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SUMMARY

Interferon gamma (IFN-g) is an essential mediator of
host defense against intracellular pathogens, in-
cluding the protozoan parasite Toxoplasma gondii.
However, prior T. gondii infection blocks IFN-g-
dependent gene transcription, despite the down-
stream transcriptional activator STAT1 being acti-
vated and bound to cognate nuclear promoters. We
identify the parasite effector that blocks STAT1-
dependent transcription and show it is associated
with recruitment of the Mi-2 nucleosome remodeling
and deacetylase (NuRD) complex, a chromatin-modi-
fying repressor. This secreted effector, toxoplasma
inhibitor of STAT1-dependent transcription (TgIST),
translocates to the host cell nucleus, where it recruits
Mi-2/NuRD toSTAT1-dependent promoters, resulting
in altered chromatin and blocked transcription. TgIST
is conserved across strains, underlying their shared
ability to block IFN-g-dependent transcription. TgIST
deletion results in increased parasite clearance in
IFN-g-activated cells and reduced mouse virulence,
which is restored in IFN-g-receptor-deficient mice.
These findings demonstrate the importance of both
IFN-g responses and the ability of pathogens to coun-
teract these defenses.

INTRODUCTION

Signal transducer and activator of transcription (STAT) proteins

transmit signals from engagement of cytokine and growth fac-

tors to control transcription of genes important for immunity,

growth, and development (Reich and Liu, 2006; Stark and Dar-

nell, 2012). Binding of interferon gamma (IFN-g) to its receptors

drives dimerization and recruitment of JAK kinases that phos-

phorylate STAT1 on residue Y701 (Shuai et al., 1993). Phosphor-

ylation of STAT1 promotes dimerization, nuclear trafficking, and

binding to a conserved motif known as the gamma-activated

sequence (GAS), resulting in the transcription of many genes,

including those important for immunity (Darnell et al., 1994;
72 Cell Host & Microbe 20, 72–82, July 13, 2016 ª 2016 Elsevier Inc.
Schindler and Darnell, 1995). STAT1-mediated transcription is

important in control of viral, bacterial, and eukaryotic pathogens,

and, not surprisingly, many microbes have evolved elaborate

mechanisms to block this important defense mechanism (Najjar

and Fagard, 2010).

Immune defense against the intracellular parasite Toxo-

plasma gondii infection is mediated by a potent Th1 response

characterized by secretion of IL-12 (Gazzinelli et al., 1994)

and induction of IFN-g (Suzuki et al., 1989), which activates de-

fenses in both hematopoietic and non-hematopoietic cells (Yap

and Sher, 1999). Mice deficient in IFN-g receptors (Deckert-

Schlüter et al., 1996) or STAT1 (Gavrilescu et al., 2004; Lieber-

man et al., 2004) are extremely susceptible to an otherwise

nonlethal challenge with T. gondii. IFN-g induces a number of

antimicrobial responses, including upregulation of reactive ox-

ygen species (Nathan et al., 1983), degradation of tryptophan

(Pfefferkorn, 1984), induction of nitric oxide synthase (NOS2)

(Stuehr et al., 1989), and upregulation of a family of immunity-

related GTPases (IRGs) (Taylor et al., 2007) and guanylate bind-

ing proteins (GBPs) (Kim et al., 2012). Not surprising given its

widespread success, T. gondii is equipped with potent de-

fenses that block IFN-g-mediated immunity (Hunter and Sibley,

2012).

Importantly, when cells are infected by T. gondii prior to

encountering IFN-g, the parasite globally blocks STAT1-medi-

ated transcription (Kim et al., 2007; Lang et al., 2012). This block

occurs despite normal phosphorylation, dimerization, and

translocation of STAT1 to the nucleus (Rosowski et al., 2014;

Schneider et al., 2013). Repression of STAT1-mediated tran-

scription is observed following infection with all three clonal

types of T. gondii (Kim et al., 2007; Rosowski and Saeij, 2012)

in a variety of both mouse and human cell types (Kim et al.,

2007; Lang et al., 2012). This block does not depend on previ-

ously characterized virulence determinants (Hunter and Sibley,

2012), suggesting the presence of a distinct effector. Inhibition

of STAT1 likely aids parasite survival, as it down-modulates

important defenses, including MHC and inducible NOS2

expression (Lüder et al., 1998, 2001, 2003). However, the basis

of this inhibition has remained elusive, despite extensive study

(Lang et al., 2012; Rosowski et al., 2014; Rosowski and Saeij,

2012).

Previous studies have shown that STAT1 remains bound to

GASs in its cognate promoters in T. gondii-infected cells
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treated with IFN-g, despite blocking transcription (Rosowski

et al., 2014). In the present study, we capitalized on the stabil-

ity of this interaction to identify proteins that are found in com-

plex with activated STAT1 in the nucleus of T. gondii-infected

cells. We identified the Mi-2 nucleosome remodeling and de-

acetylase (Mi-2/NuRD) complex in tight association with

STAT1, an interaction that is mediated by a secreted parasite

effector, which is responsible for the block in STAT1 transcrip-

tion in murine and human cells. These studies reveal a mech-

anism by which T. gondii blocks host immunity by turning a

normal transcriptional activator into a repressor of immune

response genes.

RESULTS

Identification of a Repressive Complex Recruited to
Activated STAT1 Complexes in T. gondii-Infected Cells
To identify the molecular basis of the transcriptional block

induced by T. gondii, we compared STAT1-containing com-

plexes in control versus infected U3A-STAT1 cells, which ex-

press FLAG-tagged STAT1 (Zhang et al., 2005), that were treated

with IFN-g. Following STAT1-FLAG immunoprecipitation (IP)

from IFN-g-treated cells, liquid chromatography-tandem mass

spectrometry (LC-MS/MS) analysis was used to characterize

STAT1-interacting complexes in control versus infected cells

(Figure 1A; Table S1, available online). We observed a slight

decrease in the abundance of the chromatin modifier BRG1

(Figure 1A; Table S1), which is normally an essential activator

of IFN-g-responsive promoters (Ni et al., 2005), consistent with

a previous report (Lang et al., 2012). Unexpectedly, a number

of STAT1-interacting proteins were enriched in T. gondii-infected

versus uninfected cells treated with IFN-g (Figure 1A; Table S1).

In particular, STAT1 was associated with core members of the

Mi-2/NuRD complex, including CHD4, an ATPase; HDAC1 and

HDAC2, two histone deacetylases; and a variety of other sub-

units (Bowen et al., 2004; Denslow and Wade, 2007). Addition-

ally, STAT1 complexes in infected and IFN-g-activated cells con-

tained the co-repressor C-terminal binding proteins (CTBPs) 1

and 2 (Figure 1A; Table S1). However, neither the CTBPs nor

the Mi-2/NuRD complex was found to be associated with

STAT1 in IFN-g-treated cells in the absence of T. gondii infection

(Figure 1A; Table S1).

To validate the LC-MS/MS analysis, we performed co-

immunoprecipitation (coIP), first immunoprecipitating STAT1-

FLAG and then assessing the phosphorylation status of

STAT1 and the presence of subunits of the Mi-2/NuRD com-

plex by western blotting. Similar to IFN-g treatment, infection

with wild-type T. gondii led to low levels of STAT1-Y701 phos-

phorylation, as previously reported (Schneider et al., 2013),

while the combination of infection and IFN-g treatment re-

sulted in enhanced levels of STAT1-Y701 phosphorylation

(Figures 1B and S1A). Consistent with the LC-MS/MS findings,

IPs of STAT1-FLAG from infected plus IFN-g-treated cells led

to capture of a number of the Mi-2/NuRD complex members

(Figures 1B and S1A). This interaction was specific to infected

cells where low levels of some components were detected in

association with STAT1 in the absence of IFN-g activation,

including MTA1 and RBBP7 (Figures 1B and S1A). Collec-

tively, these findings reveal the formation of a STAT1-associ-
ated Mi-2/NuRD complex in the nucleus of T. gondii-infected

cells treated with IFN-g.

Recruitment of the Mi-2/NuRD Complex to STAT1
Requires a Unique T. gondii Effector
To identify putative effector proteins responsible for the STAT1-

Mi-2/NuRD interaction, we searched the mass spectrometry

(MS) data for parasite proteins associated with STAT1. A single

previously uncharacterized parasite protein was found in

IFN-g-treated and infected cells, referred to as T. gondii inhibitor

of STAT1-dependent transcription (TgIST), which was repre-

sented by several high-confidence (>95%) peptides (Figure 1A;

Table S1). Although the initial frequency of peptides was low,

when the MS spectra were searched for specific matches to

peptides derived from this protein, the frequency of matches

was highly enriched in infected samples (Figure 1A; Table S1).

TgIST is encoded by a single copy gene (TGME49_240060)

that is distantly conserved (�16% identical at the amino acid

level) in the closely related livestock parasiteNeospora caninum,

which lacks the ability to block STAT1 transcription (Kim et al.,

2007). However, TgIST has no close similarity to other proteins

in the NCBI database, nor does it contain conserved domain

features that would suggest function.

To test the requirement for TgIST in mediating the interac-

tion with the Mi-2/NuRD complex, we generated a TgIST

knockout line of the type I RH strain of T. gondii, and also re-

inserted the TgIST gene under control of its native promoter to

create a complemented line that was epitope tagged (Figures

1B, 1C, S1B, and S1C). In coIP experiments, the association

of TgIST with STAT1 was dependent on both infection and

IFN-g treatment, suggesting that it specifically associates

with the active phospho-Y701-STAT1 dimer found in the nu-

cleus (Figure 1B). Reciprocal IPs of Ty-epitope-tagged TgIST

confirmed this interaction by preferentially capturing the phos-

pho-Y701-STAT1 dimer from nuclear extracts (Figure 1C).

Infection of U3A-STAT1 cells with the TgIST knockout line

no longer led to STAT1-Y701 phosphorylation in untreated

cells or increased phosphorylation following IFN-g treatment,

and phosphorylation was restored during infection with the

complemented line (Figure 1B). Likewise, the association of

STAT1 with the Mi-2/NuRD complex was abolished during

infection with the TgIST knockout line, and this interaction

was fully restored in the complemented line (Figure 1B). Taken

together, these findings indicate that the association of the Mi-

2/NuRD complex with STAT1 is dependent on the T. gondii

effector TgIST.

TgIST Is Necessary to Block STAT1-Dependent
Transcription Induced by IFN-g Treatment
We engineered a 3T3 cell line containing an IFN-g-inducible GAS

promoter driving expression of the HaloTag reporter that allows

for live cell detection via staining with tetramethyl rhodamine

(TMR). Infection of 3T3 reporter cells with wild-type T. gondii

blocked subsequent IFN-g-stimulated expression of the GAS-

HaloTag reporter, as seen by fluorescence-activated cell sorting

(FACS) (Figure 2A) or microscopy analysis (Figure 2B). The block

in induction of the GAS-HaloTag reporter seen in infected cells

treated with IFN-gwas dependent on TgIST, as shown quantita-

tively using FACS analysis (Figure 2A). Moreover, the pattern of
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Figure 1. Identification of TgIST and Mi-2/NuRD Repressor Complex

(A) STAT1-associated host and T. gondii proteins identified by MS analysis. STAT1-FLAG IP from uninfected (�) or type I (RH) parasite (+)-infected U3A-STAT1

cells + IFN-g (100 U/mL). Combination of two experiments. *Increased protein coverage specifically targeting IST.

(B) Western blot analysis of STAT1-FLAG IP from uninfected (�) or type I (RH) parasite (+)-infected U3A-STAT1 cells ± IFN-g (100 U/mL). Immunoprecipitated

samples (20% of total) were resolved by SDS-PAGE, blotted with primary antibodies (listed to right), and imaged with LI-COR specific secondary antibodies.

Representative of three or more experiments with similar outcomes. See also Figure S1.

(C) Western blot analysis of TgIST-Ty immunoprecipitated from U3A-STAT1 host cells infected with type I (RH) parasites. Host cells were either uninfected or

infected with parasites expressing a Ty-tagged copy of TgIST ± IFN-g (100 U/mL) for 30 min. Nuclear extracts (2% of total) and immunoprecipitated samples

(20% of total) were resolved on SDS-PAGE gels, blotted with primary antibodies, and imaged with LI-COR specific secondary antibodies.
TgIST-dependent suppression was also observed for IRF1 in hu-

man fibroblasts (Figure 2C), NOS2 in mouse RAWmacrophages

(Figure 2D), and IRF1 and ICAM1 gene expression in HeLa cells

(Figure 2E). In all cases, infection with wild-type parasites

repressed the induction of the protein, while the blockade was

lost with knockout parasite and was restored with comple-

mented parasite infection (Figures 2B–2E). TgIST is found in a

diverse collection of T. gondii strains and shows strong evidence

of being under positive selection based on the ratio of non-syn-

onymous to synonymous changes (Figures S2A and S2B).

Despite this diversity, when TgIST was deleted in type II or

type III strains, they also lost the ability to block STAT1-depen-

dent expression of IRF1 in response to IFN-g (Figure S2C).
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Collectively, these findings show that TgIST is necessary for

the ability of all three clonal types of T. gondii to block IFN-g-

stimulated, STAT1-dependent gene transcription in mouse and

human cells.

TgIST Is Found in Secretory Granules, Traffics to the
Host Cell Nucleus, and Is Sufficient to Block
STAT1-Dependent Gene Expression
The TgIST gene encodes an�90 kDa protein with several poten-

tial nuclear localization sequences and two putative PEXEL-like

export sequences (Hsiao et al., 2013) (Figure 3A). Cellular local-

ization studies revealed that TgIST was found in secretory com-

partments in the parasite that partially overlappedwith the dense



Figure 2. TgIST Blocks STAT1-Dependent Transcription

(A) 3T3 GAS HaloTag reporter cells infected with type I (RH) wild-type, TgIST

knockout, or complemented GFP-expressing parasites were activated with

IFN-g (100 U/mL) for 14 hr, stained with TMR (red), fixed, and analyzed by flow

cytometry. Uninfected/unstimulated (UI/US) (gray) and uninfected/IFN-g-

stimulated (US/IFN-g) (black) cells for comparison.

(B) 3T3 GAS HaloTag reporter cells stained with TMR (red).

(C) Human foreskin fibroblast (HFF) cells stained for IRF-1.

(D) RAW264.7 cells stained for NOS-2 (red).

(B–D) GFP-expressing type I (RH), wild-type, knockout, or complement par-

asites were stimulated with IFN-g (100 U/mL) for 15 hr prior to staining. Scale

bar, 20 mm. (A–D) Representative of three or more experiments with similar

outcomes.

(E) qRT-PCR analysis of IFN-g-induced transcripts of IRF1 and ICAM1 using

RNA isolated from HeLa cells infected with type I (RH) wild-type, TgIST

knockout, or complemented parasites and either left untreated (�) or activated

(+) with IFN-g (100 U/mL) for 15 hr. Mean ± SEM (n = 3 experiments, each with

3 replicates, n = 9). *p < 0.05 and **p < 0.001, two-sample unpaired Student’s

t test. See also Figure S2.
granule marker GRA2 in extracellular parasites early (i.e., 20 min)

after infection, and then accumulated over time in the nucleus of

infected cells at later time points (i.e., 20 hr) after infection (Fig-

ures 3B and S3). Although the above findings indicated that

TgIST is necessary for the block in STAT1-dependent gene

expression, they do not rule out the possibility that TgIST partic-

ipates indirectly in this process, for example, by affecting

another protein that in turn is responsible for blocking STAT1-

dependent transcription. To test whether TgIST was sufficient

to block STAT1-dependent transcription, we expressed TgIST

as a transgene in HeLa cells and tested their response to

IFN-g. Transient expression of GFP-tagged, or Ty-epitope-

tagged, TgIST in HeLa cells completely blocked IRF1 induction

by IFN-g (Figures 3C and 3D), establishing that it is fully sufficient

on its own to block STAT1-mediated transcription. The strong

nuclear localization of TgIST in HeLa cells, similar to the pattern

seen in infected cells, suggests that it functions in the host cell

nucleus, a finding consistent with the coIP of STAT1 with TgIST

from nuclear extracts (Figure 1).

TgIST Associates with Activated STAT1 and the
Mi-2/NuRD Complex on GASs
To examine the role of TgIST in binding to GASs, we performed

chromatin IP (ChIP) studies in normal and IFN-g-activated cells

to interrogate STAT1 interactions with endogenous GAS-con-

taining promoters. Infection with T. gondii led to enhanced asso-

ciation of STAT1 with GASs in promoters of IFN-g-regulated

genes, including IRF-1, HLA-E, and ICAM1, but not the control

gene YWHAZ (Figure 4A). The enhanced interaction of STAT1

with GAS-containing promoters was dependent on TgIST, as it

was lost in the knockout line and restored in the complemented

line (Figure 4A).

Following IFN-g treatment, nuclear extracts containing the

active STAT1 complex, referred to as the gamma-activated fac-

tor (GAF) (Schindler and Darnell, 1995), can be visualized by

electrophoretic mobility shift assay (EMSA). T. gondii infection

shifted the normal GAF complex to migrate as a broad, slower

migrating band (second GAF in Figure 4B), which required the

presence of STAT1 (Figures S4A and S4B), consistent with a pre-

vious report (Lang et al., 2012). Importantly, the slower migrating

second GAF form was lost in nuclear extracts from cells infected

with the TgIST knockout line and was fully restored in the com-

plement line, demonstrating that the altered mobility of this sec-

ond GAF species was TgIST dependent (Figure 4B). Anti-STAT1

antibodies super-shifted both the normal and TgIST-dependent

second GAF, indicating the presence of STAT1 at the core of

both complexes (Figures 4B, S4A, and S4B). To verify the pres-

ence of TgIST in association with STAT1 on the GAS oligo, we

examined nuclear extracts of HEK293T cells transiently trans-

fected with GFP-tagged TgIST by EMSA. The slower migrating

second band (second GAF), which was only present in TgIST-

transfected cells, was super-shifted both with anti-STAT1 and

anti-GFP antibodies (Figures 4C and S4C).

The slower migrating second GAF form seen in T. gondii-in-

fected cells suggests formation of a larger complex, containing

TgIST and perhaps members of the Mi-2/NuRD complex. To

test this, we used a biotinylated GAS oligo to precipitate com-

plexes and then analyzed them by western blot. Consistent

with the ChIP studies above, pull-downs with the GAS oligo
Cell Host & Microbe 20, 72–82, July 13, 2016 75



Figure 3. TgIST Traffics to the Host Cell Nu-

cleus and Blocks IRF1 Induction

(A) MS coverage (yellow bars). Computational

analysis identified two PEXEL-likemotifs and three

potential nuclear localization signals (NLSs), as

well as an internal duplication site (arrowheads).

Sequence boxed in green indicates corrected

ME49 (II) strain sequence versus that found in

ToxoDB (TGME_240060).

(B) Extracellular type I (RH) tachyzoites versus HFF

cells infectedwith type I (RH) parasites and fixed at

intervals post-infection, stained with a-Ty (red),

a-GRA2 (green), and DAPI (blue). See also Fig-

ure S3.

(C and D) (C) HeLa cells transiently expressing

GFP-tagged TgIST and (D) HeLa cells transiently

expressing Ty-tagged TgIST were treated with +

IFN-g (100 U/mL) for 6 hr and stained for a-IRF1

(red) and DAPI (blue).

(B–D) Representative of three or more experi-

ments with similar outcomes. Scale bars in

microns.
captured higher levels of pT701-STAT1 in the presence of

T. gondii infection (Figures 4D and S4D). This enhanced interac-

tion was lost in the knockout parasite and regained in the com-

plemented parasite, showing it is specific to TgIST (Figures 4D

and S4D). Similarly, the interaction of the Mi-2/NuRD complex

members was strictly dependent on TgIST (Figure 4D). Together,

these findings demonstrate that TgIST mediates an interaction

between STAT1 and the Mi-2/NuRD complex on GAS-contain-

ing sequences.

Although Mi-2/NuRD complex members are known to interact

with a variety of transcription factors during development

(Bowen et al., 2004; Denslow and Wade, 2007), there is no pre-

cedent for their interaction with STAT transcription factors. How-

ever, it is possible that theMi-2/NuRD complex has a low-affinity

interaction with STAT1 that is stabilized by TgIST, or that Mi-2/

NuRD is only recruited to the STAT1 complex once bound by

TgIST. To test the ability of TgIST to bind directly to the Mi-2/

NuRD complex, we conducted coIPwith aGASoligo in U3A cells

that lacked STAT1 versus U3A cells expressing STAT1. IP of
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TgIST in U3A-STAT1 cells confirmed

that TgIST interacts with phospho-Y701-

STAT1 (Figure 5A). In addition, TgIST

immunoprecipitated a number of mem-

bers of the Mi-2/NuRD complex both in

the absence and presence of STAT1

and IFN-g, respectively (Figure 5A). To

gain insight into the mechanistic role of

the interaction between TgIST and the

Mi-2/NuRD complex at active GAS sites,

we performed ChIP experiments in

normal and IFN-g-activated cells. Infec-

tion with T. gondii significantly reduced

the acetylation status of histone H3

bound to GASs in promoter regions of

HLA-E and GBP1 in response to IFN-g

treatment, but not in the control gene

GAPDH (Figure 5B; Table S5). The inhibi-
tion of H3 acetylation was dependent on TgIST andwas reversed

in cells infected with the knockout parasite (Figure 5B).

TgIST Is an Important Component of Virulence Due to
Enhanced Survival in IFN-g-Activated Macrophages
IFN-g is a critical component of innate and adaptive immune de-

fense against T. gondii (Suzuki et al., 1989; Yap and Sher, 1999),

and as such the ability to block IFN-g signaling is likely important

for parasite survival. To examine the role of TgIST in virulence,

we compared parasite survival in RAW macrophages activated

with IFN-g in vitro. The absence of TgIST led to enhanced clear-

ance and reduced growth of type II (Pru) parasites in cells that

were infected first and then activated with IFN-g (Figures 6A

and 6B), but not when cells were pre-activated with IFN-g, nor

in naive cells (Figures S5A–S5D). These findings are consistent

with the fact that TgIST has to act prior to the host cell receiving

the IFN-g signal and is distinct from effectors that act down-

stream of activation. Moreover, loss of TgIST in type II (Pru) strain

parasites decreased virulence in C57BL/6 mice (Figures 6C, 6D,



Figure 4. Activated STAT1 Protein Complexes at GAS Sites Contain TgIST and the NuRD Complex

(A) ChIP of a-Stat1 from HeLa cells infected for 3 hr with type I (RH) wild-type (red), TgIST knockout (blue), and complemented parasites (green), IgG control

(gray) ± IFN-g (100 U/mL) for 30min. Analyzed by qPCR for the GAS sites in promoter elements of the genes shown. Composite of three independent experiments

each with three technical replicates; *p < 0.05, **p < 0.001, ***p % 0.0001; Kruskal-Wallis with Dunn’s correction.

(B) HFF cells infected with type I (RH) wild-type (red), TgIST type I knockout (blue), or complemented parasites (green) for 20 hr ± IFN-g (100 U/mL) for the last

30 min. Nuclear extracts were tested for electrophoretic mobility shift using labeled GAS oligo (Fc gamma receptor). Super-shift with a-STAT1 or rabbit IgG

(a-Rab IgG). Unlabeled competitor: 2003 concentration of unlabeled GAS probe. GAF, gamma-activated factor. See also Figures S4A and S4B.

(C) HEK293T cells ± transfected with TgIST-GFP ± IFN-g (100 U/mL) for the last 30 min. Nuclear extracts were tested for electrophoretic mobility shift using

labeled GAS oligo (Fc gamma receptor). Super-shift with a-GFP, a-STAT1, or rabbit IgG (a-Rab IgG). See also Figure S4C.

(D) Western blot analysis of biotinylated GAS oligo (Fc gamma receptor) incubated with, and pulled down from, HFF host cell lysate. HFF cells were either left

uninfected or infected with type I (RH) parasites expressing endogenous TgIST-Ty, type I TgIST deletion mutant, or the complemented line for 20 hr. Cells were

either left naive (�) or activated (+) with 100 U/mL IFN-g for the final 30min of infection. Pull-downwas performed on nuclear extracts. Samples (20%of total) were

resolved on SDS-PAGE gels, blotted with primary antibodies, and imaged with LI-COR specific secondary antibodies. See also Figure S4D.

(B–D) Representative of three or more experiments with similar outcomes. See also Figure S4C.
S5E, and S5F). This defect was evident from failure of the

knockout to disseminate beyond the initial site of infection, a

greatly decreased tissue burden, and the survival of all infected
mice. The decreased virulence of the knockout was restored in

IFN-g-receptor-1-deficient mice (Ifngr1�/�) (Figure 6D), indi-

cating it was not intrinsically impaired in vivo. Collectively, these
Cell Host & Microbe 20, 72–82, July 13, 2016 77



Figure 5. TgIST Associates with Members of the Mi2/NuRD Complex Independently of STAT1 and IFN-g Activation

(A) Western blot analysis of TgIST-Ty IP from Toxoplasma type I (RH)-infected U3A (STAT1 null) or U3A-STAT1 (STAT1+) cells that were either left naive (�)

or activated (+) with IFN-g (100 U/mL) for the final 30 min of infection. Nuclear extracts were precipitated using the GAS oligo, resolved by SDS-PAGE, blotted

with primary antibodies shown to the right, and imaged with LI-COR specific secondary antibodies. Representative of three or more experiments with similar

outcomes.

(B) ChIP of acetylated histone H3 of HFF cells infected for 3 hr with type I (RH) wild-type (red) and TgIST knockout (blue) ± IFN-g (100 U/mL) for 2 hr. Data analyzed

by qPCR with primers for GAS sites in promoter elements of genes shown. GAPDH served as control. Means ± SD, n = 6, *p < 0.05 and **p < 0.001; Student’s

t test.
findings indicate that the blocking of IFN-g-mediated gene

expression by TgIST plays an important role in pathogenesis

in vivo.

DISCUSSION

Our findings reveal the molecular basis for the ability of T. gondii

to block IFN-g signaling by identifying the effector TgIST, which

is secreted by the parasite and binds to activated STAT1 dimers

in the nucleus of IFN-g-treated cells. TgIST also binds to the Mi-

2/NuRD complex and recruits it to activated STAT1 dimers

bound to GAS sites. The formation of this TgIST-Mi2/NuRD-
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STAT1 complex explains the slowermigration of STAT1-contain-

ing GAF complexes detected by EMSA gels, as previously re-

ported (Lang et al., 2012; Schneider et al., 2013) and also

observed here. Collectively, our findings suggest that TgIST re-

cruits theMi-2/NuRD to STAT1 onGAS sites of its cognate-regu-

lated genes in IFN-g-activated cells, thus blocking transcription

of IFN-stimulated genes (ISGs).

Using genetic depletion studies, TgIST was shown to be

essential for the interaction between STAT1 and Mi-2/NuRD,

and for the repression of IFN-g-dependent gene expression.

Moreover, expression of TgIST in HeLa cells blocked STAT1-

induced expression of IRF1. Hence, TgIST is both necessary



Figure 6. Deletion of TgIST Leads to Atten-

uation In Vivo and Enhanced Susceptibility

in IFN-g-Activated Macrophages

(A) Survival of type II (Pru) parasites in IFN-g-

activated RAW 264.7 macrophages comparing

percentage of cells infected at 24 hr versus 30min.

(B) Growth of type II (Pru) parasites in IFN-g-acti-

vated RAW 264.7 macrophages at 36 hr. Cells

were infected and then activated with IFN-g

(200 U/mL). Mean ± SEM (n = 3 experiments, each

with 3 technical replicates, n = 9). *p < 0.05 and

**p < 0.001; Kruskal-Wallis with Dunn’s correction.

See also Figures S5A–S5D.

(C) Comparison of C57/BL6 mice infected with

1,000 tachyzoites i.p. of type II (Pru strain) para-

sites by bioluminescence imaging. Cumulative

results of two experiments with five mice in each

group (n = 10) shown. *p % 0.05 between wild-

type, complement, or knockout. Representative

mice shown in the inset. See also Figures S5E

and S5F.

(D) Survival curve of mice challenged with type II

(Pru) wild-type, TgIST knockout, or complemented

parasites.
and sufficient to block IFN-g-mediated gene expression.

Furthermore, we show that the function of TgIST is conserved

among different T. gondii strains, consistent with their ability to

block STAT1-mediated transcription (Kim et al., 2007; Rosowski

and Saeij, 2012). Further studies using ChIP will be necessary

to establish the complete occupancy of TgIST on STAT1-depen-

dent promoters. However, the consistent effect on the ISGs that

we tested here suggests that TgIST mediates the widespread

disruption of IFN-g-dependent gene expression described pre-

viously (Kim et al., 2007; Lang et al., 2012).

Our studies also provide direct evidence that the ability of

T. gondii to block STAT1-mediated transcription is important

for parasite survival. Although TgIST was not required for normal

growth, when infected cells were treated with IFN-g after infec-

tion, type II TgIST deletion mutants were significantly more sus-

ceptible to clearance. In addition, type II TgIST mutants were

also highly attenuated in the mouse model, likely as a result of

impaired ability to survive in macrophages and other cells where

IFN-g is important for control. In contrast, type Imutants of TgIST

did not show attenuation in vivo (unpublished data), presumably

because they possess potent pathways for blocking down-

stream mediators of IFN-g (Hunter and Sibley, 2012). Nonethe-

less, TgIST may act in concert with other mediators to enhance

the virulence of type I strains. Importantly, the function of TgIST

requires that it is delivered into the host cell prior to activation by

IFN-g, in contrast to a variety of other effectors that block down-

stream immune mediators once they are turned on (Hunter and

Sibley, 2012). Hence, TgIST may be especially important for

parasite infection of naive cells during the acute dissemination

phase into tissues, or sites of immune privilege, where immune

responses may be delayed.

TgIST is found secreted into the parasitophorous vacuole and

then traffics out of the vacuolar space to ultimately reside in the

host cell nucleus. This cellular distribution of TgIST is similar to
other recently described T. gondii effectors, such as GRA16

and GRA24, that affect p38 MAPK signaling (Braun et al.,

2013) and p53 (Bougdour et al., 2013), respectively. TgIST con-

tains features that suggest it might be processed by the aspartic

protease TgASP5, which has recently been shown to be impor-

tant for export of a number of exported dense granule effectors

(Curt-Varesano et al., 2016; Hammoudi et al., 2015). Moreover,

the absence of the parasite effector MYR1, a distinct protein

involved in export of dense granule effectors (Franco et al.,

2016), phenocopies the defect of TgIST in blocking IRF1 induc-

tion by IFN-g, suggesting it may affect export of TgIST. Defining

the domains of TgIST that are involved in export and trafficking to

the nucleus may be useful for future studies designed to block

the delivery of effectors like TgIST, thereby restoring normal

host cell function.

Our findings reveal a complex of Mi-2/NuRD in association

with STAT1, an interaction mediated by the effector TgIST. The

Mi-2/NuRD complex is most often associated with repression

of transcription during development, and is not normally involved

in STAT-mediated transcription (Bowen et al., 2004; Denslow

and Wade, 2007). Nonetheless, this interaction suggests several

possible mechanisms to explain the block in STAT1 transcrip-

tion. For example, the HDAC activity in the Mi-2/NuRD complex

may underlie the previous observation that T. gondii infection

blocks IFN-g-induced acetylation of core histones in the CIITA

promoter (Lang et al., 2012), and our findings also corroborate

this pattern for the genes HLA-E and GBP1. Hence, deacetyla-

tion via the activities of HDAC1 and HDAC2 may be important

in the reduced induction of STAT1-regulated genes, consistent

with previous reports that HDAC inhibitors reverse this pheno-

type (Lang et al., 2012). However, it has also been argued that

IRF1 is not dependent in acetylation status, but rather the

enhanced association of STAT1 with chromatin prevents normal

recycling and dampens expression (Rosowski et al., 2014). Thus,
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the tight binding of the Mi-2/NuRD may prevent recycling by in-

hibiting normal de-phosphorylation of STAT1, a process that is

needed for maximum expression (Reich and Liu, 2006). The

Mi2-/NuRD complex also contains CHD3 and CHD4 ATPases

implicated in nucleosome remodeling, and these domains are

known to associate with co-repressors (Bowen et al., 2004; Den-

slow andWade, 2007). Finally, the presence of a large and highly

altered STAT1 complex on the chromatin may displace normal

co-activators, such as CBP/p300 and BRG1, that are important

for activation (Ni et al., 2005; Ramana et al., 2000). It is interesting

to note that inhibition of STAT1 by T. gondii infection can be

reversed by overexpression of some co-activators, including

the recently described orphan nuclear receptor TLX (Beiting

et al., 2015). As such, it may be possible to reverse the action

of TgIST by disrupting its interaction with either STAT1 or Mi-2/

NuRD or by augmenting other activating factors, such as p300/

CBP (Zhang et al., 2005), and other histone modifiers (e.g.,

PARP9-DTX3L ubiquitin ligase) that increase ISG expression

(Zhang et al., 2015).

Given the importance of epigenetic modification, it is not sur-

prising that microbes have found a variety of ways to alter chro-

matin and affect host gene expression (Silmon de Monerri and

Kim, 2014). TgIST represents an example of a pathogen hijack-

ing the Mi-2/NuRD complex to regulate host gene expression

and dampen immunity, although there are several examples of

viral proteins interacting with Mi-2/NuRD to regulate their own

gene expression (Cismasiu et al., 2008; Dembowski and De-

Luca, 2015; Terhune et al., 2010). In contrast, TgIST acts by

recruitment of the chromatin-modifying Mi-2/NuRD complex to

STAT1 transcriptional complexes, resulting in chromatin remod-

eling and decreased ISG expression. TgIST also underlies the

previously described defect in type I IFN signaling (Rosowski

et al., 2014) that is mediated by STAT1/STAT2 heterodimers (un-

published data). Moreover, the tethering of chromosomal modi-

fying complexes likeMi-2/NuRD, which participates in regulation

of a variety of pathways (Bowen et al., 2004; Denslow andWade,

2007), to transcription factors may be a general mechanism em-

ployed by pathogens tomanipulate host gene expression to their

advantage.

EXPERIMENTAL PROCEDURES

In Vivo Infection Studies

Animals were maintained in an Association for Assessment and Accreditation of

Laboratory Animal Care approved facility, and the Institutional Care Committee

at the Washington University in St. Louis School of Medicine approved all pro-

tocols. Female outbred CD-1 (Charles River), C57BL/6, and IFN-g receptor 1

knockout mice (Ifngr1�/�) (Jackson Laboratories) (8–10 weeks) (n = 5 per group)

were challenged by intraperitoneal (i.p.) injection of 1,000 T. gondii tachyzoites.

Cumulative mortality was determined at 30 days post-injection.

Bioluminescence Imaging

C57BL/6 mice were infected i.p. with 103 luciferase-expressing parasites,

imaged days 0–10 using a Xenogen IVIS200 machine, and analyzed with the

Xenogen Living Image software (Caliper Life Sciences). Mice were anesthe-

tized with 2% isoflurane and injected i.p. with D-luciferin (Biosynth AG)

(150 mg/kg) prior to imaging.

Parasite and Cell Culture

T. gondii tachyzoites were serially passaged in human foreskin fibroblast (HFF)

monolayers. Strains used in this study are listed in Table S2. Gene disruptants
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and complemented lines were generated using CRISPR/Cas9 (Shen et al.,

2014), as described in the Supplemental Experimental Procedures. Stable

transgenic parasites were selected in mycophenolic acid (25 mg/mL) and

xanthine (50 mg/mL) (MPA/Xa) or pyrimethamine (Pyr) (3 mM) (Sigma). Cultures

were negative for Mycoplasma contamination using the e-Myco plus myco-

plasma PCR detection kit (Boca Scientific). U3A and U3A-STAT1 cells (Zhang

et al., 2005), HeLa cells (ATCC CCL-2), 3T3 cells (ATCC CCL-163), and RAW

264.7 mouse macrophages (ATCC TIB-71) were maintained in complete me-

dia without gentamicin at 37�C in 5% CO2.

Construction of HaloTag Reporter

Primers used for construction of plasmids and testing transgenic parasites are

listed in Table S3, and plasmids are listed in Table S4. The CMV promoter of

the pHTN HaloTag CMV-neo vector was replaced by a minimal (mCMV) pro-

moter fused with five tandem GASs (50-AGTTTCATATTACTCTAAATC-30),
and the construct was transfected with Lipofectamine 2000 (Life Technolo-

gies) intomouse 3T3 cells and selectedwith 600 mg/mLG418 (Sigma), and sin-

gle clonal colonies were tested for response to 100 U/mL IFN-g.

Flow Cytometry

The stable HaloTag reporter 3T3 cell line was either left uninfected or infected

with parasites for 3 hr followed by activation with 100 U/mL IFN-g for the final

15 hr. Cells were trypsinized, fixed with 4% formaldehyde, and analyzed using

an iCyt Synergy cell sorter (Sony Biotech) and FlowJo software (Tree Star).

qRT-PCR

HeLa cells were either left uninfected or were infected with parasites for 2 hr

followed by activation with 100 U/mL IFN-g for 4 hr. RNA was purified using

the RNeasy Mini Kit (QIAGEN) and reverse transcribed using the iScript

Reverse Transcription Supermix (Biorad). Primers for references genes (Table

S5) were analyzed in triplicate using SYBR Green PCR Master Mix (Applied

Biosystems) and the CFX96 Real-Time PCR Detection System (Biorad), and

analyzed as described in the Supplemental Experimental Procedures.

Immunofluorescence Assays

Infected cells were fixed with 4% formaldehyde in PBS for 10 min, permeabi-

lized with 0.1% Triton X-100 for 10 min, and blocked in 10% FBS for 20 min.

Samples were incubated with primary antibodies (Table S6), washed in PBS,

and incubated with secondary antibodies (goat anti-mouse IgG or goat anti-

rabbit IgG) conjugated to Alexa fluor dyes (Invitrogen). Slides were mounted

with Prolong Gold with DAPI (Life Technologies). Samples were examined

with a Zeiss Axioskop 2 MOT Plus epifluorescence microscope equipped

with an AxioCam MRm camera (Carl Zeiss, Inc.), and images acquired using

Axiovision v4.6. Images were processed with Photoshop CS4. For confocal

analysis, samples were examined with a Zeiss LSM 880 confocal laser-scan-

ning microscope with Airyscan using z sectioning and further analyzed with

ZEN software. For immunoelectron microscopy (immuno-EM), samples were

processed as described in the Supplemental Experimental Procedures.

ChIP

Cells were left uninfected or infected with parasites for 3 hr followed by activa-

tion with 100 U/mL IFN-g for 30 min. Cells were crosslinked with 1% formalde-

hyde for 10 min, stopped by adding 0.125 M glycine for 5 min, washed twice

with cold PBS, and resuspended in 0.5% SDS cell lysis buffer (Majumder

et al., 2015). Lysates were sonicated using a Diagenode Biorupter and immu-

noprecipitated using antibodies (Table S6), and complexes were isolated with

protein G magnetic Dynabeads (Life Technologies). Following elution, chro-

matin-antibody complexes and input DNA were reverse crosslinked overnight

at 65�C. The DNA was purified after Proteinase K treatment using a DNA pu-

rification kit (QIAGEN) and analyzed by qPCR using SYBRGreen (Life Technol-

ogies) on the CFX96 Real-Time PCR Detection System (Biorad) and primer

combinations shown in Table S5.

EMSA

Infected or control cells were cultured for 20 hr followed by activation with

100 U/mL IFN-g for the final 30 min. Nuclear extracts were prepared using

the NE-PERNuclear and Cytoplasmic Extraction kit (Life Technologies). Sense

and antisense DNA strand probes to the GAS in the Fc gamma receptor were



labeled at the 50 end with LICOR IRDye 700 fluorophores (Integrated DNA

Technologies) and annealed to produce double-stranded DNA probes. Probes

(5 pmoles/reaction) were combined with nuclear extracts in 10 mM Tris (pH

7.5), 100 mM KCl, 3.5 mM DTT, 0.25% Tween20, 50 mg/mL Poly (dI:dC), and

10 mM EDTA (EMSA buffer). For supershift assays, antibodies (Table S6)

were added at 2 mg/mL final concentration. Samples were diluted with LICOR

10X orange loading dye, resolved by agarose gel electrophoresis, and visual-

ized using the ODYSSEY infrared imager (LI-COR Biosciences).

Biotinylated GAS Oligo Pull-Down

Samples were prepared as for EMSA, except the GAS oligo (from Fc gamma

receptor) was labeled at the 50 end with biotin (Integrated DNA Technologies).

Annealed oligos were incubated for 4 hr at 4�C with streptavidin magnetic

beads (Thermo Scientific) followed by washing with PBS. Nuclear extracts

were incubated with 25 mg/mL Poly (dI:dC) for 30 min at 4�C, then incubated

with oligo-coated beads overnight at 4�C. Beads were washed with PBS,

and samples were eluted using denaturing SDS-PAGE sample buffer, resolved

on 8%–16% acrylamide gels, and western blotted using antibodies (Table S6).

Cell Transfection

For heterologous expression, the coding sequence of TgIST from the GT1

strain of T. gondii was cloned in frame with GFP or the Ty-epitope and placed

into the pcDNA4/TOMammalian Expression Vector (Life Technologies) using a

CMV promoter. The plasmid (500 ng) was transfected using the Lipofectamine

LTX Reagent (Life Technologies) according to the manufacturer’s protocol into

HeLa or HEK293T cells.

Clearance and Growth Restriction Assay

RAW 264.7 mouse macrophages were infected with GFP-expressing type II

Pru parasites. Macrophages were either pre-activated with IFN-g (200 U/mL)

(R&D Systems) and LPS (10 ng/mL) derived from E. coli 055:B5 (Sigma) for

16 hr prior to infection, activated with IFN-g (200 U/mL) 3 hr post-infection,

or were left untreated. RAW cells were challenged with parasites in complete

medium at 37�C, 5%CO2 for 10min, washed and fixed with 4% formaldehyde

either at 30 min or 24 hr for the clearance assay, or 36 hr for the growth

restriction assay. The percentage of infected cells remaining, and average vac-

uole area, were assessed by imaging of GFP (parasite) and host cell nuclei

(Hoechst dye) on the Cytation 3 Cell Imaging Multi-Mode Reader (BioTek).

Experiments were repeated three times with two to three technical replicates

per experiment.

IP and Western Blotting

U3A-STAT1 cells were either left uninfected or were infected for 16 hr followed

by activation with 100 U/mL IFN-g for 30 min. Nuclear extracts were prepared

using the NE-PER Nuclear and Cytoplasmic Extraction Reagent kit (Thermo-

Fisher) on ice at 4�C. Anti-Flag-bound agarose (Sigma) beads or anti-Ty

mAb BB2 beads bound to Protein G Dynabeads (Life Technologies) were

precleared and incubated with cell lysates. Beads were washed, and samples

were eluted using denaturing SDS-PAGE sample buffer, resolved on 8%–16%

acrylamide gels, and western blotted. Blots were probed with primary anti-

bodies (Table S6) incubated in 3%milk in PBS for 1 hr, washed in PBS-Tween

(0.05%), incubated with secondary antibodies conjugated to IRDye 680CW

(goat anti-rabbit or anti-mouse IgG) or IRDye 800CW (goat anti-rabbit

or anti-mouse IgG) (LI-COR Biosciences), and signals detected using the

ODYSSEY infrared imager (LI-COR Biosciences).

MS Analyses

U3A-STAT1 cells were left uninfected or infected with the T. gondii type I strain

RH and subsequently activated by IFN-g (100 U/mL, 3 hr). IPs of STAT1-FLAG

from U3A-STAT1 cells were eluted from beads with RapiGest (Waters) and

trypsinized, and peptides were purified on C18 columns. Peptides were

analyzed using an LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher Sci-

entific) coupled with a nanoLC Ultra (Eksigent). Data were processed using

Mascot Distiller v2.2 and searched usingMascot Daemon 2.2 (Matrix Science).

Searches were performed against the Toxoplasma gondii database (http://

ToxoDB.org/toxo/, v10; 8,345 entries) and NCBI nr database (March 2014;

276,756 human protein entries). MS spectra were submitted to Scaffold 4.3

(Proteome Software) to validate identifications.
Statistical Analyses

Statistical analyses were conducted with Prism 5 (GraphPad), and the test for

significance for groups of three or more was performed using the nonpara-

metric one-way analysis of variance Kruskal-Wallis test with Dunn’s post-

test for correction. Groups of two were analyzed using the unpaired Student’s

t test. *p % 0.05 was considered the minimum cutoff for significance.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

five figures, and six tables and can be found with this article online at http://

dx.doi.org/10.1016/j.chom.2016.06.006.

AUTHOR CONTRIBUTIONS

P.O. and R.D.E. designed and performed the experiments, analyzed the data,

and generated the figures. Y.Z. and M.J.H. provided key biological materials

and insight into experimental design. L.D.S. wrote the manuscript with input

from all authors.

ACKNOWLEDGMENTS

We are grateful to Jenifer Barks for cell culture, Qiuling Wang for assistance

with animal studies, Bryan Anthony for assistance with confocal microscopy,

Wandy Beatty for immuno-EM studies, and Kinjal Majumder and Patrick

Collins for advice on ChIP studies. Supported in part by grants from the NIH

(AI 118426, AI 111605, AI 082423, and AI 070489). P.O. was supported by a

fellowship from the Leopoldina Foundation (LPDS 2012-10).

Received: February 29, 2016

Revised: May 9, 2016

Accepted: June 9, 2016

Published: July 13, 2016

REFERENCES

Beiting, D.P., Hidano, S., Baggs, J.E., Geskes, J.M., Fang, Q., Wherry, E.J.,

Hunter, C.A., Roos, D.S., and Cherry, S. (2015). The orphan nuclear receptor

TLX is an enhancer of STAT1-mediated transcription and immunity to

Toxoplasma gondii. PLoS Biol. 13, e1002200.

Bougdour, A., Durandau, E., Brenier-Pinchart, M.P., Ortet, P., Barakat, M.,

Kieffer, S., Curt-Varesano, A., Curt-Bertini, R.L., Bastien, O., Coute, Y., et al.

(2013). Host cell subversion by Toxoplasma GRA16, an exported dense

granule protein that targets the host cell nucleus and alters gene expression.

Cell Host Microbe 13, 489–500.

Bowen, N.J., Fujita, N., Kajita, M., andWade, P.A. (2004). Mi-2/NuRD: multiple

complexes for many purposes. Biochim. Biophys. Acta 1677, 52–57.

Braun, L., Brenier-Pinchart, M.P., Yogavel, M., Curt-Varesano, A., Curt-Bertini,

R.L., Hussain, T., Kieffer-Jaquinod, S., Coute, Y., Pelloux, H., Tardieux, I., et al.

(2013). A Toxoplasma dense granule protein, GRA24, modulates the early im-

mune response to infection by promoting a direct and sustained host p38

MAPK activation. J. Exp. Med. 210, 2071–2086.

Cismasiu, V.B., Paskaleva, E., Suman Daya, S., Canki, M., Duus, K., and

Avram, D. (2008). BCL11B is a general transcriptional repressor of the HIV-1

long terminal repeat in T lymphocytes through recruitment of the NuRD com-

plex. Virology 380, 173–181.

Curt-Varesano, A., Braun, L., Ranquet, C., Hakimi, M.A., and Bougdour, A.

(2016). The aspartyl protease TgASP5 mediates the export of the

Toxoplasma GRA16 and GRA24 effectors into host cells. Cell. Microbiol. 18,

151–167.

Darnell, J.E., Jr., Kerr, I.M., and Stark, G.R. (1994). Jak-STAT pathways and

transcriptional activation in response to IFNs and other extracellular signaling

proteins. Science 264, 1415–1421.
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and Schlüter, D. (1996). Interferon-gamma receptor-deficiency renders mice
Cell Host & Microbe 20, 72–82, July 13, 2016 81

http://ToxoDB.org/toxo/
http://ToxoDB.org/toxo/
http://dx.doi.org/10.1016/j.chom.2016.06.006
http://dx.doi.org/10.1016/j.chom.2016.06.006
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref1
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref1
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref1
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref1
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref2
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref2
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref2
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref2
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref2
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref3
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref3
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref4
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref4
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref4
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref4
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref4
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref5
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref5
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref5
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref5
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref6
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref6
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref6
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref6
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref7
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref7
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref7
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref8
http://refhub.elsevier.com/S1931-3128(16)30257-8/sref8


highly susceptible to toxoplasmosis by decreased macrophage activation.

Lab. Invest. 75, 827–841.

Dembowski, J.A., and DeLuca, N.A. (2015). Selective recruitment of nuclear

factors to productively replicating herpes simplex virus genomes. PLoS

Pathog. 11, e1004939.

Denslow, S.A., and Wade, P.A. (2007). The human Mi-2/NuRD complex and

gene regulation. Oncogene 26, 5433–5438.

Franco, M., Panas, M.W., Marino, N.D., Lee, M.C., Buchholz, K.R., Kelly, F.D.,

Bednarski, J.J., Sleckman, B.P., Pourmand, N., and Boothroyd, J.C. (2016). A

novel secreted protein, MYR1, is central to Toxoplasma’s manipulation of host

cells. MBio 7, e02231–e15.

Gavrilescu, L.C., Butcher, B.A., Del Rio, L., Taylor, G.A., and Denkers, E.Y.

(2004). STAT1 is essential for antimicrobial effector function but dispensable

for gamma interferon production during Toxoplasma gondii infection. Infect.

Immun. 72, 1257–1264.

Gazzinelli, R.T., Wysocka, M., Hayashi, S., Denkers, E.Y., Hieny, S., Caspar,

P., Trinchieri, G., and Sher, A. (1994). Parasite-induced IL-12 stimulates early

IFN-gamma synthesis and resistance during acute infection with Toxoplasma

gondii. J. Immunol. 153, 2533–2543.

Hammoudi, P.M., Jacot, D., Mueller, C., Di Cristina, M., Dogga, S.K., Marq,

J.B., Romano, J., Tosetti, N., Dubrot, J., Emre, Y., et al. (2015). Fundamental

roles of the Golgi-associated Toxoplasma aspartyl protease, ASP5, at the

host-parasite interface. PLoS Pathog. 11, e1005211.

Hsiao, C.H., Luisa Hiller, N., Haldar, K., and Knoll, L.J. (2013). A HT/PEXEL

motif in Toxoplasma dense granule proteins is a signal for protein cleavage

but not export into the host cell. Traffic 14, 519–531.

Hunter, C.A., and Sibley, L.D. (2012). Modulation of innate immunity by

Toxoplasma gondii virulence effectors. Nat. Rev. Microbiol. 10, 766–778.

Kim, S.K., Fouts, A.E., and Boothroyd, J.C. (2007). Toxoplasma gondii dysre-

gulates IFN-gamma-inducible gene expression in human fibroblasts: insights

from a genome-wide transcriptional profiling. J. Immunol. 178, 5154–5165.

Kim, B.H., Shenoy, A.R., Kumar, P., Bradfield, C.J., and MacMicking, J.D.

(2012). IFN-inducible GTPases in host cell defense. Cell Host Microbe 12,

432–444.

Lang, C., Hildebrandt, A., Brand, F., Opitz, L., Dihazi, H., and Lüder, C.G.
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