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Toxoplasma gondii Inhibits Gamma Interferon (IFN-v)- and IFN-{3-
Induced Host Cell STAT1 Transcriptional Activity by Increasing the
Association of STAT1 with DNA

Emily E. Rosowski,® Quynh P. Nguyen,® Ana Camejo,® Eric Spooner,” Jeroen P. J. Saeij?

Massachusetts Institute of Technology, Department of Biology, Cambridge, Massachusetts, USA®; Whitehead Institute for Biomedical Research, Cambridge,
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The gamma interferon (IFN-y) response, mediated by the STAT1 transcription factor, is crucial for host defense against the in-
tracellular pathogen Toxoplasma gondii, but prior infection with Toxoplasma can inhibit this response. Recently, it was re-
ported that the Toxoplasma type II NTE strain prevents the recruitment of chromatin remodeling complexes containing
Brahma-related gene 1 (BRG-1) to promoters of IFN-y-induced secondary response genes such as Ciita and major histocompati-
bility complex class II genes in murine macrophages, thereby inhibiting their expression. We report here that a type I strain of
Toxoplasma inhibits the expression of primary IFN-y response genes such as IRF1 through a distinct mechanism not dependent
on the activity of histone deacetylases. Instead, infection with a type I, II, or III strain of Toxoplasma inhibits the dissociation of
STAT1 from DNA, preventing its recycling and further rounds of STAT1-mediated transcriptional activation. This leads to in-
creased IFN-y-induced binding of STAT1 at the IRF1 promoter in host cells and increased global IFN-y-induced association of
STAT1 with chromatin. Toxoplasma type I infection also inhibits IFN-B-induced interferon-stimulated gene factor 3-mediated
gene expression, and this inhibition is also linked to increased association of STAT1 with chromatin. The secretion of proteins
into the host cell by a type I strain of Toxoplasma without complete parasite invasion is not sufficient to block STAT1-mediated

expression, suggesting that the effector protein responsible for this inhibition is not derived from the rhoptries.

G amma interferon (IFN-v) is a critical cytokine in both innate
and adaptive immune responses to infection (1, 2). The cel-
lular response to IFN-y leads to the induction of many effector
mechanisms that inhibit the growth and survival of intracellular
pathogens. These include the p47 immunity-related GTPases
(IRGs), p65 guanylate binding proteins (GBPs), iNOS/Nos2, in-
doleamine 2,3-dioxygenase 1 (IDO1), and major histocompatibil-
ity complex (MHC) genes (2-7). Mice deficient in various com-
ponents of the IFN-y pathway are acutely susceptible to many
pathogens, including the parasite Toxoplasma gondii (8-12). Tox-
oplasma is an obligate intracellular protozoan parasite that infects
virtually all warm-blooded animals, including mice and humans
(13).

IFN-vy stimulation activates the signal transducer and activator
of transcription 1 (STATI1) transcription factor and induces a
broad transcriptional program (14). When IFN-v binds to its re-
ceptors, IFNGR1 and IFNGR?2, the receptors oligomerize and
cause constitutively associated Janus activated kinase 1 (JAK1)
and JAK2 to be activated (15, 16). Activated JAKs tyrosine-phos-
phorylate the IFN-+y receptor, creating a docking site for STAT],
which is subsequently phosphorylated by the JAKs at tyrosine 701,
leading to its homodimerization and nuclear translocation. In the
nucleus, STAT1 binds to gamma-activated sequence (GAS) sites
in the DNA, leading to its serine phosphorylation at residue 727
(17). This additional serine phosphorylation is required for max-
imal STAT1 activity (18).

During IFN-v stimulation, STAT1 undergoes nuclear-cyto-
plasmic cycling in order to constantly monitor the activity of the
IFN-vy receptor and the JAKs (19, 20). After DNA binding and
transcriptional activation, STAT1 dissociates from the DNA, is
dephosphorylated at tyrosine 701, and is exported back into the
cytoplasm. This STAT1 can then be reactivated to begin the cycle
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anew. These steps must occur in this order since DNA-bound
STAT1 is protected from tyrosine phosphatases, and only unphos-
phorylated STAT1 can be exported back into the cytoplasm (19).
This cycling is required for full STAT1 transcriptional activity;
STAT1 mutants that have a decreased dissociation rate from DNA
(20) or that are defective in nuclear export (21) have decreased
transcriptional output. Two other STAT family members, STAT6
(22) and STAT?3 (23), also need to undergo this cycling on and off
DNA to produce their full transcriptional output.

Preinfection of cells with Toxoplasma globally inhibits the IFN-
v-induced, STAT1-mediated gene expression program in multi-
ple cell types of multiple species, including human foreskin fibro-
blasts (HFFs) (24), murine bone-marrow derived macrophages
(25), and RAW264.7 murine macrophages (26). It is thought that
this inhibition is required for survival of the parasite and conver-
sion to the chronic cyst stage but how this inhibition occurs re-
mains a matter of contention. A recent study showed that in mu-
rine macrophages Toxoplasma infection inhibits the expression of
IFN-vy-induced secondary response genes, such as class II transac-
tivator (Ciita) and MHC class II genes, by imparing Brahma-re-
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lated gene 1 (BRG-1)-mediated chromatin remodeling of their
promoters (25). Treatment of these cells with histone deacetylase
(HDAC) inhibitors decreased the inhibition of secondary re-
sponse genes by the Toxoplasma type I NTE strain (25). However,
the IFN-y-induced expression of primary response genes such as
IRFI does not require BRG-1-mediated remodeling (27), suggest-
ing that Toxoplasma might utilize a different mechanism to inhibit
the expression of primary STAT1-induced genes.

In the present study, we further characterized the Toxoplasma-
mediated inhibition of STAT1 transcriptional activity and expres-
sion of primary IFN-y response genes by measuring each step of
IFN-v-induced STAT1 activation to determine where in the path-
way Toxoplasma acts. We find that Toxoplasma infection inhibits
STAT]I transcriptional activity by preventing STAT1 nuclear-cy-
toplasmic cycling. A Toxoplasma effector likely inhibits the disso-
ciation of STAT1 from DNA since infection leads to increased
association of IFN-y-activated STAT1 with chromatin and the
IRFI promoter and prevents the dephosphorylation and nuclear
export of IFN-y-activated STAT1. Toxoplasma infection can also
inhibit IFN-B-induced gene expression through a similar mecha-
nism involving increased association of STAT1 with chromatin
and decreased STAT1 nuclear-cytoplasmic cycling. We find that
Toxoplasma can inhibit the expression of IFN-vy primary response
genes in the presence of various HDAC inhibitors, which contrasts
with the role of HDAC:s in the Toxoplasma-mediated inhibition of
IFN-vy secondary response genes (25). This suggests that the
mechanism of inhibition of IFN-y-induced primary response
genes is distinct from the mechanism by which secondary re-
sponse genes are inhibited in murine macrophages. The Toxo-
plasma factor responsible for this inhibition is unknown; however,
our results indicate that it is unlikely to be secreted into the host
cell from the rhoptry secretory organelle and that it likely acts
directly on DNA-bound tyrosine-phosphorylated STAT1.

MATERIALS AND METHODS

Parasites and cells. Parasites were maintained in vitro by serial passage on
monolayers of HFFs, as described previously (28). An RH strain engi-
neered to express clickbeetle luciferase and green fluorescent protein
(GFP) (RH 1-1) (29), an RHArop16 strain (provided by John Boothroyd,
Stanford University) (30), an RHArop16 strain expressing firefly lucifer-
ase and GFP (31), a Pru strain engineered to express firefly luciferase and
GFP (Pru Ahxgprt A7) (32), and a CEP strain engineered to express click-
beetle luciferase and GFP (CEP hxgprt™ C22) (29) have been described
previously. HFFs were cultured as previously described (28). 293FT and
HEK293 cells were cultured with additional 10 mM HEPES. A HEK293-
pGreenFirel-GAS IEN-vy responsive reporter cell line has been previously
described (26). All parasite strains and cell lines were routinely checked
for Mycoplasma contamination, and it was never detected.

Reagents. Antibodies against total STAT1a p91 (C-24; Santa Cruz,
catalog no. 345), phospho-STAT17*7°! (58D6; Cell Signaling, catalog no.
9167), phospho-STAT 15727 (Cell Signaling, catalog no. 9177), STAT2
(H-190; Santa Cruz, catalog no. 22816), IRF1 (BD Biosciences, catalog no.
612046), IRF9/ISGE-3+y p48 (C-20; Santa Cruz, catalog no. 496), GAPDH
(glyceraldehyde-3-phosphate dehydrogenase; 6C5; Santa Cruz, catalog
no. 32233), Toxoplasma surface antigen 1 (SAG-1; kindly provided by
John Boothroyd, Stanford University), Toxoplasma GRA7 (33), histone
H3 (Abcam, catalog no. 1791), acetyl-histone H4"*'* (Cell Signaling,
catalog no. 2591), and phospho-STAT6™™*! (Santa Cruz, catalog no.
11762-R) were used in immunofluorescence and Western blot assays.
Secondary antibodies coupled with either Alexa Fluor 488 or Alexa Fluor
594 (Molecular Probes) for immunofluorescence assays or conjugated to
peroxidase (Kirkegaard & Perry Laboratories) for Western blots were
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used. Recombinant human IFN-y (AbD Serotec), IEN-f (Peprotech),
IL-4 (Peprotech), and TNF-a (Gibco/Life Technologies) were used to
stimulate cells. Cycloheximide (CHX; 50 wg/ml, Sigma), cytochalasin D
(I uM; Enzo), mycalolide B (3 wM; Wako), trichostatin A (3 to 9 uM,
Sigma), MS-275 (2 to 10 wM, Selleck), MC1568 (2 to 10 pM; Selleck),
sodium butyrate (2 to 10 wM; Sigma), and MG132 (0.5 to 2.5 wM; Sigma)
were also used to treat cells.

Immunofluorescence assay. Immunofluorescence assays were per-
formed as described previously (28). Quantification of nuclear signal was
performed by randomly selecting at least 12 cells per condition and mea-
suring the average signal intensity per nucleus using the NIS-Elements
software and Hoechst dye to define nuclei.

Reporter cell line construction. The construction of a HEK293-
pGreenFirel-GAS IFN-vy responsive reporter cell line has been previously
described (26). pGreenFirel-ISRE and STAT1 cell lines were constructed
by the same method from ISRE (TR016PA-1, 5'-CAGTTTCACTTTCCC
TTT-3') and STAT1 (TRO15PA-1, 5'-GATTTCCGGGAAATGGGGAAG
G-3") vectors purchased from System Biosciences. Briefly, lentivirus con-
taining the vector was produced in 293FT cells and added to HEK293 cells
(American Type Culture Collection). Cells containing the construct were
selected with 750 wg of Geneticin (Invitrogen)/ml, cloned by limiting
dilution, and assayed for responsiveness to IFN-vy, IFN-@3, tumor necrosis
factor alpha (TNF-a), and interleukin-4 (IL-4) (see Fig. S1 in the supple-
mental material).

Luciferase assay. Luciferase assays of HEK293 pGF1-GAS, STAT1, or
ISRE cells were performed as previously described using the Promega
luciferase assay system (26). For all experiments, 3.5 X 10 to 4 X 10* cells
were plated in 96-well plates for at least 4 h before any treatment or
infection. Exact treatment and infection times varied slightly between
experiments, but we obtained similar results for all time points and pres-
ent averaged data with the standard errors. For ISRE experiments, cells
were infected with RH parasites at a multiplicity of infection (MOI) of
~1.5 for 3 to 5 h and subsequently stimulated with 100 U of either IFN-vy
or IFN-B/ml for 14 to 17 h before lysis. For HDAC inhibitor experiments,
cells were pretreated with HDAC inhibitors for 1 h, infected with RH
parasites at an MOI of ~4 for 1 to 3 h, and subsequently stimulated with
100 U of IFN-y/ml for 14 to 20 h before lysis. For MG132 experiments,
cells were pretreated with MG132 for 40 min, infected with RH parasites at
an MOI of ~1.5 for 3 to 5 h, and subsequently stimulated with 100 U of
IFN-v/ml for 15 h before lysis. HDAC inhibitors and MG132 were kept on
the cells for the entire experiment. For cytochalasin D experiments, par-
asites were pretreated with 1 uM cytochalasin D for 15 min, and cytocha-
lasin D was kept on the parasites for the entire experiment. For mycalolide
B experiments, parasites were pretreated with 3 wM mycalolide B for 10
min and then pelleted and resuspended in normal medium. Pretreated
parasites were added to cells for 1.5 h, and the cells were subsequently
stimulated with 100 U of IFN-y/ml for 18 h before lysis.

Reverse transcription-quantitative PCR (RT-qPCR). For IFN-f in-
fections, ~9 X 10° HFFs were grown in six-well plates, infected with RH
1-1 parasites for 4 h, and subsequently stimulated with 100 U of IFN-vy or
IFN-B/ml for 15 to 20 h. The exact treatment was between 15 and 20 h,
varying slightly between experiments, but we obtained similar results for
all time points and present averaged data with the standard errors. For
CHX infections, 1.5 X 10° to 2 X 10° HFFs were grown in 12-well plates,
pretreated with CHX for 40 min, infected with RH 1-1 for 1 h, and stim-
ulated with human IEN-y for 1 h. Cells were also left untreated and un-
infected. RNA was isolated using TRIzol reagent (Invitrogen) according
to the manufacturer’s instructions. Samples from the CHX experiments
were cleaned and concentrated using an RNeasy MinElute kit (Qiagen).
RNA was determined to be intact and of good quality by gel electropho-
resis. Genomic DNA was removed from RNA preparations by DNase I
treatment (Invitrogen), and first-strand cDNA was synthesized with
SuperScript IT or IIT RT (Invitrogen) and oligo(dT) (Ambion), according
to the manufacturer’s protocol. Quantitative PCR was performed using
SYBR green reagent (Kapa Biosciences) and a LightCycler 480 II real-time
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PCR machine (Roche) according to the manufacturer’s instructions. For
IFN-B experiments, genes specifically induced by IFN- and not by IFN-y
in human fibroblasts (RSAD2, MX2, and OASL) were chosen from pub-
lished microarray results (34). The primer efficiencies were calculated
using the Real-time PCR Miner program (35) and are listed with primer
sequences in Table S1 in the supplemental material. The fold change was
calculated using the AAC;. method (36), comparing the expression to two
different control genes, ACTB and NFE2LI, that were not affected by
Toxoplasma infection in previous gene expression analyses (28). Similar
results were obtained from both normalizations.

Native PAGE and Western blotting. HFFs were infected with either
RHAhxgprt or RHArop16 parasites at two different MOIs (actual MOIs of
5and 7 for RHAhxgprt and MOIs of 7 and 9 for RHArop16) for 3 h, or left
uninfected, and subsequently stimulated with 100 U of human IFN-y/ml
for 1 h or left untreated. Cells were then lysed in nondenaturing buffer
containing 1% sodium deoxycholate, and lysates were run on 7.5% PAGE
gels in Tris-glycine buffer with 1% sodium deoxycholate in the cathode
chamber at 4°C. Western transfer and blotting were performed as de-
scribed previously (28). Blots were stained with Ponceau S to visualize
protein standard (NativeMark; Life Technologies). After immunoblot-
ting, the membranes were stripped with 2% sodium dodecyl sulfate (SDS)
and 0.7% B-mercaptoethanol and reprobed.

ChIP and qPCR. Chromatin immunoprecipitation (ChIP) experi-
ments were performed according to the protocol of Lee et al. (37) with
several modifications. HFFs were grown in 15-cm dishes to ~90% con-
fluence (~107 cells). Coverslips were placed in dishes to measure nuclear
phospho-STAT1"" and IRF1 as controls and processed after fixation ac-
cording to the immunofluorescence assay methods described above.
HFFs were infected with RHAhxgprt or RHArop16 parasites for 4 h, or left
uninfected, subsequently stimulated with 100 U of human IFN-vy/ml for 1
h, or left unstimulated, and fixed with 1% formaldehyde. A total of ~5 X
10° cells were used for each immunoprecipitation. After cell lysis, DNA
was sheared with a Bioruptor (Diagenode). Immunoprecipitation was
performed using an IP-Star (Diagenode) and 3 pg of antibody (total
STAT1a p91 [C-24; Santa Cruz, catalog no. 345]). After DNA purifica-
tion, qPCR was performed using SYBR green reagent (Kapa Biosciences)
and a LightCycler 480 II real-time PCR machine (Roche). The primers
were designed using published STAT1 ChIP-seq data to amplify STAT1
binding sites in the promoters of IFN-y-induced genes as well as negative-
control regions in the promoters of genes unaffected by IFN-+y that STAT1
does not bind (38). Primer efficiencies were calculated using Real-time
PCR Miner (35) and are listed with primer sequences in Table S2 in the
supplemental material. The percentage of total DNA bound by STAT1
was calculated by comparing the gPCR results from immunoprecipitated
and input samples.

Cell fractionation, STAT1 immunoprecipitation, and mass spec-
trometry. Cells were fractionated into cytoplasmic, nuclear extract, and
chromatin fractions using a Qiagen Qproteome nuclear protein kit ac-
cording to the manufacturer’s instructions. For Western blot analysis,
samples were diluted in 2X reducing sample buffer and boiled before
SDS-PAGE analysis and Western blotting as described previously (28).
For STAT1 immunoprecipitations, all fractions were diluted to have a
final concentration of 150 mM NaCl. Rabbit a-total STAT1a p91 (C-24;
~1 pg/10° cells) was cross-linked to protein A-Dynabead slurry (Life
Technologies; ~20 pl/pg antibody) with 5 mM bis(sulfosuccinimidyl)
suberate (BS3; Pierce) as described previously (39). The samples were
incubated with the bead-antibody slurry for 1.5 h at 4°C, while rotating.
Beads were then washed three times with immunoprecipitation wash buf-
fer (10 mM HEPES-KOH [pH 7.5], 150 mM NaCl, 0.5% NP-40/IGEPAL,
2.5 mM EGTA-KOH, 20 mM B-glycerophosphate), washed twice with
HEPES-buffered saline, and boiled in 2X reducing sample buffer. For
mass spectrometry analysis, proteins were excised from each lane of a
Coomassie blue-stained SDS-PAGE gel in pieces encompassing the entire
molecular weight range. Trypsin-digested extracts were analyzed by using
reversed-phase high-pressure liquid chromatography and a Thermo
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Fisher LTQ linear ion trap mass spectrometer. Peptides were identified
from the mass spectrometry data using SEQUEST algorithms44 that
searched a species-specific database generated from NCBI’s nonredun-
dant (nr.fasta) database. A summary of the number of peptides found and
percent coverage for the STAT1 protein in each immunoprecipitation is
shown in Table S3 in the supplemental material.

Plaque assay. For native PAGE, ChIP, cell fractionation and immu-
noprecipitation, luciferase reporter, and RT-qPCR experiments, a plaque
assay was performed to determine parasite viability and the actual MOL.
One hundred parasites per well were added to confluent HFFs in a 24-well
plate and were incubated undisturbed for 5 to 7 days at 37°C, and the
number of plaques was counted.

Statistical analyses. Two sample  tests, either paired or unpaired as
applicable, were performed to assess statistical significance for ChIP-
qPCR, luciferase reporter, and RT-qPCR assays.

RESULTS

HDAC activity is not required for Toxoplasma inhibition of
IRF1 expression or STAT1 transcriptional activity. The recruit-
ment of histone acetyltransferases and increased histone H4 and
H3 acetylation is associated with the formation of euchromatin
and accessibility of DNA to transcription factors and RNA poly-
merase II (40), and actively transcribed STAT1 target genes have
increased H3 and H4 acetylation upon IFN-vy treatment (25). It
was recently reported that Toxoplasma infection inhibits the ex-
pression of IFN-y-induced secondary response genes such as Ciita
and MHC class II genes by activating HDACs and preventing the
recruitment of chromatin remodeling complexes to gene promot-
ers (25). However, many stimulus-induced primary response
genes do not require chromatin remodeling for their expression
(41). For example, the IFN-y-induced primary response gene
IRFI does not require expression of the chromatin remodeler
BRG-1 (27), which was previously implicated in Toxoplasma-me-
diated inhibition of the IFN-vy response (25). It is therefore un-
clear whether HDAC activity is required for the inhibition of pri-
mary IFN-v-induced gene expression by Toxoplasma, and we
decided to test this using a variety of HDAC inhibitors.

Since three clonal lineages of Toxoplasma—types I, II, and
III—all equally inhibit STATI transcriptional activity (26), it is
likely that all of these strains utilize a similar mechanism of inhi-
bition, and we have focused our study on just one of these strains,
the type I RH strain. Toxoplasma infection also equally inhibits
STATT activity and IFN-y-induced primary (IRFI) gene expres-
sion in a variety of cell types, including HFFs, HEK293 cells, mu-
rine macrophages, and murine dendritic cells (26, 42), and we
have therefore focused our study on two readouts of primary
STAT1-induced gene expression: the expression of IRF1 in HFFs
and stable HEK293 STATT1 luciferase reporter cell lines.

First, we pretreated HFFs on coverslips for 1 h with trichostatin
A (TSA), a class I/II HDAC inhibitor, subsequently infected the
cells with RH parasites for 1 h, and then stimulated the cells with
IFN-v for 2 h. TSA was kept on the cells for the entire experiment.
Cells were then fixed and stained for IRF1 expression and acetyl-
ated-histone H4. TSA treatment under all conditions increased
the intensity of acetylated-histone H4 staining in the host nucleus,
indicating that under these conditions it potently inhibits host
HDAGC:s (Fig. 1A). However, infection with RH parasites either in
the presence or absence of TSA strongly inhibited the IFN-y-in-
duced expression of IRF1, indicating that the activity of class I and
class ITHDACs is not required for Toxoplasma’s inhibition of IRF1
expression (Fig. 1A).
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FIG 1 HDAC activity is not required for Toxoplasma to inhibit IFN-y-induced IRF1 expression or induction of IFN-y-responsive reporter cell lines. (A) HFFs
were plated on coverslips, pretreated with 3 uM trichostatin A (TSA), an HDAC inhibitor, for 1 h, infected with RH parasites for 1 h, and subsequently stimulated
with 100 U of IFN-y/ml for 2 h. Control cells were also left unstimulated (US) and/or uninfected (UI). Cells were fixed, permeabilized, and stained with
a-acetyl-histone H4 (green), a-IRF1 (red), and with Hoechst dye (nucleus, blue). A representative cell from each condition is shown. Scale bar, 10 wm. This
experiment was performed twice with similar results. (B) HEK293 GAS (top) or STAT1 (bottom) reporter cell lines were pretreated with a variety of HDAC
inhibitors (TSA, MC1568, MS-275, and sodium butyrate) or left untreated (DMSO, vehicle-only control) for 1 h. Cells were left uninfected (UI) or infected with
RH parasites for 1 to 3 h, subsequently stimulated with 100 U of IFN-y/ml for 14 to 20 h or left unstimulated (US), and lysed, and the luciferase activity was
measured. The data were normalized within each experiment to the sample with the maximum luciferase activity, and the data shown are averages and the
standard errors of the mean (SEM) from three independent experiments. Asterisks (*) indicate P < 0.05, or the P values are shown above bars.

However, the chromatin environments of IFN-y-induced with RH still inhibited IFN-v-induced luciferase activity under all
genes may not all be regulated in the same manner. Therefore, we  conditions (Fig. 1B).
also tested Toxoplasma-mediated inhibition of STATI activity in Together, these results suggest that the mechanism by which a
two different stable HEK293 reporter cell lines: a “GAS” lineanda  type I strain of Toxoplasma inhibits the expression of STATI1-
“STAT1” line. These cell lines contain slightly different consensus  induced primary response genes is distinct from the mechanism of
STAT1 binding sites, both driving the expression of luciferase. inhibition of secondary response genes, and does not involve the
Treatment of either of these reporters with IFN-v, but not IFN-$3,  activation of HDACs. In addition, we find that inhibition of
TNF-q, or IL-4, results in the induction of luciferase activity (26) HDAC activity has both positive and negative effects on basal and
(see Fig. S1B in the supplemental material). We pretreated both of ~ IFN-y-induced STAT1 transcriptional activity, depending on the
these cell lines with a variety of HDAC inhibitors: TSA, MC1568,  exact promoter and the different HDACs that are targeted.
MS-275, or sodium butyrate, or with dimethyl sulfoxide (DMSO) New host cell protein synthesis is dispensable for the inhibi-
as a control, using concentrations that were previously shown to  tion of IFN-y-induced primary response gene expression by
inhibit Toxoplasma-mediated inhibition of Ciitaand MHC classII ~ Toxoplasma. Since the mechanism of inhibition of primary and
gene expression (25). We then infected the lines with RH para-  secondary response genes appears to be different, we sought to
sites, subsequently stimulated the cells with IFN-y, and measured  further characterize the HDAC-independent mechanism of inhi-
the induction of luciferase activity. In the DMSO control, prior  bition of IFN-y primary response genes. One possibility is that
infection with RH parasites significantly inhibited the IFN-y-  Toxoplasma induces host negative regulatory proteins that target
stimulated induction of luciferase activity in both cell lines (Fig. STAT1 activity, such as suppressor of cytokine signaling (SOCS)
1B), in agreement with previous results (26). In the GAS reporter ~ family proteins, protein tyrosine phosphatases (PTPs), and pro-
line, pretreatment with MC1568, MS-275, or sodium butyrate did  tein inhibitor of activated STAT1 (PIAS) family proteins (43). To
not affect the ability of RH infection to inhibit this induction (Fig.  determine whether host proteins whose expression is induced by
1B). Treatment with TSA by itself inhibited the induction of lucif-  type I Toxoplasma infection play a role in inhibiting STAT1 activ-
erase after IFN-+y treatment in this cell line, although prior infec-  ity, we pretreated HFFs with the protein translation inhibitor cy-
tion with RH still lowered the IFN-v-induced luciferase activity =~ cloheximide (CHX) for 40 min prior to infecting the cells with an
further (Fig. 1B). Conversely, in the STATI reporter line treat- RH strain for 1 h and subsequently stimulating with IFN-vy for 1 h,
ment with TSA or MS-275 strongly induced luciferase activity —keeping CHX on the cells for the entire experiment. Under these
even in the absence of IFN-y treatment (Fig. 1B). Prior infection  conditions, infection-induced and IFN-y-induced protein ex-
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FIG 2 Toxoplasma can inhibit IFN-y-responsive gene expression in the presence of both cycloheximide and MG132. (A and B) HEFs were pretreated with 50 pg
of CHX/ml for 40 min, infected with an RH strain for 1 h, and stimulated with 100 U of IFN-y/ml for 1 h. CHX was left on the treated cells for the entire
experiment. Cells were also left untreated (UT) and/or uninfected (UI). Induction of IRFI mRNA was determined by RT-qPCR analysis and normalized to ACTB
transcript levels. (A) The averages of two experiments are shown; error bars represent the SEM. (B) The fold inhibition by RH infection in each of the conditions
was calculated for each experiment, and averages of two experiments are shown. Error bars represent the SEM. (C) HEK293 GAS or STAT1 reporter cell lines were
pretreated with MG132 or left untreated for 40 min. Cells were then infected with RH parasites for 3 to 5 h, subsequently stimulated with 100 U of IFN-y/ml for
15 h, and lysed, and the luciferase activity was measured. MG132 was left on the treated cells for the entire experiment. The data were normalized within each
experiment to the uninfected, unstimulated (US) sample, and the data shown are the average fold induction and the SEM from three independent experiments.

Asterisks (*) indicate P < 0.05.

pression is prevented and cell viability is not affected (see Fig. S2 in
the supplemental material). We then determined IFN-y-induced
IRFI mRNA levels by RT-qPCR. IFN-v treatment increased IRF1
mRNA levels ~13-fold, and this induction was decreased in sam-
ples preinfected with RH parasites (Fig. 2A). Preinfection with RH
parasites also inhibited IFN-y-responsive IRFI mRNA accumula-
tion in the presence of CHX (Fig. 2A). However, conclusions from
the IRFI qPCR are complicated by the fact that both CHX treat-
ment (~5-fold) and RH infection combined with CHX treatment
(~12-fold) induce IRFI mRNA transcription in the absence of
IFN-vy (Fig. 2A). We therefore calculated the fold inhibition of
IRF]I expression by RH preinfection in each of these conditions.
The presence of CHX did not significantly alter the ability of RH to
inhibit IRFI gene expression (Fig. 2B), suggesting that new host
protein synthesis is not required for the inhibition of primary
response genes by type I Toxoplasma. Similar results were ob-
tained when IRFI qPCR data were normalized to a different con-
trol gene (see Fig. S3 in the supplemental material).

Inhibition of STAT1 activity does not depend on the protea-
some. Toxoplasma infection could also cause the proteasomal
degradation of a coactivator that is necessary for STAT1 to recruit
general transcription machinery and RNA polymerase II to the
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promoters of IFN-y primary response genes. To determine
whether the ability of type I Toxoplasma to inhibit STAT1 tran-
scriptional activity depends on the proteasome, we treated our
HEK293 STAT1 and GAS reporter cell lines with MG132, which
inhibits the proteolytic activity of the 26S proteasome. We then
infected the cell lines with RH parasites, subsequently stimulated
the cells with TFN-vy, and measured the induction of luciferase
activity, keeping MG132 on the cells for the entire experiment. In
both the GAS and STAT1 reporter cell lines, treatment with in-
creasing concentrations of MG132 inhibited the induction of lu-
ciferase activity even in the absence of infection (Fig. 2C). How-
ever, in the STAT1 reporter line this inhibition was only partial,
and preinfection with RH parasites significantly inhibited IFN-+y-
induced luciferase activity further (Fig. 2C). This result indicates
that type I Toxoplasma-induced inhibition of STAT1-mediated
gene expression does not require proteolytic activity of the pro-
teasome.

Toxoplasma infection does not interfere with IFN-y-in-
duced STAT1 dimerization. Since Toxoplasma infection does not
induce the expression or degradation of host proteins in order to
inhibit STAT1 activity, we hypothesized that a Toxoplasma effec-
tor acts directly on STATI to inhibit its activity. We therefore
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FIG 3 Toxoplasma infection does not inhibit IFN-y-induced STAT1
dimerization. HFFs were infected with RH or RHArop16 parasites, or left un-
infected, for 4 h. Cells were then stimulated with 100 U of human IFN-vy/ml for
the last hour of infection (+IFN-vy) or left unstimulated (US). Cell lysates were
collected in nondenaturing buffer and analyzed by native PAGE, followed by
Western blotting. Cells were infected at two different MOIs, and the actual
MOIs for each sample calculated after plaque assay are indicated. Blots were
probed for phospho-STAT1™", stripped, and reprobed for total STAT 1. This
experiment has been performed three times with similar results.

decided to measure more proximal steps in IFN-y/STAT1 signal-
ing in infected cells. Previous results have shown that Toxoplasma
infection does not interfere with STAT1 tyrosine phosphoryla-
tion, serine phosphorylation, or nuclear translocation (24, 26, 44).
These data have led to the conclusion that STAT1 homodimeriza-
tion is also not inhibited by infection. However, it is also possible
that a Toxoplasma protein containing a nuclear localization se-
quence directly binds to single tyrosine phosphorylated STAT1
proteins and carries them into the nucleus. To determine the pre-
dominant complex(es) within which STAT1 is found in infected
cells and therefore distinguish between these two possibilities, we
visualized STAT1-containing complexes in nondenaturing condi-
tions by native PAGE and Western blotting. We infected HFFs
with the Toxoplasma RH strain for 3 h, subsequently stimulated
the cells with IFN-vy for 1 h, lysed the cells in nondenaturing con-
ditions, ran the lysates on native PAGE, and blotted for STAT1. In
uninfected, unstimulated cells, STAT 1o runs at a size between 66
and 146 kDa, but upon IFN-y treatment the majority of STAT1a
protein shifts into complex that runs at a size between 146 and 242
kDa (Fig. 3). These sizes are consistent with STAT1ae monomers
(91 kDa) and STAT1 homodimers, respectively. Additional blot-
ting for the phosphotyrosine form of STAT1 also demonstrated
that the majority of phosphorylated STAT1 is found in the slower-
migrating band, consistent with this band representing the dimer
since tyrosine phosphorylation is required for STAT1 dimeriza-
tion (Fig. 3). In cells preinfected with RH parasites, STAT 1o again
runs at two different bands of exactly the same size as in unin-
fected cells, indicating that type I Toxoplasma does not inhibit
STAT1 homodimerization and suggesting that a putative Toxo-
plasma effector does not strongly bind STAT1 under these condi-
tions (Fig. 3). In type I strains the rhoptry kinase ROP16 can also
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induce the phosphorylation and nuclear translocation of STAT1
(26), and our results show that this ROP16-activated STAT1 also
dimerizes (Fig. 3). We therefore additionally performed this ex-
periment with RH parasites deficient for ROP16 to specifically
measure IFN-y-induced STAT1 dimerization and find that
RHArop16 parasites also do not inhibit the dimerization of STAT1
(Fig. 3).

IFN-v-induced STAT1 DNA association is increased upon
Toxoplasma infection. We next wondered whether the nuclear
STATI in infected, IFN-y-stimulated host cells is able to bind
DNA, and specifically to the GAS sites it normally targets. Previ-
ous electrophoretic mobility shift assays (EMSAs) indicated that
nuclear STAT1 is still able to bind GAS sites in vitro (25,42, 45).In
one study the binding was slightly weaker in extracts from infected
cells (45), whereas another study found that binding was both
increased and prolonged in infected extracts (42). In two of these
studies, STAT1 from infected cells was able to bind to GAS oligo-
nucleotides but was present in a different, more slowly migrating,
aberrant complex compared to STATI from uninfected extracts
(25, 42). Conversely, Toxoplasma was recently reported to inhibit
STAT1 binding to the Irfl promoter in murine bone marrow-
derived dendritic cells (BMDCs) (42). To determine whether
STATI binds GAS sites in the promoters of IFN-y-responsive
genes in HFFs, we performed STAT1 ChIP experiments. We in-
fected HFFs with RH parasites for 4 h, or left cells uninfected, and
subsequently stimulated the cells with IFN-y for 1 h or left the cells
unstimulated. Coverslips were included in sample plates to mea-
sure STAT1 phosphorylation and the inhibition of IRF1 expres-
sion by preinfection as controls (see Fig. S4 in the supplemental
material). In uninfected cells, we detected a significant increase in
STAT]1 binding after IFN-vy treatment at all loci, except for a neg-
ative-control locus, CCND2 (Fig. 4A). Infection with RH para-
sites, in the absence of IFN-y treatment, also resulted in a signifi-
cant increase in STAT1 binding at all except one of these loci (Fig.
4A). We hypothesized that the STAT1 binding to DNA after RH
infection was due to ROP16-activated STAT1, and we therefore
also infected cells with an RHArop16 strain. In cells infected with
RHArop16 parasites, STAT1 binding at these loci is not signifi-
cantly higher than in uninfected cells, suggesting that ROP16-
activated STATI is not only tyrosine phosphorylated, dimerized,
and nuclear but that it is also able to bind to GAS sites in vivo (Fig.
4A). In cells preinfected with either RH or RHArop16 parasites,
STAT1 binding upon IFN-vy stimulation was not inhibited at six of
the seven IFN-vy induced loci we tested (Fig. 4A). At the IRFI
promoter, IFN-y-induced STAT1 binding was significantly
higher in infected samples compared to uninfected samples
(Fig. 4A).

To confirm that Toxoplasma does not inhibit STAT1’s associ-
ation with DNA and chromatin and to determine whether infec-
tion actually increases STAT1 global DNA binding and chromatin
association as we observed at the IRFI locus, we again infected
HFFs with RH parasites for 3 to 4 h, or left the cells uninfected, and
subsequently stimulated the cells with IFN-y for 1 h. We then
isolated cytoplasmic, nuclear, and chromatin fractions from these
cells and analyzed the protein levels in these fractions by SDS-
PAGE and Western blotting. As expected, in unstimulated, unin-
fected cells, STAT1 is present exclusively in the cytoplasmic frac-
tion and, upon IFN-vy treatment, STAT1 is both tyrosine
phosphorylated and present in the nuclear extract (Fig. 4B). Only
a very small amount of this STATI is stably associated with the
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FIG 4 IFN-y-induced STAT1 DNA association is increased upon infection with Toxoplasma. HFFs were infected with RH or RHAropI6 parasites, or left
uninfected (UI), for 4 to 5 h. Cells were stimulated with 100 U of human IFN-v/ml for the last hour of infection or left unstimulated (US). (A) Samples were fixed
with 1% formaldehyde and collected for chromatin immunoprecipitation. gPCR of STAT1-binding regions of the promoters of IFN-y-responsive genes was
performed on both the immunoprecipitated STAT1-bound DNA and total input DNA. The percentage of the total DNA bound by STAT1 was calculated. A
promoter region where STAT1 is not known to bind (CCND2) was also included as a negative control. The averages and SEM of three experiments are shown.
The average MOI in the three experiments was 8. Asterisks (*) indicate P < 0.05 versus the uninfected, unstimulated sample, or the P value is indicated above the
bars. (B to D) Samples were fractionated in cytoplasmic, nuclear extract, and chromatin fractions. Then, 1/4 to 1/6 of each fraction was diluted in 2X reducing
sample buffer and boiled, and the protein levels were analyzed by SDS-PAGE and Western blotting (B and C). GAPDH and H3 are markers for cytoplasmic and
chromatin fractions, respectively. The H3 antibody cross-reacts with Toxoplasma H3 and is therefore also found in the cytoplasmic fraction. STAT1 was then
immunoprecipitated from the remaining portion of all three fractions, and mass spectrometry was performed. From each sample, the percentage of the total
STAT]1 peptides that were found in the chromatin fraction was calculated (D). The data are from three experiments performed independently at different times:
HFFs infected with RH at a plaque assay-calculated MOI of ~8 (B and D), RH at a plaque assay-calculated MOI of ~1.5 (D), and RHArop16 at a plaque

assay-calculated MOI of ~5 (C and D).
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FIG 5 Type I, II, and III Toxoplasma strains prevent dephosphorylation and nuclear export of STAT1. HFFs were plated on coverslips, preinfected with RH,
RHArop16, Pru, or CEP Toxoplasma parasites for 2 h atan MOI of ~2, or left uninfected (UI), and stimulated with a pulse of 100 U of IFN-vy/ml for 30 min before
the cells were washed and the medium was changed, or left unstimulated (US). Cells were fixed after 3.5 or 21.5 additional hours, permeabilized, and stained with
a-phospho-STAT1™" and with Hoechst dye (nucleus). Nuclear accumulation of phospho-STAT1"™" was quantified in at least 12 randomly selected cells per
condition and normalized to the UI, US condition. Averaged data from at least two experiments per condition are shown; error bars represent standard

deviations.

chromatin (Fig. 4B), a finding consistent with a model of STAT1
cycling on and off DNA. In cells preinfected with RH and stimu-
lated with IFN-v, the levels of STAT1 in both the nuclear and the
chromatin fractions are significantly higher than in uninfected
cells (Fig. 4B), suggesting that not only does type I Toxoplasma
infection not inhibit STAT1 DNA binding but it actually increases
STAT1 chromatin association. This result mirrors what we ob-
served at the IRFI, SOCS3, and ICAM1 promoter regions in the
ChIP assay. We obtained similar results from cells preinfected
with an RHArop16 strain (Fig. 4C), indicating that this increased
association is not simply due to ROP16-activated STAT1.

To quantitatively measure the relative amount of STAT1 in the
chromatin fraction in each of these samples, we immunoprecipi-
tated STAT1 from the cytoplasmic, nuclear, and chromatin frac-
tions and performed mass spectrometry on the pulled-down pro-
tein. Complete data on the number of STAT1 peptides and the
percent coverage of STAT1 found in each immunoprecipitation is
shown in Table S3 in the supplemental material. We then calcu-
lated the percentage of STAT1 peptides present in the chromatin
fraction compared to the total STAT1 peptides detected in all frac-
tions of each sample. Consistent with our Western blot results,
preinfection with either RH or RHArop16 resulted in substantially
more IFN-y-induced STAT1 in the chromatin fraction (Fig. 4D).
Thus, the mechanism by which type I Toxoplasma inhibits STAT1
transcriptional activity likely involves the increased association of
STAT1 with chromatin and DNA. Under the conditions of these
immunoprecipitations, we did not find any Toxoplasma proteins
consistently pulled down with STAT1 in any of the fractions (data
not shown).

Toxoplasma prevents recycling of STAT1. After IFN-y-acti-
vated STAT1 binds to DNA and initiates transcription, it falls off
the DNA, is dephosphorylated, and translocates back to the cyto-
plasm (19). Our data indicate that infection increases the associ-
ation of STAT1 with DNA, and we therefore hypothesized that
infection might inhibit STAT1 nuclear-cytoplasmic cycling. Be-
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cause STAT1 cannot be dephosphorylated until it has fallen off
DNA (19), our previous observation that in cells preinfected with
Toxoplasma IFN-y-induced phospho-STAT1™" levels were sig-
nificantly higher than in uninfected cells (26) is consistent with
this hypothesis.

If IFN-y is still present and the receptors and JAKs are still
active when STAT1 is exported back into the cytoplasm, STAT1
will be reactivated and cycle back to the nucleus to induce further
transcription (19, 20). However, when IFN-vy is removed its sig-
naling pathway is downregulated through dephosphorylation of
the JAKs and internalization of the IFN-y receptor (43, 46). To
determine how quickly the IFN-vy pathway is deactivated after
IFN-vy is removed, we stimulated HFFs on coverslips with [FN-vy
for 30 min, washed the IFN-v away, fixed the cells after either 3.5
or 21.5 h, and quantified the nuclear accumulation of phospho-
STAT1™" by immunofluorescence (Fig. 5). After 3.5 h, we ob-
served nuclear levels of phospho-STAT1"™ that were ~2.5-fold
higher than unstimulated cells (Fig. 5), indicating that the IFN-y
pathway is still active at this time point. This level of activation is
similar to that of cells that have been continuously stimulated with
IEN-vy for 2 h (26). Later, 21.5 h after IFN-y was removed, the
nuclear levels of phospho-STAT1™" had decreased to be ~1.8-
fold higher than unstimulated cells (Fig. 5).

To determine whether Toxoplasma inhibits STAT1 cycling
back to the cytoplasm, we preinfected HFFs with RH parasites for
2 h, subsequently stimulated the cells with a 30-min pulse of
IFN-v, and measured nuclear levels of phospho-STAT1™" after
both 3.5 and 21.5 additional hours. At 3.5 h after the IFN-y pulse,
the levels of phospho-STAT1™" were slightly higher in RH- and
RHAropl6-infected cells, ~3.8 to 4-fold higher than in unstimu-
lated cells (Fig. 5). At 21.5 h after the IFN-y pulse, when phospho-
STAT1"" has returned to near baseline levels in uninfected cells,
in RH- and RHArop16-infected cells, levels of phospho-STAT1™*
were even higher than at 3.5 h (~5- to 6-fold over unstimulated
cells), indicating that infection with a type I strain prevents the
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dephosphorylation and nuclear export of IFN-y-activated STAT1
(Fig. 5). This effect was independent of ROP16 since in RHArop16
preinfected cells levels of nuclear phospho-STAT1™" were even
higher than in RH-infected cells at both time points. We obtained
similar results after infection with a type II (Pru) or type III (CEP)
strain (Fig. 5), suggesting that all three strains inhibit STATI nu-
clear-cytoplasmic cycling.

Toxoplasma infection also inhibits IFN-B-induced STAT1
activity. Our data indicate that Toxoplasma inhibits the dissocia-
tion of STAT1 from DNA, thereby blocking its dephosphorylation
and export back into the cytoplasm. STAT1 can also be present in
a complex with STAT2 and IRF9, which is primarily activated by
type I IFNs, i.e., IFN-a and IFN-B (14). This complex is called
IFN-stimulated gene factor 3 (ISGF3) and binds to IFN-stimu-
lated response elements (ISREs) in DNA to induce the expression
of a subset of genes that partially overlaps with the set of genes
induced by IFN-y (14). To test whether Toxoplasma infection can
inhibit the activity of type I IFN-activated STAT1, we developed a
stable ISRE reporter cell line in HEK293 cells. We infected this cell
line with RH parasites or left cells uninfected, stimulated the cells
with ITFN-B, or left the cells unstimulated, and we measured the
induction of luciferase activity. Treatment with IFN-{3 led to the
induction of luciferase by ~3.5-fold, and preinfection with RH
parasites significantly inhibited this induction (Fig. 6A), suggest-
ing that RH parasites can inhibit IFN-B-induced STAT1 activity.
However, this reporter cell line also responds to IFN-y treatment
(Fig. 6A; see Fig. S1A in the supplemental material), and IFN-{3
treatment can induce STAT1 homodimers in addition to ISGF3,
making it unclear what complex is being inhibited by infection.

To directly test the ability of Toxoplasma to inhibit ISGF3-
mediated gene expression, we analyzed the expression of genes
specifically induced by IFN-f and not by IFN-y. We infected
HFFs with RH parasites, or left cells uninfected, subsequently
stimulated the cells with either IFN-y or IFN-[3, or left cells un-
stimulated, isolated RNA from cells, and analyzed transcript levels
by RT-qPCR. IRFI expression was induced strongly by IFN-y
treatment but also slightly induced by IFN-f treatment (Fig. 6B),
likely via STAT1 homodimers in both conditions. Preinfection
with RH significantly decreased this expression in both conditions
(Fig. 6B). The expression of genes specifically induced by IFN-3—
RSAD2, MX2,and OASL (34)—was also significantly inhibited by
preinfection with RH parasites (Fig. 6B), indicating that infection
also inhibits the activity of ISGF3 complexes. Normalization of
qPCR data to a different control gene yielded virtually identical
results (see Fig. S5 in the supplemental material).

To assess whether Toxoplasma infection inhibits STAT1 ho-
modimer and ISGF3 transcriptional activity by similar mecha-
nisms, we first determined whether Toxoplasma inhibits IFN-3-
induced phosphorylation of STAT1. We infected HFFs with RH
parasites, or left cells uninfected, for 3 h and subsequently stimu-
lated cells with TFN-y or IFN-[3 for 1 h or left the cells unstimu-
lated. As measured by SDS-PAGE and Western blotting, infection
with RH parasites does not inhibit IFN-B-induced STAT1 ty-
rosine or serine phosphorylation, even at an MOI that inhibits
IFN-v-induced IRF1 induction (Fig. 6C). Next, we measured the
association of the ISGF3 complex with chromatin by isolating
cytoplasmic, nuclear, and chromatin fractions from these cells
and analyzing protein levels by SDS-PAGE and Western blot. The
nuclear translocation and chromatin association of IFN-B-in-
duced STAT1 and STAT2 was not inhibited by prior infection
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with Toxoplasma, and in fact we observed an increase in IFN-f3-
induced STAT1 in the chromatin fraction after infection (Fig.
6D), similar to what we observed for IFN-y-induced STAT1. IRF9
was found in the nuclear extract fraction in all samples, but we
observed a slight increase in chromatin association after IFN-y or
IEN-f stimulation or RH infection, and the combination of RH
infection and IFN-{ treatment together led to a strong increase in
the chromatin association of IRF9 (Fig. 6D). These results indicate
that, as with IFN-y-induced STAT]I, type I Toxoplasma infection
does not inhibit the association of [IFN-B-induced STAT1, STAT?2,
or IRF9 with host cell chromatin and in fact increases the chroma-
tin association of STAT1 and IRF9.

We then tested whether a type I Toxoplasma strain inhibits
nuclear-cytoplasmic cycling of STATI after stimulation with a
pulse of IFN-(3, as it does after stimulation with a pulse of IFN-vy.
We preinfected HFFs with RH parasites for 2 h and subsequently
stimulated the cells with a 30-min pulse of IFN-. After either 3.5
or 21.5 additional hours, we fixed the cells and measured the nu-
clear levels of phospho-STAT1™". Similar to our results after an
IFN-v pulse (Fig. 5), phospho-STAT1"" levels were 2- to 6-fold
higher in RH- or RHAropl6-infected cells compared to unin-
fected cells after the IFN-3 was washed away (Fig. 6E), suggesting
that type I infection also prevents the dephosphorylation and nu-
clear export of IFN-B-activated STAT1.

Toxoplasma rhoptry secretion is not sufficient for STAT1 in-
hibition. The Toxoplasma effector(s) responsible for the inhibi-
tion of IFN-y-induced, STAT1-mediated primary response gene
expression remains unknown. It was previously reported that UV-
treated parasites, which are unable to replicate, can still inhibit the
IFN-vy-induced upregulation of MHC class II molecules (44).
Similarly, we have found that with just 3 h of infection, before the
parasites have replicated, Toxoplasma consistently inhibits the
IFN-vy-induced expression of IRF1 (26). We therefore wondered
whether the Toxoplasma effector(s) that modulates STAT1 tran-
scriptional activity is a secreted factor that the parasite injects into
the host cell upon invasion (47). To test this hypothesis, RH par-
asites were pretreated with cytochalasin D, an inhibitor of actin
polymerization that allows parasites to attach to a host cell and
secrete rhoptry contents but inhibits active invasion, which re-
quires Toxoplasma actin polymerization (48). Pretreated parasites
were added to HFFs and allowed to attach for 1.5 h, after which the
cells were stimulated with IFN-vy for 18 h and the expression of
IRF1 was measured by immunofluorescence. Cytochalasin
D-treated parasites did not invade the HFF host cells but still at-
tached and secreted rhoptry proteins, including ROP16, as dem-
onstrated by the presence of phospho-STAT6 in host cell nuclei
(49) (Fig. 7A). However, the injection of rhoptry contents into a
cell was not sufficient to inhibit IFN-y-induced IRF1 expression
(Fig. 7A).

Similarly, parasites pretreated with cytochalasin D were unable
to prevent IFN-y-induced luciferase activity in our GAS reporter
cell line (Fig. 7B). Cytochalasin D is a reversible inhibitor and
must be kept on the cells for the entire experiment, also inhibiting
host actin polymerization. Because it was recently shown that host
actin plays a role in chromatin remodeling at [IFN-y-induced pro-
moters (25), we also pretreated parasites with mycalolide B, an
irreversible actin-depolymerizing agent, which was washed away
before parasites were added to host cells. Parasites pretreated with
mycalolide B also were unable to inhibit [FN-y-induced STAT1
transcriptional activity in the GAS reporter cell line (Fig. 7B).
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FIG 6 Toxoplasma also inhibits IFN-B-induced gene expression through a similar mechanism. (A) A HEK293 ISRE reporter cell line was infected with RH
parasites for 3 to 5 h or left uninfected (UI), subsequently stimulated with 100 U of IEN-y/ml or 100 U of IEN-B/ml, or left unstimulated (US) for 14 to 17 h and
lysed, and the luciferase activity was measured. The data were normalized within each experiment to the uninfected, unstimulated sample, and the data shown
are the average fold inductions and the SEM from three experiments. Asterisks (*) indicate P < 0.05. (B) HFFs were plated in six-well plates, infected with RH
parasites for 4 h, and subsequently stimulated with 100 U of IFN-y/ml or 100 U of IFN-B/ml for 15 to 20 h. Cells were also left uninfected (UT) and unstimulated
(US). Transcript levels of three ISGF3-induced (ISRE promoter) genes and one STAT1 homodimer-induced (GAS promoter) gene were analyzed by RT-qPCR
and normalized to ACTB levels. Averages of three independent experiments are shown; error bars represent the SEM. Asterisks (*) indicate P < 0.05 versus
uninfected samples with the same stimulation. (C and D) HEFs were plated in 60-cm dishes, infected with RH parasites for 3 h, and subsequently stimulated with
100 U of IFN-y/ml or 100 U of IFN-B/ml for 1 h. Cells were also left uninfected (UI) and unstimulated (US). A portion of the sample was lysed, boiled, separated
by SDS-PAGE, and subjected to Western blotting (C). The rest of the samples were fractionated into cytoplasmic, nuclear extract, and chromatin fractions,
diluted in 2X reducing SDS sample buffer, and boiled, and protein levels were analyzed by SDS-PAGE and Western blotting (D). GAPDH and H3 are markers
for cytoplasmic and chromatin fractions, respectively. These experiments (C and D) were performed twice from two independent infections with similar results.
(E) HFFs were plated on coverslips, preinfected with RH or RHArop16 parasites for 2 h at an MOI of ~2 or left uninfected (UI), and stimulated with a pulse of
100 U of IEN-B/ml for 30 min before the cells were washed and the medium was changed or left unstimulated (US). Cells were fixed after 3.5 or 21.5 additional
hours, permeabilized, and stained with a-phospho-STAT1"™" and with Hoechst dye (nucleus). Nuclear accumulation of phospho-STAT1"* was quantified in at
least 18 randomly selected cells per condition and normalized to the UI, US condition. Averaged data from two experiments are shown; error bars represent
standard deviations.
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FIG 7 Invasion is required for Toxoplasma’s ability to inhibit IFN-y-induced
gene expression. RH parasites were pretreated with 1 uM cytochalasin D (cytoD)
or 3 pM mycalolide B (mycaB) or left untreated (UT) and added to host
cells for 1.5 h. Cells were then stimulated with 100 U of IFN-y/ml or left
unstimulated (US) for 18 h. (A) HFFs were fixed and stained for IRF1 (green),
phospho-STAT6 (red), and with Hoechst dye (nucleus, blue). Scale bar, 10
pm. Arrows indicate infected cells, and arrowheads indicate uninfected cell
with parasites attached and rhoptry proteins secreted. This experiment was
performed three times with similar results. (B) A HEK293 GAS luciferase
reporter cell line was then lysed, and the luciferase activity was measured. The
results from two experiments per condition, except for the uninfected my-
calolide B-treated condition for which only one experiment was done, were
normalized to the maximum luciferase activity within the experiment and
then averaged. In these experiments, 100% maximum induction represents an
average of 10-fold induction over uninfected, unstimulated samples. Error
bars represent the SEM. Asterisks (*) indicate P < 0.05 compared to unin-
fected control.

Thus, our results suggest that secretion of rhoptry proteins by a
type I parasite into an uninvaded host cell is not sufficient to
inhibit IFN-y-induced STAT1 transcriptional activity.

DISCUSSION

In this study, we have further elucidated the mechanism by which
type 1 Toxoplasma parasites inhibit STAT1 activity at primary
IFN-vy response genes. STAT1 undergoes multiple steps of activa-
tion at which an effector could act, including its phosphorylation,
dimerization, nuclear translocation, DNA binding, and recycling
(Fig. 8). It was previously demonstrated that Toxoplasma infection
does not inhibit STAT1 tyrosine phosphorylation or nuclear
translocation (24-26, 44). We report that STAT1 dimerization
(Fig. 3) and STAT1 DNA binding in vivo (Fig. 4A) are also not
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inhibited by type I Toxoplasma preinfection. Instead, our results
support a model where Toxoplasma infection inhibits STAT1 re-
cycling by inhibiting its dissociation from the DNA, thereby in-
hibiting further and repeated rounds of STAT1 activation to pre-
vent the full activation of the STAT1-mediated transcriptional
program (Fig. 8).

Other data from previous studies are consistent with this
model. STAT1 serine phosphorylation can only occur when
STAT1 is chromatin associated (17), and it is known that Toxo-
plasma infection does not inhibit this phosphorylation (24, 26).
Several EMSAs have shown that Toxoplasma does not inhibit
STAT1 DNA-binding activity in vitro by EMSA (25, 42, 45), and
one of these studies also observed increased and prolonged STAT1
DNA binding upon infection (42). However, our results differ
from a ChIP experiment recently reported in murine BMDCs,
where it was found that preinfection with type I Toxoplasma par-
asites did inhibit STAT1 binding at the IrfI promoter (42). This
could be due to differences in the species and cell type tested,
although Toxoplasma infection can equally inhibit STAT1-medi-
ated transcription in both human fibroblasts and murine macro-
phages (26).

This mechanism appears to be distinct from how Toxoplasma
inhibits the expression of secondary IFN-+y response genes, such as
Ciita, H2-EB, and Gbp2 (25), since it does not require the activity
of HDACs (Fig. 1). In fact, treatment of two different STAT1
reporter cell lines with various HDAC inhibitors illustrated that
altering histone acetylation can affect both basal and IFN-y-in-
duced STAT1-mediated gene expression, both positively and neg-
atively (Fig. 1B). Although Toxoplasma targets histone acetylation
to inhibit the expression of IFN-y-induced secondary response
genes, our results suggest that it is unlikely that Toxoplasma acti-
vates HDACs to inhibit IFN-y-induction of primary response
genes such as IRFI. In our ChIP experiments we did test the DNA-
binding activity of STAT1 at several secondary response genes,
including CIITA, GBPI, and IDOI. At the CIITA and GBPI pro-
moters, we observed IFN-vy induced STAT1 DNA binding in in-
fected cells equivalent to that in uninfected cells (Fig. 4A), while at
the IDOI promoter Toxoplasma preinfection inhibited IFN-y-in-
duced STAT1 binding (Fig. 4A). Many secondary IFN-+y response
genes, including IDOI, require the IRF1 transcription factor in
addition to STAT1 for maximal induction (50, 51), and IRF1 can
directly contact and recruit RNA polymerase II to promoters (52).
At the IDOI promoter, STAT1 may not stably bind in the absence
of IRF1.

To target STATI and inhibit its DNA dissociation, a Toxo-
plasma effector could directly bind STAT], or it could activate or
inhibit a host protein. However, experiments with a proteasomal
inhibitor (MG132) and a protein translation inhibitor (CHX) ex-
clude several possible mechanisms of inhibition via modulation of
a host factor. The ability of Toxoplasma to inhibit STAT1 activity
in the presence of MG132 rules out the possibility that Toxoplasma
infection induces the proteasomal degradation of a necessary
STATI1 coactivator. IFN-y-induced activation of both of our
HEK293 STAT]1 reporter cell lines was inhibited by MG132 treat-
ment alone (Fig. 2C), which has been observed before (53), actu-
ally arguing for a role of the proteasome in STAT1 activation.
Degradation of transcriptional activators has been linked to in-
creased target gene expression (54, 55), and STAT1 may undergo
similar turnover. Toxoplasma also does not require new host pro-
tein synthesis to inhibit STAT1-mediated primary response gene
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FIG 8 Intersection of IFN-STAT1 pathways and Toxoplasma. IEN-f and IFN-y activate the expression of downstream target genes through ISGF3 and STAT1
homodimer complexes, respectively. The activation pathways of these cytokines are outlined. In a cell preinfected with Toxoplasma, the STAT1-mediated
expression of both IFN-y- and IFN-B-induced target genes is inhibited. We have measured multiple steps of these pathways and indicate here whether each step
is inhibited by Toxoplasma infection or still occurs in a Toxoplasma-infected cell. Arrows indicate activation, inhibitory arrows indicate negative regulation, an
“X” indicates steps which do not occur in Toxoplasma-infected cells, and a check mark indicates steps that do still occur in Toxoplasma-infected cells. We find that
the Toxoplasma effector responsible for the inhibition of STAT1 activity and the expression of IFN-y primary response genes is unlikely to be a protein secreted
from the Toxoplasma rhoptry organelle prior to invasion. Although Toxoplasma infection induces the expression of SOCS family proteins, which negatively
regulate JAK/STAT activation, this induction is not necessary for Toxoplasma to inhibit STAT1-mediated gene expression. We find that Toxoplasma infection
inhibits the release of STAT1 from DNA, inhibiting downstream STAT1 recycling and further rounds of transcriptional activation.

expression (Fig. 2A and B), ruling out the transcriptional or trans-
lational activation of a host negative regulatory protein or tran-
scriptional repressor as a possible mechanism. Toxoplasma infec-
tion does induce the expression of SOCS proteins, which regulate
STAT activity (56), but these proteins target the phosphorylation
of the JAK and STAT proteins (57), while infection inhibits
STAT1 activity downstream of these steps (Fig. 8). In this CHX
experiment, CHX treatment and CHX treatment in combination
with infection resulted in the expression of IRFI independent of
IFN-v treatment (Fig. 2A). This expression likely occurs via a dif-
ferent transcription factor, since IRF1 can also be induced by
NF-kB (2, 26, 58), and CHX treatment leads to the activation of
NF-kB by preventing synthesis of inhibitory Ik B proteins (59, 60).
The activation of another transcription factor such as NF-kB

February 2014 Volume 82 Number 2

could also explain the synergistic induction of IRFI transcript by
the combination of CHX and IFN-v.

A Toxoplasma effector could also directly target STAT1. In pre-
vious EMSAs a more slowly migrating aberrant STAT1 complex
bound to GAS oligonucleotides was observed specifically in in-
fected cell extracts (25, 42); however, we did not detect any pro-
teins stably bound to STAT1 in either native PAGE experiments or
immunoprecipitations.

We report for the first time that type I Toxoplasma infection
also inhibits the expression of IFN-B-induced genes (Fig. 6A and
B). IFN- signals through a transcription factor complex, ISGF3,
consisting of STAT1, STAT?2, and IRF9. Type I Toxoplasma infec-
tion does not prevent the IFN-B-induced tyrosine or serine phos-
phorylation of STAT1 (Fig. 6C) or the chromatin association of
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STAT1, STAT2, or IRF9 (Fig. 6D). Infection does prevent the
dephosphorylation and nuclear export of IFN-f-activated STAT1
(Fig. 6E), suggesting that type I Toxoplasma infection inhibits
STAT1 homodimer and ISGF3 activity by similar mechanisms.

The Toxoplasma effector responsible for this inhibition is still
unknown. Our results suggest that this factor is not secreted into
the host cell upon invasion, since cytochalasin D- or mycalolide
B-treated parasites cannot inhibit IFN-y-induced gene expression
(Fig. 7). Three major possibilities remain for the identity of the
Toxoplasma effector: (i) a rhoptry or dense granule protein that is
secreted into the host cell upon invasion but must traffic back to
the parasitophorous vacuole (PV) to be modified or to act, (ii) a
small molecule or metabolite that can diffuse or be transported
into the host cell from the PV that activates a host cell protein such
as anuclear receptor, or (iii) a protein that is secreted into the host
cell postinvasion. Future experiments may distinguish between
these possibilities.
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