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Toxoplasma gondii transmission between intermediate hosts is dependent on the ingestion of walled cysts formed during the
chronic phase of infection. Immediately following consumption, the parasite must ensure survival of the host by preventing adverse inflammatory responses and/or by limiting its own replication. Since the Toxoplasma secreted effectors rhoptry 16 kinase
(ROP16) and dense granule 15 (GRA15) activate the JAK-STAT3/6 and NF-B signaling pathways, respectively, we explored
whether a particular combination of these effectors impacted intestinal inflammation and parasite survival in vivo. Here we report that expression of the STAT-activating version of ROP16 in the type II strain (strain IIⴙROP16I) promotes host resistance
to oral infection only in the context of endogenous GRA15 expression. Protection was characterized by a lower intestinal parasite burden and dampened inflammation. Host resistance to the IIⴙROP16I strain occurred independently of STAT6 and the T
cell coinhibitory receptors B7-DC and B7-H1, two receptors that are upregulated by ROP16. In addition, coexpression of ROP16
and GRA15 enhanced parasite susceptibility within tumor necrosis factor alpha/gamma interferon-stimulated macrophages in a
STAT3/6-independent manner. Transcriptional profiling of infected STAT3- and STAT6-deficient macrophages and parasitized
Peyer’s patches from mice orally challenged with strain IIⴙROP16I suggested that ROP16 activated STAT5 to modulate host
gene expression. Consistent with this supposition, the ROP16 kinase induced the sustained phosphorylation and nuclear localization of STAT5 in Toxoplasma-infected cells. In summary, only the combined expression of both GRA15 and ROP16 promoted
host resistance to acute oral infection, and Toxoplasma may possibly target the STAT5 signaling pathway to generate protective
immunity in the gut.

T

he obligate intracellular parasite Toxoplasma gondii is a widespread protozoan pathogen capable of infecting any nucleated
cell. It is highly transmissible and able to achieve chronic infection
in a wide variety of birds and sea and land mammals, including an
estimated third of the human population. Infection is typically
asymptomatic, and though most parasites are cleared by the immune system, others escape and form cysts within the brain, heart,
and skeletal muscle. In immunocompromised individuals, such as
in those with AIDS or in the developing fetus, new infections or
rupture of preexisting cysts can lead to inflammation-related pathologies and even death. However, some immunocompetent
hosts are also susceptible to acute infection. For example, following oral infection, intestinal inflammation has been observed in
deer, pigs, rabbits, cats, and certain strains of laboratory mice (1).
Severe toxoplasmosis has also been documented in immunocompetent humans exposed to South American strains (2). Since Toxoplasma spreads when an animal consumes meat containing tissue
cysts or food contaminated with oocytes shed from a cat, we hypothesize that Toxoplasma has evolved ways to limit intestinal
pathology to promote host survival.
One strategy used by Toxoplasma to achieve chronic infection
is through the modulation of the T helper 1 (Th1) response (3),
which culminates in the production of gamma interferon (IFN␥). IFN-␥ induces several host mechanisms for intracellular elimination of Toxoplasma, including the induction of reactive nitrogen intermediates (4) and the activation of two families of
interferon-regulated GTPases, the immunity-related GTPases
(IRGs) (5, 6) and guanylate-binding proteins (GBPs) (7). In the
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mouse model of toxoplasmosis, the Th1 response must be tightly
regulated; otherwise, a lethal inflammatory response develops.
For example, mice lacking the Th1-regulatory cytokine interleukin-10 (IL-10) succumb to sublethal oral challenge with Toxoplasma tissue cysts and exhibit severe immune pathology in the
small intestine and liver (8). Furthermore, in naturally susceptible
mouse strains, the intestinal pathology that develops following
oral infection resembles many aspects of Crohn’s disease (9).
Thus, understanding how Toxoplasma manipulates mucosal immunity may yield novel strategies for treating human inflammatory bowel diseases, like Crohn’s disease.
Importantly, not all strains of Toxoplasma cause similar disease. Of the three strain types predominantly isolated from humans in North America and Europe, types I, II, and III, it is the
type II strain that is associated with reactive encephalitis in HIVinfected patients (10) and tissue inflammation in susceptible
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action may play a significant role in modulating host gene expression in parasite-infected macrophages and in generating protective immunity in the gut of infected animals.
MATERIALS AND METHODS
Mice, cells, and Toxoplasma strains. Eight- to 12-week-old female
C57BL/6J (B6), B6.129S2(C)-Stat6tm1Gru/J (Stat6⫺/⫺), B6.129P2Lyzstm1(cre)Ifo/J (LysM-cre), and B6.129S1-Stat3tm1Xyfu/J (Stat3fl/fl) mice
were purchased from Jackson Laboratories. Stat3fl/fl and LysM-cre⫹/⫹
mice were bred to generate Stat3fl/fl LysM-cre⫹/⫺ and Stat3fl/fl LysMcre⫺/⫺ mice (University of Pennsylvania). Cd274⫺/⫺ mice were obtained
from Jianzhu Chen (MIT) with permission from Leiping Chen (Yale);
Stat6⫺/⫺ and Cd274⫺/⫺ mice were bred as homozygotes (MIT). All
mouse work was performed in accordance with the guidelines set by
MIT’s Committee for Animal Care (CAC) or the University of Pennsylvania’s Institutional Animal Care and Use Committee (IACUC).
Isogenic green fluorescent protein (GFP)- and firefly luciferase
(fLUC)-expressing type II Pru (PA7) strains PA7 ⫹HPT (5-8B⫹, 505A⫹), PA7 ⫹ROP16IHA ⫹HPT (2C4, 1F5), PA7 ⌬gra15 ⫹HPT (50-5C,
5-8A), and PA7 ⌬gra15 ⫹ROP16IHA ⫹HPT ⫹BLE (a phleomycin resistance cassette) (1B7) have been previously generated and described before
(17). Transgenic protein expression of ROP16IHA in the II ⌬gra15
⫹ROP16I and II⫹ROP16I strains was comparable between strains by
Western blotting (see Fig. S1 in the supplemental material). A (Pru)
II⫹ROP16IHA ⫹HPT strain (22) and a type III CEP hxgprt-GFP-cLUC
(click beetle luciferase) strain were also used for oral infections. A GFPcLUC-expressing type I (RH) (1-1) strain and a I ⌬rop16 (1A2) strain (17)
were used in immune fluorescence assays (IFAs). Parasite strains were
passaged in monolayers of human foreskin fibroblasts (HFFs) in Dulbecco modified Eagle medium (DMEM) with 1% fetal bovine serum
(FBS) and antibiotics. HFFs and the DC2.4 dendritic cell line were cultured as described previously (17). Bone marrow-derived macrophages
(BMDMs) were obtained by culturing murine bone marrow cells in
DMEM supplemented with 10% FBS, 1⫻ minimal essential medium
nonessential amino acids, 1 mM sodium pyruvate (Gibco, Invitrogen),
antibiotics, and 20% L929 conditioned medium (final concentration of
granulocyte colony-stimulating factor [G-CSF], 8.8 ng/ml) for 7 to 8 days,
which yielded a highly pure population of CD11b⫹ F4/80⫹ macrophages
by fluorescence-activated cell sorter (FACS) analysis.
Cyst isolation, oral infections, and bioluminescence imaging. Brains
from chronically infected mice (⬎30 days) were harvested, emulsified in 1
ml phosphate-buffered saline (PBS) per brain, and stored at 4°C before
use. One hundred microliters of the emulsion was fixed in 900 l of
ice-cold methanol, washed, stained with fluorescein isothiocyanate-labeled Dolichos Biflorus agglutinin (Vector) overnight at 4°C, washed, and
resuspended in 1 ml PBS. Cysts were enumerated by counting 3 to 5 50-l
aliquots with a fluorescence microscope (⫻20 objective); most cysts were
typically 7 to 12 m in diameter. Mice were administered 1,000 or 250
cysts with a feeding needle. In some experiments, mice were injected intraperitoneally (i.p.) with 300 g neutralizing antibody (BioXcell) against
B7-DC (TY25) or rat IgG2a isotype control (2A3) on days 4, 6, and 9 after
oral infection. For experiments comparing wild-type to Cd274⫺/⫺ or
Stat6⫺/⫺ mice, intestinal floras were normalized between mouse strains
(23) by first swapping bedding between cages and then placing mice from
each genetic background in the same cage for 2 weeks prior to oral infections. Littermates were used for infections comparing Stat3fl/fl LysMcre⫹/⫺ and Stat3fl/fl LysM-cre⫺/⫺ mice.
For in vivo bioluminescence imaging of luciferase-expressing parasites, mice were injected i.p. with 300 g of D-luciferin (Gold Biotechnology) and anesthetized, and 10 min later, light emission from individual
mice was detected with an IVIS Spectrum bioluminescent and fluorescent
imaging system (Xenogen Corporation). For subsequent bioluminescence imaging of the small intestine and other organs, mice were injected
a second time with luciferin, and 8 min later, organs were harvested,
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C57BL/6 (B6) mice (11, 12). Recently, we have identified polymorphisms in key parasite effector proteins that are injected into
macrophages and activate signaling pathways that regulate inflammation. The Toxoplasma rhoptry 16 kinase (ROP16), which
is secreted into the host cytosol upon invasion, directly phosphorylates the STAT3 and STAT6 transcription factors. The versions
encoded by the type I/III strains, but not the type II strain, maintain STAT3/6 activation for 24 h (13–15). In contrast, the type II
strain, but not the type I/III strains, encodes a version of the Toxoplasma dense granule 15 (GRA15), a protein with no homology
to other proteins, that activates the nuclear factor kappa lightchain enhancer of activated B cells (NF-B) (16). Due to polymorphisms in these effectors, the type I and III strains promote the
alternative activation of macrophages (M2), while the type II
strain induces the classical activation of macrophages (M1) (17).
M1 cells require NF-B activation, promote Th1 responses, and
elicit many of the host’s toxoplasmacidal mechanisms but are also
associated with pathological inflammation. In contrast, M2 cells
driven by STAT6 activation develop in a Th2 environment and
inhibit Th1-type inflammatory responses (18). Remarkably, following oral infection with a type II strain engineered to express the
STAT3/6-activating version of ROP16 from the type I strain, there
was significantly less inflammatory damage in the small intestine
compared to that following infection with the parental type II
strain (17). Although the mechanism by which ROP16 mediates
this effect is unknown, we hypothesized that it was due to its ability
to activate the STAT3/6 signaling pathways and inhibit NF-B
activation. Furthermore, the role of GRA15 in intestinal inflammation has not been explored, but since it activates NF-B and
promotes M1 activation, it is possible that by removing GRA15
from Toxoplasma, parasite-induced ileitis may be alleviated.
Finally, death of the infected host can result from failure to
control parasite replication or failure to survive tissue damage
following infection, in what has been described as host resistance
and infectious tolerance, respectively (19). Following oral infection, it is apparent that the intestinal parasite burden often, but
not always, correlates with pathology. For example, antibody neutralization of tumor necrosis factor alpha (TNF-␣) or IFN-␥ on
days 6 and 8 following infection or chemical inhibition of inducible nitric oxide synthase (iNOS) reduces ileitis, but only TNF-␣
neutralization leads to an increase in parasite numbers (12, 20).
Other notable examples include oral infection in IL-23 geneknockout (Il23⫺/⫺) and Il10⫺/⫺ mice. In these studies, intestinal
parasite numbers were similar between knockout and wild-type
mice; however, Il10⫺/⫺ mice were highly susceptible and developed severe ileitis, whereas Il23⫺/⫺ mice survived infection and
did not develop ileitis (8, 21). Thus, the Toxoplasma effectors
GRA15 and ROP16, which modulate the expression of many inflammatory mediators, including IL-10 and IL-23 (17), could possibly affect both host tolerance and resistance mechanisms to promote chronic infection and subsequent spread in nature.
Here we describe that ROP16 and GRA15 have an immediate
impact on host resistance following oral infection. Through the
use of a variety of gene-knockout and transgenic parasites, we
demonstrate that GRA15 and ROP16 are required to limit parasite replication in the intestines of orally infected mice and enhance parasite susceptibility within TNF-␣/IFN-␥-stimulated
macrophages. These phenotypes were independent of STAT3/6,
and we report here that Toxoplasma ROP16 induced the sustained
phosphorylation and nuclear translocation of STAT5. This inter-
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STAT3-deficient macrophages or deviated ⫾1.7-fold from the value obtained in wild-type macrophages when comparing the same infections.
Finally, a ROP16-regulated gene was considered modulated through
STAT6 if its expression changed ⫾1.7-fold when comparing strain
II⫹ROP16I infections in Stat6⫺/⫺ and wild-type mouse BMDMs.
Peyer’s patches from several mice infected with the type II or
II⫹ROP16I strain after 5 days of oral infection and from a naive mouse
were dissected, individually analyzed by bioluminescence imaging, and
snap-frozen in liquid nitrogen. Peyer’s patches with equivalent parasite
burdens were processed by using a needle to crunch the frozen Peyer’s
patch inside an Eppendorf tube placed on dry ice, followed by suspension
in TRIzol. Additionally, small intestines from these infected mice, with the
Peyer’s patches removed, were further dissected into three parts, the upper 1/3 (approximately consisting of the duodenum), middle 1/3 (approximately consisting of the jejunum), and lower 1/3 (approximately
consisting of the ileum), and subjected to bioluminescence imaging before snap-freezing. The middle 1/3 intestinal sections that had similar
parasite burdens between infections were processed as described above.
RNA was isolated, and microarray analysis was performed. Gene expression was normalized using Robust Multiarray Averaging (RMA).
Microarray data accession numbers. The microarray data generated
for infections in the STAT-deficient BMDMs with all strains are accessible
through NCBI’s Gene Expression Omnibus (GEO) database under accession number GSE45309 and can be compared to data generated for infections in wild-type BMDMs previously published and accessible under
accession number GSE29404. Microarray data for parasitized intestines
and Peyer’s patch samples can be found under the GEO accession number
GSE45310.

RESULTS

GRA15 and ROP16 promote host resistance to acute oral infection. To determine the role of GRA15 and ROP16 in altering host
survival, we orally gavaged susceptible C57BL/6 mice with tissue
cysts of the luciferase- and GFP-expressing (Pru A7) type II strain
or with Pru A7 type II strains that transgenically express the type I
copy of ROP16 (strain II⫹ROP16I) or have the endogenous
GRA15II gene deleted (strain II ⌬gra15). The type II Pru strain is
less virulent than the type II ME49 strain used in most oral infection studies; therefore, in our hands, we found that a dose of 1,000
cysts is required to achieve a nearly 100% lethal dose (LD100) in
C57BL/6 mice; in comparison, an LD100 of 100 cysts has been
reported for the ME49 strain (12, 25). As reported before, transgenic expression of type I ROP16 in a type II strain makes this
strain significantly less virulent than the parental type II strain
(Fig. 1A). Mice that did succumb to infection with strain
II⫹ROP16I did so 3 to 4 days later than mice infected with the type
II strain. In contrast, oral infection with the II ⌬gra15 strain led to
rapid death with kinetics similar to those observed following infection with the wild-type type II strain. A similar trend was observed with a lower-dose infection of 250 cysts (see Fig. S2 in the
supplemental material). To test whether transgenic expression of
type I ROP16 alone or a combination of GRA15II and ROP16I is
required for host protection, we orally challenged mice with a type
II ⌬gra15 strain that expresses type I ROP16 (strain II ⌬gra15
⫹ROP16I) (see Fig. S1 in the supplemental material). Interestingly, transgenic expression of type I ROP16 in the II ⌬gra15 strain
did not confer host protection, as this strain had virulence similar
to that of the type II and II ⌬gra15 strains (Fig. 1A), demonstrating
that endogenous GRA15 promotes host survival in this setting.
Furthermore, these results highlight that both GRA15 and ROP16
are required for optimal host survival following type II challenge.
NF-B plays a central role in immune function and inflamma-
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placed on a petri dish, and imaged. Image analysis was performed with
Living Image software.
Tissue sectioning and scoring matrix for inflammatory assessment.
After 8 to 9 days of infection, small intestines were fixed in 10% buffered
formalin and embedded in paraffin. Sections were stained with hematoxylin and eosin (H&E) or stained with eosin and an anti-Ly6G antibody
(BD 550291), followed by development with horseradish peroxidase. A
scoring matrix used to assess rat colitis (24) was modified for this study to
score murine small intestinal inflammation and takes into account inflammatory cell infiltrate into the lamina propria, the degree of Gr-1
(Ly6G) staining, submucosa thickening and cellular infiltrate, deformation of the villus architecture, the number of goblet cells per villus, and the
number of ulcerations that extend through the mucosa and smooth muscle wall. The scoring matrix is described in detail in Table S1 in the supplemental material.
In vitro Toxoplasma infection assays. BMDMs were plated at 2 ⫻ 105
cells per well (96-well black plate, clear bottom; Costar) and stimulated
overnight with 25 ng/ml of TNF-␣ and 10 ng/ml of IFN-␥ (Peprotech) in
the same 20% L929 conditioned medium used to generate BMDMs. Parasites were obtained by sequentially syringe lysing heavily vacuolated HFF
monolayers through 25-gauge and 27-gauge needles and spinning the
flowthrough at 32 ⫻ g to pellet large debris, followed by a faster spin
(582 ⫻ g) to pellet parasites, and the parasites were washed in PBS. Prior
to infection, the BMDM stimulation medium was removed, and infections were performed at several different multiplicities of infection
(MOIs) ranging from 0.5 to 0.1 in DMEM supplemented with 1% FBS and
antibiotics. Twenty hours later, luciferase activity within the cellular lysate
was detected following automated addition of the luciferin substrate (luciferase assay system; Promega) in a Varioskan Flash plate reader
(Thermo Scientific). Parasite viability was inferred by a plaque assay;
MOIs that returned a similar number of viable parasites between strains
were compared. Infected BMDMs or DC2.4 cells were also analyzed by
FACS for the surface expression of B7-H1 by staining with an anti-CD274
antibody (MIH5; BD Pharmingen).
Immunofluorescence assay. BMDMs or HFFs were plated on coverslips overnight and infected with parasites on the following day. After 20 h
of infection, cells were fixed with 3% formaldehyde, permeabilized with
ice -old methanol, washed with PBS, blocked, and stained in 3% bovine
serum albumin, 5% goat serum, 0.2% Triton X-100 in PBS with antibodies that recognize phospho-Tyr694 STAT5A or STAT5B (C71E5; 1:400;
Cell Signaling Technology) or NF-B p65 (sc-8008; 1:1,000; Santa Cruz
Biotechnology). Alexa Fluor 488- or Alexa Fluor 594-coupled secondary
antibodies (Molecular Probes) and Hoechst dye were used for antigen and
DNA visualization with a fluorescence microscope.
Microarray analysis of infected BMDMs and Peyer’s patches.
BMDMs were plated at 3 ⫻ 106 cells per well (6-well plate) and infected
(MOI, 3) for 18 h, and RNA was isolated using the TRIzol reagent (Invitrogen). cDNA was generated, labeled, and hybridized to a mouse Affymetrix array (Mouse 430 2.0 or Mouse 430A 2), probe intensities were
measured and normalized with the MAS5 algorithm, and gene expression
was processed as described before (16). Microarray experiments of wildtype C57BL/6 mouse BMDMs infected with the type II, II ⌬gra15,
II⫹ROP16I, and II ⌬gra15 ⫹ROP16I strains, as previously reported (17),
were originally performed side by side with infections of Stat3fl/fl LysM-cre
(B6) mouse BMDMs reported here. Microarray experiments of
II⫹ROP16I-infected Stat6⫺/⫺ and Stat6⫹/⫹ (B6) mouse BMDMs were
performed similarly. Our criteria to determine Toxoplasma ROP16-regulated host genes that were modulated through STAT3 or STAT6 are as
follows. First, a host gene was considered regulated by ROP16 if its expression changed ⫾1.7-fold when comparing infections with the type II and
II⫹ROP16I strains or strains II ⌬gra15 and II ⌬gra15 ⫹ROP16I. This
produced a list of 938 uniquely annotated macrophage genes that were
regulated by Toxoplasma ROP16. Second, a ROP16-regulated host gene
was considered to be modulated through STAT3 if, for example, the fold
change between the type II and II⫹ROP16I strains no longer occurred in
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tory induction in the small intestine. Since the Toxoplasma
strains that lack GRA15II or express ROP16I/III exhibit significantly reduced NF-B p65 nuclear translocation in infected
macrophages (see Fig. S3 in the supplemental material), we
investigated whether there was a separation of host tolerance
and resistance mechanisms following oral infection with these
strains. To first address this issue, parasite burden in the small
intestine was directly measured ex vivo by bioluminescence imaging. Host susceptibility to the engineered Toxoplasma strains
directly correlated with intestinal parasite burden on days 8 to
9 following oral challenge (Fig. 1B). Notably, the II⫹ROP16I
strain exhibited a 300-fold decrease in luciferase activity compared to that of the other strains, and this reduction required
endogenous GRA15II expression (Fig. 1E). The role of GRA15
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in promoting host resistance could also be observed at earlier
time points of infection (day 5), as there were significantly
higher strain II ⌬gra15 parasite numbers than either parental
or II⫹ROP16I strain numbers in the small intestine (see Fig.
S4A and B in the supplemental material). A similar defect in
host resistance was reported on day 5 following i.p. infection
with the II ⌬gra15 strain (16). Since NF-B null mice are highly
susceptible to Toxoplasma infection due to diminished IFN-␥
responses (26), an organ culture assay was used to measure ex
vivo cytokine production of intestines from mice infected with
the II ⌬gra15, II⫹ROP16I, and wild-type strains. However, no
significant difference in either IFN-␥ or IL-12p70 production
on day 5 following oral infection was observed, although there
was considerable variability with these assays (see Fig. S4C in
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FIG 1 Host resistance to oral infection requires expression of both Toxoplasma rhoptry kinase ROP16 and dense granule GRA15. C57BL/6 mice were orally
gavaged with 1,000 cysts of the luciferase- and GFP-expressing type II Pru ⫹HXGPRT strains Pru A7 (5-8B⫹, 50-5A), type II ⌬gra15 (50-5C, 5-8A), type
II⫹ROP16I (1F5, 2C4), and type II ⌬gra15 ⫹ROP16I (1B7). A non-GFP- and non-luciferase- expressing Pru ⫹ROP16I strain was also analyzed. (A) Cumulative
survival from 3 to 15 separate experiments of mice orally challenged with the indicated parasite strains. The total number (n) of mice orally challenged with each
strain is listed. A Mantel-Cox log-rank test was performed to assess significance; only mouse survival following challenge with the II⫹ROP16I strain was
statistically significant (P ⬍ 0.05) compared to that following challenge with the type II strain. (B) Bioluminescence images of small intestines from C57BL/6 mice
on days 5 and 9 following oral infection with 1,000 cysts of the indicated luciferase-expressing Toxoplasma type II strains. The relative parasite burden (number
of photons/s/r2, where r2 ⫽ cm2/steradian) between Toxoplasma strains is depicted as a heat map. (C) Representative H&E stains of intestines from C57BL/6 mice
after 8 days of infection with the indicated parasite strains or from A/J mice infected with the type II strain. Pictured are two layers of small intestine from a single
mouse seen with a ⫻10 objective. (D) Average inflammatory score ⫹ SD of small intestines from C57BL/6 mice 8 days after oral infection with the indicated
Toxoplasma strains (n ⫽ 3 to 7 mice per group). Inflammatory scores for noninfected C57BL/6 mice and A/J mice infected with the type II strain are also given.
Significant differences between the means of each group were calculated by analysis of variance testing; a significant P value was determined for the II⫹ROP16I
strain. A two-tailed Student t test was performed between the type II strain-infected A/J mouse and II⫹ROP16I strain-infected B6 mouse groups (n.s., not
significant). (E) Quantification (n ⫽ 2 to 4 intestines per group) of the relative parasite burdens (number of photons/s/r2) in the small intestines (from the experiment
shown in panel B) 9 days after oral infection; the P value was calculated by analysis of variance testing. (F) Bioluminescence images of small intestines from C57BL/6 mice
orally infected with either the type II or the II⫹ROP16I strain or A/J mice infected with the type II strain 8 days after oral infection with 1,000 cysts.
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produced infections that were not significantly different from
those in controls (Fig. 2D to F). Thus, although some of the
ROP16 host targets analyzed here modulated resistance to oral
infection, in the case of B7-H1 and STAT6, they inhibited rather
than promoted parasite clearance.
Synergistic expression of ROP16 and GRA15 increases parasite susceptibility within IFN-␥- and TNF-␣-stimulated macrophages. Inflammatory macrophages that are recruited to the intestine are critically important for the host to limit Toxoplasma
replication and promote host resistance at the site of infection (32,
33). Since ROP16 and GRA15 had a drastic effect on parasite burden in vivo, we tested whether the type II engineered strains differed in their ability to evade macrophage toxoplasmacidal mechanisms elicited by stimulation with IFN-␥ and TNF-␣, cytokines
that are expressed in the intestine following oral infection (20).
When infections were performed in bone marrow-derived macrophages (BMDMs) previously stimulated with TNF-␣ (25 ng/
ml) and IFN-␥ (10 to 1 ng/ml), survival differences between the
engineered strains could be observed. In particular, the
II⫹ROP16I strain exhibited the lowest parasite burden in stimulated macrophages (Fig. 3A). Importantly, differences in parasite
numbers between the type II and II⫹ROP16I strains were still
evident in IFN-␥- and TNF-␣-stimulated Stat6⫺/⫺ and LysM-cre
Stat3fl/fl BMDMs (Fig. 3B) or in these STAT-deficient macrophages pretreated with 0.5 M the STAT3 inhibitor StatticV (not
shown). Thus, Toxoplasma GRA15 and ROP16 play a fundamental role in modulating macrophage resistance mechanisms in vitro,
which correlates with the oral infectivity of these strains in vivo.
Evidence for STAT5 activation by Toxoplasma ROP16. Although the II⫹ROP16I strain produced an infection characterized
by reduced parasite replication and improved host survival
(Fig. 1), Stat6 deletion enhanced rather than reversed these phenotypes in vivo (Fig. 2A to C) and Stat3- or Stat6-deficient BMDMs readily killed the II⫹ROP16I strain (Fig. 3). Since many of
the ROP16-regulated host genes lack consensus STAT3/6 transcription factor binding sites (TFBSs) (13), we utilized a microarray strategy to determine ROP16-regulated host genes that were
modulated independently of either STAT6 or STAT3 transcription factors. To this end, we infected Stat6⫺/⫺, LysM-cre Stat3fl/fl,
and Stat3fl/fl control mouse BMDMs with the engineered Toxoplasma strains. We noticed that Stat3 gene expression in LysM-cre
Stat3fl/fl mouse BMDMs was reduced by only 50%, suggesting incomplete knockout during in vitro differentiation, which has been
observed by others (34). Thus, we chose a lower cutoff value of a
1.7-fold difference for macrophage gene expression that was defined to be influenced by ROP16, STAT3, or STAT6 (see Materials
and Methods). Using these criteria, the expression of 938 host
genes with unique gene annotations were regulated by Toxoplasma ROP16, and of these, 51% were not modulated through
either host STAT3 or STAT6 (Fig. 4A). TFBS analysis of the remaining ROP16-regulated genes revealed significant enrichment
in STAT5A/B TFBSs (determined by gene set enrichment analysis
[GSEA]). Indeed, type I ROP16 induced the prolonged phosphorylation and nuclear translocation of STAT5 observed in infected
HFFs and BMDMs (Fig. 4B), implicating ROP16 as a broadly promiscuous Toxoplasma kinase for the STATs. A shortened list of
Toxoplasma ROP16-regulated genes that are modulated through
host STAT3 and STAT6, as well as host genes regulated by ROP16
but independent of either host STAT, can be found in Table S3 in
the supplemental material.
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the supplemental material). Whether differences in cytokine
production occur at earlier time points of infection remain to
be determined.
Importantly, infectious tolerance was not separable from host
resistance in this system. A scoring matrix (see Table S1 in the
supplemental material) was used to quantify the degree of small
intestinal inflammation observed following 8 days of infection.
Virulent strains that exhibited high intestinal parasite burdens
(Fig. 1B) induced severe intestinal pathology with high inflammatory sores (Fig. 1C and D). Virulent strains induced significant
destruction of the villi, infiltration of inflammatory cells, submucosa swelling, and at least one ulceration of the smooth muscle
wall and basement membrane (see Table S2 in the supplemental
material), presumably exposing the host’s peritoneal cavity to the
luminal contents of the intestine. In contrast, infection with the
II⫹ROP16I strain induced a very mild inflammation characterized by a few regions (⬍10%) with moderate cellular infiltrate in
the lamina propria and submucosa/villus swelling. The intestinal
parasite burden and inflammation following II⫹ROP16I strain
infection in C57BL/6 mice mirrored type II strain infection in A/J
mice (Fig. 1C and F; see Table S2 in the supplemental material), a
mouse strain known to be resistant to oral Toxoplasma infection
(27), demonstrating that synergistic expression of GRA15 and
ROP16 can compensate for resistance defects in susceptible hosts.
In conclusion, disease outcome is tightly linked to the exact combination of Toxoplasma ROP16 and GRA15 effector proteins,
which together function as negative regulators of virulence during
oral infection in susceptible mice.
Stat6ⴚ/ⴚ and B7-H1ⴚ/ⴚ mice are resistant to oral Toxoplasma strain IIⴙROP16I infection. Given the established role of
the NF-B pathway in generating protective immunity during
Toxoplasma infection, we decided instead to explore how the
STAT3/6 signaling pathways and/or targets of ROP16 influence
host resistance during oral infection. Two of the ROP16 targets
include the T cell coinhibitory receptors B7-DC (Pdcdl2 or PDL2) and B7-H1 (Cd274 or PD-L1) (17). Both receptors bind PD-1
on T cells with different affinities and inhibit T cell cytokine secretion (28). Previously, we observed that surface expression of
B7-DC on infected macrophages is entirely dependent on Toxoplasma ROP16 and host STAT6 (17). In contrast, B7-H1 upregulation by ROP16 is independent of STAT6, and parasite infection
in the absence of ROP16 (i.e., with a type I ⌬rop16 strain) induces
intermediate surface expression on infected macrophages (see Fig.
S5 in the supplemental material). The B7-H1–PD1 pathway can
have both positive and negative outcomes for the host, depending
on the tissue and stage of Toxoplasma infection (29, 30). Hence,
we explored oral infection with strain II⫹ROP16I in Stat6⫺/⫺ and
Cd274⫺/⫺ mice and in mice treated with neutralizing antibodies
against B7-DC (31). Finally, we screened LysM-cre Stat3fl/fl mice,
which lack Stat3 in macrophages and neutrophils. We reasoned
that mice lacking the relevant ROP16 target should be highly susceptible to oral infection with the II⫹ROP16I strain with elevated
parasite numbers.
However, Stat6⫺/⫺ mice were even less susceptible to
II⫹ROP16I oral challenge than wild-type mice (Fig. 2A). In addition, Cd274⫺/⫺ and Stat6⫺/⫺ mice exhibited lower parasite burdens than wild-type mice, as revealed by whole-body bioluminescence imaging of mice orally challenged with strain II⫹ROP16I
(Fig. 2B and C). In contrast, neutralization of the B7-DC receptor
with blocking antibodies or infection in LysM-cre Stat3fl/fl mice
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C57BL/6 mice orally challenged with the II⫹ROP16I strain. The total number (n) of mice orally challenged is listed. The Mantel-Cox test was used to address
significant differences (P ⬍ 0.05) in survival between knockout and wild-type mice (n.s., not significant). (B) Representative whole-body bioluminescence
images of individual knockout or wild-type (wt) mice on day 8 following oral infection with strain II⫹ROP16I. (C) Average bioluminescence (number of
photons/s/r2) detected by whole-body imaging of wild-type and knockout mice on various days following oral infection with strain II⫹ROP16I. Bars depict the
mean bioluminescence of the cohort ⫹ SD (n ⫽ 5 per group). Asterisks indicate statistically significant differences (two-tailed Student t test, P ⬍ 0.05) in
luminescence between knockout and wild-type mice on that particular day. (D) C57BL/6 mice were injected i.p. with a neutralizing antibody against B7-DC or
with isotype control antibody on days 4, 6, and 9 following oral challenge with the II⫹ROP16I strain. The cumulative results from two experiments are plotted;
the number of mice for each treatment is indicated (Mantel-Cox, P ⫽ 0.2; n.s., not significant). (E) As in panel D, but the average bioluminescence obtained from
whole-body imaging on day 7 following oral challenge with the II⫹ROP16I strain is plotted (Student t test, P ⫽ 0.3). (F) Survival curves of Stat3fl/fl (wild type)
or Stat3fl/fl LysM-cre mice following oral infection with the II⫹ROP16I strain. The combined results of two individual experiments are plotted, and the number
of mice challenged is indicated (Mantel-Cox test, P ⫽ 0.3).

Since synergistic expression of Toxoplasma GRA15 and ROP16
was required for host protection from oral infection, we searched
for host genes that were particularly sensitive to the combined
expression of both ROP16 and GRA15. Ninety macrophage genes

were at least 1.5-fold different in expression in response to the
II⫹ROP16I strain than to the other engineered strains, many of
which contain putative STAT5 and NF-B TFBSs (TRANSFAC;
Genomatix) within conserved promoters regions (Table 1). Inter-

FIG 3 Coexpression of ROP16 and GRA15 enhances parasite susceptibility within IFN-␥- and TNF-␣-stimulated macrophages. (A) C57BL/6 BMDMs were
stimulated with IFN-␥ (10 ng/ml) and TNF-␣ (25 ng/ml) for 20 h in 20% L929 medium (final concentration of G-CSF, 9 ng/ml). Before infection, the medium
was replaced and infection with the indicated luciferase-expressing strains (MOI, ⬃0.2) occurred in medium without cytokine or L929 in triplicate; 24 h later,
luciferase activity was measured in the cell lysate. The luciferase activity obtained in stimulated macrophages is normalized to the mean luciferase activity
observed in nonstimulated macrophages (no stimulation ⫽ 1). The mean ⫹ SD of the triplicates for each parasite strain is plotted. Significance was addressed by
analysis of variance testing; indicated is the P value obtained for the II⫹ROP16I strain in stimulated macrophages. (B) As in panel A, but Stat6⫺/⫺ (B6) and
LysM-cre Stat3fl/fl (B6) mice were assayed. P values were calculated with a two-tailed Student t test comparing differences between parasite strains.
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FIG 2 Host resistance to the II⫹ROP16I strain occurs in the absence of B7-H1 and STAT6. (A) Cumulative survival data for Cd274⫺/⫺, Stat6⫺/⫺, or wild-type
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FIG 4 Evidence for STAT5 activation by Toxoplasma ROP16. (A) A Venn diagram depicting ROP16-regulated host genes (1.7-fold) that are influenced by
STAT3 and/or STAT6 in infected BMDMs. BMDMs from Stat6⫺/⫺, Stat3fl/fl LysM-cre, or Stat3fl/fl control mice were infected with the type II engineered
Toxoplasma strains to determine ROP16-regulated genes whose expression was regulated by STAT3 and/or STAT6 (see Materials and Methods). Gene symbols
and the total numbers of genes (in red) that fall within each category are indicated within the diagram. TFBS analysis of ROP16-regulated genes that were not
influenced by STAT3/6 was performed by GSEA, and the most significant TFBSs are listed. (B) At 20 h after infection with the indicated parasite strains, cells were
analyzed by immunofluorescence for phosphorylated STAT5. Representative immunofluorescence images of infected HFFs and BMDMs are shown. (C) On day
5 following oral challenge with the indicated parasite strains, individual Peyer’s patches from C57BL/6 mice were dissected and analyzed by bioluminescence
imagining. Peyer’s patches with similar parasite burdens (see Fig. S6 in the supplemental material) and a Peyer’s patch from a naive mouse were analyzed by
microarray analysis. The normalized microarray chip intensities for the indicated genes are plotted; all genes are within the top 50 genes induced following
infection compared to their expression in the naive control. TFBS enrichment analysis (DiRE) was performed on all Peyer’s patch genes that were upregulated,
on average, 1.7-fold following infection compared to the level of regulation in the uninfected sample [0.8 ⬍ log2(average gene expression of type II and
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TABLE 1 Macrophage genes that are maximally regulated in response to the II⫹ROP16I Toxoplasma straina

Level of expression
and MGI gene
symbol

Aqp9
Ccl1
Ptx3
Tnfrsf13c
Dtx2
Ccl3
Alas1
Expression 1.5fold lower
Thbs1
Ifitm1
B3gnt5
F13a1
Crem
F5
Ets1
Ctla2a
Egln3
Fcgr4

Gene title; alternative name(s)b

Uninfected

Type II

II⫹ROP16I

II ⌬gra15

II ⌬gra15
⫹ROP16I

STAT6

STAT3

No. of
promoter
region
STAT5
TFBSsd

Resistin-like alpha; RELM-alpha, FIZZ
Signaling lymphocytic activation
molecule family member 1
Aquaporin 9
Chemokine (C-C motif) ligand 1
Pentraxin-related gene
TNF receptor superfamily, member
13c; BAFF receptor
Deltex 2 homolog (Drosophila)
Chemokine (C-C motif) ligand 3;
MIP-1␣
Aminolevulinic acid synthase 1

50
50

168
55

2,154
316

50
50

1,349
117

Y
Y

Y

7

50
50
50
50

178
253
148
221

581
500
271
394

128
50
50
50

306
50
50
74

183
1,909

172
3,258

299
5,293

179
1,931

165
2,647

793

1,819

2,921

1,650

Thrombospondin 1
Interferon-induced transmembrane
protein 1
UDP-GlcNAc:betaGal beta-1,3-Nacetylglucosaminyltransferase 5
Coagulation factor XIII, A1 subunit
cAMP-responsive element modulator
Coagulation factor V
E26 avian leukemia oncogene 1, 5=
domain
Cytotoxic T lymphocyte-associated
protein 2 alpha
EGL nine homolog 3 (Caenorhabditis
elegans)
Fc receptor, IgG, low affinity IV

686
774

5,421
1,663

3,169
698

153

1,662

199
230
50
880

BMDM gene expression following infection with the
indicated strains

TFBS sequence
in promoter
regione
STAT

NF-B

Y
Y

Y
Y

Y
1

Y
Y

Y

3
1

Y
Y

Y
Y

1,687

4

Y

Y

6,118
1,884

5,052
1,416

Y
5

Y
Y

478

1,029

1,069

Y

Y

1,421
1,123
832
491

628
614
208
179

1,787
1,030
1,057
382

1,298
1,431
1,104
759

Y
Y
Y
Y

Y
Y
Y
Y

378

1,040

428

1,357

678

90

414

189

358

435

2,673

1,643

965

3,016

1,641

1
Y
Y

4

Y
3

Y

Y

Y

Y

a

A list of host BMDM genes that are expressed at least 1.5-fold higher or lower in response to infection with the II⫹ROP16I strain compared to all other type II strains (strains type
II, II ⌬gra15, II ⌬gra15 ⫹ROP16I). The mouse gene symbol, gene name, and relative gene expression values (MAS5) determined by microarray analysis following 18 h of infection
are indicated (17). Gene expression values from uninfected macrophages are also listed, and those below 50 were considered background.
b
MIP-1␣, macrophage inflammatory protein 1␣; cAMP, cyclic AMP.
c
Indicates whether the ROP16-modulated host gene in infected BMDMs is influenced by either STAT6 or STAT3 transcription factors, as described in Table S3 in the supplemental
material (Y, yes).
d
Listed is the number of STAT5A/B TFBSs found within ⫺2,000 to ⫹200 bp of the transcriptional start site for each mouse gene, according to the TRANSFAC Professional
database.
e
Indicates whether a V$STAT or V$NFKB transcription factor family binding site is found within a 2,000-bp window of the promoter region using standard weight matrices in
Genomatix (Y, yes).

estingly, Ccl1 and Ccl3 chemokine gene expression was highly induced by the II⫹ROP16I strain, while coagulation factors (F5 and
F13a1) were downregulated. CCL3 and its receptor, CCR1, were
recently shown to be required for inflammatory monocyte recruitment to the intestine of Toxoplasma-infected mice, which in
turn limited the intestinal parasite burden (32). Considering that
a putative STAT5 TFBS sequence is 500 bp upstream of the transcriptional start site of CCL3 (not shown), it remains to be deter-

mined whether gene expression of Ccl3 by the II⫹ROP16I strain
requires host STAT5 and/or NF-B.
Peyer’s patch genes modulated by strain IIⴙROP16I are enriched for STAT5 TFBSs. To deduce host signaling pathways that
characterize the in vivo immune response to the II⫹ROP16I strain
and to uncover other potential host targets of ROP16, the gene
expression profile during oral infection was determined. We noticed that during early time points of infection, Toxoplasma could

II⫹ROP16I strain infections)/gene expression in the naive sample]. The top-scoring TFBS (rank ⫽ 1) and its importance value are given. (D) As in panel C, but
the fold change in gene expression between II⫹ROP16I strain- versus type II strain-infected Peyer’s patches and small intestines with Peyer’s patches removed
(approximately the jejunum) is plotted. The top-scoring TFBS and its importance value (DiRE) are indicated for II⫹ROP16I strain-upregulated Peyer’s patch
and intestinal genes. Genes bearing putative STAT5 or RORA2 TFBSs in their promoters are indicated with blue and red asterisks, respectively. (E) Profile of the
running enrichment score and positions of members of gene sets for M2 versus M1 activation and hypoxia (determined by GSEA) on a rank-ordered list of
II⫹ROP16I strain- versus type II strain-infected Peyer’s patches. The nominal P value is indicated. The GSEA diagrams show the enrichment score (green line),
which reflects the degree to which that particular gene set is overrepresented in the differentially expressed genes between II⫹ROP16I strain- and type II
strain-infected Peyer’s patches (ranked by their differential expression values, where 1 is the gene most highly induced by the II⫹ROP16I strain). The middle
portion of the diagram shows where the members of the particular gene set (black bars) appear in the ranked gene list.
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Expression 1.5fold higher
Retnla
Slamf1

STAT-dependent
regulation in
infected
BMDMsc

Jensen et al.

DISCUSSION

In this report, we provide a variety of data demonstrating that
Toxoplasma GRA15, which activates NF-B, and ROP16, which
activates the transcription factors STAT3/6 and, as shown in this
report, STAT5 (Fig. 4), promote host resistance to oral Toxoplasma infection. The expression of both virulence factors promoted host resistance to the type II strain by lowering intestinal
parasite numbers, which in turn reduced intestinal pathology in
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susceptible C57BL/6 mice. For pathogens that spread by achieving
chronic infection, it is probably not surprising that Toxoplasma
carries within its arsenal of virulence effectors those that quell its
own replication or assist host immune defenses. This has been
demonstrated for the Toxoplasma serine protease inhibitor TgPI1
(37), the surface proteins SRS9 and SRS29C (38, 39), and possibly
many others that regulate parasite invasion, replication, and metabolism.
Our initial hypothesis was that host susceptibility to oral infection would correlate with the degree to which our type II engineered strains could promote M1/M2 activation (17). We anticipated that type II strains expressing GRA15II would cause more
pathology because these strains activate NF-B and induce the
proinflammatory M1 response; conversely, we reasoned that
strains expressing the STAT6-activating version of ROP16 (type
I/III) should induce less pathology and inflammation because
they promote M2 activation. However, this hypothesis was not
supported by the data, as the M2-inducing type II ⌬gra15
⫹ROP16I strain and the M1-inducing type II strain were equally
virulent. Rather, host survival to the type II strain was dependent
on the synergistic expression of both GRA15 and ROP16 parasite
effectors. GRA15 and ROP16 were discovered by screening candidate genes in Toxoplasma virulence loci (Vir1-5) that determined
mouse mortality to i.p. infection (22). The genes in the Vir loci
that encode GRA15 and ROP16 had weak genetic association
peaks; hence, any effect on virulence would require a particular
combination of these or other genetic factors. For GRA15, after
both i.p. (16) and oral challenge, the II ⌬gra15 strain produced an
infection characterized by elevated parasite numbers on day 5 (see
Fig. S4 in the supplemental material), but as the infection progressed, parasite burden and host susceptibility were no different
from those observed following type II strain control infections.
The data presented here gave us the first indication that GRA15
did indeed affect mouse mortality, as the II ⌬gra15 ⫹ROP16I and
II⫹ROP16I strains differed considerably in intestinal parasite burden, pathology, and virulence (Fig. 1). Likewise, earlier demonstrations that transgenic expression of ROP16 (type I or III) in the
type II strain promoted host survival (17, 22) were possible only
because GRA15 is endogenously expressed in the type II strain.
These findings highlight why sexual recombination in the gut
of the feline, which produces progeny with different combinations
of virulence factors, is so important for the spread of Toxoplasma
gondii in nature. Chronic infection in resistant intermediate hosts
with stronger innate immune responses or with previous immunity to Toxoplasma might require progeny that express increased
numbers of virulence factors that antagonize host resistance
mechanisms. Conversely, in hosts that have weakened innate or
adaptive immune systems, virulence factors like ROP16 and
GRA15 might assist host survival by limiting parasite replication.
This scenario played out in laboratory mice. Compared to acute
infection in C57BL/6 mice, the A/J strain was able to control type
II replication in the intestine (Fig. 1) and in the liver (25). Importantly, expression of ROP16 and GRA15 can correct for this genetic susceptibility in B6 mice, leading to chronic infection and
cyst generation (not shown). The intriguing possibility that inflammation-related pathologies surrounding the type II strain in
HIV-AIDS patients with reactive encephalitis (10) are due to polymorphisms present in type II ROP16 remains.
In our attempts to determine host signaling pathways and molecular players that promote host control of parasite replication,
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be detected within Peyer’s patches (see Fig. S6A in the supplemental material). When monitoring infection with a nonlethal type III
strain, the Peyer’s patch was the only place where the parasite was
observed in the intestine (see Fig. S6A in the supplemental material). Whether Toxoplasma has tropism for this lymphoid follicle is
unknown but is consistent with an earlier finding that the Peyer’s
patch was the first place Toxoplasma could be detected following
oral infection (35). Thus, the Peyer’s patch was explored as a point
of regulation for Toxoplasma.
The difference in the transcriptional response of whole Peyer’s
patches with equivalent parasite burdens between type II and
II⫹ROP16I strain infections was determined at day 5 after oral
challenge (see Fig. S6B and C in the supplemental material). Expression of genes for IFN-␥ (Ifng) and STAT1 (Stat1), Th1-associated chemokines (Cxcl9, Cxcl10), and IFN-␥-induced mediators
of Toxoplasma killing (the IRGs Iigbp1, Irgm2, Igtp, and Tgtp1/2
and the GBPs Gbp2, Gbp3, Gbp6, and Gbp8) in the Peyer’s patch
were similarly induced between strains (Fig. 4C). Peyer’s patch
genes that were equally and highly upregulated between strains
were significantly enriched in interferon regulatory factor (IRF)
TFBSs (Distant Regulatory Elements of co-regulated genes
[DiRE]). Importantly, STAT5B was the most significantly enriched TFBS in the 278 genes that were upregulated (1.7-fold) in
response to II⫹ROP16I strain infections compared to type II
strain infections (DiRE) (Fig. 4D). Thus, the STAT5 signaling
pathway may be exploited by Toxoplasma ROP16 to regulate host
gene expression in infected BMDMs and Peyer’s patches. We also
noted that Hif1a and its downstream targets, Egln3 and Bnip3,
were upregulated in response to the II⫹ROP16I strain. Likewise,
pathway enrichment analysis positively correlated the hypoxia
gene signature in strain II⫹ROP16I-induced genes (Fig. 4E). The
cellular hypoxic response has been shown to negatively influence
parasite growth in vitro (36). Finally, the M2 versus M1 gene signature correlated with strain II⫹ROP16I upregulated Peyer’s
patch genes (Fig. 4E), findings that are consistent with ROP16’s
ability to induce M2 activation (17).
Infected small intestines with similar parasite burdens were
also analyzed (see Fig. S6D and E in the supplemental material). As
observed in the Peyer’s patch, the Th1 gene expression profile in
the intestine was equally induced between strain infections on day
5 (not shown). In contrast, the gene for the retinoid X receptor,
Rxrb, was highly induced following strain II⫹ROP16I infection,
and RORA2 was the most significantly enriched TFBS in the 196
genes that were upregulated (2-fold) in response to the
II⫹ROP16I strain (Fig. 4D). Importantly, several genes were similarly regulated in both the Peyer’s patch and intestine following
oral challenge; the Mast cell proteases Mcpt1 and Mcpt2, the hypoxia regulator Egln3, and the Th2-associated cysteine-rich secreted factor Retnlb were all upregulated in response to strain
II⫹ROP16I oral infection. Whether these genes mediate resistance
to Toxoplasma infection is unknown.
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oral infection remains an intriguing possibility. Initial attempts to
rescue intestinal replication of the II⫹ROP16I strain through administration of L-arginine in the drinking water or by daily i.p.
injection proved unsuccessful (not shown). The strain type likely
matters with these experiments. Whereas both arginase 1 (43) and
STAT6 have a negative impact on host survival during type II
infections (Fig. 2; not shown), the STAT6 pathway limits type I
replication in vitro and inhibits type I dissemination in a macrophage i.p. transfer model in vivo (47). Uniform Stat6 deletion can
also have pleiotropic effects in a variety of cell types that may alter
host susceptibility to Toxoplasma infection. It remains to be determined whether the timing and quality of the Th1 response to
Toxoplasma are altered in Stat6⫺/⫺ mice. STAT6 binds and represses the Ifng locus in mouse Th2 cells but does not affect Th1
IFN-␥ secretion (48). IL-5, a Th2-associated cytokine which signals through STAT6, was produced in the intestine following oral
infection (see Fig. S4 in the supplemental material). Thus, in
Stat6⫺/⫺ mice, uninhibited IFN-␥ secretion from (IL-5-positive)
Th2-like cells might lead to increased host resistance. Enhanced
Th1 responses may also underlie the increased resistance of B7H1-deficient mice to acute (Fig. 2) and chronic infection (29).
A second possible alternative is the way in which GBP recruitment to the parasitophorous vacuole is modulated by the combined expression of GRA15 and ROP16. ROP16 inhibited but
GRA15 promoted GBP1 recruitment to the parasitophorous vacuole in IFN-␥-stimulated fibroblasts (49). In contrast, these effectors did not alter IRG coating in IFN-␥-stimulated mouse embryonic fibroblasts (50), nor did IFN-␥-stimulated macrophages
elicit differences in parasite numbers between the engineered
strains. Importantly, the effect of GRA15 and ROP16 on parasite
numbers in macrophages was seen only upon stimulation with
IFN-␥ and TNF-␣, cytokines which activate STAT1 and NF-B,
respectively. Exactly how GRA15 and ROP16 work through the
GBP system to alter host toxoplasmacidal mechanisms is still not
clear and warrants future study. An interesting avenue for investigation is determining whether the NF-B or STAT3/5/6 signaling pathways intersect the GBP system to regulate parasite replication and GBP recruitment to the parasitophorous vacuole.
Finally, synergistic expression of ROP16 and GRA15 induces
maximal gene expression of the chemoattractants CCL3 and
CCL1. Thus, in addition to promoting parasite killing mechanisms in stimulated macrophages, the induced chemokine profile
might elicit greater inflammatory monocyte recruitment to the
intestine, amplifying parasite clearance of the II⫹ROP16I strain.
These are testable hypotheses.
In conclusion, Toxoplasma has evolved ways to limit parasite
replication in the infected host. Toxoplasma-induced ileitis in
C57BL/6 mice could be ameliorated by reducing the intestinal
parasite burden through the action of GRA15 and ROP16. The
convergence on the STAT and NF-B signaling pathways by Toxoplasma effectors and host proinflammatory cytokines points us
to the interface between host and pathogen, where the fate of both
is decided.
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we found that ROP16 targets B7-H1 and STAT6 inhibits rather
than promots parasite clearance mechanisms in vivo. Furthermore, it was not obvious from these screens that the STAT3/6
signaling pathways were controlling the relevant resistance mechanisms activated by the II⫹ROP16I strain. Thus, we explored
the transcriptional response of infected intestinal samples and
BMDMs to search for novel targets and functions of ROP16. This
led to the finding that ROP16 induces the phosphorylation and
nuclear translocation of STAT5 and STAT5 TFBSs are significantly enriched in differentially expressed genes from Peyer’s
patches with similar type II and II⫹ROP16I parasite burdens.
Many growth factors like erythropoietin and prosurvival cytokines like IL-2, IL-7, and IL-15 signal through STAT5. Regulatory
T cells (Tregs), which dampen proinflammatory responses mediated by Th1/Th17 cells following Toxoplasma infection (40), require endogenous IL-2 for maintenance of function, and IL-2
therapeutics promote host survival to oral Toxoplasma infection
(41). Granulocyte-macrophage colony-stimulating factor (GMCSF) also signals via STAT5, can ameliorate dextran sodium sulfate-induced colitis in rats, and is being investigated in clinical
trials for the treatment of Crohn’s disease (42). Whether STAT5
plays a role in the functional outcome of the infected host due to
ROP16I expression remains to be determined.
Recently, the function of SOCS3, a host gene that is highly
induced by type I ROP16 (15, 17), has been studied during i.p.
Toxoplasma infection. SOCS3 binds directly to the gp130 subunit
of the IL-6 receptor complex and inhibits IL-6-induced STAT3
signaling (43, 44). In the absence of SOCS3, gp130 activation of
STAT3, which typically lasts minutes, becomes protracted over
hours, a situation that is similar to the longer STAT3 activation by
the type I ROP16 kinase and the IL-10 receptor. When SOCS3 is
deleted from macrophages and neutrophils, IL-6 mimics IL-10
and turns off IL-12 production, resulting in a delayed IFN-␥ response. As a consequence, LysM-cre Soc3fl/fl mice were no longer
able to control parasite replication following i.p. Toxoplasma infection (45). In contrast, although ROP16 induces SOCS3 expression and strain II⫹ROP16I-infected BMDMs produce less IL-12,
there was a decrease rather than an increase in II⫹ROP16I parasite
numbers in vivo. In fact, macrophage proinflammatory cytokine
production did not correlate at all with the oral virulence of the
engineered strains, nor did we find any evidence that these strains
were unable to elicit a mucosal IFN-␥ response in either the Peyer’s patch (Fig. 4C) or the small intestine (see Fig. S4C in the
supplemental material). Thus, GRA15 and ROP16 may have very
little to do with influencing Th1 responses through modulation of
NF-B. Consistent with this supposition, NF-B and the upstream signaling activator MyD88 regulate the Th1 response during Toxoplasma infection primarily through their action in T cells
as opposed to other cell types (26, 46). Instead, differences in
parasite burden are evident in cytokine-stimulated macrophages
(Fig. 3), suggesting that ROP16 and GRA15 may work directly on
host mechanisms that regulate parasite survival or replication
within infected cells.
A recent report by Butcher and colleagues has identified such a
mechanism. When L-arginine is limiting in the medium of infected cells, type I ROP16 quells parasite growth through STAT6dependent induction of the host arginase 1 enzyme (47), which
metabolizes L-arginine. Because Toxoplasma does not synthesize
its own L-arginine, it relies on the host’s cellular sources for this
required amino acid. Whether arginine becomes limiting during
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