, the responses were dissimilar in
that 7. gondii elicited a CXC-type chemokine response at later
time points in infection.

DISCUSSION

Toxoplasma strain type is emerging as an important deter-
minant of the host immune response during infection with this
parasitic pathogen (31, 44, 46, 48). In mouse infections, type I
parasites rapidly induce death that appears to be the result of
a proinflammatory cytokine shock response in combination
with an overwhelming parasite burden (18, 39). In contrast,
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described in the legend to Fig. 1, with samples collected at 18 h postinfection.

mouse infections with Toxoplasma strain types II and III result
under most circumstances in parasite persistence that is asso-
ciated with the formation of cysts in tissues of the skeletal
muscles and central nervous system. During in vitro infection
of macrophages, type II T. gondii elicits more robust IL-12
production than the relatively small amounts triggered by type

I infection (44). This may be the result of preferential engage-
ment of TLR/MyDS8S8 signaling pathways by type II tachyzoites
(31). A recent study also implicated type I ROP16 in strain-
specific induction of STAT3/6 as a determinant of IL-12 in-
duction (48). It is not clear why infection with RH results in
small amounts of IL-12 during in vitro infection of macro-
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gene in the absence of inhibitors is shown above the bars for each gene. (B) Infection rates of macrophages in the presence and absence (Med)
of inhibitors. Cells were preincubated with 50 ng/ml each of wortmannin and pertussis toxin, and type I infection was carried out at a 6:1 ratio of
parasites to cells. (C) Phosphorylation of STAT3 in the presence and absence of pertussis toxin and wortmannin. Cells were pretreated with
inhibitors and infected with RH tachyzoites, and samples were collected for Western blot analysis at the indicated time points.

phages but in high levels during in vivo infection. Possibly,
during in vivo RH infection, much of the IL-12 derives from
noninfected cells as a result of the massive proinflammatory
response and accompanying tissue destruction. It is also pos-
sible that in other cell types, such as tissue dendritic cells, RH
induces larger amounts of IL-12 than do type II strains.

Vigorous IL-12 production by type II 7. gondii during early
infection may control the parasite, resulting in host survival
and the formation of cysts by parasites that escape the host
immune response (44). However, the results of this study show
that type I tachyzoites, unlike strain types II and III, elicit a
vigorous CC chemokine response during early stages of infec-
tion both in vivo and in vitro. Therefore, it is possible that
chemokine-dependent recruitment of innate immune effector
cells during early infection may account for the proinflamma-
tory effects of type I infection.

The chemokine responses we observed were dependent
upon G; protein-coupled receptor signaling during RH infec-
tion, inasmuch as they were extremely sensitive to pertussis
toxin. We also recently found that protein kinase B activation
in macrophages is dependent upon G; protein signaling (32).
G; protein-dependent signaling is reported to contribute to
dendritic cell IL-12 production during stimulation with soluble
Toxoplasma lysate preparations, a response mediated through
the chemokine receptor CCR5 (1). Nevertheless, at least for
Toxoplasma-triggered CCL17, the chemokine receptor CCRS
is not involved. Chemokines are known to induce other che-
mokines (3). For example, CXCLS can trigger CCL2. There-
fore, it is possible that exposure of macrophages to high-viru-

lence type I parasites triggers chemokine release, which, in
turn, induces more chemokines.

The TLR/MyD88 signaling pathway is important in innate
responses to infection. For Toxoplasma, TLRs 2,9, and 11 have
been implicated in recognition, although parasite ligands have
so far only been identified for TLR11 (14, 19, 38, 41, 49, 60).
Here we show that the macrophage chemokine response to
type I T. gondii infection overall does not require MyD88 and
is therefore likely to be independent of TLR recognition. In
fact, several chemokine responses, most notably that of CCL24
during type I infection of macrophages, were greater in the
absence of MyDS88. The ability of MyD88 signaling to act as a
molecular brake on a subset of MyD88-independent genes has
been noted previously, although the underlying mechanics are
unclear (4).

Regardless, MyD88-independent chemokine induction by
Toxoplasma is similar to our previous data showing that low
levels of macrophage IL-12 production during RH infection do
not require MyD88 (31). However, unlike the chemokine re-
sponse reported here, macrophage IL-12 production does not
proceed through a G; protein-coupled receptor—PI 3-kinase
pathway. Recently, host cell Ca** and protein kinase C were
shown to be important in the IL-12 response during 7oxo-
plasma infection of macrophages, suggesting an alternate path-
way to induction of this cytokine (37).

The chemokine family of proteins is comprised of up to 40
distinct molecules (45). The CXC chemokines generally target
neutrophils and T lymphocytes. The CC chemokines, shown
here to be induced preferentially during macrophage infection
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FIG. 6. Chemokine response patterns during in vivo infections with Toxoplasma strain types I, 11, and II1. Tachyzoites (10°) were inoculated
i.p. into mice (three per group), and peritoneal cells were collected at 6 and 18 h postinjection. RNAs were prepared and chemokine gene
expression analyzed relative to that in cells from mice injected with PBS alone. (A) Patterns of chemokine, chemokine receptor, and related genes
expressed during infection. (B) Identities of genes upregulated during infection. Numbers in parentheses indicated x-fold upregulation relative to

the levels in noninfected control animals.
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with Toxoplasma, mainly target monocytes, eosinophils, and
basophils. A number of chemokines and their receptors have
been shown to be involved in resistance to 7. gondii. Mice
deficient in CCRI1, a receptor for CCL3 and several related
chemokines, display abnormal neutrophil trafficking and in-
creased susceptibility to infection (28). In mice lacking CCR2,
a receptor for CCL2, CCL7, and CCL12, recruitment of a
novel population of Gr-1" monocytes to the site of infection
fails to occur. This is associated with an inability to control
parasite multiplication at the site of infection and with early
host mortality (43). The CCRS5 molecule, a receptor for several
chemokines, including CCL3, CCL4, and CCLS, has been im-
plicated in recognition of Toxoplasma cyclophilin-18 and con-
tributes to dendritic cell IL-12 production (2). More recently,
CCRS was shown to play an important role in NK cell recruit-
ment and resistance during 7. gondii infection (29). The
CXCR?2 receptor is involved in recognition of CXCLS8 and
similar molecules and is involved in neutrophil recruitment to
sites of infection (35). Mice lacking this receptor also have
increased susceptibility to Toxoplasma, and this is associated
with decreased Thl responses and increased parasite numbers
during chronic infection (13). The CXCL10 chemokine is re-
quired for resistance to 7. gondii, and depletion of this mole-
cule prevents T-cell recruitment and effector function at sites
of infection (27). Collectively, these studies underscore the
importance of chemokines and their receptors in orchestrating
inductive and effector phases of immunity during infections
with Toxoplasma and other microbial pathogens.

In this study, we found that strain RH triggers high levels of
CCL17 independently of MyD88. We also observed a similar
parasite strain-specific, MyD88-independent CCL22 response
by ELISA (data not shown). These chemokines are the only
known ligands for the receptor CCR4 (3). We do not presently
know the biological role of CCR4 in the response to Toxo-
plasma. CCR4 and its chemokine ligands were originally im-
plicated in promoting Th2 responses, such as allergic airway
inflammation and granuloma formation (23, 25). Also, Th2
cells have been reported to express high levels of CCR4 (5).
However, CCR4™/~ mice have diminished proinflammatory
responses and are resistant to the effects of LPS challenge (9).
Furthermore, macrophages from CCR4 ™/~ mice deviate to-
wards an alternatively activated phenotype (42). Therefore, the
role of CCR4 in the immune response is complex, and future
work will be required to determine its function in immunity to
Toxoplasma.

The findings reported here reveal that Toxoplasma strain
type exerts a major influence on chemokine induction. Produc-
tion of a diverse spectrum of chemokines by type I, but not type
IT or III, tachyzoites may account for the hyperinflammatory
phenotype of T. gondii strains such as RH. More restricted
chemokine induction induced by type II and III parasites may
result in a weaker, nonpathological response that facilitates the
establishment of persistent infection. Defining the molecular
basis for these parasite strain-specific effects is an important
area for investigation.
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