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The intracellular parasite Toxoplasma gondii has unique dense granule antigens (GRAs) that are crucial for host infection.
Emerging evidence suggests that GRA7 of T. gondii is a promising serodiagnostic marker and an effective toxoplasmosis vaccine
candidate; however, little is known about the intracellular regulatory mechanisms involved in the GRA7-induced host responses.
Here we show that GRA7-induced MyD88 signaling through the activation of TRAF6 and production of reactive oxygen species
(ROS) is required for the induction of NF-kB-mediated proinflammatory responses by macrophages. GRA7 stimulation resulted
in the rapid activation of mitogen-activated protein kinases and an early burst of ROS in macrophages in a MyD88-dependent
manner. GRA7 induced a physical association between GRA7 and TRAF6 via MyD88. Remarkably, the C terminus of GRA7
(GRA7-V) was sufficient for interaction with and ubiquitination of the RING domain of TRAF6, which is capable of inflamma-
tory cytokine production. Interestingly, the generation of ROS and TRAF6 activation are mutually dependent on GRA7/MyD88-
mediated signaling in macrophages. Furthermore, mice immunized with GRA7-V showed markedly increased Thl immune re-
sponses and protective efficacy against T. gondii infection. Collectively, these results provide novel insight into the crucial role of

GRA7-TRAF6 signaling in innate immune responses.

Toxoplasma gondii is an obligate intracellular apicomplexan
parasite in a broad range of warm-blooded vertebrates and is
the causative agent of the anthropozoonotic disease called toxo-
plasmosis (1-3). T. gondii infection during pregnancy is of signif-
icant concern because it can lead to abortion or congenital toxo-
plasmosis (4). Currently, there is no vaccine available to prevent
toxoplasmosis in humans. Therefore, understanding how protec-
tive immune responses to these parasites are mounted is crucial
for the development of effective vaccination strategies or better
therapeutics for human and veterinary medicine.

Previous studies have shown that promising vaccine candidate
antigens include surface antigen, dense granule proteins, rhoptry
proteins, and micronemal proteins (5). Dense granule antigen
(GRA) is a secretory vesicular organelle present in all infectious
forms of T. gondii. Among the GRA proteins, GRA7 induces a
strong antibody (Ab) response during acute infection (6) and is a
target antigen in the intracerebral immune response during the
chronic phase of infection (7). Importantly, GRA7 has the ability
to stimulate significant humoral and cellular immune responses
to T. gondii (1, 6, 7). Transmembrane GRA7 proteins are released
as soluble proteins and then trafficked to the parasitophorous vac-
uole membrane (PVM) and/or the intravacuolar network, a struc-
ture that forms at the posterior end of the parasite and unfolds
throughout the lumen of the vacuole (1, 4), and play important
roles in interaction with the host. However, the roles of GRA7-
induced host innate immune responses and their regulatory
mechanisms have not been fully elucidated.

Toll-like receptors (TLRs) are a family of innate immune rec-
ognition receptors that recognize molecular patterns associated
with intracellular parasites and contribute to the host defense dur-
ing T. gondii infection (3, 8, 9). MyD88 is an adaptor molecule
involved in most TLR signaling cascades, and it is believed that the
TLR recognition of T. gondii is crucial for host resistance. Among
them, TLR11 and TLR12 have a key role in interleukin-12 (IL-12)
production by macrophages after recognition of the T. gondii-
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derived protein profilin (3, 10). The recognition of glycosylphos-
phatidylinositol-anchored proteins or heat shock protein 70 by
TLR2 and TLR4 is required for tumor necrosis factor alpha
(TNF-a) production by macrophages (10-13), and TLR7 and
TLRY have been implicated in the sensing of T. gondii RNA and
genomic DNA, respectively (8, 14, 15). In addition, plasmacytoid
dendritic cells produce beta interferon (IFN-3) through the acti-
vation of TLR12 (3). However, although multiple TLRs have been
suggested to recognize T. gondii antigens, mice deficient in TLR2,
TLR4, or TLR11 survive T. gondii infection, while death of TLR12-
or MyD88-deficient mice has been observed (3, 10, 11, 16). TLR-
dependent signaling leads to NF-kB activation and the production
of inflammatory cytokines through the recruitment of MyD88,
IRAK, TRAF6, and TAK-1 (17). The adaptor molecule TRAF6 is
involved in TLR signaling pathways and associates with serine/
threonine kinases involved in the activation of mitogen-activated
protein kinase (MAPK) pathways that are crucial for the macro-
phage signaling induced by T. gondii (8, 18).

There is a growing body of evidence suggesting that reactive
oxygen species (ROS) contribute to diverse signaling processes,
including TLR-induced innate immune responses, antimicrobial
activity, and inflammation (8, 19, 20). It was demonstrated that
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NADPH oxidase (NOX)-derived ROS plays an essential role in
inflammatory responses and has antiparasite activity against T.
gondii (19, 20). Additionally, ROS generation with T. gondii is
essential for mammalian innate immunity and acts through the
phosphatidylinositol 3-kinase (PI3K)/AKT (19), endoplasmic re-
ticulum (ER) stress, apoptosis, or JNK pathway (21). However,
the roles of TRAF6 and ROS in the regulation of GRA7-induced
intracellular signaling and innate immune responses are largely
uncharacterized.

In this study, we investigated the roles of GRA7-induced
NF-kB signaling in innate immune responses and the mecha-
nisms by which GRA7 can trigger TRAF6 activation in macro-
phages. We found that GRA7/MyD88-dependent NF-kB activa-
tion is essential for the activation of TRAF6 and ROS generation
and enhances the release of inflammatory mediators. GRA7 stim-
ulation led to a physical and functional association between GRA7
and TRAF6. The generation of GRA7-dependent ROS and the
association of GRA7 with TRAF6 were dependent on MyD88.
Furthermore, GRA7-induced Th1 immune responses and protec-
tive efficacy was crucial for T. gondii infection in vivo. These data
provide novel insight into the role of GRA7-induced MyD88—
NF-kB signaling in innate immune responses through the activa-
tion of TRAF6 and ROS generation.

MATERIALS AND METHODS

Mice and cells. Primary bone marrow-derived macrophages (BMDMs)
were isolated from gp91phox, p47phox, TLR2, TLR4, and MyD88 knock-
out (KO) mice (on the C57BL/6 background) as described previously
(22). All animals were maintained in a pathogen-free environment. All
experimental procedures were reviewed and approved by the Institutional
Animal Care and Use Committee of Chungnam National University. The
mouse macrophage cell line RAW264.7 (American Type Culture Collec-
tion [ATCC] TIB-71) and HEK293T (ATCC 11268) cells were maintained
in Dulbecco’s modified Eagle’s medium (Invitrogen) containing 10% fe-
tal bovine serum (FBS; Invitrogen), sodium pyruvate, nonessential amino
acids, penicillin G (100 IU/ml), and streptomycin (100 wg/ml). THP-1
(ATCC TIB-202) human monocytic cells were grown in RPMI 1640-
GlutaMAX supplemented with 10% FBS and treated with 20 nM phorbol
myristate acetate (Sigma-Aldrich) for 24 h to induce their differentiation
into macrophage-like cells and then washed three times with phosphate-
buffered saline.

Reagents, DNA, and Abs. Caffeic acid phenethyl ester (CAPE), N-
acetyl-L-cysteine (NAC), and diphenyleneiodonium (DPI) were pur-
chased from Calbiochem. Dimethyl sulfoxide (DMSO; Sigma-Aldrich)
was added to the cultures at a concentration of 0.1% (vol/vol) as a solvent
control. The NF-kB-luciferase reporter and hemagglutinin (HA)-ubiqui-
tin (Ub) plasmids were generous gifts from J. U. Jung (University of
Southern California, Los Angeles, CA). Glutathione S-transferase (GST)-
tagged GRA7 and truncated mutant genes were cloned into a pEBG de-
rivative encoding an N-terminal GST epitope tag between the BamHI and
Notl sites. Flag-tagged TRAF6 and truncated mutant genes were cloned
into the Xbal and BamHI sites in pcDNA3.0. All constructs were se-
quenced with an ABI PRISM 377 automatic DNA sequencer to verify
100% correspondence to the original sequence. Specific Abs against phos-
pho-(Thr202/Tyr204)-p42/44, phospho-(Thr180/Tyr182)-p38, phospho-
(Thr183/Tyr185)-SAPK/JNK, phospho-(Ser32/36)-IkB-c, and phospho-
(Ser176/180)-IKKa/B were purchased from Cell Signaling Technology
(Danvers, MA, USA). Abs specific for actin (I-19), IkB-a (C-21), IRAK4
(H-100), TRAF6 (H-274), TRAF2 (C-20), gp91phox (h-60), p47phox (H-
195), Ub (P4D1), His (His17), HA (12CA5), Flag (D-8),and GST (B-14) were
purchased from Santa Cruz Biotechnology.

Lentiviral shRNA production and transduction. Lentiviral short
hairpin RNA (shRNA) produced by transient transfection with packaging
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plasmids (psPAX2, pMD2.VSV-G; purchased from Addgene) and the tar-
get shRNA plasmid DNA (human TLRI, TLR2, TLR4, TLR5, TLRe,
TLRI0, MyD88, and TRAF6 and mouse TLRII and TLR12; purchased
from Open Biosystems) were cotransfected into 293T cells with Lipo-
fectamine 2000 (Invitrogen catalog no. 11668) as described previously
(22). Virus-containing medium was concentrated by ultracentrifugation,
titration was determined in 293T cells, and transduction into THP-1 or
RAW264.7 cells was carried out as described previously (22). A parallel
experiment with a green fluorescent protein-encoding lentivirus (the
pGIPZ lentiviral vector; Open Biosystems) indicated that 80% of the cells
were successfully transduced by the virus.

Western blotting and coimmunoprecipitation. RAW264.7, THP-1,
and 293T cells and BMDM:s were treated as indicated and processed for
analysis by Western immunoblotting (IB) and immunoprecipitation as
previously described (22, 23). For Western blot analysis, primary Abs were
used at a 1/1,000 dilution. For the immunoprecipitation assays, cells were
harvested and lysed as described previously (22). The lysates were mixed
and precipitated with Abs and protein A-Sepharose by incubation at 4°C
for 18 h on a rotator. The samples were subsequently solubilized in SDS
sample buffer and separated by SDS-PAGE for Western blot analysis. Ab
binding was visualized by chemiluminescence (ECL; Millipore) and de-
tected with a Vilber chemiluminescence analyzer (Fusion SL 3; Vilber
Lourmat).

RNA extraction and reverse transcription (RT)-PCR. Total RNA was
extracted with TRIzol reagent (Invitrogen) as described previously (22).
Total RNA (2 wg) was used for first-strand cDNA synthesis with Moloney
murine leukemia virus reverse transcriptase (Promega) according to the
manufacturer’s instructions. The PCR conditions were as described pre-
viously (23). The primer pairs used for PCR are listed in Table S1 in the
supplemental material. PCR products were resolved on 1.5% agarose gels
and stained with ethidium bromide.

ELISA. Murine BMDMs and THP-1 cells were treated as indicated
and processed for analysis by sandwich enzyme-linked immunosorbent
assay (ELISA). Cell culture supernatants and mouse sera were analyzed for
cytokine content with a BD OptEIA ELISA set (BD Pharmingen) for the
detection of TNF-q, IL-6, IL-12p40, IFN-v, IL-4, and IL-10. T. gondii-
specific serum IgG, IgG1, and IgG2a Ab levels were determined by ELISA
as described previously (6). All assays were performed as recommended
by the manufacturers.

Measurement of intracellular ROS levels and determination of NOX
activity. Intracellular ROS levels were measured with an assay involving
the oxidative fluorescent dye dihydroethidium (DHE for superoxide; Cal-
biochem) and 5,6-chloromethyl-2’,7’-dichlorodihydrofluorescein diace-
tate acetyl ester (CM-H,DCFDA for H,0,) as previously described (22,
24). The cells were examined with an LSM510 laser scanning confocal
microscope (Zeiss), and the mean relative fluorescence intensity of each
group of cells was measured with a Zeiss LSM510 vision system (version
2.3). Lucigenin (bis-N-methylacridinium nitrate, 5 X 10~° M) chemilu-
minescence assays were used to measure NOX activity (22). The values are
expressed in relative light units per 1 X 10° cells.

Recombinant GRA7 (rGRA7) protein. To obtain purified GRA7
(GenBank accession no. DQ459443.2) protein, GRA7 amino acid residues
1to236and 201 to 236 were cloned with an N-terminal 6 X His tag into the
pRSFDuet-1 Vector (Novagen) and induced, harvested, and purified
from Escherichia coli expression strain BL21(DE3)pLysS as described pre-
viously (1, 7) in accordance with the standard protocols recommended by
Novagen. rGRA7 was dialyzed with permeable cellulose membrane and
tested for lipopolysaccharide contamination with a Limulus amebocyte
lysate assay (BioWhittaker) and contained <20 pg/ml at the concentra-
tions of rGRA7 protein used in the experiments described here.

T. gondii infection and parasite burden in the brain in vivo. Cysts of
T. gondii strain Me49 were obtained from the brains of infected mice and
purified as described previously (6). BALB/c mice (six per group) were
immunized intraperitoneally with rGRA7 (100 pg/kg of body weight)
once a week for 4 weeks. Blood and spleens were collected to assess serum
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IgG levels, in vitro T cell proliferation, and cytokine levels at 1 week after
final immunization. One week after the final immunization, 10 mice in
each group were orally challenged with 1,500 cysts of strain Me49 as pre-
viously reported (2, 6) and monitored for death daily for 4 weeks. Immu-
nized BALB/c mice were orally challenged with 20 cysts of strain Me49 at
1 week after the last booster. Their brain parasite burdens were evaluated
4 weeks after infection. The mean number of cysts per 25 pl of brain
sample was determined by observation under an optical microscope. The
results are shown as means = standard deviations (SD) of the results from
the experiments performed with groups of six mice.

Statistical analysis. For statistical analysis, data obtained from inde-
pendent experiments (means * SD) were analyzed with a two-tailed Stu-
dent t test. Differences were considered significant at a P value of <0.05.
For survival, data were graphed and analyzed by the product limit method
of Kaplan and Meier by using the log-rank (Mantel-Cox) test for compar-
isons (Prism, version 5.0; GraphPad Software) (2, 22, 23).

RESULTS

T. gondii GRA7 protein leads to MAPK and NF-kB activation
and proinflammatory cytokine expression in macrophages. To
examine the role of T. gondii GRA7 in innate immune responses
by macrophages, we generated bacterially purified His-tagged
GRA7 protein as described previously (1, 7). Purified rGRA7 (29
kDa) was confirmed through SDS-PAGE and 1B analysis (Fig. 1A).
In addition, we tested whether rGRA7 induces cytotoxicity in mu-
rine macrophages. As shown in Fig. 1B, no significant difference in
rGRA7-induced cell viability was observed at the times indicated
up to 3 days (P = 0.05). We first determined the expression of
proinflammatory cytokine genes and proteins in the macrophages
following stimulation with rGRA7 at various concentrations (0.1
to 10 pg/ml) and time courses (1 to 96 h). After stimulation with
rGRA7, the peak levels of TNF-a, IL-6, IL-1f3, IL-12p40, and IL-
12p35 mRNA expression were detected at 3 to 6 h, and TNF-a,
IL-6, and IL-12p40 protein synthesis was detected at 48 to 96 h
(Fig. 1C; see Fig. S1A in the supplemental material). Additionally,
the expression levels of cytokines in the rGRA7-treated BMDMs
were increased in a dose-dependent manner (Fig. 1D).

NF-kB transcription factors and MAPKs (p42/44, p38, and
JNK/SAPK) have an essential role in inflammation and innate
immunity against T. gondii infection (3, 25). Therefore, we inves-
tigated the role of NF-kB in rtGRA7-induced immune responses in
BMDMs. The expression levels of cytokines in the rGRA7-treated
BMDMs were significantly reduced by the NF-kB inhibitor CAPE
(Fig. 1D) or Bay 11-7085 (data not shown). As shown in Fig. S1B
in the supplemental material, rtGRA7 stimulated the transient
phosphorylation of MAPKs in BMDMSs. The maximal response
was obtained within 2 h of rGRA7 stimulation and then declined
to basal levels within 8 h. Notably, pretreatment with MAPK in-
hibitors markedly attenuated rGRA7-stimulated NF-kB activa-
tion and cytokine production (Fig. 1E). These results indicate that
T. gondii GRA7-induced immune responses are involved in
MAPKs, NF-kB, and proinflammatory signal activation in mac-
rophages.

Intracellular ROS formation is involved in GRA7-induced
proinflammatory signaling in macrophages. Although intracel-
lular ROS as a secondary messenger can regulate infection signal-
ing against T. gondii (19, 26), ROS formation in response to tox-
oplasma antigens is poorly characterized. We first determined
whether stimulation with rGRA7 leads to ROS generation in mu-
rine BMDMs. As shown in Fig. 2A, rGRA7 induced a robust burst
of ROS production in macrophages within 30 min of stimulation.
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The NOX inhibitor DPI and the antioxidant NAC significantly
attenuated rGRA7-induced superoxide and H,O, production, re-
spectively (Fig. 2A). We next examined whether ROS are involved
in rGRA7-mediated proinflammatory responses and NF-kB acti-
vation. The rGRA7-mediated production of TNF-a, IL-6, and IL-
12p40 was significantly attenuated by pretreatment of macro-
phages with the antioxidant and NOX inhibitor (Fig. 2B). In
addition, the rGRA7-induced activation of cytokine production
from the BMDMs of gp91phox or p47phox KO mice were com-
pletely abrogated compared with that of BMDMs from wild-type
(WT) mice (Fig. 2C). Furthermore, ROS play an indispensable
role in rGRA7-induced NF-kB activation; the rtGRA7-induced at-
tenuation of IkB-a expression levels and the phosphorylation of
IkB-a and IKKa/ were completely abrogated in BMDMs from
gp91phox or p47phox KO mice (Fig. 2D). Taken together, these
results indicate that ROS play an indispensable role in T. gondii
GRA7-induced proinflammatory cytokine expression and NF-kB
activation in macrophages.

T. gondii GRA7 induces proinflammatory signaling in a
MyD88-dependent manner. It has been demonstrated that the
recognition of T. gondii by the innate immune system occurs via
the TLR-MyD88 pathway (3, 8). We first determined whether
rGRA7 leads to innate immune responses in macrophages in a
TLR-dependent manner. To achieve this, we performed a shRNA
screen against TLRs involved in the recognition of T. gondii in
human and murine macrophages. As shown in Fig. 3A to D, hu-
man TLRs (hTLRs) were knocked down by transduction with len-
tiviral particles carrying shRNAs against hTLR1, -2, -4, -5, -6,
and -10 (shTLR1, -2, -4, -5, -6, and -10) (Fig. 3A and B), and
RAW264.7 cells were knocked down by transduction with lentivi-
ral shRNA specific to mouse TLRs, including TLR11 or TLR12
(Fig. 3C and D). NF-kB-luciferase promoter assays and ELISA
analysis were performed with THP-1 and RAW 264.7 cells (Fig. 3A
to D). Treatment of macrophages with rGRA7 significantly in-
creased NF-kB-luciferase promoter activity and cytokine produc-
tion; however, no significant differences in rGRA7-induced NF-
kB-activation and/or mediated enhanced inflammation were
detected between THP-1 or RAW264.7 cells knocked down with
nonspecific control shRNA (shNS) and cells knocked down with
shRNA specific for TLRs (Fig. 3A to D; see Fig. S2A and B in the
supplemental material). Consistent with the findings shown in
Fig. 3A and B, BMDMs from TLR2 and TLR4 KO mice also con-
firmed the data from knockdown experiments with hTLR2 and
hTLR4 shRNA (see Fig. S2C and D). Thus, TLR signaling appears
not to be required for GRA7-induced NF-kB signaling in macro-
phages.

We next investigated whether MyD88 plays a role in T. gondii
GRA7-induced proinflammatory signaling in macrophages.
MyD88 plays an indispensable role in the rtGRA7-induced activa-
tion of NF-«kB and cytokine production. NF-kB-luciferase gene
activity in THP-1 cells, the production of cytokines, Ik B-a expres-
sion levels, and the phosphorylation of IkB-a and IKKa/3 were
completely abrogated in BMDMs from MyD88 KO mice (Fig. 3E
to G). Previous studies have shown that MyD88- and IRAK4-
dependent pathways are essential for the intracellular signaling
triggered by the intracellular parasite (17, 27). We further inves-
tigated the potential physical association of GRA7 with MyD88 in
macrophages stimulated with rGRA7 in a coimmunoprecipita-
tion assay. As shown in Fig. 3H, no association was detected dur-
ing prolonged incubation with rGRA7; however, rGRA7-induced
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with similar results (C and E, right side). Data shown are the means * SD of three experiments. Significant differences (*, P < 0.05; **, P < 0.01; ***, P < 0.001)
from control cultures treated with solvent alone are shown (D and E, left side). UN, untreated; SC, solvent control (0.1% DMSO).

endogenous MyD88 rapidly and strongly associated with IRAK4
(from 5 to 30 min) (Fig. 31). Taken together, these results indicate
that GRA7-induced inflammatory responses are mediated by the
MyD88-IRAK4 complex but not by TLRs.

GRA7 associates with TRAF6 and controls its ubiquitination
in macrophages. MyD88 and IRAK-4 play crucial roles as adaptor
molecules in signal transduction of the TLR/IL-1R superfamily,
and it is known that the expression of these proteins leads to the
activation of NF-kB in a TNF receptor-associated factor 6
(TRAF6)-dependent manner (3, 8, 17, 27, 28). To explore the
involvement of TRAF6 in MyD88- and IRAK4-mediated activa-

tion of NF-kB signaling, we examined the effect of knocking down
the gene with shRNA specific for TRAF6 in THP-1 cells. rGRA7-
induced NF-kB-dependent reporter activity and proinflamma-
tory cytokine production were significantly lower in shTRAF6-
transduced THP-1 cells than in those from shNS (Fig. 4A and B).
We further investigated whether GRA7 associates with TRAF6 in
macrophages. Coimmunoprecipitation showed that GRA7 inter-
acted with endogenous TRAF6 but not with TRAF2 after stimula-
tion with rGRA7 in RAW264.7 and vice versa (Fig. 4C). The in-
tracellular interaction of GRA7 and TRAF6 was confirmed by
their colocalization after stimulation with rGRA7, as documented
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differences (*, P < 0.05; **, P < 0.01; ***, P < 0.001) from treatment with solvent alone are shown (B and C). SC, solvent control (0.1% DMSO).

by immunostaining and image overlay (Fig. 4D). GRA7 localized
with TRAF6 in the cytoplasm, appearing as small speckles and
punctate spots (Fig. 4D). A detailed mapping study with various
mammalian GST-GRA?7 fusions indicates that while the C-ter-
minal V (amino acids 201 to 236) motif of GRA7 exhibited only
minimal binding affinity for TRAF6, TRAF6 carrying the N-terminal
RINIG domain bound GRA7 as strongly as WT TRAF6 (Fig. 4E).
E3 Ub protein ligase TRAF6 catalyzes Lys63 (K63)-linked
polyubiquitin chains of target proteins, including IRAK1, NF-kB
modulator IKKy (NEMO), and TRAF6 itself (17, 28, 29). Having
found that GRA7 interacts with TRAF6, we next assessed whether
GAR7 modulates TRAF6 ubiquitination. As shown in Fig. 4C,
GRA7 induces the ubiquitination of TRAF6 but not the Ub ligase
TRAF2 in a binding-dependent manner (data not shown). The
RING domains of TRAF6 are required for binding to an E2 Ub-
conjugating enzyme and promote the oligomerization of TARF®6,
which is critical for the E3 Ub ligase activity that is essential for
NF-kB activation (17, 29). Remarkably, the physical interaction
through the RING domain of TRAF6 was functionally relevant
because K63-linked polyubiquitination of TRAF6 was much
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lower in cells transfected with plasmids encoding mutant TRAF6
with deletion of the RING domain (Cs,_sg,) Or with a loss of
ligase activity and autoubiquitination (C70A) (Fig. 4C and F).
Furthermore, rGRA7-induced endogenous TRAF6 rapidly and
strongly associates with IRAK4 (from 15 to 60 min) (see Fig. S3 in
the supplemental material). These data suggest that GRA7 in-
duced NF-kB signaling by interacting with TRAF6 and modulat-
ing the K63-linked polyubiquitination of TRAF6 and that an in-
tact RING domain of TRAF6 is functionally required for its
interaction with C-terminal GRA7.

Production of ROS and TRAF6 activation is mutually depen-
dent on GRA7/MyD88-mediated signaling in macrophages. The
specific roles of TRAF6 in ROS generation and the priming of
TRAF6 activation remain to be determined. To examine
whether ROS generation is dependent on TRAF6 activation,
TRAF6 was first knocked down in THP-1 cells by the transduc-
tion oflentiviral shRNA specific for TRAF6. The results showed
that ROS generation in THP-1 cells transduced with lentiviral
shTRAF6 was significantly decreased when they were stimu-
lated with rGRA7 (Fig. 5A).
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FIG 3 MyD88 plays an essential role in rGRA7-mediated NF-kB activation and cytokine expression. (A to E) THP-1 cells (A, B, and E) or RAW264.7 cells (C and
D) were transduced with lentivirus expressing nonspecific shtRNA (shNS) or shRNAs specific for TLR1, -2, -4, -5, -6, and -10 (A and B); TLR11 and -12 (C and
D); or MyD88 (E) with Polybrene (8 pg/ml). THP-1 (A and E) or RAW264.7 (C) cells were transfected with an NF-kB reporter plasmid, and a pRL-TK Renilla
plasmid was cotransfected for normalization. After 2 days, THP-1 (A, B, and E) or RAW264.7 (C and D) cells were treated with rGRA7 (5 g/ml) for 6 h and
luciferase assays were performed (A, C, and E) or for 18 h and culture supernatants were analyzed by cytokine ELISA (B and D). (F and G) rGRA7 (5
wg/ml)-induced cytokine production (F) or NF-kB activation (G) in BMDMs from WT and MyD88 /™ mice at the times indicated. (G) Cells were harvested and
then subjected to IB with the phosphorylated and total forms of IkB-a, IKK-a/B, or actin. (H and I) RAW264.7 cells were stimulated with rGRA7 (5 pg/ml) for
the times indicated and then subjected to IP with anti-His (H) or anti-IRAK4 (I) Ab and IB with anti-MyD88 or anti-IRAK4 Ab. Whole-cell lysates (WCLs) were
used for IB with anti-MyD88, anti-IRAK4, or anti-actin Ab. The data are representative of three independent experiments with similar results (G to I). Data
shown are the means * SD of three experiments. Significant differences (*, P < 0.05; **, P < 0.01; ***, P < 0.001) from the treated control cultures are shown

(E and F). IP, immunoprecipitation.

Given that GRA7-induced ROS production and TRAF6 acti-
vation showed similar kinetics (data not shown), we examined
whether these two events are dependent. To this end, we examined
whether knockdown of the NOX component affected rGRA7-in-
duced TRAF6 binding and its ubiquitination. Human THP-1 cells
were transduced with lentiviral shgp91phox or shp47phox, and
the cells were treated with or without rGRA7. As shown in Fig. 5B,
rGRA7-induced binding and ubiquitination of TRAF6 decreased
considerably in cells with gp91phox or p47phox knocked down.
We further examined the role of MyD88 in the GRA7-induced
production of ROS and TRAF6 activation in macrophages. Hu-
man THP-1 cells transduced with lentiviral shRNA against
hMyD88 showed a blockade of rGRA7-induced ROS production
and the interaction with TRAF6 and its ubiquitination (Fig. 5C
and D). Taken together, these findings indicate that ROS produc-
tion and TRAF6 activation are mutually dependent on GRA7/
MyD88-induced inflammatory signaling pathways.

GRA7-V-dependent host protective immune responses
against T. gondii infection. T. gondii with GRA7 deleted was at-
tenuated for virulence in mice (1), and mice that were immunized
with pGRA7 and rGRA7 showed enhanced protective host re-
sponses to and survival of T. gondii infection (4, 6). Drawing on
the observation that GRA7-V associated with TRAF6, we investi-
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gated whether GRA7-V has a vaccine effect and protects against T.
gondii. To evaluate the protective efficacy of a recombinant pro-
tein vaccine expressing GRA7-V of T. gondii, we generated bacte-
rially purified His-tagged GRA7-V protein (Fig. 6A; see Fig. S4 in
the supplemental material). We examined whether TH1 or TH2
responses were elicited in immunized mice by analyzing the T.
gondii-specific IgGl and IgG2a titers in their serum with
GRA7-WT or -V antigen. As shown in Fig. 6B, T. gondii-specific
IgG2a was present at high levels in GRA7-WT- and -V-immu-
nized mice (IgG2a optical density [OD], >1.0; IgG1 OD, <0.3).
In addition, purified rGRA7-treated culture supernatants of
splenocytes were obtained from immunized mice, which aug-
mented the TH1 or TH2 cytokine response. The TNF-a and
IEN-vy levels of mice immunized with GRA7-WT or -V were
markedly higher than the IL-4 and IL-10 levels (Fig. 6C). Further-
more, in vitro splenocyte proliferation was significantly higher in
GRA7-WT- or GRA7-V-immunized mice (Fig. 6D). These results
indicate that GRA7-V-immunized mice produced specific Abs
against T. gondii GRA7 and showed a predominant Th1-type im-
mune response.

To further investigate GRA7-V’s effect on the in vivo host re-
sponses to T. gondii infection, mice were immunized with
GRA7-WT or -V protein for 4 weeks. Mice were orally challenged
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FIG 4 GRA?7 interacts with TRAF6 to modulate its ubiquitination. (A and B) THP-1 cells were transduced with lentivirus expressing nonspecific ShRNA (shNS)
or shRNA specific for TRAF6 with Polybrene (8 wg/ml). THP-1 (A) was transfected with an NF-kB reporter plasmid, and a pRL-TK Renilla plasmid was
cotransfected for normalization. After 2 days, THP-1 cells were treated with rGRA7 (5 pg/ml) for 6 h and luciferase assays were performed (A) or for 18 h and culture
supernatants were analyzed by cytokine ELISA (B). (C) RAW264.7 cells were stimulated with rGRA7 (5 pg/ml) for 20 min, and then immunoprecipitation (IP) with
anti-TRAF6 (left) or anti-His (right) Ab and IB with anti-His, anti-Ub, or anti-TRAF6 were performed. Whole-cell lysates (WCLs)s were used for IB with anti-TRAF6
or anti-actin Ab. (D) Microscopy of BMDM s stimulated for 20 min with rGRA7 and then immunolabeled with Ab to TRAF6 (conjugated to the green fluorescent dye
Alexa Fluor 488) or Ab to 6XHis-GRA7 (conjugated to the red fluorescent dye tetramethyl rhodamine isocyanate). Scale bar, 5 um. (E) Binding mapping. Schematic
diagram of the structures of GRA7 and TRAF6. At 48 h posttransfection with mammalian GST or GST-GRA7 and truncated mutant constructs together with
Flag-TRAF6 (left) or with GST or GST-GRA?7 constructs together with Flag-TRAF6 and truncated mutant constructs (right), 293T cells were used for GST pulldown,
followed by IB with anti-Flag Ab. WCLs were used for IB with anti-GST, anti-Flag, or anti-actin Ab. TM, transmembrane. (F) 293T cells were cotransfected with GST,
GST-GRAY, or Flag-GRA7 together with HA-Ub and subjected to GST pulldown, followed by IB with anti-Flag or anti-HA Ab. WCLs were used for IB with anti-GST,
anti-Flag, anti-HA, or anti-actin Ab. Data shown are the means * SD of three experiments. Significant differences (**, P < 0.01; ***, P < 0.001) from control treated
cultures are shown (A and B). The data are representative of three independent experiments with similar results (C to F).
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with strain Me49 (1,500 cysts per mouse) (Fig. 6E). Mice immu-
nized with empty vector protein had a median survival of 10 days,
while mice immunized with GRA7-WT and -V survived signifi-
cantly longer (median survival time, 20.5 to 21 days) and had an
increased survival rate (Fig. 6E). To determine whether these ef-
fects were due to enhanced parasite clearance, we measured their
brain cyst burdens (Fig. 6F). Immunized mice were orally chal-
lenged with strain Me49 (20 cysts per mouse) for 4 weeks. In
correlation with the survival rate, GRA7-WT and -V showed a
significantly 2.1- to 2.3-fold lower brain cyst burden compared
with treatment with empty vector protein. These results unambig-
uously show that host defenses against T. gondii infection are sub-
stantially affected by GRA7-V and GRAT-WT.

DISCUSSION

The necessity of pattern recognition receptors, such those in the
TLR pathway, for the innate recognition of T. gondii has been well
established (8). Previously, it was suggested that a range of TLRs,
including two cell surface TLRs (TLR2 and TLR4) and four endo-
somal TLRs (TLR7, TLR9, TLR11,and TLR12), are involved in the
innate sensing of T. gondii infection in vivo and T. gondii-derived
proteins and nucleic acids in vitro (3, 8-11, 13—15). Furthermore,
recent studies have shown that the UNC93 homologue B1, an
ER-resident protein, has a central role in the function of endo-
somal TLRs and is essential for resistance to T. gondii (30, 31).
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Most notably, the TLR-induced adaptor MyD88-mediated signal-
ing pathway, which is dependent on NF-kB or IRF-8 activation, is
essential for host resistance to T. gondii (8). Our findings indicate
a broader role for GRA7 in the expression of MyD88-dependent
inflammatory mediators in macrophages. Our data partially cor-
relate with those of previous studies showing that GRA7-induced
innate immune responses were MyD88 dependent but not TLR
dependent, suggesting that other members of the TLR family or
pattern recognition receptors are involved. A recent study showed
that the recognition of T. gondii through the activation of the
intracellular sensor NLRP1 and NLRP3 inflammasomes induced
cell death and the production of IL-1fB in in vitro and in vivo
experiments with mouse and rat cells (32-34). Furthermore, T.
gondii has been reported to be a novel activator of the NLRP1 and
NLRP3 inflammasomes in vivo and a role for these sensors in host
resistance to toxoplasmosis has been established (34). In this
study, we focused on the role of GRA7-MyD88-dependent innate
immunity; however, future studies will clarify the role of NLRP1
and NLRP3 inflammasome activation in GRA7-induced inflam-
matory responses.

Innate immune responses triggered by TLR signaling are me-
diated through the generation of intracellular ROS, which are now
being recognized as important secondary messengers (21, 22, 24).
Zhou et al. showed that T. gondii infection or excretory/secretory
protein treatment induces NOX4-dependent ROS generation via
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Cytokine concentrations of culture supernatants of the rtGRA7-stimulated splenocytes determined by ELISA. The levels of IL-4, IL-10, IFN-vy, and TNF-o were
assessed at 24, 72, 96, and 48 h, respectively. (D) In vitro proliferation of splenocytes from mice after stimulation with the soluble tachyzoite antigen of T. gondii
(STAg). Splenocytes were cultured with 10 pwg/ml STAg for 72 h, and proliferation was measured with a chemiluminescent bromodeoxyuridine ELISA kit.
Absorbance was evaluated with an ELISA reader at 370 nm with a 492-nm reference. (E) One week after the final immunization, 10 mice in each group were orally
challenged with 1,500 cysts of strain Me49 and monitored for death daily for 2 weeks. Significant differences from the control mice are indicated (log-rank test).
(F) The brain parasite burden was evaluated 4 weeks after immunized BALB/c mice were orally challenged with 20 cysts of strain Me49. Results are expressed as
means * SD (six mice per group). For panels B to D, three independent experiments were performed and data from one representative experiment are shown.

For panels E and F, two independent experiments were performed and data from one representative experiment are shown. **, P < 0.01.

activation of the PI3K/AKT signaling pathway in human retinal
epithelium cells (19). Additionally, a recent study showed that T.
gondii induced the NOXI1-dependent production of excessive
ROS, which contributed to mitochondrial structural damage and
mitochondrial dysfunction in placentas, as well as the cleavage of
caspase-9 and caspase-3, which resulted in the apoptosis of tro-
phoblasts (35). T. gondii also induced pyroptosis-like features
with ROS production, as well as the activation of caspase-1 and
IL-1P secretion, in macrophages (36). Our results correlate with
those of previous studies that showed that NOX is an important
source of GRA7-induced ROS that initiate intracellular signaling
cascades. In addition to its effect on ROS, nitric oxide (NO) re-
stricts parasite replication by depleting arginine, another amino
acid essential for T. gondii growth, by IFN-y-mediated innate pro-
tective mechanisms in a cell type- and species-specific manner
(37). More interestingly, GRA15 carried by the type II strain of T.
gondii directly activates NF-kB and drives host macrophages
toward the polarization of classically activated macrophages,
which generates the ROS and NO responsible for cell apoptosis
(37, 38). Future studies should reveal the precise molecular
mechanisms by which NOX regulates the fine control of GRA7-
induced innate signaling in the context of ROS generation and
will clarify the role of NO production in host defense mecha-
nisms.
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The modulation of host innate immunity by the intracellular
parasite T. gondii in the early phases of infection is critical for the
establishment of both the initial invasion and the subsequent
maintenance of latent infection. Growing evidence suggests that
host-pathogen interactions have led to the coevolution of toxo-
plasmosis-causing T. gondii with its host (1, 8, 39, 40). Previously,
it was suggested that GRA proteins interact with a number of host
cell proteins, including enzymes and structural and functional
subcellular organelles from a broad spectrum, by yeast two-hybrid
methods, with some pattern specific to each GRA protein. Ahn et
al. showed that a search using GRA7 in the HeLa cDNA library
resulted in two Homo sapiens genes, those for poly(rC) binding
protein 1/PCBP1 and thymosin beta-10/TMSB10. GRA7 binds to
PCBP1 along with PCBP2 and hnRNPK, corresponding to the
principal cellular poly(rC) binding proteins. PCBP1 plays a part in
the formation of a sequence-specific a-globin mRNP complex
that is associated with the stability of a-globin mRNA (39). Addi-
tionally, GRA16 binds two host enzymes, the deubiquitinase
HAUSP and PP2A phosphatase. GRA16 alters p53 levels in a
HAUSP-dependent manner and induces the nuclear transloca-
tion of the PP2A holoenzyme for virulence in T. gondii (40). Fur-
thermore, different polymorphic rhoptry proteins ROP5 and
ROP18 have been shown to inhibit the immunity-related GTPase
(IRG) resistance system by phosphorylation of highly conserved
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threonine residues in the switch I region of the nucleotide binding
site for virulence of T. gondii (41-45). This mechanism is facili-
tated by direct binding of the pseudokinase ROP5 to IRG proteins
(44, 45) and to ROP18, which control T. gondii virulence by up-
regulation of ROP18 activity (43). In mice, this two-component
ROP5/ROP18 parasite virulence system is counteracted by poly-
morphic tandem IRG proteins (46), most likely because of active
decoying of ROP5 and ROP18, leaving IRG a6/Irga6 unphospho-
rylated. Another active rhoptry kinase, ROP17, was demonstrated
only recently to phosphorylate Irga6 and Irgb6 in vitro. ROP17
shows a preference for Irgb6, and unlike that of ROP18, its kinase
activity is independent of ROP5 (47). GRA7 associates with ROP2
and ROP4 in infected host cells (48). In a recent study, GRA7
directly bound to the active dimer of Irga6 in a GTP-dependent
manner. The binding of GRA7 to Irga6 led to enhanced polymer-
ization, rapid turnover, and eventual disassembly, which contrib-
uted to acute virulence in the mouse (1). Furthermore, GRA7 is an
additional component of the T. gondii ROP5/ROP18 kinase com-
plex (1, 49). Hermanns et al. showed that GRA7 is directly associ-
ated with ROP5 and required for efficient phosphorylation of
Irga6. GRA7 contributes to inhibition of vacuolar IRG protein
accumulation at the PVM and is Irga6 specific. It has been dem-
onstrated that T. gondii GRA7 as a regulator of ROP18-specific
inactivation of Irga6 in vivo (49). The structural diversity of the
IRG proteins implies that certain family members constitute ad-
ditional specific targets for other, as-yet-unknown, T. gondii vir-
ulence effectors. Our results have further expanded the role of
GRA7 to include the modulation of K63-linked TRAF6 polyubiq-
uitination by direct binding to the TRAF6 RING domain, which is
required for NF-kB activation and cytokine expression in the host
defense strategy. It is critically involved in the autoubiquitination
of TRAF6 and downstream signaling activation (17, 29). The role
of GRA7 in TRAF6 ubiquitination does not seem to involve the
deubiquitinases A20 and CYLD (data not shown), which are
known inhibitors of NF-kB signaling (50). GRA7 does not contain
a deubiquitination enzyme domain. It is possible that GRA7 con-
trols additional E3 or E2 Ub ligases that also participate in TLR or
non-TLR signaling. Given these findings, secreted T. gondii effec-
tor protein GRA7 represents a potentially emerging subfamily of
exported dense granule proteins that modulate host function.
Taken together, these data reveal a new facet of the role of GRA7 in
TRAF6 targeting, which affects the regulation of innate host im-
mune responses.

We have shown here that the C terminus of the GRA7-V
domain specifically binds to the C70 residue with ligase activity
containing the RING domain of TRAF6. rGRA7-V-immunized
mice showed significantly enhanced Thl immune responses
and protective efficacy against T. gondii infection, and similar
results were observed with rtGRA7-WT in a binding-dependent
manner (1). Taken together, these data strongly suggest that the
GRA7-V domain is essential for the initiation of innate signaling
pathways through NOX-dependent ROS generation and TRAF6
activation in a MyD88-dependent manner and provides protec-
tive mechanisms in vivo. These events may be potential targets for
pharmacological modulation of GRA7 and associated signaling
pathways in the inflammatory reaction during toxoplasmosis.
Furthermore, the TRAF6 and NOX activation pathways are mu-
tually dependent on GRA7-induced inflammatory signaling by
macrophages.

In conclusion, we provide evidence of a critical role for
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MyD88-dependent TRAF6 activation and ROS production in the
regulation of GRA7-mediated innate immune responses in mac-
rophages. GRA7 interacts with TRAF6 to activate inflammatory
responses; this is regulated by the association of GRA7-V with the
RING domain of TRAF6, which modulates its ubiquitination.
These observations reveal a new role for GRA7 in the regulation of
innate immune responses in host protective immunity. Further
studies are needed to develop more effective GRA7-based vaccines
and to understand how GRA7 regulates host defense strategies
against toxoplasmosis.
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