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Infection-induced T cell responses must be properly tempered and terminated
to prevent immuno-pathology. Using transgenic mice, we demonstrate that T
cell intrinsic STATL signaling is required to curb inflammation during acute
infection with Toxoplasma gondii. Specifically, we report that mice lacking
STATL selectively in T cells expel parasites but ultimately succumb to lethal
immuno-pathology characterized by aberrant Thl-type responses with reduced
IL-10 and increased IL-13 production. We also find that, unlike STAT1, STAT3 is
not required for induction of IL-10 or suppression of IL-13 during acute
toxoplasmosis. Each of these findings was confirmed in vitro and ChIP-seq
data mining showed that STAT1 and STAT3 co-localize at the /l10 locus, as
well as loci encoding other transcription factors that regulate IL-10 production,
most notably Maf and Irf4. These data advance basic understanding of how
infection-induced T cell responses are managed to prevent immuno-pathology
and provide specific insights on the anti-inflammatory properties of STATL,
highlighting its role in shaping the character of Thl-type responses.

KEYWORDS

JAK - STAT signaling pathway, cytokine, STAT1, STAT3, IL-27 (interleukin 27), IL-10
(interleukin 10), toxoplasama gondii, IL-13 (interleukin 13)

Introduction

Toxoplasma gondii is an obligate intracellular parasite that can elicit immuno-
pathology (1, 2). IL-10 deficient mice (11107 offer a striking example in that they
efficiently control parasite replication but ultimately succumb to lethal T cell
hyperactivity (3). Mice lacking IL-27 receptor (II27ra”") bear a similar phenotype and it
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is now understood that IL-27R signaling is critical for T cell IL10
production which, in turn, is critical for limiting pathogenic T cell
responses during infection (4-8). IL-27 can induce IL-10
production from multiple CD4" T cell subsets, including FoxP3
PO T regulatory (Treg), FoxP3 "¢ Trl, Thl and Th17 cells (7-14).
IFN-y-producing Thl cells are the main source during acute
toxoplasmosis, so they are the focus here (15). Crucially, IL-10
production enables Thl cells to at once encourage and suppress
inflammation, thereby ensuring that it is robust enough to kill
parasites yet tempered to prevent tissue damage (16). Both the IL-27
receptor (IL-27R) and IL-10 receptor (IL-10R) mobilize the JAK-
STAT signaling pathway, with STATI and STAT3 viewed as key
downstream mediators. Prior work has shown that STAT1 and
STATS3 are each required for IL-27-driven IL-10 production in vitro
(8, 17), but whether they are required in vivo remains to be
determined. Prior work has also showed that STAT3
hyperactivity can suppress protective Thl responses following
infection with T. gondii but, again, the impact of STAT3 loss-of-
function remains unclear (18).

Due to its central role in anti-viral and anti-microbial pathways,
STAT1 is generally viewed as a pro-inflammatory transcription
factor (19). Accordingly, STATI has multiple downstream
functions that encourage protective Thl responses during
infection with T. gondii. Chief among these is its ability to induce
expression of T-bet (Tbx2I), a transcription factor that underlies
key aspects of the Th1 differentiation program (20-23). Crucially,
IL-27 is a potent T-bet inducer in CD4" T cells and does so mainly
via STAT1, which localizes to the Tbx2I (T-bet) locus and thereby
instructs transcription (17, 24-26). It is also important to note that,
unlike 1127ra”" mice, Stat1”” and Tbx21”" mice are each unable to
control T. gondii replication, attendant to defective Th1 responses
(27, 28). STAT1 also has important anti-inflammatory functions
that are relevant for toxoplasmosis. Notable among these is its
ability to limit Th2- and Th17-type responses (29-34), which it
achieves, in part, by localizing to and modulating expression of key
genes involved with these subsets, including cytokines IL-4, IL-13,
IL-17A, IL-17F and IL-22, and transcription factors Gata-3, RORo.
and RORyt (17). It also influences Treg, a CD4" T cell subset that is
specialized to curb immunopathology (35). Specifically, IL-27-
driven STAT1 signaling induces expression of T-bet in Treg,
thereby ensuring that they co-localize with Thl and Tcl cells due
to analogous, T-bet-driven changes in chemokines, chemokine
receptors and adhesion molecules (9-11). Thus, STAT1 has both
pro- and anti-inflammatory functions that are critical for mounting
effective T cell responses against T. gondii.

Using a genetic approach, we demonstrate that mice lacking
STAT]1 specifically in T cells are able to control T. gondii replication
but ultimately succumb to lethal immune-pathology characterized
by aberrant Thl cells with conspicuously reduced IL-10 and
elevated IL-13 production. Importantly, ChIP-seq data mining
also showed that, downstream of interleukin-27, STAT1 localizes
to both the 1110 and 1113 loci downstream of interleukin-27, and to
loci encoding transcription factors known to regulate IL-10
production, most notably Maf and Irf4. Conversely, STAT3 was
dispensable for both promoting IL-10 and suppressing IL-13
production, despite the fact that it often co-localizes with STAT1
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at these and other relevant gene loci (e.g. Maf, Irf4). Taken together,
our data connect the dots between IL-27R and IL-10 in the context
of T. gondii infection and advance the idea that STAT1 signaling
endows Thl cells with anti-inflammatory properties necessary to
prevent immuno-pathology.

Results

T cell intrinsic STAT1 signaling is required
for resistance to T. gondii

To study T cell intrinsic STAT1 signaling, we generated Stat1 "~
X0 mice which lack STAT1 selectively in CD4" and CD8" T cells
starting at the double-positive stage of thymic development. Prior to
infection, total CD4" and CD8" T cells counts were comparable to
WT littermates, although, consistent with studies in Stat1”~ mice
(36), effector and memory cells were increased, as were FOXP3*
Treg (Figures S1A-G). Crucially, baseline frequencies of IFN-y
producing CD4" and CD8" T cells were also comparable to WT
controls (Figure S1I).

TKO mice were

Strikingly, upon challenge with T. gondii, Statl
able to control parasite replication but invariably succumbed 1-2
weeks post infection (Figures 1A-C). This was in stark contrast to
WT controls, which typically survived to chronic disease (>1
month), and Stat1”" mice, which had rampant parasites
(Figure 1C). We also noted histological lesions in spleen, liver
and lungs reminiscent of I110-/- and II27ra-/- mice infected with T.
gondii (Figure S2A) (3, 4). Total splenic CD4" and CD8" T cells
were respectively lower and higher in Stat1 "9 mice (Figure 1D),
and both lineages were sharply reduced at the site of infection (i.e.
peritoneum), likely reflecting efficient parasite clearance
(Figure 1D). Consistent with this latter point, serum levels of
IFN-y and IL-12p40, key cytokines driving anti-Toxoplasma

KO mice

responses (1, 2, 37), were substantially higher in StatI
that in WT controls (Figure S2B). Taken together, these data
establish that T cell intrinsic STAT1 signaling is required for
resistance to T. gondii and point to anti-inflammatory properties
as most relevant.

To further assess T cell responses, we made single cell
suspensions from spleens and peritoneal exudates (PEx) at seven
days post-infection, then measured IFN-y production in response to
soluble Toxoplasma Antigen (sTAg) or agonist anti-T cell receptor
antibodies (anti-CD3e). IFN-v is produced by both CD4" Th1 and
CD8" Tcl effector T cells, and strictly required for resistance to T.
gondii (2). It is also a key STAT1 stimulus and, like STAT1, known
to have anti-inflammatory properties (38). Frequencies of IFN-y"
CD4" and IFN-y" CD8+ T cells were comparable between WT and
Statl " ° mice at seven days post-infection with one notable
exception: splenic CD4" T cells re-stimulated with anti-CD3e
(Figure 1E and Figure S3A). However, it should also be noted
that due to differences in overall cellularity (Figure 1D), there were
always fewer total IFN-y* CD4" and more total IFN-y" CD8"

present in Statl T-KO cultures, regardless of re-stimulation
conditions (Figures S3B, C). Nevertheless, it is clear that despite a

key role in vitro and other in vivo settings (22, 29), T cell intrinsic
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FIGURE 1

T cell intrinsic STAT1 signaling limits immuno-pathology in mice challenged with T. gondii. (A) Kaplan—Meier plot shows survival of infected WT and
STAT1 "*° mice. (B) Bar plot shows amplification of T. gondii DNA in livers at day 7 post-infection. Negative AACt values indicate that parasite DNA
is less abundant than mammalian DNA. (C) Scatter plot shows parasite counts from peritoneal exudates (PEx) at day 7. S1 = Statl 7%©; S17/- = Stat1”~
(pan-cellular KO). (D) Scatter plots show T cell counts in spleen and PEx at day 7. (E-H) Single cell suspensions from spleens and PEx were cultured
overnight with soluble Toxoplasma antigen (sTAg) or immobilized anti-CD3e. (E) Box plots show percentages of IFN-y* cells within the CD4* and
CD8* compartments at day 7. (F, G) Box plots show percentage (F) and total (G) T-bet* IFN-y* cells at day 7. (H) Flow cytometry contour plots show
T-bet versus IFN-y in splenic CD4" T cells stimulated with anti-CD3e (day 7). (I) Left box plot show percentage of FoxP3™ CD4" in spleen and PEx at
day 7. Right box plot shows mean fluorescence intensity for T-bet within FOXP3* Treg. (I) Flow cytometry contour plots show T-bet and IFN-y in
splenic CD4* FoxP3* T cells stimulated with anti-CD3e (day 7). (A—J) Color scheme from (A) is valid for all panels. Data are pooled from 3

experiments, each with at least 2 mice per group. Stars denote unpaired t-

test p values <0.05 relative to WT controls. All box plots contain at least 3

biological replicates/group and points denote individual replicates. (H, J) Data are representative of 4 separate experiments.

STAT1 signaling is not strictly required for IFN-y production
during acute toxoplasmosis.

T-bet is a key driver of T cell interferon production and Thl
differentiation (21). Given that T-bet is directly induced by STAT1
(22, 23) and required for resistance to T. gondii (27), we quantified
T-bet” IFN-y" T cells at day 7 post-infection. This analysis revealed a
clear difference between the CD4" and CD8" compartments; CD4"
T-bet" Thl cells were significantly reduced in Statl "° mice but
CD8" T-bet" Tcl cells were not (Figures 1F, G and Figure S3A). Thus,
we conclude that STAT1 is required for optimal Thl-type responses
but dispensable for parallel Tcl-type responses. However, we also
emphasize that T-bet” IFN-y" CD4" T cells were still plainly evident in
Stat1 "0
mechanisms are also in play, as previously suggested (28).

STATI both inhibits de novo Treg differentiation (39) and
induces expression of T-bet in mature Treg, thereby enhancing

mice (Figure 1H), suggesting that STAT1-independent

their capacity to suppress Thl- and Tcl-type responses (9, 40, 41).

Both properties were evident in Statl 7

mice following infection
with T. gondii. The overall frequency of CD4" Foxp3" Treg was
increased relative to WT controls while, at the same time, the
proportion of those expressing T-bet was sharply reduced
(Figures 11, J). Given that T-bet” Treg are defective in the context
of T. gondii infection (42), we interpret that a lack of T-bet* Treg
likely contributes to emergence of pathogenic T cell responses in

Stat] 7O mice.
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STAT1 deficiency results in aberrant
Thl responses

Considering that Stat1 "™©

Tcl responses when challenged with T. gondii, we reasoned that

mice generate robust Thl and

STATI1 deficiency may unleash pathogenic aspects IFN-y-
producing T cells. To engage this hypothesis, we sorted IFN-y
producing CD4" T cells from infected WT and Stat1 "~ mice and
compared transcriptomes by RNA-seq (Figure 2A and Figure S4A).
Downstream analysis uncovered >1000 Differentially Expressed
Genes (DEG), 74% of which were higher expressed in STATI-
deficient cells (Figure 2A and Table S1). Next, we tested positive and
negative DEG for biological pathway enrichment against the KEGG
database. Predictably, almost all enrichment was contained within
the larger negative fraction (i.e. DEG that were higher expressed in
Stat1 "X9), with T cell and Toxoplasma related pathways
prominently represented (Figures 2B, S4B, C and Table S2).

The surprise came when we inspected the ‘hits’ within these
pathways and found several genes involved with Th2- and Th17-
type responses (Figure 2B). This was remarkable because Th2- and
Th17-type cells are typically scarce during acute toxoplasmosis.
Two Th2-related hits, l[4ra and 113, were especially notable because
they were substantially expressed (TMP >10; Figure 2B). The rest
were far less abundant, typically < 5 TPM (Figure 2B). Flow
cytometry confirmed that IFN-y" IL-13" double-positive CD4™ T
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FIGURE 2

Aberrant Thl responses in the absence of STATL. (A) Cartoon shows experimental design for transcriptome studies. Volcano plot shows positive (red)
and negative (blue) DEG. See Figure S4A for sort gating and Table S1 for full DEG list. (B) Positive and negative DEG were tested for biological
pathway enrichment against the KEGG database. Line graph shows p values and p value ranks for all intruded pathways. Select pathways are noted.
Full dataset in Table S2. MA plot shows all genes from the KEGG Th1/Th2, Th17 and toxoplasmosis pathways. Select genes are called out and color
coded based on the T cell subset that they are most associated with. (C, E) Flow cytometry contour plots show (C) IL-13 or (E) IL-10 versus IFN-yin
splenic CD4* T cells stimulated with anti-CD3e on day 7 post-infection. (D, F) Box plots show percentage of CD4" single-positive (D) IL-13" or (E)
IL-10" cells in spleen and PEx stimulated with antiCD3e on day 7. (A, B) Data are from one experiment with 2 biological replicates per group. (C, E)
Data are representative of 4 separate experiments. (D, F) Data are pooled from 3 experiments, each with at least 2 mice per group. Stars denote
unpaired t-test p values <0.05 relative to WT controls. All box plots contain at least 3 biological replicates/group and points denote individual

replicates.

cells were readily detectable in Stat1 " ° mice at day 7 post-

infection (Figures 2C, D, S3C), while IFN-y" IL-4" and IFN-y" IL-
17A" double-positive cells were not (Figures S3C-G). However,
while far less abundant than IL-13" single-positive cells (Figure
S3C), IL-4" and IL-17A" single-positive cells were still increased
relative to WT controls (Figures S3D-G), consistent with prior
work showing that STAT1 can suppress Th2- and Thl7-type
responses (29, 43, 44). Flow cytometry also confirmed that IL-13"
CD4" T cells express high levels GATA3, the lineage-defining
transcription factor for Th2 cells (Figure S3H). Transcript levels
for II5, another emblematic Th2 cytokine, and Il17f, another
emblematic Th17 cytokine, were as low as Il4, suggesting that the
former are also not evident at protein level (Figure 2B and Figure
$3D). Thus, T cells from infected Statl 7 mice appear poised to
express multiple Th2- and Th17-type cytokines but IL-13 is
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uniquely de-repressed and, given its pro-inflammatory nature, we
propose that it contributes to the attendant immuno-pathology.
Aside from negative DEG, we also considered the possibility that
positive DEG may contribute to the aberrant T cell responses seen in
Statl "X° mice. We were immediately drawn to IL-10, which is
required to suppress T cell responses during infection with T. gondii,
as well as numerous other pathogens (16, 45). Strikingly, we found
that IL-10 was dramatically reduced at both transcript and protein
levels relative to WT controls (Figures 2B, E, F). We also noted that
double-positive IFN-y" IL-10" cells, the main IL-10 producers in WT
mice, were scarce in Statl T X° mice (Figure 2E), and that IL-10-
producing Treg cells were also diminished (Figure S5), suggesting
that STAT1-driven IL-10 production may be relevant across T cell
subsets. Consistent with this latter point, serum IL-10 was
also diminished, indicting systemic failure of IL-10 production
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(Figure S2B). Given the many known anti-inflammatory properties
of IL-10, we interpret that diminished production of this cytokine

KO mice

likely contributes to immune-pathology in Statl
challenged with T. gondii.

Along with anti-inflammatory features, our RNA-seq studies
also illustrate pro-inflammatory features of STAT1 that are relevant
during T. gondii infection. Ifng and Tbx21 transcripts were each
comparable to WT controls, likely due to the pre-selection of IFN-
v" cells, but both IL-12 receptors subunits were sharply reduced in
STAT1-deficient cells (Figure 2B). This is in line with prior work
showing that STATI induces expression of Il12rbl and Il12rb2
and notable here because IL-12 can include both IFN-y and IL-10
production in T cells, and is strictly required for resistance to T.
gondii (37). Taken together, our cytometry and RNA-seq studies
affirm that T cell intrinsic STAT1 signaling has both pro-and anti-
inflammatory functions which are critical for resistance to T. gondii
and further argue that only the latter are nonredundant.

STATL instructs IL-10 and IL-13 production
in Thl cells

STAT family transcription factors control gene expression in
both direct and indirect ways (46). Direct regulation involves
binding to DNA regulatory elements, most notably promoters
and enhancers, and thereby instructing transcription of associated
genes. Indirect regulation can take many forms but, here, we will
focus on the ability of STATs to induce expression of other
transcription factors which, in turn, mediate downstream effects.
To address direct regulation, we cross-referenced DEG from our
transcriptome studies with a STAT1 ChIP-seq dataset captured in
CD4" T cells cultured with IL-6 or IL-27 (Table S3) (17). This
analysis revealed a near even split between STATI bound and
‘unbound’ DEG, indicating that both direct and indirect forms of
regulation are relevant (Figure 3A). We were also struck by the
appearance of both IL-10 and IL-13 among the STAT1 bound
fraction as they have reciprocal expression patterns (i.e. positively
versus negatively regulated) and likely play opposing roles during
acute toxoplasmosis (i.e. anti- versus pro-inflammatory) (Figure 2B
and Figure 3B).

A B
DEG o
WT vs S1-KO
NC: STAT1 40
A
STAT1 Not
-6: 40
Bound 1B Bound IL-6: STAT1
IL-27: STAT1 L 40
I A 1 1 1
132,915 chr1 132,925 118,220
FIGURE 3

10.3389/fimmu.2023.1212190

To further explore their relationship to STAT1, we curated a list
of transcription factors that are known to regulate IL-10 or IL-13
and asked which are proximally bound downstream of IL-27 (Table
S4) (10, 45, 47-50). Surprisingly, we found that, while only a select
few were called DEG in our transcriptome studies, nearly all were
strongly bound by STAT1 (Figure 3C and Figure S6). Given the
ambiguity of genes bound by STAT1 but not called DEG, which
cannot be readily included or excluded as direct targets, we next
focused on genes that met both criteria. MAF immediately stood
out because it is both critical for T cell IL-10 production and
strongly diminished in STAT1-deficient cells (Figures 3B, C). By
contrast, Irf4 was higher expressed in STAT1-deficient cells, as were
AP-1 family transcription factors Jun and Junb (Figures 3B, C and
Figure S6). Also notable, STAT1 itself was the most strongly bound
IL-10 regulator (Figure 3C), in line with the long-standing notion
that STATs induce themselves (46). Taken together, these data
argue that STAT1 controls T cell IL-10 and IL-13 production
through both direct and indirect mechanisms.

Distinct roles for STAT1 and STAT3 in
limiting aberrant Thl responses

We and others have shown that STAT3 signaling is enhanced in
STAT1-deficient T cells, leading to enhanced STAT3-driven gene
transcription (17, 51). Thus, we were intrigued to find that ‘STAT3
signaling’ was among the most enriched pathways in Th1 cells from
infected Statl "° mice (Figure 4A). Building on this finding, we
confirmed that phosphorylation of STAT3 at tyrosine 705, the
instigating event for canonical STAT3 signaling, is enhanced in
STATI1-deficient T cells. Importantly, increased STAT3
phosphorylation was evident whether cells were cultured with IL-
27, a potent activator of both STAT1 and STATS3, or IL-21, a potent
STATS3 activator but lesser STATI activator (Figures 4B, C).

To further probe the relationship between STAT1 and STAT3,
KO mice with Stat3 ™S

germline transgene encoding a dominant negative form of STAT3

we crossed Statl mice, which bear a
that impairs DNA binding (52). Of note, this mutation is commonly
found in humans afflicted with Hyper IgE Syndrome (HIES), a
disease characterized by severe immunological abnormalities,

C
Maf 4 3 IL-10 and IL-13 Regulators
=l H=H i 3
o
20 16 rd
ik
20 1 l 16 <
i A 4
| 20 i 16 -3

T T T 1 10 100 1000

chr8 118,240 53,420 chr11 53,460 STAT1 Peak Score Sum

STAT1 directly engages 1110, 113 and key upstream regulators. (A) DEG from Figure 2A were cross-referenced with STAT1 ChlIP-seq data captured in
CD4" T cells cultured with IL-27. Pie chart shows proportion of DEG that are proximally bound by STAT1. (B) Genome browser tracks show STAT1
localization at the /110, Maf and extended /(13 loci. (C) Scatter plot shows cumulative STAT1 peak amplitude and transcript fold change (WT versus
STAT1 T¥O) for transcription factors known to regulate IL-10 and/or IL-13. Full listing in Table S4. Dotted red lines denote 2-fold changes.
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Enhanced STAT3 signaling in the absence of STATL. (A) DEG from Figure 2A were tested against the Molecular Signatures Database. Line graph
shows p values and p value ranks for all intruded pathways. Select pathways are noted. Full dataset in Table S2. (B, C) Naive CD4" T cells were
purified from uninfected WT and STAT1 "™*© mice, then activated and cultured in the presence of IL-27 or IL-21. (B) Flow cytometry histograms
show modal renderings of STAT1 and STAT3 phosphorylation (p-Y701 and p-Y703, respectively). (C) Line graphs show percentages of cells with high
p-STAT1 and/or pSTAT3 levels across the indicated cytokine concentrations. (A) Data are from one experiment with 2 biological replicates per
group. (B) Data are representative of 5 separate experiments. Mean fluorescent intensity is noted. (C) Data are pooled from 3 experiments. Stars
denote unpaired t-test p values <0.05 relative to WT controls (no cytokine).

including massively elevated serum immunoglobulins impaired
vaccination responses, and impaired Th17-type responses leading
to recurrent fungal and bacterial infections (53). The resulting StatI
T-KOHIES mice therefore lack STAT1 selectively in T cells and have
reduced STAT3 activity in all cells. They were born at expected
mendelian rations and indistinguishable from WT littermates in
terms of appearance and lifespan (not shown). This was in line with
prior studies on the parent Stat3 HIES otrain (52) but in stark
contrast to humans afflicted with HIES, most of whom exhibit
severe developmental and skeletal defects (53). Notwithstanding,

the progeny Stat1 KO HIES HIES

strain mirrored the parent Stat3
strain in that both bore key immunological features of HIES,

including prominent serum IgE (Figure S2C) and impaired Th17

strain in terms of increased CD8" T cell IFN-y production (Figure
S1I), and, notably, far eclipsed them in terms of serum IgE levels
(Figure S2C). Most of the other immunological features that were
considered, including total and memory CD8" T cells, more closely
T-KO strain (Figures S1D-F).

mice largely phenocopied Stat1 " mice when

resembled the parent Statl

Stat] TKO HIES
challenged with T. gondii. They were able to control parasite
replication but ultimately succumbed to immune-pathology
characterized by aberrant, IL-13 producing Thl cells (Figures 5A-
E). STAT3 "5 mice also cleared the parasites and succumbed to
immunopathology but T cells from these animals produced
substantially more IFN-y than WT controls and did not produce
IL-13 (Figures 5A-E). It was also notable that StatI 1-KO HIES 1hice

. . HIE. . . .
responses (Figures S7A, B). They also mirrored the parent Stat3 ¥ varied from both parental strains in terms of total CD4* and CD8*
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FIGURE 5

Distinct roles for STAT1 and STAT3 in limiting aberrant Th1 responses. (A) Kaplan—Meier plot shows survival of infected WT, STAT1 "K©, STAT3 HIES
and STAT1 "K© HIES mice. Genotype color scheme shown in (D). (B) Scatter plot shows parasite counts from PEx at day 7 post-infection. (C) Bar plot
shows PCR amplification of T. gondii DNA relative to mammalian DNA in livers at day 7. (D, E) Single cell suspensions from spleens and PEx were
cultured overnight with immobilized anti-CD3e. (D) Box plots show percentages of CD4* single-positive IFN-y * or IL-13" cells within spleen and
PEx at day 7. (E) Flow cytometry contour plots show IL-13 versus IFN-y in splenic CD4" T cells stimulated with anti-CD3e on day 7. Data are
representative of 4 separate experiments. (F) Scatter plots show CD4" and CD8" T cell counts in spleens at day 7. (A-F) Color scheme from (D) is
valid for all panels. Data are pooled from 3 experiments, each with at least 2 mice per group. Stars denote unpaired t-test p values <0.05 relative to
WT controls. All box plots contain at least 3 biological replicates/group and points denote individual replicates.

Frontiers in Immunology

06

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1212190
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Schultz et al.

T cell counts (Figure 5F). Nevertheless, we can conclude that
STATI1 is uniquely required to limit outgrowth of IL-13-
producing Th1 cells during acute toxoplasmosis.

STAT1 and STAT3 have each been implicated in the generation
of IL-10-producing T cells during T. gondii infection (8). However,
despite strong in vitro evidence, neither has been shown to be
strictly required in vivo. Thus, we were intrigued to find that CD4"*
IEN-y* IL-10" T cells were nearly absent in Star] *%0 HIES
not STAT3 ™5 mice, which were comparable to WT controls
(Figures 6A, B). These data formally establish that STATI is
dominant in vivo, so we next compared IL-10 production in vitro

mice but

under conditions that mimic the inflammatory milieu of acute
toxoplasmosis. Specifically, naive CD4" T cells were cultured in the
presence of IL-12 and IL-27, then cytokine production assayed by
flow cytometry. Again, we found that the frequency of double-
positive IFN-y" IL-10" and single-positive IL-10" events was far
lower in Stat1 "% and Stat1 "° "™ cultures than in STAT3 "
cultures, indicating that STAT1 indeed is the dominant inducer of
IL-10 under strongly Th1 polarizing conditions (Figures 6C, D).
Given present and past evidence that STAT1 and STAT3 each
promote T cell IL-10 production, we compared their distributions
across relevant gene loci. To that end, we cross-referenced the STAT1
ChIP-seq dataset referenced above with a STAT3 ChIP-seq dataset
that was also captured in CD4" T cells treated with IL-27 (17), and a
STAT4 ChIP-seq dataset captured in CD4" T cells treated IL-12 (54).

10.3389/fimmu.2023.1212190

The latter was included because IL-12-STAT4 signaling is prevalent
during acute toxoplasmosis and prior work has shown it to be
important for T cell IL-10 production (55, 56). Notably, we found
that STAT1, STAT3 and STAT4 co-localized at >3000 genomic
regions (Figure 6E and Table S5), including multiple sites along the
proximal I110 locus and sites associated with key IL-10 regulators,
particularly MAF and IRF4 (Figures 6E, F, S6 and Table S5). Thus,
STAT1, STAT3 and STAT4 appear to compete for access to DNA
regulatory elements that control expression of IL-10 and key
upstream transcriptional regulators.

Discussion

Using Stat1 Ko

to control parasite replication, T cell intrinsic STAT1 signaling is

mice we demonstrate that, while not necessary

required to curb immuno-pathology during acute toxoplasmosis.
This phenotype is in stark contrast to Stat1”
overrun by parasites and, thus, illustrate vital pro-inflammatory

mice, which are

aspects of STAT1 (28). However, it is much like the phenotype of
11107 and II127ra” mice, in line with the idea that IL-27 is a major
STATTI activator which, in turn, is a major IL-10 inducer (57).
Infected Star1 K
responses with diminished IL-10 and increased IL-13 production. It
remains to be determined if IL-10 and/or IL-27 are also required to

mice are further characterized by aberrant Thl
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FIGURE 6

STAT1 is uniquely required for IL-10 production under Thl polarizing conditions.(A, B) Single cell suspensions were made from spleens and PEx at
day 7 post-infection and cultured overnight with immobilized anti-CD3e. (A) Box plots show percentages of single-positive IL-10" cells within the
CD4" compartment. Data are pooled from 3 experiments, each with at least 2 mice per group. (B) Flow cytometry contour plots show IL-10 versus
IFN-y in splenic CD4" T cells. (C, D) Naive CD4™ T cells were purified from uninfected mice, then activated and cultured in the presence of IL-12
and/or IL-27 for 72 hours. (C) Box plots show log2 fold change in percentage of IL-10% CD4* cells relative to WT controls. Data are pooled from 3
experiments, each with 1 mouse per group. (D) Flow cytometry contour plots show IL-10 versus IFN-yin CD4" cells cultured with IL-12 and IL-27.
(E) STATL, STAT3 and STAT4 ChlIP-seq datasets were cross-referenced. Venn plot enumerates overlapping genomic regions. Blue union denotes
regions bound by all 3 STATSs. Pie chart shows proportion of IL10 and IL-13 regulators (from Figure 3C) that are proximally bound by STAT1, STAT3
and STAT4. Full listing in Table S4. (F) Genome browser tracks show STAT co-localization at the /10 and Maf loci. (A—D) Stars denote unpaired t-test
p values <0.05 relative to WT controls. All box plots contain at least 3 biological replicates/group and points denote individual replicates.
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limit IL-13 production during acute toxoplasmosis. However, it is
known that IL-27 limits IL-13 production in models of Th2-type
inflammation, that it limits IL-13" Th1 cells during infection with
Sendai virus, and that STAT]I limits IL-13" Th1 cells in settings of
immunization and autoimmune disease (56-59). Here, we
demonstrate that Statl 8© mice exhibit each of these properties
during infection with T. gondii and further establish that STAT1
directly binds not only the 1110 and 1113 loci, but also loci encoding
other transcription factors that modulate IL-10 and IL-13
production, most notably MAF and IRF4.

As with T. gondii, mice lacking STAT1 selectively in T cells (Statl
LekCre mice) are able to control Listeria monocytogenes infection, in
fact better that WT controls, but ultimately succumb to
immunopathology (60). Given this parallel, it is important to
consider that Statl T5° mice (and likely Statl Lek-Cre

bear evidence of chronic inflammation before infection. Consistent

mice) already

with prior work showing that pan-cellular Stat! " mice are prone
to inflammatory disease (36), we find that effector/memory CD4" and
CD8" T cells accumulate in Statl " mice at steady state (Figures
SIE, F) However, CD4" FOXP3™ Treg were also increased (Figures
S1G, H) and baseline frequencies of IFN-y producing CD4" and CD8"
T cells were comparable to littermate controls (Figure S1I). These latter
findings contrast prior studies with Statl “© mice (30), likely due to
differences in ex vivo re-stimulation protocols, and suggest that T cells
from Stat1 TK°

Nevertheless, accumulation of effector/memory T cells at steady state
T-KO

mice are not broadly hyper-inflammatory.
raises the possibility that immunopathology in Statl mice is not
driven by excessive responses to Toxoplasma-derived antigens but,
rather, from bystander activation of autoreactive cells that were already
present and primed prior to infection. Further studies addressing
antigen specificity of IFN-y" T cells before and after challenge would
help distinguish between these non-exclusive scenarios.

STAT3 is considered both a key upstream inducer and
downstream mediator of IL-10 (48). Using mice that express a
dominant negative form of STAT3 (Stat3 HIES) e demonstrate that
the former is not critical during acute T. gondii infection. Like StatI
KO mice, Stat3 "5 mice are able to control parasite replication yet
succumb to lethal immuno-pathology. However, Thl cells from
Stat3 HES mice do produce IL-10 and not IL-13, similar to WT
controls. Given that Stat1™<© 7S Ko
rather than Stat3 "5

over STAT3 in each context. However, since the HIES transgene

mice phenocopy Statl mice

mice, we interpret that STAT1 is dominant

restricts STAT3 activity in all cells (52), we also cannot interpret

findings from Statl T-KO HIES

mice solely through the lens of T cell
intrinsic effects. Nevertheless, it is clear that STAT3 is not strictly
required for optimal T cell IL-10 production or suppression of
aberrant IL13" Thl responses during acute T. gondii infection.
STAT family transcription factors control gene expression via
both direct and indirect mechanisms (46). Direct regulation involves
STATs binding to DNA regulatory elements associated with a given
gene, most notably promoters and enhancers, and thereby instructing
transcription. Indirect regulation can take many forms. Here, we
focused on the ability of STATs to induce expression other
transcription factors which, in turn, modulate 1110 and IlI3 gene
expression. Building on prior studies showing STAT1 and STAT3 are
each required for IL-27-driven IL-10 production in vitro (8), we
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assessed whether they directly engage gene loci for IL-10 and/or
upstream regulators. Indeed, we found that STAT1 and STAT3 co-
localized near 1110 and several relevant transcription factors.
Regarding the latter, MAF and IRF4 stand out because each is
thought to be induced by STAT3 and necessary for optimal T cell
IL-10 production (10, 47, 49). Also, unlike most of the other
transcription factors that we considered, both registered as DEG in
our transcriptome studies, although only MAF appeared positive
regulated. Given that STAT1 and STAT3 occupy the same sites at I/10
and other relevant gene loci, these findings argue for a ‘zero sum’
scenario whereby STAT1, STAT3 and possibly STAT4 compete for
access to the same DNA regulatory elements. However, this does not
preclude the possibility of cooperation. For instance, STAT1 and
STATS3 could simultaneously occupy district sites within a given locus
or separately control expression of other genes (ie. transcription
factors) which, in turn, cooperate at a given locus. Transcellular
collaboration should also be considered; STAT1 induces T cell IL-10
production which, in turn, activates STAT3 in myeloid cells. STAT
co-localization can also mediate antagonism. For instance, STAT1
and STAT3 co-localize at the Ifng, Tbx21, Il17a and Rorc loci in T
cells but have opposing effects on gene transcription (17). This may
also be the case at the IL-13 locus where STATT1 is clearly a negative
regulator while STAT3 is clearly not. Taken together, the data
presented here strengthen ties between STAT1 and STAT3 and
highlight their ability to elicit IL-10 production from CD4" T cells.
Beyond a lack of IL-10 production, there are other notable
similarities between Stat] "X° and I127ra”" mice. One is the
paucity of T-bet-expressing Treg. Prior work has shown that
STAT1 activating cytokines induce T-bet expression in Treg which,
in turn, enables them to efficiently suppress Th1 type responses (9, 40,
41, 61). It is also understood that IL-27R is required for accumulation
of T-bet" Treg in mice challenged with T. gondii, and that STAT1 is
required for IL-27-driven induction in vitro (9). Here, we connect the
dots by demonstrating that STAT1 is critical in vivo, leading us to
conclude that a lack of T-bet” Treg likely contributes to the

T-KO

outgrowth aberrant Thl responses in Statl mice challenged

with T. gondii. There were also notable differences between Stat1 "™<©
and I127ra”" mice (4). Among these is the fact that CD4" T cells were
clearly more impacted than CDS8" T cells in Stat1 TX°, and that IFN-
y" CD4" Thl cells are not amplified. This latter finding suggests that
IL-27R employs STAT1-independent mechanisms to control
expansion of Thl cells and, in turn, that STAT1 is more involved
with enforcing self-regulation (i.e. IL-10 production) and suppressing
unwanted IL-13 production. Given the prevalence of STAT1 stimuli
in settings of acute and chronic inflammation, and the importance of
IL-10 across infectious and autoimmune diseases, this finding may be
relevant for a broad range clinical settings where T cell STATI
signaling is either invoked or suppressed.

Methods
Animals

Statl flox/flox mice were generated as described (62),
backcrossed to C57Bl/6 (>8 generations), and further crossed with
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C57Bl/6 Cd4 Cre mice (stain: 022071 from Jackson Labs, USA) to
generate Statl "X° mice. STAT3 "5 mice were generated as
described (52) and crossed Statl TX° to generate Statl TKO HIES
mice. Statl”” mice were purchased from Taconic labs (USA) and
backcrossed to C57Bl/6 (>8 generations). Wild type C57BL/6] mice
were purchased from Jackson Labs (Strain: 000664). For antibody
quantification, serum was collected from 12-16-week-old cohorts of
uninfected mice and assayed using LEGENDplex assays (service by
Biolegend, USA). For histology, lungs, livers and spleens were
dissected at day 7 post-infection, then processed for H&E
staining. Blinded scoring was performed by a veterinary
pathologist. Both male and female mice were used, and all
cohorts were sex and age matched. Animals were housed and
handled in accordance with NIH and University of Miami
guidelines and all experiments approved by the respective Animal
Care and Use Committees.

T. gondii infection and quantification

Mice were injected intraperitoneally with approximately 20
cysts of the avirulent ME49 strain of T. gondii, as described (63).
Parasite burden was determined by microscopy, specifically by
counting infected cells within cytospin smears obtained from
Peritoneal Exudate cells (PEx), or by PCR to detect the T. gondii
Bl gene in DNA from whole lung, liver and spleen samples as
described (64). PCR data are presented as p-ddct comparing
amplification of the Bl gene relative to the mammalian IL-2 locus
such that negative values indicate that the parasite DNA is less
abundant. All quantification was performed at day 7 post-infection.

Ex vivo re-stimulations

Single cell suspensions were made from spleens and peritoneal
exudates at day 7 post-infection as described (65). 0.5-1 x 1076
cells/ml were then stimulated with either soluble Toxoplasma
antigen (sTAg; 10 pg/ml) or plate bound anti-CD3e (10 ug/ml;
clone 17A2; BioXcell, USA). 18 hours later, cultures were pulsed
with Brefeldin A for 2-3 hours (BFA; 10 pg/ml; Sigma, USA), then
processed for intracellular flow cytometry. All cultures were in
RPMI-1640 medium supplemented with 10% fetal calf serum, 1%
sodium pyruvate, 1% nonessential amino acids, 10 mM HEPES,
0.1% [B-Mercaptoethanol, 100 U/ml penicillin and 100 mg/ml
streptomycin. For intracellular flow cytometry, cells were washed
in phosphate-buffered saline supplemented with 0.5% bovine serum
albumin and 0.1% sodium azide, then fixed and permeabilized with
Cytofix/Cytoperm (BD Biosciences) and stained with
fluorochrome-labeled anti-cytokine antibodies, in conjunction
with fluorochrome labelled anti-mouse CD4, CD8, CD25, CD44,
FOXP3, GATA3 and/or T-bet. Dead cells were excluded using Live/
Dead aqua (Thermo Fischer). All antibodies were purchased from
Thermo Fisher, BD Biosciences or Biolegend.
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In vitro T cell cultures

Naive CD4" T cells (CD4* CD44'°Y CD25") were sorted from
pooled lymph nodes and spleens of uninfected mice (>95% purity).
1 x 1076 cells/ml were then stimulated with plate bound anti-CD3e
(10 pg/ml; clone: 17A2; BioXcell) and soluble anti-CD28 (1 pg/ml;
clone;37.51 BioXcell) in the presence of IL-6, IL-12, IL-21 and/or
IL-27. 72 hours later, cultures were pulsed with phorbol 12-
myristate 13-acetate (PMA; 50 ng/ml; Sigma, USA) and
Ionomycin (500 ng/ml; Sigma, USA) for 4 hours in concert with
Brefeldin A for the final two hours (BFA; 10 pg/ml), then processed
for intracellular flow cytometry. For detection of phospho-STAT
proteins, cells were cultured with anti-CD3e and anti-CD28 alone
for 48 hours, pulsed with cytokine for 1 hour (without PMA,
Ionomycin or BFA), then processed for intranuclear flow
cytometry. Briefly, these were fixed with 2% formaldehyde,
permeabilized with 100% methanol and stained with
fluorochrome labelled anti-human/mouse pY701 STAT1 (Clone
4a; BD Biosciences) and anti-human/mouse pY703 STAT3 (Clone
4/P-STAT3; BD Biosciences) in conjunction with fluorochrome
labelled anti-mouse CD4, CD25 and CD44. Mouse IL-6, IL-12, IL-
21 and IL27 were purchased from R&D Systems (USA) and used at
10 ng/ml. All cultures contained anti-mouse IL-4 and IFN-y (10 pg/
ml each; clone 11B11 and XMG1.2; BioXcell).

Transcriptome analysis

T. gondii infections and ex vivo sTAg re-stimulations were
performed as above (without BFA), then IFN-y capture assay
performed as described (15). 0.5-2 x 10° PE-labeled, IFN-y-
secreting cells were sorted per group (<90% purity) and
immediate lysed and stored in Trizol regent (Thermo)(Figure
S4A). Total RNA was later purified by phenol-chloroform
extraction with GlycoBlue as co-precipitant (7-15 g per sample;
Life Technologies, USA). Poly(A)+ mRNA was then enriched by
oligo-dT-based magnetic separation and single-end read libraries
prepared with NEBNext Ultra RNA Library Prep Kit (New England
Biolabs, USA). Sequencing was performed with a HiSeq 2500
(Illumina, USA) and 50 bp reads (20-50 x 10° per sample) were
aligned onto mouse genome build mm9 with tophat2, assembled
with cufflinks and gene-level counts compiled with htseq-count. To
minimize normalization artifacts, genes failing to reach an
empirically defined count threshold were purged using htsfilter.
12-14 x 10® genes were typically recovered post filtering, regardless
of genotype or experimental condition. These were normalized and
differentially expressed genes (DEG) called by quasi-likelihood F
testing using edgeR (66). DEG call denotes >2 fold pairwise change
and Benjamini-Hochberg (BH) adjusted p value < 0.05 (Table SI).
Transcripts per million (TPM) were compiled with edgeR. An offset
value of 1 was added to all TPM and those failing to reach a value >2
TPM in any genotype/condition were purged. clusterProfiler (67)
was used for hypergeometric testing (HGT) of positively or negative
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regulated DEG against the KEGG (68) and Molecular Signatures
(MSigDB) databases (Table S2) (69). KEGG pathway maps were
rendered with pathview, and all other plots with ggplot2 or
Datagraph (Visual Data Tools Inc., USA). All data are deposited
to the NCBI Gene Expression Omnibus (GEO) under accession
number :.

ChIP-seq data mining

STATI1, STAT3 and STAT4 ChIP-seq datasets were
downloaded from the NCBI Small Read Archive via GEO
(GSE65621 and GSE22105). STAT1 and STAT3 datasets are from
CD4" T cells cultured in vitro with IL-6 or IL-27 (17). STAT4
dataset is from CD4" T cells cultured in vitro with IL-12 (54). 50 bps
reads were aligned using bowtie and non-redundant reads mapped
to mouse genome mm9 with macs2 with default settings and input
controls as reference for peak calling (70). homer was used to
annotate peaks and test for DNA motif enrichment. bedtools
intersect was used for peak overlap analysis using the -wa option.
Gene proximal peaks were defined as occurring within introns,
exons, UTRs or <20 kb of transcriptional start or end sites. Genome
browser files were rendered with IGV.

Statistics

Statistical variances and distributions were measured by paired t
test or ANOVA, as indicated. Bonferroni correction was used to
account for multiple testing in RNA-seq and ChIP-seq datasets.
When present, error bars denote standard deviation across >2
biological replicates.
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SUPPLEMENTARY FIGURE 1

Pre-infection T cell compartments. (A-G) Ex vivo cytometry data from
spleens of uninfected mice (A) Contour plots show CD3e versus CD19
within the viable lymphocyte gate. (B) Box plots show total CD3e* CD19™ T
cells or CD3e” CD19" B cells. WT = Wild Type; S1 = Stat1 ""%©: H = Stat3 MIES;
S1H = Stat1 TK© HIES (C) Contour plots show CD4 versus CD8a within the
CD3o" CD19" gate. (D) Box plots show total CD4" CD8a” or CD4™ CD8o." T
cells. (E) Contour plots show CD44 versus CD62L within the CD4* CD8o
(top) or CD4~ CD8a* gates (bottom). (F) Box plots show total CD44 9"
CD62L '°% effector or CD44 M9" CD62L "9 memory T cells. (G) Contour plots
show IL-7Ra. versus FOXP3 within the CD3a* CD19™ CD4" CD8a.” gate. (H)
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Box plots show total CD3a" CD4" CD8a” IL-7Ra.* IL-2Ra* Treg cells. (I) Flow
cytometry contour plots show FOXP3 versus IFN-y in splenic CD4" (top) or
CD8" (bottom) T cells stimulated with anti-CD3e on day 7. (A-I) Data are
pooled from 4 experiments, each with at least 1 mouse per group. All box
plots contain at least 3 biological replicates/group and points denote
individual replicates. Stars denote unpaired t-test p values <0.05 relative to
WT controls.

SUPPLEMENTARY FIGURE 2

Histological and serological characteristics. (A) HGE stained tissue sections
from infected WT and Statl ' “© mice were blindly scored for histological
abnormalities. Scatter plot shows pathology scores for lung, liver and spleen
atday 7. 1 = no pathology/inflammation; 2 = mild; 3 = moderate; 4 = severe.
Data are pooled from 2 experiments, each with at least 2 mice per group.
(B) Box plots show serum concentrations of the indicated cytokines at
day 7 post-infection. WT = Wild Type; S1 = Stat1 "™*°; H = Stat3 "'&: S1H =
Stat1 T*O HIES Data are pooled from 2 experiments, each with at least 2 mice
per group. (C) Serum was collected from 20-24-week-old cohorts of
uninfected mice. Scatter plot shows total IgE levels such that each point
represents a biological replicate. 3 separate cohorts were examined, each
with at least 2 mice per group. (A—C) All box plots contain at least 3 biological
replicates/group and points denote individual replicates. Stars denote
unpaired t-test p values <0.05 relative to WT controls.

SUPPLEMENTARY FIGURE 3

Post-infection T cell phenotypes. (A-1) Single cell suspensions were made
from spleens and PEx of infected mice and re-stimulated overnight with
agonist anti-CD3e antibody. (A) Flow cytometry contour plots show T-bet
versus IFN-y within the CD4~ CD8a.* T cell gate at day 7. (B) Box plots show
total CD4™ CD8a.* IFN-y * cells. (C) Box plots show total IFN-y*, IL-13%, IL-4%,
IL-10" or IL-17A" CD4" cells at day 7. (D) Flow cytometry contour plots show
IL-4 versus IL-13 within the CD4" CD8c T cell gate at day 7. (E) Box plots
show percent IL-4" among CD4* CD8a:” cells. (F) Flow cytometry contour
plots show IL-17A versus IFN-y within the CD4* CD8c. T cell gate at day 7. (G)
Box plots show percent IL-17A* among CD4* CD8a  cells. (H) Flow
cytometry contour plots show GATA3 versus IL-13 within the CD4* CD8a
T cell gate at day 7. (A—H) Data are pooled from 3 experiments, each with at
least 2 mice per group. Stars denote unpaired t-test p values <0.05 relative to

References

1. Dupont CD, Christian DA, Hunter CA. Immune response and
immunopathology during toxoplasmosis. Semin Immunopathol (2012) 34:793-813.
doi: 10.1007/s00281-012-0339-3

2. Frickel E-M, Hunter CA. Lessons from Toxoplasma : host responses that mediate
parasite control and the microbial effectors that subvert them. ] Exp Med (2021) 218:
€20201314. doi: 10.1084/jem.20201314

3. Gazzinelli RT, Wysocka M, Hieny S, Scharton-Kersten T, Cheever A, Kithn R,
et al. In the absence of endogenous IL-10, mice acutely infected with toxoplasma gondii
succumb to a lethal immune response dependent on CD4+ T cells and accompanied by
overproduction of IL-12, IFN-gamma and TNF-alpha. ] Immunol (1996) 157:798-805.
doi: 10.4049/jimmunol.157.2.798

4. Villarino AV, Hibbert L, Lieberman L, Wilson E, Mak T, Yoshida H, et al. The IL-
27R (WSX-1) is required to suppress T cell hyperactivity during infection. Immunity
(2003) 19:645-55. doi: 10.1016/s1074-7613(03)00300-5

5. Roers A, Siewe L, Strittmatter E, Deckert M, Schliiter D, Stenzel W, et al. T Cell-
specific inactivation of the interleukin 10 gene in mice results in enhanced T cell
responses but normal innate responses to lipopolysaccharide or skin irritation. J Exp
Med (2004) 200:1289-97. doi: 10.1084/jem.20041789

6. Yu F, Sharma S, Jankovic D, Gurram RK, Su P, Hu G, et al. The transcription

factor Bhlhe40 is a switch of inflammatory versus antiinflammatory Thl cell fate
determination. J Exp Med (2018) 215:1813-21. doi: 10.1084/jem.20170155

7. Fitzgerald DC, Zhang G-X, El-Behi M, Fonseca-Kelly Z, Li H, Yu S, et al
Suppression of autoimmune inflammation of the central nervous system by interleukin
10 secreted by interleukin 27-stimulated T cells. Nat Immunol (2007) 8:1372-9.
doi: 10.1038/ni1540

8. Stumbhofer JS, Silver JS, Laurence A, Porrett PM, Harris TH, Turka LA, et al.
Interleukins 27 and 6 induce STAT3-mediated T cell production of interleukin 10. Nat
Immunol (2007) 8:1363-71. doi: 10.1038/ni1537

9. Hall AO, Beiting DP, Tato C, John B, Oldenhove G, Lombana CG, et al. The
cytokines interleukin 27 and interferon-y promote distinct treg cell populations

Frontiers in Immunology

11

10.3389/fimmu.2023.1212190

WT controls. All box plots contain at least 3 biological replicates/group and
points denote individual replicates.

SUPPLEMENTARY FIGURE 4

STAT1 dependent genes pervade Toxoplasma-related pathways. (A) Single
cell suspensions were made from spleens at day 7 post-infection, cultured
overnight with soluble Toxoplasma antigen (sTAg), then subjected to IFN-y
capture and sorted for transcriptome analysis (see Figures 2A). Flow
cytometry pseudocolor plots show surface staining of CD4 and IFN-y
recorded while sorting. Frequency of target CD4" IFN-y" events is shown.
Data are from one experiment with 2 biological replicates per group. (B, C)
Pathview plots show STAT1-dependent DEG within the Thl and Th2 cell
differentiation (mmu04658) and toxoplasmosis (mmu05145) KEGG pathways.
Color denotes transcriptional effect; Red = higher expressed in WT, Blue =
higher expressed in Stat1 7-4©. Data are from one experiment with 2 biological
replicates per group.

SUPPLEMENTARY FIGURE 5
IL-10 production by conventional and regulatory T cells. (A) Flow cytometry
contour plots show FOXP3 versus IL-10 in splenic CD4* T cells stimulated
with anti-CD3e (day 7).

SUPPLEMENTARY FIGURE 6

Co-localization of STAT1 and STAT3 at IL-10-associated gene loci. (A) STATL,
STAT3 and STAT4 ChlIP-seq datasets were cross-referenced. Genome
browser tracks show STAT localization at gene loci associated with IL-
10 production.

SUPPLEMENTARY FIGURE 7

Opposing effects of STAT1 and STAT3 on T cell differentiation. (A) Naive CD4™*
T cells were purified from uninfected mice, then activated and cultured in the
presence of IL-6 or IL-27 for 72 hours (control = no cytokine). Flow cytometry
contour plots show IL-17A versus IFN-y gated on viable, CD4" cells. (B) Box
plots show log2 fold change in percentage of IFN-y* IL-17A" Th1 (top) and
IFN-y IL-17A* Th17 cells (bottom). Data are pooled from 3 experiments, each
with 1 mouse per group. Stars denote unpaired t-test p values <0.05 relative
to WT controls. All box plots contain at least 3 biological replicates/group and
points denote individual replicates.

required to limit infection-induced pathology. Immunity (2012) 37:511-23.
doi: 10.1016/j.immuni.2012.06.014

10. Zhang H, Madi A, Yosef N, Chihara N, Awasthi A, Pot C, et al. An IL-27-Driven
transcriptional network identifies regulators of IL-10 expression across T helper cell
subsets. Cell Rep (2020) 33:108433. doi: 10.1016/j.celrep.2020.108433

11. DoJ, Visperas A, Sanogo YO, Bechtel JJ, Dvorina N, Kim S, et al. An IL-27/Lag3
axis enhances Foxp3+ regulatory T cell-suppressive function and therapeutic efficacy.
Mucosal Immunol (2016) 9:137-45. doi: 10.1038/mi.2015.45

12. Apetoh L, Quintana FJ, Pot C, Joller N, Xiao S, Kumar D, et al. The aryl
hydrocarbon receptor interacts with c-maf to promote the differentiation of type 1
regulatory T cells induced by IL-27. Nat Immunol (2010) 11:854-61. doi: 10.1038/ni.1912

13. Xu J, Yang Y, Qiu G, Lal G, Wu Z, Levy DE, et al. C-maf regulates IL-10
expression during Th17 polarization. J Immunol (2009) 182:6226-36. doi: 10.4049/
jimmunol.0900123

14. Awasthi A, Carrier Y, Peron JPS, Bettelli E, Kamanaka M, Flavell RA, et al. A
dominant function for interleukin 27 in generating interleukin 10-producing anti-
inflammatory T cells. Nat Immunol (2007) 8:1380-9. doi: 10.1038/ni1541

15. Jankovic D, Kullberg MC, Feng CG, Goldszmid RS, Collazo CM, Wilson M,
et al. Conventional T-bet+Foxp3- Thl cells are the major source of host-protective
regulatory IL-10 during intracellular protozoan infection. J Exp Med (2007) 204:273—
83. doi: 10.1084/jem.20062175

16. Jankovic D, Kugler DG, Sher A. IL-10 production by CD4+ effector T cells: a

mechanism for self-regulation. Mucosal Immunol (2010) 3:239-46. doi: 10.1038/
mi.2010.8

17. Hirahara K, Onodera A, Villarino AV, Bonelli M, Sciumé G, Laurence A, et al.
Asymmetric action of STAT transcription factors drives transcriptional outputs and
cytokine specificity. Immunity (2015) 42:877-89. doi: 10.1016/j.immuni.2015.04.014

18. Whitmarsh RJ, Gray CM, Gregg B, Christian DA, May MJ, Murray PJ, et al. A
critical role for SOCS3 in innate resistance to toxoplasma gondii. Cell Host Microbe
(2011) 10:224-36. doi: 10.1016/j.chom.2011.07.009

frontiersin.org


https://doi.org/10.1007/s00281-012-0339-3
https://doi.org/10.1084/jem.20201314
https://doi.org/10.4049/jimmunol.157.2.798
https://doi.org/10.1016/s1074-7613(03)00300-5
https://doi.org/10.1084/jem.20041789
https://doi.org/10.1084/jem.20170155
https://doi.org/10.1038/ni1540
https://doi.org/10.1038/ni1537
https://doi.org/10.1016/j.immuni.2012.06.014
https://doi.org/10.1016/j.celrep.2020.108433
https://doi.org/10.1038/mi.2015.45
https://doi.org/10.1038/ni.1912
https://doi.org/10.4049/jimmunol.0900123
https://doi.org/10.4049/jimmunol.0900123
https://doi.org/10.1038/ni1541
https://doi.org/10.1084/jem.20062175
https://doi.org/10.1038/mi.2010.8
https://doi.org/10.1038/mi.2010.8
https://doi.org/10.1016/j.immuni.2015.04.014
https://doi.org/10.1016/j.chom.2011.07.009
https://doi.org/10.3389/fimmu.2023.1212190
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Schultz et al.

19. Ivashkiv LB. IFNY: signalling, epigenetics and roles in immunity, metabolism,
disease and cancer immunotherapy. Nat Rev Immunol (2018) 18:545-58. doi: 10.1038/
541577-018-0029-z

20. Iwata S, Mikami Y, Sun H-W, Brooks SR, Jankovic D, Hirahara K, et al. The
transcription factor T-bet limits amplification of type I IFN transcriptome and circuitry
in T helper 1 cells. Immunity (2017) 46:983-991.e4. doi: 10.1016/j.immuni.2017.05.005

21. Lazarevic V, Glimcher LH. T-Bet in disease. Nat Immunol (2011) 12:597-606.
doi: 10.1038/ni.2059

22. Afkarian M, Sedy JR, Yang J, Jacobson NG, Cereb N, Yang SY, et al. T-Bet is a
STAT1-induced regulator of IL-12R expression in naive CD4+ T cells. Nat Immunol
(2002) 3:549-57. doi: 10.1038/ni794

23. Lighvani AA, Frucht DM, Jankovic D, Yamane H, Aliberti ], Hissong BD, et al.
T-Bet is rapidly induced by interferon- in lymphoid and myeloid cells. Proc Natl Acad
Sci (2001) 98:15137-42. doi: 10.1073/pnas.261570598

24. Kamiya S, Owaki T, Morishima N, Fukai F, Mizuguchi J, Yoshimoto T. An
indispensable role for STAT1 in IL-27-induced T-bet expression but not proliferation of
naive CD4+ T cells. J Immunol (2004) 173:3871-7. doi: 10.4049/jimmunol.173.6.3871

25. Lucas S, Ghilardi N, Li ], de Sauvage FJ. IL-27 regulates IL-12 responsiveness of
naive CD4+ T cells through Statl-dependent and -independent mechanisms. PNAS
(2003) 100:15047-52. doi: 10.1073/pnas.2536517100

26. Hibbert L, Pflanz S, de Waal Malefyt R, Kastelein RA. IL-27 and IFN-alpha
signal via Statl and Stat3 and induce T-bet and IL-12Rbeta2 in naive T cells. ]
Interferon Cyt Res (2003) 23:513-22. doi: 10.1089/10799900360708632

27. Harms Pritchard G, Hall AO, Christian DA, Wagage S, Fang Q, Muallem G,
et al. Diverse roles for T-bet in the effector responses required for resistance to
infection. J Immunol (2015) 194:1131-40. doi: 10.4049/jimmunol.1401617

28. Lieberman LA, Banica M, Reiner SL, Hunter CA. STAT1 plays a critical role in
the regulation of antimicrobial effector mechanisms, but not in the development of
Th1-type responses during toxoplasmosis. ] Immunol (2004) 172:457-63. doi: 10.4049/
jimmunol.172.1.457

29. Villarino AV, Gallo E, Abbas AK. STAT1-activating cytokines limit Th17
responses through both T-bet-Dependent and -independent mechanisms. J Immunol
(2010) 185:6461-71. doi: 10.4049/jimmunol.1001343

30. Arbelaez CA, Palle P, Charaix J, Bettelli E. STAT1 signaling protects self-reactive
T cells from control by innate cells during neuroinflammation. JCI Insight (2022) 7:
€148222. doi: 10.1172/jci.insight.148222

31. Zhang Y, Ma CA, Lawrence MG, Break TJ, O’Connell MP, Lyons JJ, et al. Gain-of-
function STAT1 mutations impair STAT3 activity in patients with chronic mucocutaneous
candidiasis (CMC). ] Exp Med (2017) 214:2523-33. doi: 10.1002/eji.201445344

32. Stumbhofer JS, Laurence A, Wilson EH, Huang E, Tato CM, Johnson LM, et al.
Interleukin 27 negatively regulates the development of interleukin 17-producing T
helper cells during chronic inflammation of the central nervous system. Nat Immunol
(2006) 7:937-45. doi: 10.1038/nil376

33. Bettelli E, Sullivan B, Szabo SJ, Sobel RA, Glimcher LH, Kuchroo VK. Loss of T-
bet, but not STATI, prevents the development of experimental autoimmune
encephalomyelitis. ] Exp Med (2004) 200:79-87. doi: 10.1084/jem.20031819

34. Yoshida H, Hunter CA. The immunobiology of interleukin-27. Annu Rev
Immunol (2015) 33:417-43. doi: 10.1146/annurev-immunol-032414-112134

35. Dikiy S, Rudensky AY. Principles of regulatory T cell function. Immunity (2023)
56:240-55. doi: 10.1016/j.immuni.2023.01.004

36. Marié IJ, Brambilla L, Azzouz D, Chen Z, Baracho GV, Arnett A, et al. Tonic
interferon restricts pathogenic IL-17-driven inflammatory disease via balancing the
microbiome. Elife (2021) 10. doi: 10.7554/eLife.68371

37. Yarovinsky F. Innate immunity to toxoplasma gondii infection. Nat Rev
Immunol (2014) 14:109-21. doi: 10.1038/nri3598

38. Hu X, Ivashkiv LB. Cross-regulation of signaling pathways by interferon-y:
implications for immune responses and autoimmune diseases. Immunity (2009)
31:539-50. doi: 10.1016/j.immuni.2009.09.002

39. Caretto D, Katzman SD, Villarino AV, Gallo E, Abbas AK. Cutting edge: the Th1
response inhibits the generation of peripheral regulatory T cells. J Immunol (2009)
184:30-4. doi: 10.4049/jimmunol.0903412

40. Koch MA, Thomas KR, Perdue NR, Smigiel KS, Srivastava S, Campbell DJ. T-
Bet+ treg cells undergo abortive Th1 cell differentiation due to impaired expression of
IL-12 receptor B2. Immunity (2012) 37:501-10. doi: 10.1016/j.immuni.2012.05.031

41. Koch MA, Tucker-Heard G, Perdue NR, Killebrew JR, Urdahl KB, Campbell DJ.
The transcription factor T-bet controls regulatory T cell homeostasis and function
during type 1 inflammation. Nat Immunol (2009) 10:595-602. doi: 10.1038/ni.1731

42. Warunek J, Jin RM, Blair SJ, Garis M, Marzullo B, Wohlfert EA. Tbet expression
by regulatory T cells is needed to protect against Thl-mediated immunopathology
during Toxoplasma infection in mice. IH (2021) 5:931-43. doi: 10.4049/
immunohorizons.2100080

43. Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM,
et al. Interleukin 17-producing CD4+ effector T cells develop via a lineage distinct from
the T helper type 1 and 2 lineages. Nat Immunol (2005) 6:1123-32. doi: 10.1038/ni1254

44. Gallo E, Katzman S, Villarino AV. IL-13-producing Thl and Th17 cells
characterize adaptive responses to both self and foreign antigens. Eur ] Immunol
(2012) 42:2322-8. doi: 10.1002/€ji.201142227

Frontiers in Immunology

12

10.3389/fimmu.2023.1212190

45. Ouyang W, O’Garra A. IL-10 family cytokines IL-10 and IL-22: from basic
science to clinical translation. Immunity (2019) 50:871-91. doi: 10.1016/
j-immuni.2019.03.020

46. Villarino AV, Kanno Y, O’Shea JJ. Mechanisms and consequences of jak-STAT
signaling in the immune system. Nat Immunol (2017) 18:374-84. doi: 10.1038/ni.3691

47. Zhang H, Kuchroo V. Epigenetic and transcriptional mechanisms for the
regulation of IL-10. Semin Immunol (2019) 44:101324. doi: 10.1016/
j.smim.2019.101324

48. Saraiva M, Vieira P, O’Garra A. Biology and therapeutic potential of interleukin-
10. J Exp Med (2020) 217:¢20190418. doi: 10.1084/jem.20190418

49. Saraiva M, O’Garra A. The regulation of IL-10 production by immune cells. Nat
Rev Immunol (2010) 10:170-81. doi: 10.1038/nri2711

50. Motomura Y, Kitamura H, Hijikata A, Matsunaga Y, Matsumoto K, Inoue H,
et al. The transcription factor E4BP4 regulates the production of IL-10 and IL-13 in
CD4+ T cells. Nat Immunol (2011) 12:450-9. doi: 10.1038/ni.2020

51. Qing Y, Stark GR. Alternative activation of STAT1 and STATS3 in response to
interferon-gamma. J Biol Chem (2004) 279:41679-85. doi: 10.1074/jbc.M406413200

52. Steward-Tharp SM, Laurence A, Kanno Y, Kotlyar A, Villarino AV, Sciume G,
et al. A mouse model of HIES reveals pro- and anti-inflammatory functions of STAT3.
Blood (2014) 123:2978-87. doi: 10.1182/blood-2013-09-523167

53. Vogel TP, Milner JD, Cooper MA. The ying and yang of STAT3 in human
disease. J Clin Immunol (2015) 35:615-23. doi: 10.1007/s10875-015-0187-8

54. Wei L, Vahedi G, Sun H-W, Watford WT, Takatori H, Ramos HL, et al. Discrete
roles of STAT4 and STATS6 transcription factors in tuning epigenetic modifications and
transcription during T helper cell differentiation. Immunity (2010) 32:840-51.
doi: 10.1016/j.immuni.2010.06.003

55. Grant LR, Yao Z-J, Hedrich CM, Wang F, Moorthy A, Wilson K, et al. Stat4-
dependent, T-bet-independent regulation of IL-10 in NK cells. Genes Immun (2008)
9:316-27. doi: 10.1038/gene.2008.20

56. Saraiva M, Christensen JR, Veldhoen M, Murphy TL, Murphy KM, O’Garra A.
Interleukin-10 production by Thl cells requires interleukin-12-Induced STAT4
transcription factor and ERK MAP kinase activation by high antigen dose. Immunity
(2009) 31:209-19. doi: 10.1016/j.immuni.2009.05.012

57. Tait Wojno ED, Hunter CA, Stumhofer JS. The immunobiology of the
interleukin-12 family: room for discovery. Immunity (2019) 50:851-70. doi: 10.1016/
jimmuni.2019.03.011

58. Villarino AV, Artis D, Bezbradica JS, Miller O, Saris CJM, Joyce S, et al. IL-27R
deficiency delays the onset of colitis and protects from helminth-induced pathology in a
model of chronic IBD. Int Immunol (2008) 20:739-52. doi: 10.1093/intimm/dxn032

59. Muallem G, Wagage S, Sun Y, DeLong JH, Valenzuela A, Christian DA, et al. IL-
27 limits type 2 immunopathology following parainfluenza virus infection. PloS Pathog
(2017) 13:€1006173. doi: 10.1371/journal.ppat.1006173

60. Kernbauer E, Maier V, Stoiber D, Strobl B, Schneckenleithner C, Sexl V, et al.
Conditional Stat1 ablation reveals the importance of interferon signaling for immunity
to listeria monocytogenes infection. PloS Path (2012) 8:e1002763. doi: 10.1371/
journal.ppat.1002763.g008

61. Levine AG, Mendoza A, Hemmers S, Moltedo B, Niec RE, Schizas M, et al.
Stability and function of regulatory T cells expressing the transcription factor T-bet.
Nature (2017) 546:421-5. doi: 10.1038/nature22360

62. Klover PJ, Muller WJ, Robinson GW, Pfeiffer RM, Yamaji D, Hennighausen L.
Loss of STAT1 from mouse mammary epithelium results in an increased neu-induced
tumor burden. Neoplasia (2010) 12:899-905. doi: 10.1593/ne0.10716

63. Petermann F, Pekowska A, Johnson CA, Jankovic D, Shih H-Y, Jiang K, et al.
The magnitude of IFN-y responses is fine-tuned by DNA architecture and the non-
coding transcript of ifng-asl. Mol Cell (2019) 75:1229-1242.e5. doi: 10.1016/
j.molcel.2019.06.025

64. Lin M-H, Chen T-C, Kuo T, Tseng C-C, Tseng C-P. Real-time PCR for

quantitative detection of Toxoplasma gondii. ] Clin Microbiol (2000) 38:4121-5.
doi: 10.1128/JCM.38.11.4121-4125.2000

65. Kugler DG, Mittelstadt PR, Ashwell JD, Sher A, Jankovic D. CD4+ T cells
are trigger and target of the glucocorticoid response that prevents lethal
immunopathology in toxoplasma infection. J Exp Med (2013) 210:1919-27.
doi: 10.1084/jem.20122300

66. Anders S, McCarthy DJ, Chen Y, Okoniewski M, Smyth GK, Huber W, et al.
Count-based differential expression analysis of RNA sequencing data using r and
bioconductor. Nat Protoc (2013) 28:1765-86. doi: 10.1093/bioinformatics/bts477

67. Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: a universal
enrichment tool for interpreting omics data. Innovation (2021) 2:100141. doi: 10.1016/
jxinn.2021.100141

68. Kanehisa M, Goto S, Sato Y, Furumichi M, Tanabe M. KEGG for integration and
interpretation of large-scale molecular data sets. Nucleic Acids Res (2012) 40:D109-114.
doi: 10.1093/nar/gkr988

69. Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, Mesirov JP, Tamayo P. The
molecular signatures database hallmark gene set collection. Cell Syst (2015) 1:417-25.
doi: 10.1016/j.cels.2015.12.004

70. Feng J, Liu T, Qin B, Zhang Y, Liu XS. Identifying ChIP-seq enrichment using
MACS. Nat Protoc (2012) 7:1728-40. doi: 10.1038/nprot.2012.101

frontiersin.org


https://doi.org/10.1038/s41577-018-0029-z
https://doi.org/10.1038/s41577-018-0029-z
https://doi.org/10.1016/j.immuni.2017.05.005
https://doi.org/10.1038/ni.2059
https://doi.org/10.1038/ni794
https://doi.org/10.1073/pnas.261570598
https://doi.org/10.4049/jimmunol.173.6.3871
https://doi.org/10.1073/pnas.2536517100
https://doi.org/10.1089/10799900360708632
https://doi.org/10.4049/jimmunol.1401617
https://doi.org/10.4049/jimmunol.172.1.457
https://doi.org/10.4049/jimmunol.172.1.457
https://doi.org/10.4049/jimmunol.1001343
https://doi.org/10.1172/jci.insight.148222
https://doi.org/10.1002/eji.201445344
https://doi.org/10.1038/ni1376
https://doi.org/10.1084/jem.20031819
https://doi.org/10.1146/annurev-immunol-032414-112134
https://doi.org/10.1016/j.immuni.2023.01.004
https://doi.org/10.7554/eLife.68371
https://doi.org/10.1038/nri3598
https://doi.org/10.1016/j.immuni.2009.09.002
https://doi.org/10.4049/jimmunol.0903412
https://doi.org/10.1016/j.immuni.2012.05.031
https://doi.org/10.1038/ni.1731
https://doi.org/10.4049/immunohorizons.2100080
https://doi.org/10.4049/immunohorizons.2100080
https://doi.org/10.1038/ni1254
https://doi.org/10.1002/eji.201142227
https://doi.org/10.1016/j.immuni.2019.03.020
https://doi.org/10.1016/j.immuni.2019.03.020
https://doi.org/10.1038/ni.3691
https://doi.org/10.1016/j.smim.2019.101324
https://doi.org/10.1016/j.smim.2019.101324
https://doi.org/10.1084/jem.20190418
https://doi.org/10.1038/nri2711
https://doi.org/10.1038/ni.2020
https://doi.org/10.1074/jbc.M406413200
https://doi.org/10.1182/blood-2013-09-523167
https://doi.org/10.1007/s10875-015-0187-8
https://doi.org/10.1016/j.immuni.2010.06.003
https://doi.org/10.1038/gene.2008.20
https://doi.org/10.1016/j.immuni.2009.05.012
https://doi.org/10.1016/j.immuni.2019.03.011
https://doi.org/10.1016/j.immuni.2019.03.011
https://doi.org/10.1093/intimm/dxn032
https://doi.org/10.1371/journal.ppat.1006173
https://doi.org/10.1371/journal.ppat.1002763.g008
https://doi.org/10.1371/journal.ppat.1002763.g008
https://doi.org/10.1038/nature22360
https://doi.org/10.1593/neo.10716
https://doi.org/10.1016/j.molcel.2019.06.025
https://doi.org/10.1016/j.molcel.2019.06.025
https://doi.org/10.1128/JCM.38.11.4121-4125.2000
https://doi.org/10.1084/jem.20122300
https://doi.org/10.1093/bioinformatics/bts477
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1093/nar/gkr988
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1038/nprot.2012.101
https://doi.org/10.3389/fimmu.2023.1212190
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	T cell intrinsic STAT1 signaling prevents aberrant Th1 responses during acute toxoplasmosis
	Introduction
	Results
	T cell intrinsic STAT1 signaling is required for resistance to T. gondii
	STAT1 deficiency results in aberrant Th1 responses
	STAT1 instructs IL-10 and IL-13 production in Th1 cells
	Distinct roles for STAT1 and STAT3 in limiting aberrant Th1 responses

	Discussion
	Methods
	Animals
	T. gondii infection and quantification
	Ex vivo re-stimulations
	In vitro T cell cultures
	Transcriptome analysis
	ChIP-seq data mining
	Statistics

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


