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SUMMARY

Adaptive CD4* T helper cells and their innate counterparts, innate lymphoid cells, utilize an
identical set of transcription factors (TFs) for their differentiation and functions. However,
similarities and differences in the induction of these TFs in related lymphocytes are still elusive.
Here we show that T helper-1 (Th1) cells and natural killer (NK) cells displayed distinct
epigenomes at the 76x21 locus, which encodes T-bet, a critical TF for regulating type 1 immune
responses. The initial induction of T-bet in NK precursors was dependent on the NK-specific
DNase I hypersensitive site 76x21-CNS-3, and the expression of the interleukin-18 (I1L-18)
receptor; IL-18 induced T-bet expression through the transcription factor RUNX3, which bound
to 7bx21-CNS-3. By contrast, STAT-binding motifs within 76x21-CNS-12were critical for IL-12-
induced T-bet expression during Th1 cell differentiation both /in vitroand in vivo. Thus, type

1 innate and adaptive lymphocytes utilize distinct enhancer elements for their development and
differentiation.

Graphical Abstract
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Transcription factor T-bet is critically involved in type 1 immune responses. Fang et al. report that
type 1 innate and adaptive lymphocytes utilize distinct cis-regulatory elements at the 76x21 locus
for T-bet induction during their development, differentiation, and activation.

INTRODUCTION

Adaptive CD4* T helper (Th) cells and innate lymphoid cells (ILCs) play critical roles in
host defense against invading pathogens and are involved in different forms of inflammatory
diseases including allergy and autoimmunity. While Th cell differentiation occurs upon

the engagement of T cell receptor (TCR) in a specific cytokine environment, ILCs are
pre-developed and can promptly respond to inflammatory signals in an antigen non-specific
manner. Th cell subsets and their ILC counterparts with a similar cytokine-producing
capability utilize an identical set of lineage-determining transcription factors (LDTFs): T-bet
for group 1 innate lymphoid cells (ILC1s) and T helper-1 (Th1) cells; GATA3 for ILC2s
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and Th2 cells; RORyt for ILC3s and Th17 cells (Fang and Zhu, 2017; Vivier et al., 2018).
T-bet is also critical for the maturation of conventional natural killer (cNK) cells (Townsend
et al., 2004). However, whether these cells adopt similar or different mechanisms in inducing
the expression of these LDTFs during their development remains elusive. Furthermore,
while cytokine-mediated activation of signal transducer and activator of transcription (STAT)
proteins plays a critical role during T cell differentiation, there is less known about the
signals involved in the induction of these LDTFs during ILC development.

T-bet (encoded by the 76x21 gene) is critical for Thl cell differentiation and optimal
expression of Th1 effector cytokine interferon-y (IFN-y) (Finotto et al., 2002; Szabo et al.,
2002; Zhu et al., 2012). Interleukin (IL)-12 directly acts on CD4* T cells and activates the
transcription factor STAT4 to induce T-bet expression; IFN-y may also be involved in T-bet
induction that is independent of IL-12-STAT4 signaling (Christie and Zhu, 2014; Lighvani
et al., 2001; Mullen et al., 2001). It has been shown that activated STAT4 can bind to the
Tbx21 locus (Madera et al., 2018; Rapp et al., 2017; Vahedi et al., 2012; Wei et al., 2010;
Yang et al., 2007), however, the importance of such binding in T-bet induction /n vivois
unknown.

T-bet is also critical for ILC1 development and cNK cell maturation (Mujal et al., 2021).

In the absence of T-bet, ILC1s and cNK cells fail to either develop or undergo further
maturation (Gordon et al., 2012; Sojka et al., 2014). Some tissue-resident ILC1s have been
originally regarded as a subset of NK cells until recent studies which separate them into
different lineages based on their distinct expression of cell surface markers and transcription
factors (Daussy et al., 2014; Klose et al., 2014; Peng et al., 2013; Pikovskaya et al., 2016;
Sojka et al., 2014; Vivier et al., 2018). Both T-bet and Eomes (another T-box transcription
factor) are expressed by cNK cells and are required for their development and/or maturation,
whereas ILC1s only express T-bet which is critical for their development.

In the bone marrow (BM), common lymphoid progenitors (CLPs) develop into pre-NK
precursors (Pre-NKPs), then transit to refined-NKPs (rNKPs) with the expression of 1L-2
receptor B chain (CD122) allowing their responsiveness to 1L-15. Subsequent expression of
the receptors NKG2D followed by NK1.1 occurs when the progenitors reach the immature
NK (iNK) stage (Abel et al., 2018; Carotta et al., 2011; Fathman et al., 2011; Sharrock,
2019; Stokic-Trtica et al., 2020). Transcription factors RUNX3, CBF-p, STATS5, NFIL3,
PU.1, Notch and TCF-1 are critical for the development of Pre-NKPs and/or rNKPs,
whereas T-bet has been widely reported to play an important role during NK cell maturation
(Collins et al., 2017; Gordon et al., 2012; Townsend et al., 2004).

Chromatin accessibility, which can be assessed by either assay for transposase-accessible
chromatin using sequencing (ATAC-Seq) or DNase | hypersensitive site (DHS) sequencing
(DNase-Seq), is highly associated with the binding of specific transcription factors required
for gene regulation. In addition, the epigenetic “imprints” as a result of chromatin remolding
at a particular region often reflect the history of cell’s response to previous signaling events
(Fang et al., 2018; Gury-BenAri et al., 2016; Lau et al., 2018; Sciume et al., 2020; Shih et
al., 2016; Shih et al., 2014). During lymphoid cell lineage determination and commitment,
LDTF binds to many c/s-regulatory elements in the lineage-specific gene loci, regulates
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chromatin accessibility at these sites and induces their gene expression at the genome-wide
level (Heinz and Glass, 2012; Kang and Malhotra, 2015; Rogers and Bulyk, 2018; Shih et
al., 2014; Zaret and Carroll, 2011). While it is critical to understand how LDTFs dictate
lineage commitment, it is equally important to understand how these LDTFs are being
regulated during cell development and differentiation.

To investigate the regulation of LDTF induction during innate and adaptive lymphocyte
development, we performed DNase-Seq and chromatin immunoprecipitation sequencing
(ChIP-Seq) analyses to compare the epigenetic landscapes in different Th cell and ILC
subsets. We then focused on the 76x21 locus as an example for in depth study. Our

data revealed that a DHS located at 3 kb upstream of the 76x21 transcriptional start site
(Thx21-CNS-3) was preferentially accessible in cNK cells, bound by the RUNX-CBF-$
complex, and important for optimal T-bet induction during cNK cell development, while
this DHS was not required for Thl cell differentiation. 1L-18-mediated RUNX3 induction
up-regulated T-bet expression in a 76x21-CNS-3-dependent manner in cNK cells. The initial
expression of T-bet was detected as early as the rNKP stage correlated with high amounts
of IL-18Ra expression in these cells. T-bet also bound to the 76x21-CNS-3element and
regulated its own expression in NK cells. On the other hand, 76x21-CNS-12was the major
accessible region in Thl cells; this site was bound by STAT4 and was responsible for
IL-12-STAT4-mediated T-bet induction during Th1 cell differentiation both in vitroand in
vivo. However, STAT-binding sites in 76x21-CNS-12were dispensable for T-bet expression
during the development of cNK cells and ILC1s in steady state, although they responded

to IL-12 stimulation to promote T-bet expression during cNK cell activation. Therefore,
innate and adaptive lymphocytes may utilize distinct regulatory elements in response to
environmental stimulus for the induction of key transcription factors required for their
differentiation and functions.

Differential epigenomes are found at the Thx21 locus in CD4* T cell and ILC subsets

We first performed DNase-Seq to assess the similarities and differences in genome-wide
chromatin accessibility among distinct innate and adaptive lymphocytes. A series of cNK-,
ILC1-, ILC1+cNK-, ILC2- and LTi-specific DHSs as well as the shared ones were identified
in the ILC component (Figure S1A-S1C and Table S1). Similarly, naive CD4* T cell-, Thi-,
Th2- and Th17 cell-specific DHSs as well as the shared one in CD4* T cell component were
also detected (Figure S1D and Table S1). After excluding all the shared DHSs, we focused
on Th1 cells, cNK cells and ILC1s for more detailed data analysis. Clustering analysis
indicated that the DHSs in cNK cells and ILC1s were closer to each other, while Th1 cells
displayed a more distinct pattern (Figure 1A).

In the 76x21 locus, multiple DHSs with differential accessibilities were identified upstream
of the transcription starting site 76x21-7SS (Figure 1B, top). 7bx21-CNS-3 (conserved
non-coding sequence 3 kb upstream of TSS) was found preferentially accessible in cNK
cells, partially accessible in ILC1s but not accessible in Thl cells. 76x21-CNS-8.5was
preferentially accessible in both cNK cells and ILC1s, whereas 76x21-CNS-12was more
accessible in Thl cells and it represented the major DHS at the 76x21 locus in Thl
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cells. In ILC2s and LTi cells, which do not express T-bet, all of these three sites, 76x21-
CNS-3, Thx21-CNS-8.5and Tbx21-CNS-12, were either not accessible or displayed much
reduced accessibility compared to those in type 1 lymphocytes (Figure 1B middle). We
also compared DHSs at the 76x21 locus in naive CD4"* T cells and other Th cell subsets
(Figure 1B, bottom). Although naive CD4* T cells do not express T-bet (Fang et al., 2018),
Tbx21-CNS-12was already open in naive CD4" T cells. The accessibility of this site was
maintained in Th2 cells, increased in Thl cells but reduced in Th17 cells. A Poisson test of
the differential accessibilities at these CNS regions between different cell types (considered
as statistically significant when P value < 1e-5) confirmed that the accessibility at the
Thx21-CNS-3was found preferentially in cNK cells whereas the 76x21-CNS-12was more
accessible in all type 1 lymphocytes compared to other cell types (Figure 1C).

Differential accessibilities at the Gata3locus were also observed in Th2 cells and ILC2s
(Figure S1E). Close to the T cell enhancer region at +280 kb (280 kb downstream of

the Gata3 structural gene) (Hosoya-Ohmura et al., 2011), which was accessible in both
Th2 cells and ILC2s, there was a cluster of Th2-specific accessible regions (at +290-314
kb). By contrast, a cluster of accessible regions (at +684-731 kb) was found to be ILC2-
specific. The differential functions of those two regions for GATAS3 expression during Th2
cell differentiation and ILC development have been recently reported (Kasal et al., 2021).
Similarly, the accessibility at the Rorc locus also showed some differences between Th17
cells and LTi cells (Figure S1F). While the Rorc locus was generally more accessible in LTi
cells compared to that in Th17 cells and this correlated with the higher RORyt expression
found in the former subset, a recent report has demonstrated that deletion of CNS6 or
CNS9 results in a defect in Th17 cell differentiation without affecting the development of
RORyt-expressing innate lymphocytes (Chang et al., 2020).

To investigate the mechanisms involved in potentially differential regulation of LDTF
expression via distinct cis-regulatory elements in adaptive and innate lymphocytes, we
further analyzed T-bet regulation in type 1 lymphocytes by the three CNS regions mentioned
above. Since T-bet is able to bind to the 76x21 locus in Thl cells (Zhu et al., 2012), we
further performed ChIP-Seq analysis of T-bet binding in cNK cells and Th1 cells (Figure
S1G and Table S2). While T-bet strongly bound to 76x21-CNS-12in Th1l cells, it strongly
bound to 76x21-CNS-3and Tbx21-CNS-8.5in cNK cells (Figure 1D). The fact that the
epigenomes at the 76x21 locus are distinct in innate and adaptive lymphoid cell subsets
suggests that 76x21-CNS-3and/or Thx21-CNS-8.5 could be involved in T-bet expression
during the development of cNK cells and ILC1s, whereas 76x21-CNS-12 may function as a
major cis-regulatory element for T-bet induction in Thl cells.

Thx21-CNS-3 but not Tbx21-CNS-8.5 is critical for T-bet induction during cNK cell
development

To investigate the importance of 76x21-CNS-3and 7bx21-CNS-8.5in T-bet induction
during cNK cell and ILC1 development, we obtained the 7ox274CN5-3and Thx21ACNS-8.5
strains by deleting ~400 bp sequence at these two regions (Table S3), respectively, using
CRISPR-Cas9 technology. Since 76x21-CNS-3is not accessible in Thl cells, the protein
amounts of T-bet in 76x274CN5-3 Th1 cells was similar to those in wildtype (WT) Thi
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controls as expected (Figure 2A). However, deleting 76x21-CNS-3significantly reduced
T-bet protein amounts in cNK cells from the liver, spleen and lung (Figure 2B, 2C and
S2A). Nevertheless, the reduction of T-bet protein amounts in 76x274¢N5-3 LC1s was only
moderate, and the total cell number of ILC1s in the 76x274SN5-3 mice was comparable

to that in WT controls (Figure 2C and 2D). Consistent with previous studies suggesting

a critical role of T-bet in NK cell maturation, 74x217~ cNK cells were blocked at the
CD11b*CD27* and CD11b~CD27* immature stages (Figure S2B and S2C). In addition,
Thx21*/~ cNK cells also exhibited a maturation defect (Figure S2D), indicating that
optimal expression of T-bet protein regulates cNK cell maturation. Similarly, a reduction

of T-bet expression in 7Thx214CNS-3 cNK cells resulted in an accumulation of immature
CD11b*CD27* and CD11b~CD27* population (Figure 2E), and a decrease in total cell
number of mature CD11b*CD27~ NK cells in the liver, spleen and lung compared to WT
controls (Figure 2D, 2F, S2E and S2F). In the 76x214CNS-3 BM, the CD27~ mature NK
cells were also reduced in number compared to those in the WT bone marrow (Figure
S2G). Ectopic expression of T-bet in sorted lymphoid-primed multipotent progenitors
(LMPPs) promoted NK cell maturation 77 vitro in both WT and 76x214SN5-3 group (Figure
S2H). To confirm the cell intrinsic effect of 7THx21-CNS-3on T-bet expression and cNK
cell maturation, we generated chimeric mice by co-transferring CD45.1 76x21%/* BM

cells together with CD45.2 7hx21%/* BM cells or CD45.2 Thx214CNS-3BM cells into
sub-lethally irradiated RagZ”~yc™" recipient mice. T-bet expression was reduced and cNK
cell maturation was impaired within the CD45.2 Thx214¢N5-3 ¢NK cells compared to the
CD45.1 WT controls in the same animal (Figure S21-S2K).

By contrast, the 76x21-CNS-8.5was dispensable for T-bet expression in ILC1s and Thl
cells, and there was only a subtle reduction of T-bet in 7Hx214CNS6.5 cNK cells compared
to WT controls (Figure 2G and 2H). Consequently, total cell number of both ILC1 and
cNK cells was normal in the 7Hx274CNS-8.5mice (Figure 21). In addition, T-bet expression
inthe 7Ox21-CNS-3and Thx21-CNS-8.5doubly deficient ctNK cells was similar to that

in Tbx21-CNS-3deficient cNK cells (Figure S2L). Hence, cis-regulatory element 7Hx21-
CNS-3but not 7Thx21-CNS-8.5is important for the optimal induction of T-bet during cNK
cell development and thus required for cNK cell maturation.

NK1.1* cells play critical roles in host defense against 7. gondii infection (Denkers et al.,
1993). The parasite load in the liver and peritoneal cavity (Figure S3A), as well as the
IFN-v in the serum (Figure S3B), were comparable between 76x21%/* and Thx214CNS3
mice five days after infection, and the 76x274SN5-3 mice survived infection as the WT
mice (Figure S3C), indicating that the defect in NK cell maturation in steady state in the
Thx21A¢N5-3 mice has no obvious physiological consequence during 7. gondii infection.
However, while cNK cells from the infected 76x274¢N5-3 mice expressed lower amounts
of T-bet than cNK cells from the infected WT mice, they expressed higher amounts of
T-bet than WT cNK cells from naive mice (Figure S3D). Accordingly, the maturation defect
of ctNK cells in the 76x274¢N5-3 mice was restored after infection (Figure S3E). This

is consistent with previous reports that some infection conditions may promote cNK cell
maturation (Kamimura and Lanier, 2015; Muller et al., 2016).
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We then tested the responses of 7ox274¢N5-3 NK cells to acute poly (1:C) stimulation /in
vivo (Longhi et al., 2009). The cNK cells from the 76x274CNS-3 mice after poly (1:C)
treatment produced lower amounts of IFN-y compared to their WT counterparts (Figure
S3F). Furthermore, lower amounts of IFN-y in the sera from the 76x274CV5-3 mice were
detected six hours after poly (I:C) injection compared with the sera from similarly treated
WT mice (Figure S3G).

STAT binding motifs at Tbx21-CNS-12 are critical for T-bet induction during Thl cell
differentiation

ChIP-Seq analyses of STAT4 and T-bet binding to the genome in Th1 cells showed that
approximate half of STAT4 binding sites were also bound by T-bet, although T-bet bound

to many more sites than STAT4 did (Figure S4A and Table S2). Two typical STAT-binding
motifs were identified at the 76x21-CNS-12element (Figure 3A). STAT4 primarily bound
to 7Tbox21-CNS-12at the Thx21 locus in Thl cells and no STAT4 binding was detected

at 7bx21-CNS-3or Thx21-CNS-8.5 (Figure 3B). To test whether Tox21-CNS-12is the

key element for T-bet induction mediated by IL-12-STAT4 signaling during Th1 cell
differentiation, we mutated these two motifs, which are conserved between human and
mouse, and generated a 76x21°MM mouse strain by using CRISPR-Cas9 strategy (Figure
3A and Table S3). ChIP-PCR analysis confirmed that STAT4 was no longer able to bind to
Tbx21-CNS-12in Thx21°M5M “Th1” cells (Figure 3C). Consequently, the protein amounts
of T-bet and the capability of IFN-y production in 76x27°M5M cells cultured under Thi cell
conditions /n vitro were reduced compared to WT cells cultured under the same conditions
(Figure 3D and 3E). Furthermore, 76x21°M/5M “Th1” cells acquired IL-4-producing
capability, a feature of T-bet-deficient “Th1” cells. While neutralizing endogenous IFN-y
with antibodies diminished IFN-y production by WT Th1 cells, it completely abolished

the IFN-y production by 76x21°M/5M “Th1” cells (Figure 3E). We further co-cultured
congenic CD45.1 Thx21*/* naive CD4* T cells with CD45.2 Thx21*/* or Thx21°M°M naive
CD4* T cells in Th1 cell-skewing conditions to determine the cell intrinsic deficiency of
Thx21°M/5M_ The expansion of 7bx21°M/5M Th1 cells was comparable to that of WT Thi
cells (Figure 3F). CD45.2 Thx21°M M Th1 cells exhibited significant reduction in IFN-y
production and T-bet expression compared to either CD45.2 Thx21** controls or CD45.1
Thx21*/* cells in the same culture (Figure 3G). Overall, our results indicate that the binding
of STAT4 at 7Thx21-CNS-12is essential for T-bet induction during Th1 cell differentiation.

STAT binding to Tbx21-CNS-12 is critical for Th1l cell differentiation during T. gondii

infection

IL-12 secreted by dendritic cells drives Thl cell-mediated immunity against 7. gondii
infection. To assess the importance of STAT4 binding to 76x21-CNS-12during Thl
responses /1 vivo, we infected the 76x21%7*, Thx21°M/M and CD4-Cre- Thx21™"" mice
with 7. gondii. After seven days, splenocytes were re-stimulated with anti-CD3 and anti-
CD28 ex vivo. Consistent with the results from in vitro culture, lower IFN-y-producing
capacity was found in the 7bx21°M5M CD4*CDA44N cells compared to the WT controls
(Figure 4A). Such reduction was also observed in 7. gondii antigen AS15-specific CD4*
T cells (Figure 4B). Moreover, T-bet protein amounts were found to be substantially
lower in the 76x21°M5M CD4*CD44N cells compared to the WT controls (Figure 4C
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and 4D). Therefore, IL-12-mediated STAT4 (and/or IFN-y-mediated STAT1) binding to
Thx21-CNS-12is critical for optimal T-bet induction and thus Th1 cell differentiation in
response to 7. gondii infection.

IFN-y production associated with Th1 cell differentiation is critical for the elimination

of intracellular parasite 7. gondii (Blanchard et al., 2008; Brown and McLeod, 1990;
Denkers el al., 1993; Grover et al., 2012; Parker et al., 1991; Scharton-Kersten et al.,

1998; Yarovinsky, 2014). Consequently, differential survival rate was noted between WT and
Tbx21°M/5M mice after 7. gondiiinfection (Figure S3C). We also created chimeric mice

by co-transferring CD45.1 7hx21*/* BM cells together with CD45.2 Thx21*/* BM cells or
CD45.2 Thx21°MM BM cells into sub-lethally irradiated 7cra™~ recipient mice (Figure
4E). Reconstituted chimeras were challenged with 7. gondlii. Seven days after infection, the
capacity of IFN-y production by CD45.2 Thx215M5M Th1 cells was significantly lower
than CD45.1 Thx21*/* Thi cells in the same animal (Figure 4F) and CD45.2 Thx215M/5M
Th1 cells expressed lower T-bet protein amounts compared with the WT controls (Figure
4G).

To assess the physiological importance of the reduced IFN-y production by 76x215M5M
CDA4* T cells, we transferred 76x21%* CD4* T cells or 7hx21°M5M CD4* T cells into
Rag1~~ recipients followed by 7. gondii infection (Figure 4H). Most of the Rag1™~

mice receiving WT CD4* T cells survived at four weeks post infection, consistent with
previous reports (Jankovic et al., 2007; Kugler et al., 2013), all RagZ™~ mice that received
Tbx21°M5M CD4* T cells were found dead around two to three weeks after infection
(Figure 41). Taken together, these findings indicate that a cell intrinsic deficiency of T-bet
induction in 7ox21°MM CD4* T cells renders the host vulnerable to 7. gondii infection.

cNK cell and ILC1 development is independent of STAT binding to Tbx21-CNS-12

In constrast to the importance of STAT binding at 76x21-CNS-12in Th1 cell differentiation,
the protein amounts of T-bet in both ctNK cells and ILC1s from 76x21°M/5M mice were

not different from those from WT mice (Figure 5A). Hepatic cNK cell numbers were also
comparable between 76x21%/* and Thx21°MM mice, while there was a slight increase of
ILC1s in the 7bx21°M5M mice compared with the WT controls (Figure 5B). Furthermore,
IFN-y-producing capability of the 7Hx21°M/5M ¢cNK cells or ILC1s upon IL-12 and 1L-18
stimulation ex vivowas intact (Figure 5C). Since NK cells from the 76x214CN5-3 mice

still expressed low amounts of T-bet, we further assessed whether 1L-12-mediated STAT4
activation contributes to T-bet induction during NK cell development in the absence of
Thx21-CNS-3. To this end, we prepared mixed BM chimeric mice that were treated with
either anti-1L-12 or control 1gG. Anti-1L-12p40 antibody treatment was able to block the
IL-12-STAT4 signaling and decrease the T-bet protein amounts in “Th1” cells during 7
gondiiinfection (Figure S4B), suggesting this reagent functions properly /n vivo. However,
in these BM chimeras, both CD45.1 or CD45.2 Thx21%/* cNK cells expressed same
amounts of T-bet with or without blocking of IL-12 signaling (Figure S4C and S4D).

More importantly, blocking of IL-12 signaling did not further reduce T-bet expression in
CD45.2 Thx21AENS-3 cNK cells. These results indicate that IL-12-STAT4 signaling does not
contribute to NK cell development in the steady state. Nevertheless, T-bet expression in cNK
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cells could still be regulated by IL-12 during /n vitro culture through the STAT binding sites
within 7bx21-CNS-12 (Figure S5A).

IL-18 up-regulates T-bet protein amounts through Tbx21-CNS-3 in cNK cells

Since 7bx21-CNS-3but not Thx21-CNS-12is involved in cNK cell development, we further
investigated which signaling(s) is responsible for T-bet induction via 76x21-CNS-3during
cNK cell development. We first tested the effect of several possible regulators (Abel et al.,
2018; Simonetta et al., 2016; Wu et al., 2017) on T-bet expression in cNK cells 7n vitro.

IL-2 was supplemented for maintaining NK cell survival, and it had very little effect on
sustaining T-bet expression (Figure S5B). Given that 76x21-CNS-12was also accessible

in cNK cells (Figure 1B) and STAT4 may bind to this element after 1L-12 stimulation
(Madera et al., 2018), to minimize the effect of STAT signaling on T-bet expression through
Thx21-CNS-12 (Figure S5A), we used cNK cells from the 76x21°M/M mice and incubated
them with IL-1B, IL-6, IL-7, IL-15, I1L-18, IL-21, CXCL12, FIt3L, SCF, IFN-y or TGF-

B1 for three days (Figure 6A and S5C-S5G). Among these cytokines and growth factors
tested, IL-18 up-regulated T-bet protein amounts, and IL-21 also had some effects on T-bet
expression (Figure 6A and S5E). T-bet induction by IL-18 was equally efficient in WT and
Thx21°M5M ¢NK cells (Figure 6A). Although IL-15 is considered as a key cytokine for NK
cell development and homeostasis (Abel el al., 2018; Lieberman et al., 2004; Waldmann and
Tagaya, 1999; Wu et al., 2017), it did not strongly induce T-bet expression (Figure S5D).
Notch signaling induces T-bet expression in CD4* T cells, and 76x21 has been reported

as a potential target of Notch pathway in cNK cells (Chaves et al., 2018; Maekawa et al.,
2003; Minter et al., 2005; Perchet et al., 2018). However, while co-culturing of 7ox215M5M
cNK cells with stromal OP9 cell line helped T-bet expression, additional Notch signaling
supplied by OP9-DLL1 cell line failed to further up-regulate T-bet protein amounts (Figure
S5H). By contrast, Ki-67 staining indicated that DLL1-Notch signaling promoted cNK cell
proliferation (Figure S51). While the vast majority of cNK cells expressed IL-18Ra., ILC1s
did not express this receptor (Figure S5J).

Importantly, the protein amounts of T-bet in 76x214CNS-3 ¢NK cells treated with 1L-18 were
diminished compared to similarly treated WT controls (Figure 6B), however, both WT and
Thx21ACNS-3 cNK cells responded equally well to IL-12 stimulation in upregulating T-bet
expression (Figure 6C). Low amounts of 76x21 mRNA were also detected in 76x274CNS-3
cNK cells ex vivo, as well as in the cells stimulated with 1L-18 /n vitro, compared to the
WT counterparts (Figure S5K). Therefore, the element 76x21-CNS-3 plays a critical role in
IL-18-mediated T-bet induction in cNK cells.

IL-18Ra. expression is correlated with T-bet induction during NK cell development

To investigate whether IL-18 signaling is related to T-bet induction during early NK cell
development (Figure S6A), we assessed the expression of IL-18Ra and T-bet in rNKPs

and iNK-A cells in the T-bet-ZsGreen reporter mice (Zhu et al., 2012). While IL-18Ra
expression was found in approximate half of rNKPs, all iNK-A and Post-iNK-A cells, but
much less in Pre-NKPs (Figure 6D and S6B), T-bet-ZsGreen positive rINKPs were only
found within the IL-18Ra" population but not the 1L-18Ra-negative population. All iNK-A
cells expressed both IL-18Ra and T-bet-ZsGreen.
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RUNXs and CBF-p transcription factors are indispensable for cNK cell and ILC1
development (Ebihara et al., 2015; Rapp et al., 2017); RUNX3, rather than RUNX1, is
highly expressed in NKPs and critical for CD122 expression (Ohno et al., 2008); RUNX3
is induced before T-bet expression during NK cell development (Sharrock, 2019; Wang
and Malarkannan, 2020). By using the RUNX3-YFP mouse strain (Egawa and Littman,
2008), we found that IL-18RaM NKPs, in which T-bet expression was detected, expressed
much higher amounts of RUNX3-YFP than the IL-18Ra!'® NKPs (Figure S6C). The 7hx21
mRNA was also significantly induced during the conversion from NK1.17IL-18Ra ™ to
NK1.17IL-18Ra* stage (Figure S6D). Therefore, the early induction of T-bet seems to

be at the transition from rNKP to iNK-A stage correlated with the induction of IL-18Ra
and RUNX3 expression. Although IL-21 was also capable of up-regulating T-bet protein
amounts in developed cNK cells in vitro, neither NKPs nor iNK-A cells expressed IL-21R
(Figure S6E).

Anti-T-bet staining was not as sensitive as T-bet-ZsGreen reporter, nevertheless, the
expression of T-bet was preferentially detected in the IL-18Ra" population (Figure 6E).
Importantly, lower protein amounts of T-bet and reduced percentage of T-bet positive

cells within the IL-18Ra.* population were observed in the Tox274¢N5-3 NK progenitors
compared to the WT counterparts. 76x21 mRNA was also significantly reduced in the
Thx21ACN5-3 NKPs compared with WT controls (Figure S6F). To rule out the possibility
that the reduction of 74x21 transcripts in the 7Thx214CNS-3 NKPs was due to a reduction
in T-bet-expressing cells rather than a reduction of 76x21 transcripts in “T-bet”-expressing
cells, we generated the T-bet-ZsGreen- 76x21* and T-bet-ZsGreen- Thx217ACNS-3 mice.
We were able to find and sort T-bet-ZsGreen"NK 1.1~ NKPs from both mouse strains. The
fact that the 7x27 mRNA amounts were lower in the ZsGreen-expressing 7bhx217ACNS-3
NKPs compared to the ZsGreen-expressing 76x217* controls (Figure S6G), confirmed that
the regulation of T-bet expression by 76x21-CNS-3was indeed at the transcription level.
T-bet expression in Post-iINK-A, CD11b~CD27*%, CD11b*CD27* and CD11b*CD27~ NK
subsets from the 76x274¢NS-3 mice was also lower than that in their WT counterparts
(Figure S6H and S61).

Although NK cell number was relatively normal in the spleen of /787177~ and //187~ mice
in steady state, defective NK cell maturation and functions have been found in these mice
(Chaix et al., 2008; Hoshino et al., 1999; Muller et al., 2016; Takeda et al., 1998). To assess
the importance of IL-18 signaling on T-bet induction during early NK cell development, we
further analyzed //18r1~~ mice. Indeed, the percentage of T-bet-expressing cells within the
rNKPs and iNK-A cells was diminished in the //78r17~ mice compared to the WT controls
(Figure S6J). Thus, our results indicate that early T-bet induction is highly correlated with
IL-18 signaling, and that the c/s-regulatory element 7b6x21-CNS-3is important for optimal
induction of T-bet expression starting from an early stage of NK cell development.

IL-18-induced RUNX3 expression directly regulates T-bet in cNK

It has been reported that RUNX proteins and T-bet may form a complex to regulate the
expression of several genes including Rorc, /fng or //4 (Djuretic et al., 2007; Lazarevic et al.,
2011; Wang et al., 2014). In addition, T-box motifs are enriched in RUNX3 binding peaks
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(Levanon et al., 2014). Indeed, both T-bet binding motifs and RUNX binding motifs were
identified within 76x21-CNS-3 (Figure S7A), and two conserved core-sequence of RUNX
binding motif CCAC (Seo et al., 2017) were also found near the T-bet binding motifs.
Through ChIP-PCR analysis, we further confirmed that CBF-f bound to 76x21-CNS-3
(Figure 7A). Therefore, we hypothesized that RUNX3 and T-bet may be involved in IL-18-
mediated T-bet induction through 76x21-CNS-3in cNK cells. Indeed, the protein amounts
of both RUNX3 and T-bet were up-regulated in 76x21°MM ¢NK cells incubated with 1L-18
(Figure 7B). The STAT-independent effect of IL-18 in T-bet induction was further confirmed
by using Stat4™~ Ifngr1~~ cNK cells in which both 1L-12-STAT4 and IFN-y-STAT1
signaling pathways are defective (Figure 7C). Furthermore, by silencing CBF- expression
through siRNA delivered by Nucleofector, we found that in the presence of I1L-18, lower
amounts of 76x27 mRNA and T-bet protein were observed in Cbfo siRNA-treated cells

in comparison with the cells transfected with control siRNA (Figure 7D, S7B and S7C),
suggesting that IL-18-mediated T-bet up-regulation in cNK cells depends on the RUNX3/
CBF-p complex. Consistent with the induction of RUNX3 being an upstream event of
T-bet induction, when cNK cells were acutely stimulated with 1L-18, the 76x21 transcripts
were not induced (Figure 7E). However, the Runx3transcripts using the distal promoter
(Runx3-P1) but not the transcripts using proximal promoter (Runx3-P2) were significantly
induced by acute IL-18 stimulation (Figure 7F and Table S3). Blocking the NF-xB activity
abolished the IL-18-mediated induction of Runx3transcripts (Figure 7G). However, the
protein synthesis inhibitor cycloheximide had no effect on Runx3induction (Figure 7G).
Taken together, IL-18-mediated upregulation of T-bet expression is likely through RUNX3
induction and its binding to 76x21-CNS-3in cNK cells.

IL-18 and RUNX3 fail to directly induce T-bet expression in Thl cells

IL-18 together with IL-12 has been shown to promote the expression of Th1-related genes
including /fng (Tominaga et al., 2000), however, whether IL-18 can directly regulate T-bet
expression in CD4* T cells is not clear. Our results showed that IL-12 induced T-bet

in WT cells activated with anti-CD3 and anti-CD28, but 1L-18 failed to do so in either

WT or in 7T6x21°MM cells (Figure S7D). Although the combination of 1L-12 and IL-18
induced higher amounts of T-bet in WT cells, such induction was greatly diminished in the
Thx215MM cells. Furthermore, neutralization of IFN-7 in the culture completely abolished
the induction of T-bet expression by IL-12 and IL-18 in the 7hx21°M/M cells, indicating
that the synergistic effect of IL-18 and IL-12 on T-bet expression in T cells is through
inducing IFN-y expression.

Ectopic expression of RUNXs may up-regulate 76x27 mRNA in Th cells (Wang et al.,
2014), however, enforced RUNX3 expression has a limited effect on T-bet induction when
IFN-y is neutralized, i.e. under Th2 skewing conditions (Yagi et al., 2010). To exclude

the effect of IL-12-STAT4 and IFN-y-STAT1 signaling through 76x21-CNS-12in T-bet
induction, we enforced the expression of RUNX3 in the 7bx21°M5M «“Th1” cells. Indeed,
while ectopic expression of RUNX3 promoted IFN-y production in the 7/Ax215M/5M «Th1”
cells (Figure STE), it failed to up-regulate T-bet expression in these cells (Figure S7F).

WT Thl cells already expressed high amounts of T-bet and retroviral over-expression of
RUNX3 had no additional effect (Figure S7F). Furthermore, RUNX3 did not promote
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T-bet expression in Stat4~Ifagr1~~ “Th1” cells (Figure S7G). Therefore, although CBF-p-
RUNX3 can bind to 76x21-CNS-3and regulate T-bet expression in cNK cells, RUNX3 does
not directly induce T-bet expression in Th1l cells consistent with the fact that 76x27-CNS-3
is not accessible in Thl cells.

T-bet regulates its own expression in NK cells

By using a BAC transgenic reporter mouse strain T-bet-ZsGreen on the 76x217/~
background, we have previously reported that T-bet does not regulate its own expression in
“Th1” cells (Zhu et al., 2012). However, lower amounts of T-bet-ZsGreen were observed in
the T-bet-ZsGreen- 76x217~ Post-iNK-A cells compared to the T-bet-ZsGreen-WT controls
(Figure S7H). Furthermore, hepatic ctNK cells from the T-bet-ZsGreen- 76x21~~ mice also
expressed lower amounts of T-bet-ZsGreen compared with their WT counterparts (Figure
S71). Thus, T-bet regulates its own expression during NK cell development.

DISCUSSION

While T-bet is critical for the development and functions of type 1 innate and adaptive
lymphocytes, little is known about its regulation at the genomic level. Through DHS
analysis of the 76x21 locus in Th and ILC subsets, we identified three cis-regulatory
elements upstream of the 76x21 TSS: Tbx21-CNS-3, Tbx21-CNS-8.5and Tbx21-CNS-12
that were preferentially accessible in innate or adaptive type 1 lymphocytes and clearly
demonstrated that distinct c/s-regulatory elements at the 76x21 locus were utilized for the
induction of T-bet expression during the development and differentiation of type 1 innate
and adaptive lymphocytes.

The differential induction of T-bet between Th1 cells and group 1 innate lymphoid cells we
have reported in this study may also apply to GATA3 induction in Th2 cells and ILC2s, and
ROR-yt induction in Th17 cells and ILC3s since these gene loci also displayed differential
accessibilities in innate and adaptive lymphocytes of the same class. Therefore, while innate
lymphocytes and their adaptive counterparts share the same set of LDTFs in determining
their similar functionality after development or differentiation, there appear to be different
routes to reach the same destination, providing important insights into understanding the
evolutionary relationship between innate and adaptive lymphocytes.

IL-12 signaling-mediated STAT4 binding to the element 76x21-CNS-12was critical for the
T-bet induction during Th1 cell differentiation, but this mechanism is not utilized for the
induction of T-bet during ctNK cell and ILC1 development in steady state. Nevertheless,

the element 76x21-CNS-12is also accessible in NK cells. Indeed, the IL-12-STAT4
signaling through acting on the element 76x21-CNS-12can induce T-bet expression in

cNK cells /in vitro, suggesting that 76x21-CNS-12 may also play an important role in T-bet
regulation during NK cell activation in response to infection. The fact that 76x21-CNS-12is
partially accessible even in naive CD4* T cells suggests that this is the critical element for
lymphocytes responding to cytokine environment during immune responses. In addition, this
site is also accessible in Th2 cells and Th17 cells, which may explain CD4* T cell plasticity
(Lee et al., 2009; Wei et al., 2009).

Immunity. Author manuscript; available in PMC 2023 April 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fang et al.

Page 14

IL-18 signaling is a potent T-bet inducer in cNK cells. As a member of I1L-1 family
cytokines, IL-18 can be processed through inflammasome cleavage both in hematopoietic
cells and non-hematopoietic cells in BM without involving an inflammatory response
(Mantovani et al., 2019; Ratajczak et al., 2020; Silberstein et al., 2016). Although we
cannot exclude a potential role of IL-18 in the posttranscriptional regulation of 76x21
MRNA, IL-18 does induce T-bet at the transcriptional level. It is unlikely that 1L-18 directly
induces T-bet via the NF-xB pathway since the 76x21 mRNA is not induced immediately
after IL-18 stimulation. Instead, 1L-18 through activating NF-xB significantly induces the
expression of RUNX3, which in turn up-regulates T-bet expression in cNK cells. In the

NK progenitors, RUNX3 expression precedes T-bet induction. However, T-bet expression is
detected only in IL-18RaM NK progenitors which also express high amounts of RUNX3.
Not only the initial expression of T-bet is highly correlated with the expression of IL-18Ra
in NK progenitors in BM, such early T-bet induction in NK progenitors is diminished in
the //18r1-deficient mice. However, the lack of IL-18 or IL-18R has little effect on NK

cell development although their functionalities may have been altered (Chaix et al., 2008;
Hoshino et al., 1999; Takeda et al., 1998).

Thx21-CNS-3is preferentially accessible in ctNK cells and this element plays an important
role in optimal T-bet induction in cNK cells and NK progenitors, and thus promotes NK
cell maturation. While RUNX3 alone may directly or indirectly regulate T-bet expression in
NK cells, RUNX3 and T-bet could form a complex to bind to the 76x21-CNS-3 element

in promoting T-bet expression. However, 76x21-CNS-3is not accessible in Thl cells and
its deletion has no effect on T-bet expression during Th1 cell differentiation. Furthermore,
IL-18 and RUNX3 are unable to directly induce T-bet expression during CD4* T cell
differentiation. Therefore, in T cells, the main mechanism of IL-18- and RUNX3-mediated
T-bet induction is through regulating IFN-y production.

The binding of T-bet at the 76x21 locus may constitute a positive feedback loop for T-bet
induction. T-bet self-regulates in NK cells, however, T-bet does not seem to be needed for
regulating its own expression during Th1 cell differentiation (Zhu et al., 2012). ChIP-Seq
analysis of T-bet binding showed that T-bet binds to its own gene but in a cell type-specific
manner, that is, it bound to 76x21-CNS-3in cNK cells but bound to 76x21-CNS-12in Thl
cells. Since STAT4 also bound to 76x21-CNS-12in Th1l cells, which may compensate the
function of T-bet binding to the same region, it could explain why T-bet is not needed for
self-regulation in Thl cells.

The cNK cell lineage development branches off the 1d2-negative early innate lymphoid
progenitor whereas the ILC1 lineage is derived from 1d2* ILC progenitors (ILCPs)
(Colonna, 2018; Constantinides et al., 2014; Diefenbach et al., 2014; Klose et al., 2014),
although the ILCPs still have the potential to become cNK cells (Xu et al., 2019; Zhong

et al., 2020). ILC1s, highly enriched in the adult liver, start to arise during fetal liver
hematopoiesis prior to the development of cNK cells during ontogeny (Chiossone et al.,
2009; Daussy et al., 2014; Gordon et al., 2012). There are also reports showing a conversion
of ctNK cells into ILC1-like cells in the tumor microenvironment or during 7. gondii
infection (Gao et al., 2017; Park et al., 2019). Our study indicates that in the absence of
Tbx21-CNS-3, T-bet induction in cNK cells but not in ILC1s is severely impaired. The
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differential regulation of T-bet expression in ILC1s and cNK cells supports the concept that
they are distinct lineages both in mice and in humans (McFarland et al., 2021). Our results
also strongly indicate that even these two closely related type 1 innate lymphocytes may
utilize different mechanisms in T-bet induction during their development.

Although Th cell subsets and their ILC counterparts have similar characteristics, distinct
gene regulatory pathways have been identified (Colonna, 2018; Koues et al., 2016;

Shih et al., 2016). Th cells and ILCs experience different environments during their
development and differentiation. ILCs largely develop in the BM and/or fetal liver without
an inflammatory response. It has been proposed that while ILCs require STAT signaling
for their functionality, STAT signaling is dispensable for their development. However, the
latter concept has not been explicitly proven due to the possible redundancy of different
STAT proteins. Here in this study, by abolishing the critical STAT-binding sites at the 76x21
locus, we clearly demonstrated that STAT signaling through the 7bx21-CNS-12, which is
essential for Thl cell differentiation, is not required for the induction of T-bet in type 1
innate lymphocytes.

In summary, we have reported that type 1 innate and adaptive lymphocytes utilize distinct
cis-regulatory elements for the induction of T-bet. Particularly, we have shown that cytokine-
mediated STAT signaling is critical for Th1 cell differentiation but not for NK cell
development, although STAT signaling is also crucical for NK cell functional activation
through regulating the expression of other genes such as /fng.

Limitations of Study

None of the three elements we investigated in this study seems to be required for T-bet
induction during ILC1 development. Thus, whether there is an ILC1-specific element
for T-bet induction requires further investigation. Further investigation is also needed to
identify other signaling(s) which may regulate RUNX3 expression before and/or after
IL-18Ra is induced during NK cell development. In addition, while T-bet can be further
induced through STAT-binding sites at the 76x27-CNS-12during NK cell activation, the
physiological importance of such T-bet regulation is unexplored. Finally, T-bet has been
recently shown to play an important role in the development and functions of type 1
lymphocytes in humans (Yang et al., 2020; Yang et al., 2021). Whether there are loss-
or gain-of-function mutations within the cis-regulatory elements at the 78X21 locus in
humans, which may differentially affect the development and functions of innate and
adaptive cells in patients, requires further investigation.

STAR METHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Jinfang Zhu (jfzhu@niaid.nih.gov).

Materials availability— 76x21°M/5M  Tpx21ACNS-3 Thx21ACNS-8.53nd
Thx21ACNS-SACNS-8.5 mouyse strains are generated in this study.
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Data and code availability—All sequencing data are available in the GEO database
listed in the key resources table. This paper analyzed publicly available data and the
accession code is listed in the key resources table.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All the mouse strains are on C57BL/6 background. The single-stranded Thx215M/SM
oligonucleotides, serving as the repair template, and the Thx213M/3M sgRNA, serving as the
single guide RNA for targeting the 74x21 locus, were used to generate the 7hx215M5M
mouse strain through the CRISPR-Cas9 technology. The restriction endonuclease Fspl site
“TGCGCA” was induced in the mutant to facilitate genotyping. The PCR products using
the primer pair Thx21°M were purified and digested with Fspl to screen the knock-in
mutants, and the desired mutation was then confirmed by sequencing. To generate the
Thx21ACN5-3 mouse strain, two sgRNAS, Thx214¢3.5” and Thx214¢-3-3", were used,

and the primer pair Thx21¢-3 was used for genotyping. To generate the 7hx274CNS-65
mouse strain, two sgRNAs, Thx214685.5" and Thx214¢8:5.3" were used, and the primer
pair Thx21C-85 was used for genotyping. To generate the 7hx274CNS-SACNS-85moyse
strain, two sgRNAs, Thx214¢85.5" and Thx214¢8-5-3" were used on the 7hx214CNS-3
mouse strain. All these strains were back crossed to wildtype C57BL/6 mice more

than 2 generations before they were used in the study. CD4-Cre- Tbx21™"f mice were
previously described (Fang et al., 2018). Tcra™~, Ragl™~, RagZ”~yc™!~, T-bet-ZsGreen,
T-bet-ZsGreen- Thx2177~, Stat4™~Ifngr1™~, and CD45.1 congenic mice were obtained from
the NIAID-Taconic repository. T-bet-ZsGreen- 76x217~ mice and T-bet-ZsGreen mice were
crossed to wildtype C57BL/6 mice to generate 74x21%~ mice and controls respectively. T-
bet-ZsGreen- 76x21~ mice were crossed to wildtype C57BL/6 mice and 7Hx214CNS5-3 mice
to generate T-bet-ZsGreen- 7hx217* and T-bet-ZsGreen- Thx217ACNS-3 mice, respectively.
The //18r1~~ mice and the control C57BL/6J mice were purchased from the Jackson
Laboratory. RUNX3-YFP mice (Egawa and Littman, 2008) were kindly provided by Drs.
Takeshi Egawa and Dan Littman. Mice were bred and/or maintained in the NIAID specific
pathogen-free animal facilities, and they were used at 8-12 weeks of age. All the animal
experiments were performed under a protocol approved by the NIAID Animal Care and Use
Committee.

Parasites—Parasite 7. gondii ME49 was described in previous studies (Kawabe et al.,
2017; Yu et al., 2018).

METHOD DETAILS

T. gondii infection— 7. gondii infection was described previously (Kawabe et al., 2017).
Briefly, 8-12 weeks old mice of the indicated strain were inoculated (7,0.) with 15 ME49
cysts harvested from the brains of chronically infected C57BL/6 mice. To assess the relative
pathogen load, 0.2 ml suspension from 4 ml PC and 40 ml liver homogenate was used

to prepared total DNA followed by real-time PCR. The mouse gene Gapdh was used to
normalize the 7. gondii DNA (Kawabe et al., 2017). The supernatants from serum were
used for IFN-y ELISA assay. In addition to measuring immune responses, mortality of the
infected animals was monitored in some experiments.
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Poly (I:C) treatment—8-10 weeks old mice of the indicated strain were inoculated (/7.p.)
with 100 pg poly (I:C) or control saline for 2.5 hours and the hepatic lymphocytes were
harvested and incubated with monensin for 3.5 hours followed by IFN-y intracellular
staining. Mice were inoculated (7,0.) with 100 pug poly (I:C) or control saline for 6 hours
and the serum was collected for IFN-y ELISA assay.

Bone marrow chimeras and cell transfer—The 7cra”~and Rag2”~yc™~ mice were
sub-lethally irradiated (450 Rad) followed by bone marrow reconstitution (/.v.) with 5
million cells from femurs and then kept for 8-10 weeks before use. In some experiments,
total CD4* T cells purified from the spleens and lymph nodes via negative selection were
transferred (/.v.) into RagZ™" recipients (7.5 million/mouse).

In vivo IL-12 neutralization—WT mice were pre-treated (7.p.) with control 1gG or anti-
IL-12 p40 antibodies (200 pg/mouse) 2 days before 7. gondiiinfection (7.p.). The infected
mice were treated with control 1gG or anti-1L-12 p40 antibodies (200 pg/mouse) at day 1
and day 4 after infection and the mice were analyzed at day 7. Rag2~”~yc™~ mice were
pre-treated (/.p.) with control 1gG or anti-1L-12 p40 antibodies (200 pug/mouse) 2 days before
BM transfer. The chimeras were treated with control IgG or anti-IL-12 p40 antibodies (200
pg/mouse) at day 1 and day 6, and further treated (100 pg/mouse) every 5 days for additional
6-7 weeks.

Cell isolation—Spleen, LN and BM were dissociated and put through the 40 pm

cell strainer to make single cell suspensions in ice-cold HBSS with 3% FBS. To

isolate lymphocytes from the liver, the perfused liver was mechanically dissociated by
gentleMACS™ Dissociator and put through the 70 um cell strainer. ILC2s and LTi cells
from small intestine and cNK cells from lung were harvested following a protocol described
previously (Moro et al., 2015). The liver and small intestine suspensions were spun down,
re-suspended in 40% Percoll Plus, and centrifuged at 1800 rpm for 20 minutes at room
temperature (RT). The ACK treatment was applied to get rid of red blood cells when
necessary.

Measurement of cytokine production—To measure cytokine production by Th1 cells
generated /n vitro, cells were stimulated with PMA (10 ng/ml) and ionomycin (1 pM) for

4 hours. To measure cytokine production by T cells from 7. gondii-infected mice ex vivo,
cells were stimulated with anti-CD3 and anti-CD28 antibody-coated beads for 5 hours.

To measure cytokine production by cNK cells and ILC1s ex vivo, cells were stimulated
with IL-12 (10 ng/ml) and IL-18 (20 ng/ml) for 5 hours. Monensin (2 uM) was added
during stimulation to block cytokine secretion. To measure cytokine secreted in the serum,
commercial ELISA kit was used.

Flow cytometry and cell sorting—Cells were blocked with anti-mouse CD16/CD32
antibodies before incubated with fluorochrome-conjugated antibodies and Live/Dead dye.
Cell surface staining was usually performed in HBSS with 3% FBS at 4°C for 15 minutes
if not specified otherwise. For intracellular cytokine staining, cells were fixed in 4%
paraformaldehyde for 15 minutes at RT, and then permeabilized and stained with antibodies
at 4°C in 0.5% Triton X-100/PBS for 15 minutes. For intracellular transcription factor
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staining, the Foxp3 Staining Buffer Set was used following the manufacturer’s instruction.
For 7. gondii peptide AS15-tetramer staining, cells were incubated with the tetramer at 37°C
in RPMI 1640 medium for 30 minutes. To analyze NKPs in BM, the Lin antibodies (CD3,
CD4, CD5, CD8, CD11b, B220, TER119, Ly6G/6C) were used. Flow cytometry data were
collected from FORTESSA or LSR Il (BD Biosciences), and the results were analyzed with
the FlowJo software 10 (Tree Star). Cells were sorted on an FACS Aria cell sorter (BD
Biosciences). Naive CD4* T cells were sorted as CD4*CD441°CD62L*CD25~ population
from the LNs. To sort cNK cells from the spleen, cells were depleted with Lin antibodies
(CD3, CD4, CD8, CD14, CD19, Ly-6G/Ly-6C and TER-119) as described (Pak-Wittel

et al., 2014), then sorted as NK1.1*Lin™ population. To sort NK progenitors from BM,

cells were depleted with Lin antibodies (CD3, CD4, CD5, CD8, CD11b, B220, TER119,
Ly6G/6C, c-Kit) before sorting. To sort lymphoid-primed multipotent progenitors (LMPPs)
from BM, cells were depleted with Lin antibodies (CD3, CD5, CD11b, CD19, B220,
TER119, Ly6G/6C, NK1.1) before sorting. To sort cNK cells and ILC1s from the liver,
cNK cells were sorted as CD3~CD19 "NK1.1"CD49a"CD49b* whereas ILC1s were sorted
as CD3"CD197"NK1.1*CD49a*CD49b™. ILC2s and LTi cells from the small intestine were
sorted as Lin (CD3, CD4, CD5, CD8, CD11c, CD19, MAR-1, TER119, F4/80, Ly6G/6C)~
CD127*KLRG1"* and Lin"CD127*KLRG1 CCR6*NKp46~, respectively.

Cell culture—CD4* T cells and cNK cells were cultured in the complete RPMI

1640 medium (10% FBS, 200 mM glutamine, 100 mM sodium pyruvate, 50 pM
B-mercaptoethanol, 100 U/ml penicillin and 100 pug/ml streptomycin). Th1-skewing
conditions: a-CD3 (1 pg/ml), a-CD28 (3 pg/ml), a-I1L-4 (10 pg/ml), IL-12 (10 ng/ml) and
IL-2 (100 U/ml); Th2-skewing conditions: p-CD3 (1 pg/ml), a-CD28 (3 pg/ml), a-IFN-y
(10 pg/ml), a-I1L-12 (10 pg/ml) and I1L-4 (5000 U/ml); Th17-skewing conditions: a-CD3

(1 pg/ml), a-CD28 (3 pug/ml), a-1L-4 (10 ug/ml), a-1FN-y (10 pg/ml), a-1L-12 (10 pg/ml),
TGFB1 (1 ng/ml), IL-6 (10 ng/ml) and IL-1B (10 ng/ml). The irradiated T cell-depleted
splenocytes were used as antigen-presenting cells in vitro. In some experiments, a-1FN-y
(10 pg/ml) was added to neutralize the supernatant IFN-y. ctNK cells were incubated with
IL-1 (10 ng/ml), IL-6 (10 ng/ml), IL-7 (10 ng/ml), IL-12 (2 ng/ml), IL-15 (10 ng/ml), IL-18
(10 ng/ml), IL-21 (20 ng/ml), CXCL12 (10 ng/ml), FIt3L (10 ng/ml), SCF (20 ng/ml),
IFN-y (10 ng/ml) or TGF-B1 (1 ng/ml) in the presence of IL-2 (100 U/ml). OP9 and
OP9-DL1 cell line (Schmitt and Zuniga-Pflucker, 2002) were cultured in the MEM medium
(5% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin).

Retroviral infection and nucleofection—Ectopic gene expression in CD4* T cells was
achieved through retroviral infection. Naive CD4" T cells were cultured under Th1-skewing
conditions for 1 day, and then the virus-containing supernatants and polybrene were added
into the cell culture. The mixture was spun down at 3000 rpm for 45 minutes at RT and

then cultured for another day. Cells were then cultured with fresh Th1 skewing medium

for additional 3 days. The negatively selected cNK cells (Pak-Wittel el al., 2014) from

the spleen were transfected with siRNA and indicator (5:1) using Amaxa™ P4 Primary

Cell 4D-Nucleofector™ X Kit L under the program CZ-167 and cultured in the complete
RPMI 1640 medium without antibiotics. After 1 day, cells were sorted according to the
intensity of the indicator and then cultured in the complete medium for additional 12 hours.
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Cells were further incubated with IL-18 for 2 days (for mRNA) or 3 days (for protein)

with IL-2 supplemented in the medium. Ectopic gene expression in LMPPs was achieved
through retroviral infection. Sorted LMPPs (Lin"CD117*Scal*FIt3*CD127~) were cultured
in DMEM medium supplemented with SCF (20 ng/ml), FIt3L (10 ng/ml), IL-7 (5 ng/ml)
for 2.5 days before retroviral infection with GFP-T-bet or GFP-Vector control. On day 6, the
infected cells were further co-cultured with OP9 cell line in DMEM medium supplemented
with 1L-15 (10 ng/ml) for additional 8 days.

qRT-PCR—The total RNAs were extracted using RNeasy Plus Mini Kit, and reverse
transcribed with PrimeScript RT Master Mix (TAKARA) or QuantiTect Rev Transcription
Kit (QIAGEN). The cDNAs were analyzed with QuantStudio 7 Flex Real-Time PCR
System (Applied Biosystems) using FastStart Universal SYBR Green Master (Roche). The
following primer pairs were used to quantify specific gene transcripts: Tbx21-CDS for
Tbx21, Runx3-P1 for Runx3from distal promoter, Runx3-P2for Runx3from proximal
promoter, Cbfb-CDS for Cbfb. Hprt was used for normalization.

ChIP-PCR—Two million Th1 cells or one million cNK cells were used in the ChIP assay.
Cells were cross-linked with 1% formaldehyde for 10 minutes at RT and sonicated in the
shearing buffer (0.4% SDS in TE buffer) to generate 100 to 400 bp DNA fragments. 10% of
total DNA was used as input, and the rest was used in the subsequent immunoprecipitation.
DNA-protein complexes were pulled down with specific antibodies in the RIPA buffer
overnight. DiaMag anti-mouse 1gG coated magnetic beads or DiaMag protein A coated
magnetic beads were added into the buffer for additional 4 hours. After washing, reverse-
crosslinking and DNA purification (100 to 400 bp) were performed. The DNA fragments
were analyzed through real-time PCR. Primer pair Thx21-CNS-12-CP was used for
targeting 76x21-CNS-12, Thx21-CNS-3-CP for targeting 76x21-CNS-3, and 114-TSS-CP
for targeting //4-TSS.

ChIP-Seq, DNase-Seq and data analysis—Single-cell DNase sequencing protocol
(Jin et al., 2015) was used to perform low-cell number DHS assay. ChIP-Seq analysis of
T-bet and STAT4 binding (using 1 million cells) was performed as described previously (Hu
et al., 2018). DNA samples were blunt ended, ligated to the Solexa adaptors, amplified,

and sequenced with Illumina HiSeq system through the NHLBI DNA Sequencing and
Computational Biology Core. ChIP-Seq and DNase-Seq reads (50 bp) were mapped to
mm10 genome with Bowtie2 (Langmead and Salzberg, 2012). Only non-redundant reads
with MAPQ >=10 were used for follow-up analysis. DNase-Seq peaks were called by
MACS?2 (Zhang et al., 2008) with settings of --nomodel--extsize 75 from down-sampling
reads of 10 million for each replicate. Then only overlapped DHSs from two replicates
were kept for following analysis. Poisson test implemented as scipy.stats.poisson.sf function
was used to evaluate the statistical significances of enriched reads located in CNS regions
among different cell types, and Pvalue < 1e-5 was used as the significant cutoff. T-bet

and STAT4 ChIP-seq peaks were called by callPeaks module in cLoops2 package (https://
github.com/YagiangCao/cLoops2, an extension from cLoops (Cao et al., 2020)), with key
parameters of -eps 150 -minPts 10, 20, and only overlapped peaks from two replicates

were kept for following analysis. Peaks correlation analysis were carried out by Intervene
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(Khan and Mathelier, 2017) with key parameters of intervene pairwise--compute frac--corr--
htype dendrogram. Peak annotations were obtained by annotatePeak.pl in HOMER package
(Heinz et al., 2010). Washington University Genome Browser with mm10 was used to
visualize peaks, identify conserved regions and compare the sequence between human and
mouse. Cell samples are in biological duplicates.

QUANTIFICATION AND STATISTICAL ANALYSIS

Differences between two groups were determined by two-tailed unpaired or paired Student’s
ttest using Prism 7 software (GraphPad). P<0.05 was considered significant. Mean + SD;
n.s., none-significant, *£< 0.05, **P< 0.01.
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Highlights:

Differential chromatin accessibility identified in innate and adaptive
lymphocytes.

Thx21-CNS-3is important for optional T-bet expression and NK cell
maturation.

IL-18-RUNX3 and T-bet itself activate 76x21-CNS-3element in NK cells.
STAT binding at 76x21-CNS-12is critical for T-bet induction in Th1 cells.
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Figure 1. Epigenomes at the Thx21 locus in Thl cells, cNK cells and ILC1s
(A-C) DHS analysis of chromatin accessibility was performed through DNase-Seq. Thi,

Th2 and Th17 cells were prepared /n vitro, naive CD4* T cells were harvested from LNs;
cNK cells and ILC1s were harvested from livers; ILC2s and LTi cells were harvested
from small intestine. Heatmap showed the correlation of DHSs between Th1 cell, cNK
cell and ILC1 samples after excluding the ILC-shared and CD4* T cell-shared DHSs (A).
Chromatin accessibility at the 76x21 locus was viewed by Wash U genome browser (B).

The accessibility of 76x21-CNS-3in cNK cells, 76x21-CNS-8.5in cNK cells and 7bx21-
CNS-12in Thl cells was compared with that in other cell subsets (C). Samples are in
biological duplicates.

(D) Anti-T-bet ChIP-Seq was performed using Th1 cells and splenic cNK cells. The binding
of T-bet at the 76x21 locus was viewed by Wash U genome browser. The dataset of Th1-2
was derived from the GEO: GSE38808. The cNK samples are in biological duplicates. See
also Figure S1, Table S1 and Table S2.
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Figure 2. Tbx21-CNS-3 is critical for T-bet induction during cNK cell development
(A) Naive CD4* T cells were cultured in Thl-skewing conditions for 3 days and then in

resting conditions (IL-2-containing medium) for 1 day. T-bet protein amounts in 76x21%/*
and Tbox214€N5-3Th1 cells were measured.

(B and C) T-bet protein amounts in hepatic cNK cells and ILC1s from 7bx21*/* (n=8),
Thx21ACNS-3 (n=5) and 7bx21~~ (n=6) mice were measured, and T-bet MFI was calculated.
Mean = SD.

(D) cNK and ILC1 cell number in the livers from 76x21%/* (n=9), Thx214C¢N5-3 (n=8), and
Tbx217~ (n=6) mice was calculated. Mean + SD.
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(E and F) Maturation of hepatic cNK cells from the 76x21%* (n=5) and Thx214CNS-3
(n=7) mice was assessed by the expression of cell surface proteins CD11b and CD27.
The percentage and the cell number of CD11b*CD27-, CD11b*CD27* and CD11b~CD27*
population were calculated. Mean + SD.

(G) T-bet protein amounts in hepatic cNK cells and ILC1s from 76x21%* (n=3) and
Tbx21ACN5-8.5 (n=3) mice were measured. Mean + SD.

(H) T-bet protein amounts in 76x21*/* (n=3) and Thx214CN5-85 (n=3) Th1 cells
differentiated /n vitro were measured.

(1) cNK and ILC1 cell number in livers from 76x21%/* (n=11) and 7hx214CNS-6.5 (n=g)
mice were calculated. Mean + SD.

Data are representative of two (A, G-1) or three (B-F) independent experiments. See also
Figure S2, Figure S3 and Table S3.
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Figure 3. STAT4 binding at Thx21-CNS-12 is essential for T-bet induction during Th1 cell
differentiation in vitro

(A) Two highlighted STAT binding motifs at 76x21-CNS-12were mutated through
CRISPR-Cas9 technology, and the homozygous mutant strain was named as 76x21°M/5M,
Both human and mouse sequences around the conserved STAT binding sites were shown.
(B) Anti-STAT4 ChlP-Seq was performed using Th1 cells. The binding of STAT4 at the
Thx21 locus was viewed by Wash U genome browser. Cell samples are in biological
duplicates.

(C) Anti-STAT4 ChIP-PCR was performed using 76x21%* (n=3) and 7hx215MM (n=3)
Th1 cells. The primer pairs targeting 76x21-CNS-12and Tbx21-CNS-3were used to
measure STAT4 binding. Mean * SD.
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(D) T-bet protein amounts in 76x21%*, Thx21°M>M and CD4-Cre- Thx217f Th1 cells were
measured.

(E) Naive CD4* T cells from 76x21*/* (n=3) and Thx21°M/>M (n=4) mice were used to
prepare Thl cells with or without the addition of anti-IFN-y antibodies in the culture. In the
presence of monensin, cells were stimulated with phorbol 12-myristate 13-acetate (PMA)
and ionomycin for 4 hours. The percentage of IFN-y-producing cells was calculated. Mean
+ SD.

(F and G) CD45.1 Thx21*/* (n=4) naive CD4" T cells were co-cultured with equal numbers
of CD45.2 Thx21** (n=4) or CD45.2 Thx21°M/M (n=4) naive CD4* T cells under Thi-
skewing conditions. The ratio of CD45.1 and CD45.2 cells in the co-cultured conditions
was calculated (F); The percentage of IFN-y-producing cells was calculated after PMA

and ionomycin treatment in the presence of monensin (G, left); T-bet protein amounts were
measured (G, right). Mean + SD.

Data are representative of two (C-G) independent experiments. See also Figure S4, Table S2
and Table S3.
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Figure 4. Defective Th1 cell differentiation in the Tox213M/SM mice in response to T. gondii
infection

(A-D) Tbx21%/* (n=8), Thx21°M"*M (n=8) and CD4-Cre- Tbx21™f (n=8) mice were infected
with 7. gondiifor 7 days. Splenocytes were stimulated with anti-CD3 and anti-CD28
antibodies for 5 hours in the presence of monensin. The percentage of IFN-y-producing
cells in the CD4*CD44N population and in the 7. gondiiantigen AS15-specific CD4* T
cells was calculated (A and B). T-bet protein amounts were measured, and T-bet MFI was
calculated (C and D). Mean £ SD.

(E-G) Experimental procedure of BM chimeras infected with 7. gondlii for 7 days (E).

The percentage of IFN-y-producing cells was calculated after anti-CD3 and anti-CD28
antibodies stimulation in the presence of monensin (F). T-bet protein amounts in the
CD4*CD44N T cells from CD45.1 7hx21%/* and CD45.2 Thx21°M/M chimeras (n=8) were
measured, and T-bet MFI was calculated (G). Mean + SD.
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(H and 1) Negatively selected 76x21%/* or Thx21°M5M CD4* T cells were transferred

into Ragl™" recipients. The reconstituted mice (n=7 for each group) were infected with 7
gondii, and then monitored for their survival.

Data are representative of two (A-1) independent experiments. See also Figure S3.
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Figure 5. STAT binding motifs at Tbx21-CNS-12 are dispensable for T-bet induction during cNK

cell and ILC1 development
(A and B) T-bet protein amounts in cNK cells and ILC1.

s from Tbx21%*, Thx21°M5M

and 7bx217~ mice were measured (A). Total cNK and ILC1 cell number in livers from
Thx21** (n=13) and THx21°M/M (n=14) was calculated (B). Mean + SD.

(C) Purified cNK cells and ILC1s from 7hx21%/* (n=4)

and 7Hx21°M5M (n=3) mice were

stimulated with IL-12 and IL-18 for 5 hours in the presence of monensin. The percentage of

IFN-y-producing cells was calculated. Mean + SD.

Data are representative of two (A-C) independent experiments. See also Figure S4 and S5.
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Figure 6. I1L-18 up-regulates T-bet expression in cNK cells
(A) Thx21*/* (n=3) and Thx21°M/>M (n=3) cNK cells were incubated with or without IL-18

for 3 days in the presence of IL-2. T-bet protein amounts were measured, and T-bet MFI was
calculated. Mean + SD.

(B and C) 7bx21%* (n=3) and Thx214CNS-3 (n=3) cNK cells were incubated with or without
IL-18 (B) or with or without IL-12 (C) for 3 days in the presence of IL-2. T-bet protein
amounts were measured, and T-bet MFI was calculated. Mean + SD.

(D) The expression of IL-18Ra and T-bet reporter ZsGreen in the rNKPs and iNK-A cells
from T-bet-ZsGreen reporter mouse BM was measured. The percentage of IL-18Ra™* cells in
the rNKPs and iNK-A cells was calculated. The percentage of T-bet-ZsGreen* cells in the
IL-18Ra* and IL-18Ra~ rNKPs was calculated. Mean + SD, n=3.

(E) The expression of T-bet in the bulk of rNKPs and iNK-A cells
(Lin"CD27*CD244.2*CD117~ CD122*NK1.17) from 7bx21*/* (n=3) and Tbx214CNS-3
(n=3) mice was measured through intracellular staining. The percentage of T-bet™ cells in
the IL-18Ra* population was calculated. Mean * SD.
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Data are representative of two (A, C-E) or three (B) independent experiments. See also
Figure S5 and S6.
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Figure 7. IL-18 induces RUNX3 expression in cNK cells
(A) Anti-CBF-p ChIP-PCR was performed using cNK cells sorted ex vivo. Primer pairs

targeting to 76x21-CNS-3and the //4 transcription start site (//4-TSS, negative control) were
used. Mean + SD, n=3.

(B and C) 7hx215M5M cNK cells (n=3) and Stat4™~Ifngr1™~ cNK cells (n=3) were
incubated with or without IL-18 for 3 days in the presence of IL-2. T-bet and RUNX3
protein amounts were measured, and MFI was calculated. Mean * SD.

(D) Thx21°M5M cNK cells were co-transfected with SIRNA targeting to Cbfb (n=3) or
negative control (NC, n=3) and Green indicator by using Amaxa™ 4D-Nucleofector™,
After 24 hours, the Greenl population was sorted and cultured for additional 12 hours. Cells
were then incubated with IL-18 and IL-2 for 2 days. The transcripts of 76x21 and Cbfb were
assessed by gRT-PCR. Mean + SD.

(E and F) cNK cells were stimulated with I1L-18 for various time points as indicated. The
relative 7bx21 (E), Runx3-P1 (distal) and Runx3-P2 (proximal) mRNA (F) were measured
by using gRT-PCR and normalized to Hprt mMRNA. Mean £ SD, n=3.

(G) cNK cells were pre-treated with NF-xB inhibitor or cycloheximide (CHX) for 10
minutes and stimulated with IL-18 for 1 hour. The relative Runx3-PZ mRNA was measured.
Mean £+ SD, n=3.

Data are representative of two (A-G) independent experiments. See also Figure S7 and Table
S3.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-B220-Biotin (Clone RA3-6B2) BD Cat#553086; RRID: AB_ 394615
Anti-CD3e-FITC (Clone 145-2C11) BD Cat#553062; RRID: AB_394595
Anti-CD3e-Biotin (Clone 145-2C11) eBioscience Cat#13-0031-85; RRID: AB_466319
Anti-CD4-BUV395 (Clone GK1.5) BD Cat#563790; RRID: AB_2738426
Anti-CD4-Biotin (Clone GK1.5) eBioscience Cat#13-0041-85; RRID: AB_466326
Anti-CD4-BUV737 (Clone GK1.5) BD Cat#564298

Anti-CD5-Biotin (Clone 53-7.3) BD Cat#553019; RRID: AB_394557
Anti-CD8-Biotin (Clone 53-6.7) eBioscience Cat#13-0081-85; RRID: AB_466347
Anti-CD11b-FITC (Clone M1/70) BD Cat#553310; RRID: AB_396679
Anti-CD11b-PerCP-Cy™S5.5 (Clone M1/70) BD Cat#550993; RRID: AB_394002
Anti-CD11b-BUV737 (Clone M1/70) BD Cat#612800; RRID: AB_2738811
Anti-CD11b-Biotin (Clone M1/70) BD Cat#553309; RRID: AB_394773
Anti-CD14-Biotin (Clone Sa2-8) eBioscience Cat#13-0141-85; RRID: AB_466371
Anti-CD19-PE (Clone 1D3) BD Cat#553786; RRID: AB_395050
Anti-CD19-Biotin (Clone 1D3) eBioscience Cat#13-0193-85; RRID: AB_657658
Anti-CD25-FITC (Clone 7D4) BD Cat#553072; RRID: AB_394603
Anti-CD27-BV605 (Clone LG.3A10) BD Cat#563365; RRID: AB_2738160
Anti-CD44-eFluor 450 (Clone IM7) eBioscience Cat#48-0441-82; RRID: AB_1272246
Anti-CD44-APC-eFluor 780 (Clone IM7) eBioscience Cat#47-0441-82; RRID: AB_1272244
Anti-CD45.1-PE-Cy™7 (Clone A20) BD Cat#560578; RRID: AB_1727488
Anti-CD45.2-BUV395 (Clone 104) BD Cat#564616; RRID: AB_2738867
Anti-CD45.2-BUV737 (Clone 104) BD Cat#612778; RRID: AB_2870107
Anti-CD49a-BV421 (Clone Ha31/8) BD Cat#740046; RRID: AB_2739815
Anti-CD49a-BV711 (Clone Ha31/8) BD Cat#564863; RRID: AB_2738987
Anti-CD49b-APC (Clone DX5) BD Cat#560628; RRID: AB_1727502
Anti-CD49b-eFluor 780 (Clone DX5) eBioscience Cat#47-5971-82; RRID: AB_11218895
Anti-CD62L-PE (Clone MEL-14) eBioscience Cat#12-0621-82; RRID: AB_465721
Anti-CD62L-APC (Clone MEL-14) eBioscience Cat#17-0621-82; RRID: AB_469410
Anti-CD117-APC-H7 (Clone 2B8) BD Cat#560185; RRID: AB_1645231
Anti-CD117-PE (Clone 2B8) BD Cat#553355; RRID: AB_394806
Anti-CD122-BV786 (Clone TM-B1) BD Cat#740869; RRID: AB_2740521
Anti-CD122-FITC (Clone 5H4) BD Cat#554452; RRID: AB_395401
Anti-CD127-PE-Cyanine7 (Clone A7R34) eBioscience Cat#25-1271-82; RRID: AB_469649
Anti-CD244.2-BUV395 (Clone 2B4) BD Cat#740226; RRID: AB_2739974
Anti-CD244.2-PE-Cyanine7 (eBio244F4) eBioscience Cat#25-2441-82; RRID: AB_2573432
Anti-CCR6-BV421 (Clone 140706) BD Cat#564736; RRID: AB_2738926
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REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-F4/80-Biotin (Clone BM8) eBioscience Cat#13-4801-85; RRID: AB_466658
Anti-FceR1 alpha-Biotin (Clone MAR-1) eBioscience Cat#13-5898-82; RRID: AB_466783
Anti-IFN-y-Alexa Fluor® 700 (Clone XMG1.2) BD Cat#557998; RRID: AB_396979
Anti-IFN-y-PE-Cy™7 (Clone XMG1.2) BD Cat#557649; RRID: AB_396766
Anti-IFN-y-FITC (Clone XMG1.2) BD Cat#554411; RRID: AB_395375
Anti-1L-4-Brilliant Violet 421™ (Clone 11B11) BioLegend Cat#504120; RRID: AB_2562102
Anti-IL-4-Brilliant Violet 605™ (Clone 11B11) BioLegend Cat#504126; RRID: AB_2686971
Anti-IL-18Ra-eFluor 450 (Clone P3TUNYA) eBioscience Cat#48-5183-82; RRID: AB_2574069
Anti-IL-21R-PE (Clone 4A9) BioLegend Cat#131906; RRID: AB_1279430
Anti-KLRG1-APC-eFluor 780 (Clone 2F1) eBioscience Cat#47-5893-82; RRID: AB_2573988
Anti-Ly-6G/Ly-6C-Biotin (Clone RB6-8C5) eBioscience Cat#13-5931-85; RRID: AB_466801
Anti-NK1.1-PE-Cy™7 (Clone PK136) BD Cat#552878; RRID: AB_394507
Anti-NK1.1-BV650 (Clone PK136) BD Cat#564143; RRID: AB_2738617
Anti-NKG2D-PE-CF594 (Clone CX5) BD Cat#562614; RRID: AB_2737677
Anti-NKp46-PE (Clone 29A1.4) BD Cat#560757; RRID: AB_1727466
Anti-TER-119-Biotin (Clone TER-119) eBioscience Cat#13-5921-85; RRID: AB_466798
Anti-CBFp Rabbit mAb (Clone D4N2N) CST Cat#62184

Anti-Stat4 Rabbit mAb (Clone C46B10) CST Cat#2653

Anti-T-bet-Alexa Fluor® 647 (Clone O4-46) BD Cat#561267; RRID: AB_10564093
Anti-EOMES-eFluor 450 (Clone Danl11mag) eBioscience Cat#48-4875-82; RRID: AB_2574062
Anti-Ki-67-BV786 (Clone B56) BD Cat#563756; RRID: AB_2732007
Anti-RUNX3-PE (Clone R3-5G4) BD Cat#564814; RRID: AB_2738969
Anti-NGFR-PE (Clone C40-1457) BD Cat#557196; RRID: AB_396599
Anti-CD3e (Clone 2C11) Harlan Lot#A2022931

Anti-CD28 (Clone 37.51) Harlan Lot#A2022929

Anti-1L-4 (Clone 11B.11) NCI-Frederick Lot#L.0412006

Anti-IFN-y (Clone XMG1.2) Harlan Lot#A2022930

Anti-CD16/CD32 (Clone 2.4G2) Harlan Lot#A2083015

Anti-Biotin MicroBeads

Miltenyi Biotec

Cat#130-090-485

Anti-CD3/CD28 Dynabeads Gibco Cat#11453D

Alexa Fluor® 647 Mouse 1gG1 x BD Cat#557732; RRID: AB_396840

Rat 19gG2a Isotype-eFluor 450 (eBR2a) eBioscience Cat#48-4321-82; RRID: AB_1271999
Anti-mouse IgG coated magnetic beads Diagenode Cat#C03010022

InVivoMADb anti-mouse IL-12 p40 BioXCell Cat#BE0051; RRID: AB_1107698
InVivoMADb rat 1gG2a isotype control, anti-trinitrophenol | BioXCell Cat#BE0089; RRID: AB_1107769

Bacterial and virus strains

Toxoplasma gondii ME49 | Kawabe et al., 2017 | N/A
Chemicals, peptides, and recombinant proteins
IL-1B | R&D systems | Cat#401-ML
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REAGENT or RESOURCE SOURCE IDENTIFIER
IL-2 R&D systems Cat#402-ML

IL-6 PeproTech Cat#216-16

IL-7 R&D systems Cat#407-ML
IL-12 PeproTech Cat#210-12

IL-15 R&D systems Cat#447-ML
1L-18 R&D systems Cat#9139-IL
IL-21 R&D systems Cat#594-ML
CXCL12 R&D systems Cat#460-SD

FIt-3 Ligand R&D systems Cat#427-FL
IFN-y PeproTech Cat#315-05

SCF R&D systems Cat#455-MC
TGF-beta 1 R&D systems Cat#7666-MB
Fixable Viability Dye eFluor™ 506 eBioscience Cat#65-0866-14
Fixable Viability Dye eFluor™ 780 eBioscience Cat#65-0865-14
Streptavidin-BV605 BD Cat#563260; RRID: AB_2869476
Streptavidin-APC-R700 BD Cat#565144; RRID: AB_2869657
Protein A-coated magnetic beads Diagenode Cat#C03010020
Percoll Plus GE Healthcare Cat#17544501
Polybrene Sigma Cat#TR-1003-G
ACK Lysing Buffer Gibco Cat#A1049201
AS15-Tetramer-BV421 NIH TCF Order#42412
AS15-Tetramer-APC NIH TCF Order#42413
Monensin Solution eBioscience Cat#00-4505-51
L-Glutamine Gibco Cat#25030
Sodium pyruvate Gibco Cat#11360
B-mercaptoethanol Gibco Cat#21985
NEAA Gibco Cat#11140
Penicillin and streptomycin Gibco Cat#15140

RPMI medium 1640 Gibco Cat#21870-076
MEM Gibco Cat#11095080
Fspl NEB Cat#R0135L
PMA (Phorbol 12-myristate 13-acetate) Sigma Cat#P8139
lonomycin Sigma Cat#407952
InSolution NF-xB Activation Inhibitor Sigma Cat#481407-1MG
Polyinosinic—polycytidylic acid sodium salt Sigma Cat#P0913-50MG
EasySep™ Buffer Stem cell Cat#20144
Cycloheximide Sigma Cat#C1988-1G
DMSO Sigma Cat#D2650

Critical commercial assays
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REAGENT or RESOURCE SOURCE IDENTIFIER
Foxp3 Staining Buffer Set eBioscience Cat#00-5523-00
QuantiTect Rev. Transcription Kit Qiagen Cat#205313
MinElute Reaction Cleanup Kit Qiagen Cat#28206
QIAquick Gel Extraction Kit Qiagen Cat#28704
RNeasy Plus Mini Kit Qiagen Cat#74136
PrimeScript™ RT Master Mix TAKARA Cat#RR036A
FastStart Universal SYBR Green Master (Rox) Roche Cat#04913850001
P4 Primary Cell 4D-Nucleofector LONZA Cat#V4XP-4024

CD4+ T Cell Isolation Kit

Miltenyi Biotec

Cat#130-104-454

EasySep™ Mouse Streptavidin RapidSpheres™ Stem cell Cat#19860
Isolation Kit

RNase-Free DNase Set Qiagen Cat#79256
DNeasy Blood & Tissue Kit Qiagen Cat#69506

IFN gamma Mouse Uncoated ELISA Kit Invitrogen Cat#88-7314-86

Deposited data

ChIP-Seq and DNase-Seq data

This manuscript

GEO: GSE172358

ChIP-Seq (T-bet in Th1-2)

Zhuetal., 2012

GEO: GSE38808

Experimental models: Cell lines

OP9 Schmitt and N/A
Zufiga-Pfllcker,
2002
OP9-DLL1 Schmitt and N/A
Zufiga-Pfllcker,
2002
Experimental models: Organisms/strains
Mouse: Thx215M/5M This manuscript N/A
Mouse: Thx214¢-3 This manuscript N/A
Mouse: Thx214¢85 This manuscript N/A
Mouse: Thx21AC-34CG8.5 This manuscript N/A

Littman, 2008

Mouse: Tcra™~ NIAID-Taconic Taconic line 98
Mouse: CD45.1 congenic NIAID-Taconic Taconic line 7
Mouse: Ragl~/~ NIAID-Taconic Taconic line 146
Mouse: Rag2~yc™~ NIAID-Taconic Taconic line 111
Mouse: T-bet-ZsGreen NIAID-Taconic Taconic line 8419
Mouse: T-bet-ZsGreen- Thx217~ NIAID-Taconic Taconic line 8451
Mouse: T-bet-ZsGreen-Stat4~"Ifngrl=/- NIAID-Taconic Taconic line 8450
Mouse: 1118r17~ The Jackson Stock#004131
Laboratory
Mouse: C57BL/6J The Jackson Stock#000664
Laboratory
Mouse: RUNX3-YFP Egawa and Now also available at Jackson

Laboratory, Stock#008774
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REAGENT or RESOURCE | SOURCE | IDENTIFIER
Oligonucleotides

See Excel file Table 53 | |

Recombinant DNA

NGFR-RUNX3 retrovirus Yagi et al., 2010 N/A
GFP-T-bet retrovirus Yagi et al., 2010 N/A

Software and algorithms

FlowJo V10 FlowJo LLC https://www.flowjo.com

Prism 7 Graphpad https://www.graphpad.com

MEME Suite N/A https://meme-suite.org

WashU Epigenome Browser Washington http://epigenomegateway.wustl.edu
University in St.
Louis
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