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INT ROD UCT ION
Toxoplasmosis is a widespread foodborne infection in hu-

mans that poses signi�cant public health problems, being 

recognized as a leading cause of foodborne deaths in the 

United States (Scallan et al., 2015). Caused by the protozoan 

Apicomplexa parasite Toxoplasma gondii, toxoplasmosis, a 

usually mild disease, in immunocompetent humans can turn 

into a major threat in immunocompromised patients who 

experience lethal or chronic cardiac, pulmonary, or cerebral 

pathologies. Complications of toxoplasmosis are tightened to 

the capacity of the parasite to di�erentiate into a quasi-cryptic 

persistent stage (i.e., bradyzoite) within deep tissue reservoirs 

and to in�ict irreversible damages while di�erentiating back 

to the replicative stage (i.e., tachyzoite; Sullivan and Je�ers, 

2012). It is during the initial and acute phase of the infection 

that the tachyzoite–bradyzoite transition occurs in a minor 

subpopulation while concurring with the massive destruction 

of the bulk tachyzoite population as a result of a rapid Th1 

cell–mediated and short-term proin�ammatory response. 

In this context, IL-12, TNF, and IFN-γ cytokines act at the 

frontline of defenses against T. gondii, with IFN-γ also guar-

anteeing long-term persistence. Conversely, decline of IFN-γ 

level correlates with cerebral toxoplasmosis in AIDS patients 

(Pereira-Chioccola et al., 2009; Meira et al., 2014), whereas 

genetic loss of IFN-γ renders mice extremely susceptible to 

toxoplasmosis (Yap and Sher, 1999).

Importantly, counterbalancing of the e�ect of proin-

�ammatory cytokines is equally essential to the immune 

response homeostasis and to parasitism, as it prevents immu-

nopathology but preserves host and parasite survival. In line 

with these requirements, T. gondii has found ways to timely 

An early hallmark of Toxoplasma gondii infection is the rapid control of the parasite population by a potent multifaceted in-

nate immune response that engages resident and homing immune cells along with pro- and counter-in�ammatory cytokines. 

In this context, IFN-γ activates a variety of T. gondii–targeting activities in immune and nonimmune cells but can also con-

tribute to host immune pathology. T. gondii has evolved mechanisms to timely counteract the host IFN-γ defenses by interfer-

ing with the transcription of IFN-γ–stimulated genes. We now have identi�ed TgIST (T. gondii inhibitor of STAT1 transcriptional 

activity) as a critical molecular switch that is secreted by intracellular parasites and traf�cs to the host cell nucleus where it 

inhibits STAT1-dependent proin�ammatory gene expression. We show that TgIST not only sequesters STAT1 on dedicated loci 

but also promotes shaping of a nonpermissive chromatin through its capacity to recruit the nucleosome remodeling deacetylase 

(NuRD) transcriptional repressor. We found that during mice acute infection, TgIST-de�cient parasites are rapidly eliminated 

by the homing Gr1+ in�ammatory monocytes, thus highlighting the protective role of TgIST against IFN-γ–mediated killing. 

By uncovering TgIST functions, this study brings novel evidence on how T. gondii has devised a molecular weapon of choice to 

take control over a ubiquitous immune gene expression mechanism in metazoans, as a way to promote long-term parasitism.
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modulate host responsiveness to proin�ammatory cytokines. 

A leading strategy relies on the delivery of parasite e�ector 

proteins inside host cells that interplay with host cell signaling 

pathways—in priority those related to IFN-γ production—

by coopting host transcription factors and gaining control 

overexpression of immune-related genes (Melo et al., 2011; 

Sturge and Yarovinsky, 2014; Hakimi and Bougdour, 2015).

Considering STAT1 transcription factor as the main 

signal transducer of the IFN-γ response to T. gondii infection 

(Zimmermann et al., 2006; Kim et al., 2007; Lang et al., 2012; 

Schneider et al., 2013; Rosowski et al., 2014), we could expect 

T. gondii to design antagonists of the STAT1-positive activity 

on gene expression as a way to modulate IFN-γ downstream 

e�ects. In support of this scheme, in vitro preinfection of 

nonhematopoietic and hematopoietic cells with tachyzoites, 

regardless of their genotypes, impedes the IFN-γ–stimulated 

STAT1-mediated gene expression program, hence preventing 

expression of MHC class II molecules, IRF1, iNOS/Nos2, 

class II transactivator (CII TA), interferon-inducible GTPases, 

and chemokines (CXCL9 and CXCL10; Scharton-Kersten 

et al., 1997; Lüder et al., 2003; Kim et al., 2007; Lang et al., 

2012; Rosowski and Saeij, 2012). However, despite an inten-

sive search, how T. gondii interferes with STAT1 function 

still remains enigmatic.

STAT1 cycles between the cell membrane/cytoplasm 

and the nucleus. Initiated by IFN-γ binding to the IFN-γ re-

ceptor (IFN-γR), the pool of IFN-γR–associated STAT1 be-

comes phosphorylated on Y701 residue (STAT1 Y701-P) by 

the JAK kinases and is subsequently released in the cytoplasm 

where it homodimerizes (Ramana et al., 2000; Stark and 

Darnell, 2012). STAT1 Y701-P dimers translocate to the nu-

cleus and regulate gene expression by binding speci�cally to 

gamma activated sequence (GAS) elements in the promoters 

of primary IFN-γ–responsive genes, in particular the inter-

feron regulatory factor 1 gene (IRF1). IRF1 acts in concert 

with STAT1 Y701-P to activate secondary response genes 

(Honda and Taniguchi, 2006). The transcriptional activity of 

STAT1 increases with a second independent phosphoryla-

tion event on S727 (Sadzak et al., 2008). Importantly, when 

bound to DNA, STAT1 provides transcriptionally compe-

tent chromatin through a partnership with histone-modify-

ing enzymes such as the histone acetyltransferase (HAT) CBP, 

which stimulates gene expression (Wojciak et al., 2009).

We report in this study the identi�cation and charac-

terization of a novel T. gondii protein that is exported be-

yond  the parasitophorous vacuole to the host cell nucleus 

where it interferes with STAT1 dynamics and transcriptional 

activity. We named it TgIST for “inhibitor of STAT1 tran-

scriptional activity.” We brought compelling evidence that T. 
gondii infection represses IFN-γ–stimulated STAT1-depen-

dent gene expression in a TgIST-dependent manner in both 

mouse and human cells of di�erent lineages and regardless of 

parasite strains. Ectopic expression of TgIST in human cells 

was su�cient to drive the repression of a STAT1-regulated  

reporter gene, whereas chromatin immunoprecipitation 

(ChIP) pointed out the sequestering property of TgIST on 

STAT1 Y701-P when positioned on the GAS-containing loci. 

Remarkably, we found that TgIST not only binds to STAT1 

Y701-P but also to the chromatin repressor nucleosome  

remodeling deacetylase (NuRD) complex and corepressor 

C-terminal–binding protein (CtBP), being thereby ideally 

positioned to shape the chromatin environment surrounding 

STAT1-binding sites so as to block IFN-γ–stimulated tran-

scription. Finally, we demonstrated that TgIST avoids early 

immune-mediated elimination by blocking immunity-related 

GTPase (IRG)–mediated clearance in macrophages infected 

by type II persistent parasites.

RES ULTS
The ASP5 protease is required for TgIST export 
into the host cell nucleus
The gene TGME49_240060 encoding TgIST was originally 

identi�ed in silico together along with GRA16 (Bougdour 

et al., 2013) and GRA24 (Braun et al., 2013) in a search for 

genes encoding parasite e�ector proteins that are targeted to 

the host cell nucleus. TgIST is a highly disordered protein that 

accommodates a transmembrane domain followed by a pre-

dicted TEX EL motif (Co�ey et al., 2015) and nuclear local-

ization sequences (Fig. 1 A). TgIST protein is unique because 

it has no signi�cant similarity with any proteins, not even 

with the close relative Neospora caninum proteins. When 

we monitored TgIST dynamics in T. gondii lines expressing 

the endogenous protein in fusion with the HA-Flag tags, 

we found that the protein crossed the membrane of mature 

vacuoles to selectively accumulate in the host cell nucleus 

(Fig. 1 B). TgIST was detectable in the host cell nucleoplasm 

as early as 9  h after invasion (Fig.  1  B) and was enriched 

in the Golgi of the parasites as supported by colocalization 

with the Golgi marker GRA SP (Fig.  1 C). In the absence 

of the Golgi-resident aspartyl protease ASP5, TgIST was no 

longer detected in the host cell nucleus (Fig. 1 D), indicating 

that the protease is essential for TgIST tra�cking as it is for 

GRA16 and GRA24 (Curt-Varesano et al., 2016). Although 

TgIST-HAFlag was seen by immunoblot analysis as an ∼80-

kD product when expressed in WT parasites, the protein 

migrated slightly slower in Δasp5 mutant parasites (Fig. 1 E), 

a situation which would be expected if ASP5 was required 

for TgIST maturation. Whether the predicted TEX EL motif 

(Fig. 1 A) corresponds to a direct cleavage site for ASP5 and 

whether this maturation step is required for TgIST export 

are yet to be determined.

TgIST binds to STAT1 Y701-P and the chromatin repressor 
complexes NuRD and CtBPs
To get functional insights on how TgIST tra�cs to the  

nucleus, we sought host cell partners by applying Flag a�n-

ity chromatography to extracts from primary human foreskin 

�broblasts (HFFs) infected with TgIST-HAFlag–expressing 

tachyzoites. Silver stain analysis of the eluate suggested that 

TgIST binds to multiple partners under high stringent wash-
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Figure 1. The export of TgIST in the host cell nucleus is mediated by ASP5. (A) Schematic representation of the TgIST protein. Values >0.5 are pre-
dicted to be disordered (colored red), and values <0.5 correspond to folded domains. The primary structure of the protein harbors a transmembrane domain 
(in green) followed by a TEX EL motif (in blue) and two nuclear localization signals (NLS, in red). CRI SPR PAM sequence location is indicated (black triangle). 
(B) Time course of TgIST (HA, in red) secretion and export to the host cell nucleus of HFFs infected with parasites expressing a HAFlag (HF)-tagged copy of 
TgIST. (C) Colocalization of mCherry-GRA SP (in red) and TgIST (HA, in green) at the level of the parasite Golgi after transient expression of the mCherry-GRA 
SP vector in the Pruku80 TgIST-HAFlag strain. (D) Representative IFA of WT and Δasp5 parasites transiently expressing PTgIST-TgIST-HAFlag (HA, in red). The 
amount of TgIST in the nucleus was quanti�ed in at least 50 host cells for each parasite strain. Horizontal bars represent the mean nuclear TgIST intensity 
± SDs. (E) Western blot analysis of extracellular tachyzoites shown in D using anti-HA antibodies. Data are representative of two independent experiments.
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ing conditions (0.5 M NaCl and 0.1% NP-40; Fig. 2 A). These 

partnerships were subsequently resolved by a combination of 

mass spectrometry–based proteomics and Western blot anal-

ysis that identi�ed TgIST in an intact multisubunit NuRD 

core complex encompassing chromatin remodeling ATPase 

(CHD4) and deacetylation (HDAC1,2) enzymes (Fig.  2, B 

and C; Xue et al., 1998). Additional partners besides NuRD 

were recognized as the transcriptional corepressors CtBP1 

and CtBP2 (Fig. 2, B and C; Chinnadurai, 2002).

Importantly, STAT1 was found in the TgIST-containing 

eluates under the phosphorylated Y701 status, which promotes 

the formation of STAT1 homodimer formation, a condition 

required for STAT1 binding to GAS-containing DNA se-

quences (Fig. 2, B and C). To determine whether TgIST bind-

ing to NuRD or CtBPs depends on STAT1, we repeated  

the puri�cation scheme using U3A STAT1-de�cient cells 

(McKendry et al., 1991). The association of TgIST with NuRD 

and CtBPs was retained in the absence of STAT1 (Fig. 2, A 

and C). We then validated the interactions by reverse immu-

noprecipitation using antibodies against NuRD subunits and 

STAT1 Y701-P (Fig. 2 D) and noticed that STAT1 Y701-P, 

while displaying a robust binding to TgIST, was not able to 

pull down the NuRD complex (Fig. 2 D). These data raise 

the intriguing possibility of a cooperative action between a 

transcription factor and a chromatin complex coupling lysine 

deacetylation and ATPase-mediated chromatin remodeling, all 

factors known to be important for transcriptional repression.

TgIST represses the IFN-γ–mediated STAT1-
dependent IRF1 expression
To explore further the role of TgIST in gene repression, par-

ticularly in relation to chromatin modi�cation, we analyzed 

Figure 2. TgIST binds to STAT1 Y701-P  
and chromatin-bound repressor complexes.  
(A) TgIST-associated proteins were puri�ed by Flag 
chromatography from protein extracts of HFFs 
and U3A STAT1-de�cient cells infected by Pruku80 
TgIST-HAFlag. Asterisks indicate degradation 
products. (A–C) Fractions were analyzed by silver 
staining (A), mass spectrometry (B), and immuno-
blotting (C) to detect TgIST-HF (anti-HA) and part-
ners. Identity of the proteins with their respective 
number of peptides and percentage of coverage 
are indicated. SMA RT conserved domains are dis-
played. NuRD core complex subunits are shown 
in blue. (D) Coimmunoprecipitation analyses of 
TgIST-containing complexes. Whole-cell lysates 
from HFFs left uninfected (ui) or infected with 
Pruku80 TgIST-HAFlag were immunoprecipitated 
with the antibodies against the indicated proteins, 
Flag antibody, and IgG as a negative control. Im-
munocomplexes were then Western blotted using 
the indicated antibodies on the right. Data are rep-
resentative of two independent experiments.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://ru

p
re

s
s
.o

rg
/je

m
/a

rtic
le

-p
d
f/2

1
3
/9

/1
7
7
9
/1

1
3
4
4
1
5
/je

m
_
2
0
1
6
0
3
4
0
.p

d
f b

y
 g

u
e
s
t o

n
 2

6
 A

u
g

u
s
t 2

0
2
2



1783JEM Vol. 213, No. 9

the in�uence of the TgIST-containing complex on IRF1 

expression because STAT1 is a primary regulator of IRF1 

and was previously reported as robustly repressed by T. gon-
dii (Kim et al., 2007; Schneider et al., 2013; Rosowski et al., 

2014). Infected human and mouse cells did not express IRF1 

within 4 h of IFN-γ treatment unlike the neighboring un-

infected cells (Fig. 3, A and B). Conversely, IRF1 expression 

was no longer repressed in cells infected with tachyzoites  

genetically engineered to lack TgIST (ΔTgIST), thereby in-

dicating that TgIST operates as a transcriptional repressor of 

IRF1. Reintroduction of a copy of TgIST into TgIST-de�-

cient parasites resulted in the restoration of IRF1 repression 

(Fig.  3  C), in agreement with TgIST being necessary and 

su�cient to regulate IRF1 expression in T. gondii–infected 

cells stimulated with IFN-γ. We then con�rmed that TgIST 

repressor activity occurs at the transcriptional level (Fig. 3 D). 

Finally, although nuclear accumulation of TgIST was retained 

in the absence of STAT1 (Fig. 3 E, left), IFN-γ treatment was 

ine�cient at driving IRF1 expression in STAT1-de�cient 

U3A cells regardless of the infection status (Fig. 3 E, right), 

highlighting the importance of STAT1 in the control loop 

of IRF1 transcription.

T. gondii genome-wide alteration of STAT1-dependent 
transcription is mediated by TgIST
The ability of TgIST to repress IRF1 expression prompted 

us to investigate whether the parasite protein could regu-

late  IFN-γ–induced gene expression in a broader fashion. 

To this end, we �rst performed a genome-wide expression 

pro�ling of HFFs left uninfected or infected for 24 h with 

76KGFP (WT) and 76KGFPΔTgIST (Δ) and stimulated 6 h 

with IFN-γ (Fig. 4 A). We focused our analysis on genes dis-

playing more than a fourfold change when comparing the 

ΔTgIST mutant with the parental strain. Gene set enrichment 

analysis (GSEA) highlighted seven pathways signi�cantly and 

selectively repressed (P < 0.05) in a TgIST-dependent fash-

ion (Fig. 4 B). A majority of these pathways clustered into 

biological processes related to immunity, including signal-

ing through NF-κB and those involved in IFN-γ response 

(Fig. 4 B). Indeed, many in�ammatory genes can be syner-

gistically up-regulated by both the STAT1/IRF1 and NF-κB 

transcription factors because their promoters contain tran-

scription factor binding sites (TFBSs) for both STAT1 and 

NF-κB. Quantitative RT-PCR of the mRNA levels of six 

secondary IFN-γ response genes (CXCL9, CXCL10, CII TA, 

MX1, GBP2, and IGTP) revealed a similar pro�le with a re-

pression of gene expression triggered by infection with WT 

parasites but not with TgIST-de�cient tachyzoites (Fig. 4, C 

and D), which presumably re�ects the lack of both STAT1 

and IRF1 for their transcriptional activation.

To evaluate the contribution of STAT1 to the 

TgIST-mediated repression of IFN-γ–induced genes, we 

performed a comprehensive pro�ling of gene expression in 

STAT1-null U3A versus parental 2fTGH cells �rst infected 

either by WT or ΔTgIST parasites and then stimulated by 

IFN-γ. 234 unique genes were at least fourfold regulated in 

T. gondii–infected IFN-γ–stimulated cells in a TgIST-depen-

dent manner when comparing 2fTGH with U3A cells (data 

are accessible through NCBI GEO accession no. GSE81613). 

Hierarchical clustering of the 70 top-ranked genes (more 

than fourfold, false discovery rate <1%) delineated clusters 

of coregulated IFN-γ–induced transcripts that are repressed 

by T. gondii infection in both a TgIST- and STAT1-depen-

dent manner (Fig.  5 A). Analysis of regulatory elements of 

these genes revealed enrichment of IRF1 and STAT1 (ISRE) 

TFBSs in their promoters (Fig. 5, B and C). GSEA hallmark 

analysis highlighted that gene products belonging to IFN-γ– 

and IFN-α–related pathways were highly enriched (Fig. 5 D). 

These data suggested that beyond negatively regulating IRF1 

(Fig. 3), TgIST contributes more widely to inhibit IFN-γ–

mediated STAT1-dependent gene regulation.

Ectopic expression of TgIST is suf�cient to repress 
STAT1-dependent promoter
We next wanted to determine whether TgIST alone was suf-

�cient to repress STAT1-dependent promoter or whether 

other T. gondii e�ectors might contribute to the phenotype. 

Therefore, we constructed mammalian expression vectors 

carrying N- or C-terminal epitope-tagged TgIST to monitor 

TgIST activity in HEK-Blue IFN-γ sensor cells. These cells 

express a fully active STAT1 signaling pathway and a reporter 

gene under the control of an ISG54 promoter fused to four 

GAS elements. We �rst con�rmed that, regardless of the tag 

position, TgIST chimeric proteins were similarly targeted to 

the host cell nucleus (Fig.  6 A and not depicted) as when 

delivered by intracellular parasites and second that TgIST 

expression signi�cantly repressed (approximately threefold) 

the expression of the reporter gene by IFN-γ (Fig.  6  B). 

These data are consistent with TgIST being su�cient to 

control STAT1 activity.

TgIST modulates the phosphorylation status of STAT1
To get insights on the mechanism by which TgIST regulates 

STAT1 activity, we examined whether infection and IFN-γ 

stimulation modi�ed the phosphorylation status and cellular 

location of STAT1 isoforms. Immunoblot analysis of cyto-

plasmic and nuclear fractions revealed that inactive STAT1 

localized mainly in the cytoplasm of resting cells (Fig. 6 C, 

lane 1) and underwent a transient phosphorylation on 

Y701, an event which concurred with nuclear localization 

in IFN-γ–stimulated cell (Fig. 6 C, compare lanes 2 and 4). 

Active STAT1 Y701-P, in turn, fostered transcriptional activa-

tion of primary IFN-γ response genes such as IRF1 (Fig. 6 C, 

lane 4). After infection, we observed a drastic change in 

the subcellular localization of the STAT1 isoforms. In the  

absence of IFN-γ stimulation, infected cells harbored a gen-

uine signature of a fully active STAT1 (STAT1 Y701-P), but 

intriguingly, the protein remained transcriptionally incompe-

tent as no IRF1 protein was detected (Fig. 6 C, lanes 5 and 

6). In the presence of IFN-γ, the expression levels of IRF1 
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Figure 3. TgIST is required to inhibit IFN-γ–induced IRF1 expression. (A) HFFs were infected for 24 h with Pruku80 TgIST-HAFlag or Pruku80 ΔTgIST 
and stimulated 6 h with IFN-γ or left unstimulated (US). Cells were stained to detect nuclear localization of IRF1 (red) and TgIST (HA, green). (B) IFN-γ–in-
duced IRF1 expression was monitored in mouse macrophages as described in A after infection with 76KGFP-WT and -ΔTgIST. GFP-expressing parasites 
(green) and IRF1 (red) were detected. (C) HFFs were infected for 24 h with ΔTgIST parasites transiently expressing a copy of PTgIST-TgIST-HAFlag whose 
expression was driven by its own promoter. After IFN-γ stimulation, TgIST (HA, green) and IRF1 expression (red) were detected. (D) IRF1 mRNA levels were 
determined by RT-qPCR in both HFFs and RAW264.7 infected and stimulated as described in A. β2-microglobulin was used for normalization. Data are 
displayed as fold difference relative to the uninfected cells. The mean of two experiments is shown; error bars represent SEM. This was performed three 
times with similar results. (E, left) Export of TgIST (HA, red) in U3A STAT1-de�cient cells and the corresponding parental line 2fTGH. Cells were infected for 
24 h with Pruku80 TgIST-HAFlag and stimulated 6 h with IFN-γ or left unstimulated (US). (right) IFN-γ–induced IRF1 expression (magenta) was monitored 
in 2fTGH and U3A infected for 24 h with 76KGFP-WT and -ΔTgIST and stimulated for 6 h with IFN-γ. Immuno�uorescence data are representative of at 
least three experiments. Yellow arrowheads indicate infected cells in which IRF1 expression was repressed.
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in cells infected with WT parasites were kept lower than in 

uninfected cells (Fig.  6  C, compare lanes 4 and 8), in line 

with the repressor activity of TgIST seen at the transcrip-

tional level (Fig. 3 D). When cells were infected with ΔTgIST 

tachyzoites, none of the e�ects induced by WT parasites were 

observed as the distribution of STAT1 isoforms or the level of 

IRF1 expression recapitulated those of uninfected cells inde-

pendently of IFN-γ treatment, thus stressing the pivotal role 

of TgIST in driving the responses to IFN-γ (Fig. 6 C, lanes 

9–12). We also observed that infection of unstimulated cells 

promoted the phosphorylation of S727 in a TgIST-dependent 

fashion (Fig. 6 C, compare lanes 6 and 10). Originally, S727 

phosphorylation of STAT1 was shown to occur exclusively 

after the stable association of STAT1 Y701-P with chroma-

tin at the vicinity of IFN-γ–inducible genes (Sadzak et al., 

2008). Finally, we found the subcellular distribution of both 

all NuRD subunits and CtBP1 to be unaltered upon infec-

tion (Fig. 6 C). We concluded from these data that the TgIST 

repressor e�ect on STAT1 activity coincided with phosphor-

ylation of STAT1, a modi�cation that could increase STAT1 

ability to associate with chromatin.

TgIST enhances occupancy of fully activated 
STAT1 on GAS-containing loci
Because STAT1 Y701-P was markedly enriched in the nu-

cleus of cells infected by T. gondii, we hypothesized that 

TgIST could interfere with STAT1 function at the chroma-

tin level. To test whether TgIST a�ected STAT1 binding to 

chromatin, we performed ChIP analysis on samples probed 

across the IRF1 locus and found that in the absence of IFN-γ 

Figure 4. T. gondii inhibits IFN-γ–induced 
gene expression in a TgIST-dependent 
fashion. (A) TgIST represses IFN-γ–induced 
genes in human �broblasts. HFFs were infected 
for 24  h with 76KGFP (WT) and 76KGFP ΔT-
gIST (Δ) or left uninfected (ui) and stimulated 
6 h with IFN-γ. Heat map of expression values 
for the 60 most differentially expressed genes 
between WT and ΔTgIST. Mean log2 gene ex-
pression values were median centered, and 
genes were clustered according to the biolog-
ical pathways identi�ed. The complete set of 
genes is listed in the GEO dataset (accession 
no. GSE81613). (B) Top-scoring pathways reg-
ulated by TgIST in a STAT1-dependent manner 
and upon IFN-γ stimulation in HFFs were de-
termined by GSEA. (C and D) Human and mouse 
cells were infected for 24 h with Pruku80 (WT) 
and Pruku80 ΔTgIST (Δ) or left uninfected (ui) 
and stimulated for 6 h with IFN-γ or left un-
stimulated (US). Levels of CXCL9, CXCL10, CII 
TA, MX1, GBP2, IGTP, and SOCS1 mRNAs were 
determined by RT-qPCR. β2-microglobulin was 
used for normalization. Data are displayed as 
fold difference relative to the uninfected cells. 
The mean of two experiments is shown; error 
bars represent SEM. This experiment is repre-
sentative of at least three experiments and was 
repeated with 76KGFP (WT and Δ) strains with 
similar results (not depicted).
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stimulation, STAT1 Y701-P was enriched at the IRF1-GAS 

in a TgIST-dependent manner (Fig. 7 A, compare bars 1, 3, 

and 5). Because IFN-γ treatment induced a STAT1 recruit-

ment we found to be exacerbated by WT but not TgIST- 

de�cient tachyzoites (Fig. 7 A, compare bars 2, 4, and 6), we 

next hypothesized that TgIST prolongs STAT1 occupancy at 

the chromatin, a sequestering activity that would account for 

the slow STAT1 recycling to the cytoplasm. Of note, the dual 

Y701-S727 phosphorylation of STAT1 is known to charac-

terize the chromatin-bound pool of STAT1 (Sadzak et al., 

2008), and we observed this STAT1 (Y701/S727)-P isoform 

to be signi�cantly enriched at the IRF1-GAS location in par-

ticular in the presence of WT parasites (Fig. 7 A). Next, when 

we analyzed the STAT1 isoforms present at the chromatin, 

both Y701-P and S727-P forms persisted at the chromatin 

near the GAS-driven secondary genes (i.e., CXCL10 and CII 

TA; Fig. 7 B, and C). We concluded that the TgIST inhibitory 

activity on STAT1 involves the stable association of STAT1 

with the promoter region of the IFN-γ–regulated genes in a 

way that protects the DNA-bound STAT1 molecules from 

dephosphorylation while promoting S727 phosphorylation.

TgIST remodels the chromatin environment 
at the STAT1-binding site
STAT1 sequestration at the chromatin does not explain the 

mechanism underlying transcriptional repression by TgIST of 

IRF1 expression. We thus next asked whether the deacetyl-

ase activity of the TgIST-associated HDAC1 and 2, previously 

identi�ed as interacting with TgIST (Fig. 2), could account 

for the transcriptional repression activity of TgIST. In agree-

ment with a previous study (Rosowski et al., 2014), we 

showed that treatment of infected cells with HDAC inhibitors  

Figure 5. TgIST represses IFN-γ–induced 
gene expression in human epithelial cells 
in a STAT1-dependent manner. (A) Heat 
map of expression values for differentially 
expressed genes in U3A versus 2fTGH cells 
infected with 76KGFP (WT) or ΔTgIST (Δ) par-
asites. For the 70 genes that are de�ned as 
core TgIST- and STAT1-regulated genes, mean 
log2 gene expression values were median cen-
tered, genes were clustered by hierarchical 
clustering, and a heat map is presented. The 
complete set of genes is listed in GEO data-
set (accession no. GSE81613). (B and C) TFBS 
analysis of STAT1-regulated core genes in-
�uenced by TgIST was performed by DIRE (B) 
and GSEA (C), and the most signi�cant tran-
scription factors (TF) are listed. (D) Top-scoring 
pathways regulated by TgIST in a STAT1-de-
pendent manner and upon IFN-γ stimulation 
were determined by GSEA.
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(HDACis) targeting both class I and II enzymes did not pre-

vent TgIST from inhibiting IFN-γ–induced expression of 

IRF1 (not depicted). Likewise, we con�rmed that the levels of 

three major histone acetylated marks (i.e., H3K9ac, H3K27ac, 

and H4K5,8,12,16ac) remained unchanged at STAT1-bind-

ing loci after infection (Fig. 7 D). Although counterintuitive, 

the lack of hypoacetylation of neighboring nucleosomes at 

GAS-containing loci (Fig. 7 D) in the presence of a direct 

interaction between HDAC1,2 enzymes and TgIST (Fig. 2) 

can also be explained by a competition between HDAC and 

HAT that would dynamically regulate STAT1 acetylation 

(Krämer and Heinzel, 2010).

To investigate further the chromatin contribution to 

TgIST-mediated gene repression, we next analyzed whether 

other histone modi�cations could be found across the IRF1 

gene locus. We chose to track the H3K4me1/me3 histone 

modi�cations because they were reported as a genome-wide 

signature for STAT1-binding sites in HeLa cells (Robertson 

et al., 2008). We found that H3K4me3 was signi�cantly en-

riched (∼20-fold) with IRF1-GAS in resting cells but was 

quasi-absent from this promoter region and instead drastically 

increased at the middle region of the gene (∼70-fold) upon 

IFN-γ stimulation (Fig. 7 A, compare bars 1, 2, 7, and 8), an 

observation consistent with ongoing transcription (Fig. 3 D). 

Infection with WT but not with ΔTgIST tachyzoites led to a 

marked increase of H3K4me3 levels at the promoter, which 

was potentiated by IFN-γ to reach a 60-fold enrichment 

(Fig.  7  A, bars 3–6). Importantly, depletion of the histone 

mark into the coding region that followed IFN-γ treat-

ment (Fig. 7 A, compare bars 8 and 10) correlated with the 

Figure 6. TgIST represses GAS-contain-
ing loci by enhancing occupancy of acti-
vated STAT1 at DNA. (A and B) HEK-Blue 
IFN-γ sensor cells expressing an active STAT1 
signaling pathway were transfected with 
pcDNA_HA-TgIST, pcDNA_TgIST-HA, or pcDNA 
mock or left untransfected (UT) and stimulated 
24  h with IFN-γ or left unstimulated (US).  
(A) Nuclear localization of TgIST-HA (in red) 
was con�rmed. (B) Cell supernatant for each 
aforementioned condition was collected and 
tested for the presence of reporter gene SEAP. 
Error bars represent the SD calculated from re-
sults of three independent experiments. **, P < 
0.005 (Student's t test). (C) Cellular fraction-
ation of HFFs infected 24 h by WT or ΔTgIST 
or left uninfected (ui) and stimulated 6 h with 
IFN-γ or left unstimulated. Cytosolic (C) and 
nuclear (N) cell lysates were probed with the 
indicated antibodies. USP7 levels are shown as 
loading control. This experiment is represen-
tative of two experiments and was repeated 
with Pruku80 (WT and Δ) strains with similar 
results (not depicted). (D) Immunoblotting de-
tection of STAT1 Y701-P and STAT3 Y705-P in 
unstimulated HFFs left uninfected (u.i.) or in-
fected 24 h with type I RHku80 (WT) or type II 
Pruku80 (WT) and their corresponding Δgra24 
and Δrop16 mutants. TBP (host speci�c) and 
Toxo�lin (parasite speci�c) levels are shown 
as loading controls. (E) RAW264.7 cells were 
transfected with pcDNA_TgIST-HA or mock 
pcDNA_mcherry-HA and stimulated 24 h with 
IFN-γ or left unstimulated. Ectopic expression 
of both TgIST and mcherry (HA) and the levels 
of STAT1 Y701-P were determined by immuno-
blotting. TBP levels are shown as loading con-
trol. The experiments were repeated two times.
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TgIST-mediated repressed state of IRF1 (Fig. 3 D). Because 

H3K4me3 marks active promoters, its pattern and dynamics 

after infection at the IRF1 locus are reminiscent of bivalent 

chromatin domains capable of silencing developmental genes 

while keeping them poised for rapid activation (Voigt et al., 

2013; Matsumura et al., 2015).

The IRG load on the parasitophorous vacuoles was increased 
for ΔTgIST parasites together with the increased parasite 
clearance in IFN-γ–activated macrophages
A major defense mechanism of innate immunity against 

T. gondii is mediated by the IFN-γ–inducible IRG path-

way (Collazo et al., 2002; Howard et al., 2011). Given that 

TgIST interferes with the IFN-γ–STAT1 pathway, we tested 

whether TgIST could a�ect IRG expression and/or activ-

ity. IRGs are cytoplasmic proteins that target and disrupt the 

young parasitophorous vacuole membrane (PVM) surround-

ing type II avirulent but not type I virulent T. gondii strains, 

the latter being able to counteract IRG function through the 

kinase activity of secreted ROP5/ROP18/ROP17 products 

(Martens et al., 2005; Etheridge et al., 2014). We �rst exam-

ined Irgb6 in IFN-γ–prestimulated mouse cells and detected 

similar high enrichment of Irgb6 at the PVM of either WT or 

TgIST-de�cient type II tachyzoites (Fig. 8 A, top). In sharp 

contrast, when cells were infected �rst and then stimulated 

with IFN-γ, the PVM of WT type II parasites showed lower 

Irgb6 loading than those of TgIST mutant strain (Fig. 8 A, 

bottom), consistent with the early TgIST-mediated repression 

Figure 7. IFN-γ–induced activated STAT1 
DNA association is enhanced by T. gondii 
in a TgIST-dependent manner. (A–C) HFFs 
were infected for 24 h with Pruku80 (WT) and 
Pruku80 ΔTgIST (ΔTgIST) or left uninfected 
(ui) and stimulated 6 h with IFN-γ (+) or left 
unstimulated. Samples were analyzed by ChIP 
assay with antibodies to STAT1 Y701-P, STAT1 
S727-P, and H3K4me3. IgG was used as neg-
ative control. Bound DNA corresponding to 
IRF1, CXCL10, and CII TA loci was quanti�ed  
by qPCR-ChIP, and signals were normalized 
with the input DNA. Error bars represent SD  
(n = 3). Data are from one representative of 
three independent experiments. (D) ChIP-qPCR 
was used as aforementioned to monitor en-
richment of H3K9ac, H4panAc, and H3K27ac at 
IRF1, CXCL10, and CII TA promoters. Error bars 
represent SD (n = 3). Data are from one rep-
resentative of two independent experiments.
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at the transcriptional level before IFN-γ trigger. As previously 

reported, type I parasites prevented the Irgb6 loading (Zhao 

et al., 2009); Irgb6 loading was not signi�cantly a�ected by 

the absence of TgIST (Fig. 8 B), very likely because of the 

ROP5/ROP18-mediated IRG inactivation. These data sug-

gest that ROP5/ROP18 are epistatic to TgIST function in 

the IFN-γ pathway and bring strong evidence that T. gondii 
infection regulates at the transcriptional level Irgb6 expres-

sion in a TgIST-dependent manner (Fig. 8 C).

In these assays we also assessed parasite growth. Consid-

ering the known activity of Irgb6 loading on the PVM dis-

ruption, it was not surprising to observe a decrease (twofold) 

in parasite growth in the absence of TgIST when BMDM or 

RAW264.7 cells were infected before IFN-γ (Fig. 8, D and 

E). However, we saw that when cells were prestimulated with 

IFN-γ before infection, growth of both WT and TgIST mu-

tant type II parasites was inhibited, very likely as the result of 

TgIST failing to inhibit transcription once host cell e�ector 

proteins were produced (Fig. 8 D and not depicted).

In�ux of Gr1+ in�ammatory monocytes associates with  
the limited expansion of TgIST-de�cient parasites in mice
Because IFN-γ–dependent e�ector mechanisms are critical 

for the control of the T. gondii burden in mice and because 

TgIST was shown to regulate IFN-γ–mediated responses, we 

compared the parasitic process in BALB/c inbred mice after 

i.p. injection of either WT or TgIST-de�cient parasites ex-

pressing luciferase, the inoculum content ranging from 5 × 

104 to 5 × 105 tachyzoites. Monitoring parasite multiplica-

tion and dissemination with in vivo bioluminescent imag-

ing, we found a reduction in the ΔTgIST parasite population 

size when compared with the WT population that started as 

early as day 5 postinfection (p.i.) and that markedly rose up 

with time over the 9 d of assay (Fig. 9 A). In line with the 

bioluminescence analysis, mice inoculated with a lethal dose 

(5 × 105) of WT failed to establish a chronic infection and 

died within 6 d p.i., whereas mice infected with the same 

dose of ΔTgIST showed a 60% survival (Fig. 9 B). We next 

quanti�ed parasites recovered from the peritoneal cavity after 

injection of higher dose of tachyzoites (105) and con�rmed 

the rapid control of the ΔTgIST population when com-

pared with WT parasites using parasite DNA quanti�cation 

by real-time PCR (Fig. 9 C) or GFP-based detection of the 

tachyzoites (Fig. 10 A).

To investigate whether TgIST contributes to the early 

innate events that determine the priming of adaptive immu-

nity, we measured local (peritoneal �uid, Fig. 9 C) and sys-

temic (plasma, not depicted) cytokine pro�les over time, after 

infection. From day 7 to day 9 p.i., we observed that mice 

infected with TgIST-de�cient parasites produced signi�-

cantly less of the “late” proin�ammatory IFN-γ, IL-6, IL-1β, 

and IL-18 cytokines and antiin�ammatory IL-10 cytokine in 

their peritoneal cavities than mice infected with the parental 

strain (Fig. 9 C). In contrast, the early source of IL-12 driving 

protective Th1 responses to T. gondii remained unchanged 

from days 5 to 9 (Fig. 9 C). Thus, TgIST-de�cient parasites, 

although still e�cient to mount a proper Th1 response, were 

unsuccessful to expand in vivo. We also assessed whether a 

potent cellular response could account for the early control 

of the ΔTgIST parasite population. Previous studies have em-

phasized the critical role of in�ammatory Gr1+ monocytes 

in�owing at the T. gondii infection site to control acute toxo-

plasmosis in mice (Robben et al., 2005; Dunay et al., 2008). 

In this regard, we examined by FACS whether the control 

of TgIST-de�cient parasites could be assigned to di�erences 

in the early cellular recruitment of myeloid cells in the peri-

toneal cavity. After i.p. inoculation of BALB/c mice with a 

high dose of tachyzoites (105), resident peritoneal monocytes 

(CD11b+ Gr1− Ly6G−) were gradually replaced by both neu-

trophils (CD11b+ Gr1high Ly6G+) and activated in�ammatory 

monocytes (CD11b+ Gr1int Ly6G−; Fig.  10, B and C). Of 

note, a signi�cant gap was �rst detected at day 7 p.i. in the 

relative and absolute amounts of in�ammatory monocytes 

between mice infected with WT or TgIST-de�cient parasites 

(Fig. 10, B and C). Therefore, homing of the CD11b+ Gr1int 

Ly6G− cells is likely to play a pivotal role in the control of 

TgIST-de�cient parasite expansion (Figs. 9 A and 10 A).

DIS CUS SION
T. gondii elicits a strong Th1 in�ammatory response typi-

�ed by the secretion of substantial levels of IFN-γ by CD4+, 

CD8+ T lymphocytes and NK cells in both humans and 

mice (Sturge and Yarovinsky, 2014; Yarovinsky, 2014). IFN-γ 

drives the expression in infected cells of multiple antimicro-

bial proteins that are instrumental in activating cell-autono-

mous immunity against intracellular T. gondii. In mice, the 

two major IFN-γ–induced protein families, i.e., IRGs and 

guanylate-binding proteins (GBPs), actively cooperate to tar-

get parasites that reside in parasitophorous vacuoles by in-

ducing PVM disruption (Martens et al., 2005; Zhao et al., 

2009; Yamamoto et al., 2012), whereas GBPs can in addition 

attack the parasite membrane (Kravets et al., 2016). Although 

these immune e�ectors transform the infected cell into a 

hostile environment and account for the restriction of avir-

ulent type II T. gondii populations, their action is expected 

and partially counteracted, hence allowing the persistence of 

type II strains in animals.

Early studies have reported that T. gondii counter-de-

fense remodels the host cell to be unresponsive to IFN-γ at 

the transcriptional level in both humans and mice (Zimmer-

mann et al., 2006; Kim et al., 2007; Lang et al., 2012). Next, 

it was convincingly argued that T. gondii infection inhibits 

STAT1 transcriptional activity by preventing its nuclear– 

cytoplasmic cycling (Rosowski et al., 2014); however, the 

identity of the parasite e�ector remained unknown. In this 

study, we identi�ed the missing link as TgIST and we uncov-

ered how TgIST down-regulates IFN-γ–dependent signaling. 

Although this STAT1 silencing device appeared bene�cial to 

the early phase of T. gondii infection by protecting the �rst 

wave of invading tachyzoites from the potent antiparasitic  
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Figure 8. ΔTgIST-containing vacuoles display increased IRG loading and are more sensitive to clearance in macrophages when cells are IFN-γ stimulated 
after infection. (A) In the top panel, mouse tail �broblasts were stimulated 18 h with IFN-γ before infection for 4 h with type II 76KGFP (WT) and 76KGFP ΔTgIST (Δ) 
strains. In the lower panel, mouse tail �broblasts were infected for 4 h and then stimulated 12 h with IFN-γ. IFA with Irgb6 (red) at the PVM was quanti�ed. Enlarged 
�elds of Irgb6 loading at the PVM are shown on the left. Means ± SEM; n = 3 samples each from three combined experiments. ***, P < 0.005 (Student's t test). Data are 
from one representative of two independent experiments. (B) Mouse tail �broblasts were infected for 4 h with type I RHku80 (WT) and RHku80 ΔTgIST (Δ) strains and 
then stimulated 12 h with IFN-γ. TgHDAC3 (green) and Irgb6 (red) were detected by IFA, and the loading of Irgb6 at the PVM was quanti�ed. Means ± SEM; n = 3 samples 
each from three combined experiments. (C) Irgb6 mRNA levels were determined by RT-qPCR in mouse tail �broblasts left uninfected (u.i) or infected with 76KGFP 
strain (WT) and 76KGFP ΔTgIST (Δ) and then stimulated with IFN-γ. β2-microglobulin was used for normalization. Data are displayed as fold difference relative to the 
uninfected cells. The mean of two experiments is shown; error bars represent SEM. This was performed two times with similar results. (D) In vitro clearance of parasites 
in mouse BMDMs that were prestimulated (12 h) before infection (36 h; top graph) or infected (8 h) and then stimulated (40 h; bottom graph). Type II 76KGFP strain 
(WT) and 76KGFP ΔTgIST (Δ) were used for infection. Parasite growth was evaluated by high-content imaging assay using the scanR system (Olympus). Means ± SEM. 
***, P < 0.005 (Student's t test). (E) In vitro clearance of parasites in RAW264.7 mouse macrophages that were infected for 12 h with type II 76KGFP (WT) and 76KGFP 
ΔTgIST (Δ) strains and then stimulated with IFN-γ for 24 or 48 h or left unstimulated (UT). The MFI of GFP expression was quanti�ed by �ow cytometry. Means ± SEM; 
n = 3 combined independent experiments. **, P ≤ 0.0354 (two-way ANO VA test).
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Figure 9. Control of TgIST-de�cient parasite expansion in vivo is associated with an ef�cient Th1 response. (A) Luminescent parasites were 
imaged with an IVIS imaging system from day 0 to 9 after the i.p. inoculation to BALB/c of 5.104 tachyzoites per condition. Graph on the right depicts 
mean whole-animal radiance. (B) Virulence of ΔTgIST strain was compared with its parental 76KGFP in BALB/c mice. Mice (n = 8) were inoculated with  
5 × 105 tachyzoites by i.p. injection, and survival was monitored. Signi�cance was tested using Log-rank (Mantel-Cox) test (**, p-value = 0.0161) and Ge-
han-Breslow-Wilcoxon test (**, p-value = 0.0154). (C) BALB/c mice were given i.p. a dose of 105 76KLUC-WT or 76KLUC ΔTgIST tachyzoites. Peritoneal lavage 
�uids were collected on days 2, 5, 7, and 9 after inoculation. Number of tachyzoites was estimated within the collected samples by parasite DNA PCR and 
concentrations of IL-1β, IL-6, IL-10, IL-12, IL-18, and IFN-γ were determined by ELI SA. Data shown are means ± SD with n = 3 individual mice per parasite 
genotype at each time point.
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e�ectors downstream of IFN-γ, it became ine�cient with time 

when most myeloid cells were already primed for their killing 

activity by the burst of cytokines prior infection (Fig. 8). Ac-

cordingly, we observed a rapid control of the TgIST-de�cient 

parasites in mice (Fig. 9) that also concurred with a highly 

e�cient i.p. homing of Gr1+ proin�ammatory monocytes 

(Fig. 10). Thus, the time-restricted activity of TgIST in vivo 

seems compatible with the observation that mice de�cient in 

STAT1 signaling remain highly susceptible to toxoplasmosis 

(Yap and Sher, 1999; Silva et al., 2002; Gavrilescu et al., 2004) 

and led us to assume that a TgIST-independent STAT1-de-

pendent additional IFN-γ responsiveness is required to limit 

parasite propagation over time, thereby ensuring host survival.

It is noteworthy to mention that this work challenges 

the general view that nuclear STAT1 Y701-P obligatory signs 

for active transcription. Indeed, we now show that the initi-

ation of transcription of IFN-γ–stimulated genes can be im-

paired in the presence of STAT1 Y701-P bound to chromatin 

in the particular case of T. gondii infection. This arrest of tran-

scription in infected cells only occurred if parasites secreted 

TgIST and if the latter formed such a tight complex with 

STAT1 that it prevented its dissociation from DNA (Fig. 7).

Importantly, because unchecked cytokine activation has 

dire consequences on tissue integrity, immune homeostasis 

requires negative feedback regulators. Regarding the JAK/

STAT pathway, negative regulators fall into three groups, 

namely the SH2-containing phosphatases (SHPs), the sup-

pressor of cytokine signaling (SOCS) proteins, and the pro-

tein inhibitor of activated STAT (PIAS) proteins, that all act 

by down-regulating the cytokine responses (Rakesh and 

Figure 10. Flow cytometry analyses of my-
eloid cells in the peritoneal lavage �uids 
after inoculation to mice of either WT or 
TgIST-de�cient parasites. (A) Flow cytomet-
ric detection of GFP-expressing parasites in the 
peritoneal lavage �uids collected from BALB/c 
mice at days 4 and 7 after inoculation of either 
105 76KGFP WT or ΔTgIST tachyzoites. (B) De-
tection of Gr1+ proin�ammatory macrophages 
and neutrophils in the peritoneal lavage �uids 
of mice after T. gondii infection. Cell popula-
tions were characterized and quanti�ed by 
�ow cytometry with anti-CD11b (conjugated 
to PE), anti-Ly6G (conjugated to APC), and an-
ti-Gr1 (mAb RB6-8C5 conjugated to PE). Num-
bers indicate the percentage of cells within the 
gate. Histograms represent the absolute num-
ber of the aforementioned cells. Results are 
representative of two or more independent ex-
periments (n = 3 animals were pooled for each) 
for all panels. Data shown are means ± SD. 
(C) Flow cytometry quanti�cation of CD11b+, 
Ly6G, and Gr1+ populations present at days 4 
and 7 in the peritoneal lavage �uids collected 
from BALB/c mice to which were given i.p. ei-
ther 105 76KGFP WT or ΔTgIST tachyzoites.
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Agrawal, 2005). Our work reveals intriguing similarities in 

the modus operandi of TgIST and PIAS1, as the latter nega-

tively regulates the expression of PIAS1-sensitive genes (in-

cluding Gbp1) by enhancing promoter occupancy through a 

direct binding to STAT1 when cells are stimulated by IFN-γ 

(Liu et al., 2004). PIAS1-insensitive genes (including Irf1) 

were shown to be under the negative control of PIASy, which 

cooperates with PIAS1 to regulate the speci�city and magni-

tude of STAT1-mediated gene activation (Tahk et al., 2007). 

Of note, Pias1-de�cient mice displayed increased protection 

against both bacterial and viral infections (Liu et al., 2004) in 

line with the rapid recovery of mice infected with TgIST-de-

�cient T. gondii (Fig. 9, A and B).

Gene transcription depends on the activation of HAT 

and inhibition of HDAC as both activities shape chromatin 

in a more open state. Interestingly, repression of the T. gon-
dii–induced IFN-γ–stimulated gene was initially correlated 

with a reduced recruitment of HAT that resulted in hypoace-

tylated chromatin (Lang et al., 2012). In this respect, HDACis 

were shown to increase acetylation of histones and to favor 

the switch toward permissive chromatin of IFN-γ–activated 

cells (Lang et al., 2012). However, our data contradict this 

model. First, HDACi treatment did not alter T. gondii–me-

diated repression of IFN-γ–stimulated genes (unpublished 

data), in agreement with a previous study (Rosowski et al., 

2014). Second, infection did not a�ect acetylated histone 

marks at IRF1, CII TA, and CXCL10 loci regardless of TgIST 

presence or absence (Fig. 7 D), though the parasite e�ector 

�rmly bound to both HDAC1 and HDAC2 (Fig. 2). We in-

ferred that the aforementioned enzymes may play a positive 

role while associated to STAT1 and TgIST. For example, it 

was shown that HDAC activity is required to recruit RNA 

Pol II to the promoters of selected IFN-γ–stimulated early 

response genes (Sakamoto et al., 2004). An alternative expla-

nation is that TgIST-bound HDAC prevents STAT1 acetyl-

ation and DNA dissociation, thereby reducing the pool of 

activation-competent STAT1 molecules in the cytosol and 

compromising a new round of STAT1-mediated transactiva-

tion (Krämer and Heinzel, 2010).

Even though HDAC enzymes do not contribute to 

alter the chromatin landscape, TgIST also bound to CHD 

3 and 4 proteins that are both involved in NuRD-medi-

ated transcriptional repression by in�uencing nucleosome 

positioning (Xue et al., 1998). Our current working model 

is that TgIST not only coopts transcriptionally competent 

STAT1 to target IFN-γ–dependent genes but also remod-

els the local environment by recruiting NuRD to create a 

nonpermissive chromatin state that shuts down RNA Pol 

II transcription. TgIST-mediated inhibition led to the par-

adoxal situation where H3K4me3, a hallmark of activation, 

was sustainably enriched at STAT1-binding loci throughout 

infection. H3K4me3 contributes with other histone modi�-

cations to mark bivalent chromatin domains known to pro-

mote the silencing of developmental genes while keeping 

them poised for rapid activation (Voigt et al., 2013; Matsu-

mura et al., 2015). TgIST-dependent H3K4me3 enrichment 

at IRF1 promoter was observed in both unstimulated and 

stimulated infected cells, suggesting that TgIST acts as a 

repressive “memory mark.”

We showed that TgIST-mediated gene silencing resulted 

in a prolonged nuclear retention of activated STAT1 at the 

level of GAS-containing promoter sites, concomitantly with 

H3K4me3 enrichment. Because IFN-γ–mediated STAT1 ac-

tivation is essential for the control of T. gondii growth, much 

e�ort has focused on understanding how the parasite can in-

terfere with STAT1-mediated transcription in IFN-γ–treated 

cells. However, this study highlights that in the absence of 

IFN-γ stimulation, T. gondii infection triggered a signi�cant 

increase of STAT1 Y701-P levels (Fig. 6 C, lanes 5 and 6). 

Because ROP16 directly tyrosine phosphorylates STAT3 

and STAT6 (Saeij et al., 2007; Yamamoto et al., 2009), it is 

likely that the kinase also activates STAT1. ROP16 is highly 

polymorphic between type I (or III) and II parasites, and a 

single amino acid determines the strain di�erence in terms 

of STAT3 activation (Yamamoto et al., 2009). As shown pre-

viously (Rosowski and Saeij, 2012), we noticed that ROP16 

from type I parasites contributed only to some extent to 

STAT1 Y701 phosphorylation, whereas controlled STAT3 

phosphorylation was completely abrogated in cells infected 

with Rop16-de�cient type I (RH) parasites and unstimu-

lated cells (Fig. 6 D, lanes 2 and 4). Conversely, type II strain 

was unable to direct STAT3 phosphorylation but able to ac-

tivate STAT1 in a ROP16-independent manner (Fig.  6 D, 

lanes 5 and 7). Intriguingly, lack of TgIST in either type I or 

II tachyzoites is su�cient to abrogate this phosphorylation 

(Fig.  6  C, lanes 9 and 10; and not depicted). Remarkably, 

ectopic expression of TgIST in mouse macrophages was suf-

�cient to induce signi�cant STAT1 Y701-P when compared 

with mCherry mock-transfected cells (Fig. 6 E). Moreover, 

TgIST-mediated activation was largely potentialized when 

IFN-γ was added (Fig. 6 E). Because TgIST shares no com-

mon structural domain with kinases (Fig.  1 A), it is there-

fore likely that the protein coopts a host kinase to shortcut 

the JAK-STAT signaling cascade and to promote a sustained 

STAT1-Y701 phosphorylation throughout infection.

With this study, we added to the growing list of T. gon-
dii e�ectors TgIST, a protein that bridges host proteins to 

e�ciently challenge the JAK/STAT canonical pathway, and 

in contrast to the IRG system that was lost in primates (Bek-

pen et al., 2005), this sophisticated type of molecular device 

appears ubiquitous in metazoans including humans and is 

likely to play a pivotal contribution to the pathophysiology 

of infectious diseases.

MAT ERI ALS AND MET HODS
Mice and experimental infection
6-wk-old BALB/cJRj mice were obtained from Charles 

River. Mouse care and experimental procedures were per-

formed under pathogen-free conditions in accordance with 

established institutional guidance and approved protocols 
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from the institutional Animal Care and Use Committee of 

the University Grenoble Alpes (agreement #B3851610006).

Parasites and host cells
T. gondii strains were maintained in vitro by serial passage 

on monolayers of HFFs. The strains used in this study were 

RHku80, Pruku80, and 76K-GFP-LUC (gift of M. Grigg, 

National Institutes of Health, Bethesda, MD). HFF primary 

cells, RAW264.7, 2fTGH(STAT1+/+), and U3A (STAT1−/−; 

gift of J. Saeij, University of California, Davis, Davis, CA) cell 

lines were cultured in DMEM (Invitrogen) supplemented 

with 10% heat-inactivated FBS (Invitrogen), 10 mM Hepes 

bu�er, pH 7.2, 2 mM l-glutamine, and 50 µg/ml penicillin 

and streptomycin (Thermo Fisher Scienti�c). A HEK-Blue 

IFN-γ responsive reporter cell line was cultured according to 

the manufacturer’s instructions (InvivoGen).

Generation of mouse �broblasts
Mouse primary �broblasts were obtained from the tail 

(MTFs) and ears of female BALB/c mice. Biopsies were 

minced and incubated overnight in 400 U/ml collagenase 

type II (Sigma-Aldrich) dissolved in DMEM (Thermo Fisher 

Scienti�c) supplemented with 20% heat-inactivated FBS and 

incubated overnight at 37°C and 5% CO2. Then, cells were 

dislodged from the digested tissues by repeated pipetting and 

were passed through 70-µm sterile netting into sterile 14-ml 

centrifuge tubes. The samples were centrifuged for 5 min at 

350 g, and the cell pellet was resuspended in DMEM, 20% 

FBS, and further expanded in a 175-cm2 cell culture �ask. 

Cells were incubated at 37°C in 5% CO2.

Generation of BMDMs
BMDMs were obtained from female C57BL/6 mice. BM 

was isolated by �ushing hind tibias and femurs using a 25-

gauge needle followed by passages through an 18-gauge nee-

dle to disperse cell clamps. Cells were suspended in DMEM 

supplemented with 10% heat-inactivated FBS and 20 ng/

ml recombinant M-CSF (Invitrogen) and incubated in a tis-

sue culture–treated �ask for 8–12 h. Then, nonadherent cells 

were harvested and transferred in 55-cm2 non–tissue cul-

ture–treated plates (Corning) at 4–6 × 106 cells per plate and 

further incubated at 37°C, with 5% CO2 in humidi�ed air. 

After 6 d, cells were washed with PBS to remove nonadherent 

cells, harvested by dislodging with a cell scraper in ice-cold 

PBS, and replated for the assay. This method yielded a highly 

pure population of F4/80+ macrophages by immuno�uo-

rescence analysis (IFA).

Reagents
Antibodies against HA (3F10; Roche), IRF1 (D5E4; Cell 

Signaling Technology), STAT1 (Cell Signaling Technology), 

STAT1 Y701-P (Cell Signaling Technology), STAT1 S727-P 

(Cell Signaling Technology), STAT3 Y705-P (Cell Signaling 

Technology), USP7/HAU SP (A300-033A-3; Bethyl Labora-

tories, Inc.), CHD4 (3F2/4; Abcam), MTA1 (D40D1; Cell 

Signaling Technology), HDAC1 (10E2; Cell Signaling Tech-

nology), RBBP7 (V415; Cell Signaling Technology), CTBP1 

(Abcam), Toxo�lin, TBP (Abcam), H3K4me3 (Diagenode), 

H3K9ac (17-658; EMD Millipore), anti-acetyl–Histone H4 

(06-866; EMD Millipore), H3K27ac (17-683; EMD Milli-

pore), and Irgb6 (gift of J. Howard, Instituto Gulbenkian 

de Ciência, Oeiras, Portugal) were used in immuno�uores-

cence, immunoblotting, and/or ChIP assays. Immuno�u-

orescence secondary antibodies were coupled with Alexa 

Fluor 488 or Alexa Fluor 594 (Thermo Fisher Scienti�c). 

Secondary antibodies used in Western blotting were con-

jugated to alkaline phosphatase (Promega). Recombinant 

human and mouse IFN-γ (Roche) were used to stimulate 

the aforementioned cells.

Immuno�uorescence microscopy
Immuno�uorescence assays were performed as described pre-

viously (Braun et al., 2013). In brief, cells grown on coverslips 

were washed in PBS and �xed for 20 min at room tempera-

ture with PBS containing 3% (vol/vol) formaldehyde. Fixed 

cells were permeabilized with PBS–0.1% Triton X-100 (vol/

vol) for 10 min and blocked in PBS–3% BSA for 1 h at room 

temperature. Samples were incubated in PBS–3% BSA with 

the primary antibodies indicated in the �gures, followed by 

the secondary antibodies coupled with Alexa Fluor 488 or 

Alexa Fluor 568 (Thermo Fisher Scienti�c) at a 1:1,000 di-

lution each in PBS–3% BSA. Nuclei of both host cells and 

parasites were stained for 10 min at room temperature with 

Hoechst 33258 at 2 µg/ml in PBS. After four washes in 

PBS, coverslips were mounted on a glass slide with Mowiol 

mounting medium. Images were acquired with a �uorescence 

microscope (Axio Imager 2_apotome; ZEI SS).

Plasmid constructs
To construct the vector pLIC-TgIST-HA-DHFR, the cod-

ing sequence of TgIST was ampli�ed using primers pLIC-

HF-DHFR_F and pLIC-HF-DHRF_R using Pruku80 

genomic DNA as template. The resulting PCR product was 

cloned into the pLIC-HF-dhfr vector using the LIC cloning 

method (Bougdour et al., 2013) yielding pLIC-TgIST-HA-

DHFR. The plasmid pTOXO_Cas9-CRI SPR::sgIST vector 

was generated as previously described (Curt-Varesano et al., 

2016). In brief, primers TgIST-CRI SP-FWD and TgIST-

CRI SP-REV containing the sgRNA targeting TgIST ge-

nomic sequence were phosphorylated, annealed, and ligated 

in the pTOXO_Cas9-CRI SPR plasmid linearized with BsaI, 

yielding pTOXO_Cas9-CRI SPR::sgTgIST. To construct the 

mammalian expression vector pcDNA4-HA-TgIST, TgIST 

coding sequence was ampli�ed using primers pcDNA4-

HA-TgIST_F and pcDNA4-HA-TgIST_R using Pruku80 

genomic DNA as template. The resulting PCR product was 

cloned by LIC into the pcDNA-LIC-HF plasmid (Boug-

dour et al., 2013). Likewise, pcDNA4-TgIST-HA_F and 

pcDNA4-TgIST-HA_R primers were used to generate the 

plasmid pcDNA4-TgIST-HA, harboring a C-terminal HA tag.
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T. gondii transfection
Vectors were transfected into RHku80, Pruku80, and 

76K-GFP-LUC tachyzoites by electroporation. Electropora-

tion was performed in a 2-mm cuvette in a BTX ECM 630 

(Harvard Apparatus) at 1,100 V, 25 Ω, and 25 µF. Stable inte-

grants were selected in media with 1 µM pyrimethamine and 

cloned by limiting dilution.

Generation of the TgIST insertional mutant
Type I (RHku80) and II (Pruku80 and 76KGFP/LUC) 

were cotransfected with a mixture of the pTOXO_Cas-

9CRI SP::sgIST vector with puri�ed amplicons contain-

ing the DHFR cassette �anked by sequences homologous 

to the sequence targeted by sgIST. These amplicons were 

generated by PCR ampli�cation of the DHFR cassette 

using the primers TgIST-DHFR-F and TgIST-DHFR-R 

and a vector carrying the DHFR cassette as template. To 

generate a complemented Pruku80 ΔTgIST strain, vec-

tor pLIC-PTgIST-TgIST-HF was coelectroporated with the 

pMiniHX at 1:10 ratio, followed by selection with myco-

phenolic acid and xanthine, and cloned by limiting dilution. 

The resulting strain was named Pruku80 ΔTgIST, pLIC-PT-

gIST-TgIST-HF (Table S1).

HEK-Blue IFN-γ cells transfection
24 h before transfection, the HEK-Blue IFN-γ cells (Invivo-

Gen) were plated (80% con�uency) in 24-well tissue culture 

dishes. 0.8 µg HA fusion protein–expressing plasmids were 

transfected into cells with Lipofectamine 2000 (Thermo 

Fisher Scienti�c) according to the manufacturer’s instruc-

tions. 24 h after transfection, IFN-γ was added at 100 U/ml,  

and the plates were incubated at 37°C for 24  h. 20  µl of 

induced HEK-Blue IFN-γ cells supernatant was added to 

180 µl QUA NTI-Blue. After incubating for 1–3 h at 37°C, 

the secreted embryonic alkaline phosphatase (SEAP) levels 

were determined using a spectrophotometer at 650 nm.

Chromatographic puri�cation of 
TgIST-containing complexes
Pruku80_TgIST-HAFlag–infected host cell extracts con-

taining Flag-tagged protein were incubated with anti–FLAG 

M2 a�nity gel (Sigma-Aldrich) for 1 h at 4°C. Beads were 

washed with 10 column volumes of BC500 bu�er (20 mM 

Tris-HCl, pH 8.0, 500 mM KCl, 10% glycerol, 1 mM EDTA, 

1 mM DTT, 0.1% NP-40, 0.5 mM PMSF, and 1 µg/ml each 

of aprotinin, leupeptin, and pepstatin). Bound peptides were 

eluted stepwise with 250 µg/ml FLAG peptide (Sigma- 

Aldrich) diluted in BC100 bu�er.

Mass spectrometry–based proteomics
Protein bands were excised from colloidal blue–stained gels 

(Thermo Fisher Scienti�c), treated with DTT and iodo-

acetamide to alkylate the cysteines before in-gel digestion 

using modi�ed trypsin (sequencing grade; Promega). Result-

ing peptides from individual bands were analyzed by online 

nanoLC-MS/MS (UltiMate 3000 coupled to LTQ-Orbitrap 

Velos Pro; Thermo Fisher Scienti�c) using a 25-min gradient. 

Peptides and proteins were identi�ed and quanti�ed using 

MaxQuant (version 1.5.3.17) through concomitant searches 

against ToxoDB (20151112 version), SwissProt (Homo sapi-

ens taxonomy, 20151112 version), and the frequently observed 

contaminant database embedded in MaxQuant. Minimum 

peptide length was set to 7 amino acids. Minimum number of 

peptides, razor + unique peptides, and unique peptides were 

all set to 1. Maximum false discovery rates were set to 0.01 at 

peptide and protein levels.

Cell fractionation
For cytosolic and nuclear fractionation analysis, cells were 

washed in ice-cold PBS and harvested using a cell scraper. 

After centrifugation, cells were resuspended in bu�er D 

(10 mM Hepes, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.34 M 

sucrose, 10% glycerol, 1 mM DTT, and 1× Roche protease 

inhibitor cocktail) and lysed for 8 min with Triton X-100 at 

a �nal concentration of 0.1%. Cell lysates were centrifuged at 

1,300 g for 5 min, and the supernatant containing the cyto-

solic fraction was collected. The pellet, containing the nuclear 

fraction, was washed once in bu�er D and resuspended in 

cell extraction bu�er (Thermo Fisher Scienti�c) for protein 

extraction. The supernatant and pellet fractions were clari�ed 

by centrifugation at 20,000 g for 10 min at 4°C. Supernatants 

were mixed with protein sample bu�er (Thermo Fisher Sci-

enti�c) for Western blot analysis.

Western blot
Proteins were separated by SDS-PAGE and transferred to a 

polyvinylidene �uoride membrane (Immobilon-P; EMD 

Millipore) by liquid transfer, and Western blots were probed 

using appropriate primary antibodies followed by phospha-

tase-conjugated goat secondary antibodies (Promega). Signals 

were detected using NBT-BCIP (Amresco).

Harvest of peritoneal contents, in vivo cytokine ELI SA, and 
determination of parasite load
6-wk-old BALB/cJRj mice (Charles River) were i.p. infected 

with 105 parasites and sacri�ced on days 2, 5, 7, and 9 p.i. Im-

mediately after being killed, mice were peritoneally lavaged 

with 3 ml of physiological serum. 2 ml of recovered lavage 

�uid was centrifuged at 20,000 g for 15 min at 4°C, and 

the clari�ed supernatant was stored at −80°C until analyzed 

by ELI SA. IL-12, IFN-γ, and IL-1β levels were determining 

using commercially available ELI SA kits (IL-12 p40 ELI SA 

kit [Thermo Fisher Scienti�c], IFN-γ ELI SA kit [Thermo 

Fisher Scienti�c], and IL-1β Quantikine ELI SA kit [R&D 

Systems]). The parasite loads in peritoneal content were 

quanti�ed after DNA extraction (QIAamp DNA mini kit; 

QIA GEN) using the quantitative PCR targeting of the T. 
gondii–speci�c 529-bp repeat element.
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Quantitative real-time RT-PCR
Total RNA was isolated from infected cells using TRIzol 

(Thermo Fisher Scienti�c). cDNA was synthesized with ran-

dom hexamers by using the High Capacity RNA-to-cDNA 

kit (Applied Biosystems). Samples were analyzed by real-time 

quantitative PCR for appropriate probes using TaqMan Gene 

Expression Master Mix (Applied Biosystems) according to 

the manufacturer’s instructions. β2-microglobulin was used as 

an internal control gene.

ChIP assay
HFF cells were infected for 24 h with Pruku80 TgIST-HAFlag 

and Pruku80 ΔTgIST and stimulated with 100 U/ml IFN-γ 

for 1 h or left unstimulated. Cells were then cross-linked with 

1% formaldehyde for 10 min before quenching with 125 mM 

glycine for 5 min. The ChIP assay was performed by using 

the Transcription Factor Chromatin Immunoprecipitation 

kit (Diagenode) according to the manufacturer’s protocol. 

In brief, �xed cells were sonicated to shear the cross-linked 

chromatin into a mean DNA fragment size of 200–600 bp. 

We used 40 million sorted nuclei in 300 µl of immunoprecip-

itation bu�er supplemented with fresh proteinase inhibitors. 

By using a Diagenode Bioruptor precooled to 4°C, shearing 

was achieved in 1.5-ml low binding tubes in the appropriate 

tube adapter with 18 high-energy cycles of 30 s on/30 s o�. 

The aforementioned antibodies were used for immunopre-

cipitation. After overnight incubation, DNA–protein–anti-

body complex was eluted. The cross-links were reversed by 

heating the samples at 65°C for 4 h. DNA was puri�ed by 

using IPure kit (Diagenode) according to the manufacturer’s 

protocol. For validation, quantitative real-time ChIP-PCR 

was performed by SYBR Green (Applied Biosystems) using 

the StepOnePlus (Applied Biosystems). Real-time PCR was 

performed and then quantitated using the delta–delta CT 

(ΔΔCT) method. Primer sequences are listed in Table S1.

Bioluminescence imaging
Noninvasive bioluminescence imaging was performed 0, 2, 

5, 7, and 10 d after T. gondii infection (5 × 104 tachyzoites). 

5 min before imaging, vigil mice received an i.p. injection  

of 150 µg/g of d-luciferin (Promega) and were then anes-

thetized (iso�urane 4% for induction and 1.5% thereafter) 

and placed in the optical imaging system (IVIS Kinetic; 

PerkinElmer). This allowed localization of luciferase-positive 

T. gondii and evaluation of the abdominal load. Biolumines-

cence signal was expressed as photons/seconds (p/s).

Flow cytometry
6-wk-old BALB/cJRj mice (Charles River) were i.p. in-

fected with 105 parasites and sacri�ced on days 4 and 7 p.i. 

Immediately after being killed, mice were peritoneally la-

vaged with PBS, and recovered lavage �uid was centrifuged 

at 500  g for 8 min. Peritoneal cells were washed in stain 

bu�er (PBS containing 2% FBS and 0.1 mM EDTA), and 

cells were then pretreated at 4°C for 1 h with mAb 2.4G2 

to block nonspeci�c binding to Fcγ receptors. Thereafter, 

cells were incubated for 1  h with �uorescently conjugated 

antibodies for cell surface markers from BD: PE-conjugated 

anti-CD11b, PE-conjugated anti-Gr1, PE-conjugated an-

ti-CD11c, and APC-conjugated anti–Ly-6G. Isotype controls 

consisted of PE-conjugated rat IgG2b, PE-conjugated ham-

ster IgG1, and APC-conjugated rat IgG2a, provided by BD. 

Analysis of stained cells was performed with a FAC SCalibur 

�ow cytometer (BD). For all samples, 100,000 cells were an-

alyzed for plot generation.

Microarray hybridization and data analysis
HFFs, 2fTGH, and U3A were plated at 8–10 × 106 cells 

per 55-cm2 plate, infected (MOI = 6) for 24 h with 76KG-

FP-WT and -ΔTgIST and with 100 U/ml IFN-γ for 6 h. 

RNA was isolated using TRIzol reagent, followed by phenol/

chloroform/isoamyl extraction. RNA quantity and quality 

were measured by NanoDrop ND-1000. RNA integrity was 

assessed by standard denaturing agarose gel electrophoresis. 

Transcripts were obtained from three biological replicates 

each. Total RNA from each sample was linearly ampli�ed and 

labeled with Cy3-UTP. The labeled cRNAs were puri�ed by 

RNeasy Mini kit (QIA GEN). The concentration and spe-

ci�c activity of the labeled cRNAs (pmol Cy3/µg cRNA) 

were measured by NanoDrop ND-1000. 1 µg of each labeled 

cRNA was fragmented by adding 11  µl of 10× blocking 

agent and 2.2 µl of 25× fragmentation bu�er and then heated 

at 60°C for 30 min, and �nally 55 µl of 2× hybridization buf-

fer (GE Healthcare) was added to dilute the labeled cRNA. 

100 µl of hybridization solution was dispensed into the gasket 

slide and assembled to the gene expression microarray slide. 

The slides were incubated for 17 h at 65°C in a hybridiza-

tion oven (Agilent Technologies). Feature extraction software 

(version 11.0.1.1; Agilent Technologies) was used to analyze 

the acquired array images. Quantile normalization and subse-

quent data processing were performed with using the Gene-

Spring GX version 12.1 software (Agilent Technologies). 

After quantile normalization of the raw data, genes that had at 

least 3 out of 27 samples have �ags in Detected (“All Targets 

Value”) were chosen for further data analysis. Di�erentially 

expressed genes with statistical signi�cance were identi�ed 

through Volcano Plot �ltering. Hierarchical clustering was 

performed using the R software (version 2.15). GO analysis 

and Pathway analysis were performed in the standard enrich-

ment computation method. The thresholds were fold change 

≥ 2.0, p-value ≤ 0.05. GO analysis and KEGG (Kyoto En-

cyclopedia of Genes and Genomes) pathway analysis were 

performed using the DAV ID Bioinformatics Resources. 

GSEA and DIRE analysis were performed to identify TFBSs. 

Microarray data has been uploaded to GEO Datasets under 

accession no. GSE81613.

Online supplemental material
Table S1, included as an Excel �le, describes all of the 

oligonucleotides, plasmids, and strains generated in this study. 
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