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CTCF mediates CD8"* effector differentiation through
dynamic redistribution and genomic reorganization

Jia Liu™*@®, Shaoqi Zhu?*®, Wei Hu'@®, Xin Zhao'®, Qiang Shan'@®, Weiqun Peng?®, and Hai-Hui Xue*@®

Differentiation of effector CD8* T cells is instructed by stably and dynamically expressed transcription regulators. Here we
show that naive-to-effector differentiation was accompanied by dynamic CTCF redistribution and extensive chromatin
architectural changes. Upon CD8* T cell activation, CTCF acquired de novo binding sites and anchored novel chromatin
interactions, and these changes were associated with increased chromatin accessibility and elevated expression of cytotoxic
program genes including Tbx21, Ifng, and Klrgl. CTCF was also evicted from its ex-binding sites in naive state, with
concomitantly reduced chromatin interactions in effector cells, as observed at memory precursor-associated genes including
17r, Sell, and Tcf7. Genetic ablation of CTCF indeed diminished cytotoxic gene expression, but paradoxically elevated
expression of memory precursor genes. Comparative Hi-C analysis revealed that key memory precursor genes were harbored
within insulated neighborhoods demarcated by constitutive CTCF binding, and their induction was likely due to disrupted
CTCF-dependent insulation. CTCF thus promotes cytotoxic effector differentiation by integrating local chromatin accessibility

control and higher-order genomic reorganization.

Introduction

CD8* T lymphocytes are cytotoxic cells that lyse cells infected
with intracellular pathogens and malignantly transformed cells
(Chung et al., 2021; McLane et al., 2019). In response to acute
viral or bacterial infections, antigen-specific naive CD8* T (Ty)
cells are activated and undergo clonal expansion to generate
effector CD8* T cells that are equipped with cytotoxic molecules.
The effector cells are heterogenous: The KLRGIIL-7RaM or
Tcf1M subset shows increased potential to become memory CD8*
T cells and is considered as memory precursors (Typ), while
cells with the opposite phenotype (KLRGIMIL-7Rol®, Tcf1l°) are
fully differentiated cytotoxic effector (Tegr) cells, with reduced
contribution to memory T cell pool (Gullicksrud et al., 2017;
Herndler-Brandstetter et al., 2018; Joshi et al., 2007; Pais
Ferreira et al., 2020). The CD8* T cell differentiation requires
instruction by transcription factors (TFs), which usually exhibit
three distinct expression patterns: (1) induced expression after
activation such as Tbet and Blimpl, (2) substantial repression,
especially in Tggr cells, such as Tcfl and Myb, and (3) relative
stable expression such as Runx3, which is nonetheless essential
for Blimpl induction and Tcfl repression (Gautam et al., 2019;
Joshi et al., 2007; Kallies et al., 2009; Shan et al., 2017; Wang
et al., 2018). Dynamic TF expression has been at the center of

attention, and genome-wide TF occupancy is frequently in-
terpreted as stochastic events. It remains less understood if re-
distribution of key TFs, even those stably expressed, contributes
to fate decision and differentiation process of activated CD8*
T cells.

CCCTC binding factor (CTCF) was initially discovered as a
transcriptional regulator, but is now best known for its ability to
mediate long-range chromatin interaction and organize genome
in three-dimensional space (Ohlsson et al., 2001; Pongubala and
Murre, 2021; Zhao et al.,, 2022). Topologically associating do-
mains (TADs) are recognized as physically and functionally
isolated units in mammalian genome organization (Dixon et al.,
2016). TADs consist of sub-TADs or insulated neighborhoods
that are smaller in size and provide finer gene regulation (Hnisz
et al., 2016). CTCF binding at the boundaries of TADs or insu-
lated neighborhoods is strong and constitutive across different
cell types, consistent with its insulator function that shields
from external enhancer activity or heterochromatin spreading.
CTCF binding is also prevalent within TADs or insulated
neighborhoods, exhibits cell type specificity, and contributes to
the formation of promoter-enhancer loops (Arzate-Mejia et al.,
2018). During T cell development, CTCF cooperates with Bclllb
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to facilitate the formation of chromatin loops specific to T cell
lineage-committed cells (Hu et al., 2018). In naive CD8* T cells,
CTCF is recruited by Tcfl and Lefl at non-constitutive binding
sites, and acquires novel binding sites in response to IL-7 and IL-
15 stimulation, to promote homeostatic proliferation (Shan et al.,
2022b). CTCF binding strength is also altered by IL-2 in T helper
1 CD4* cells polarized in vitro (Chisolm et al., 2017). It remains
unknown if and how the versatile functions of CTCF are utilized
in CD8* T cells responding to acute infections. Using an in vivo
infection model, we found that CTCF exhibited dynamic redis-
tribution in the CD8* T cell genome in response to TCR stimu-
lation, and both dynamic and constitutive CTCF binding acted in
concert in spatial genome reorganization to promote Tgpr
differentiation.

Results

CTCF redistribution is associated with chromatin accessibility
and transcriptomic changes in effector CD8* T cells

To determine CTCF occupancy in antigen-responding CD8*
T cells in vivo, we isolated CD45.2* naive CD8* T cells expressing
the transgenic P14 TCR which is specific for the glycoprotein
33-41 epitope (GP33) of lymphocytic choriomeningitis virus
(LCMV), and adoptively transferred into WT CD45.1* recipients,
followed by infection with LCMV Armstrong strain (LCMV-
Arm) to elicit acute viral infection (Fig. 1 A and Fig. S1 A). P14
cells were sort-purified on day 4 post-infection (4 dpi) as early
Terr cells and were subjected to CTCF Cleavage Under Targets
and Release Using Nuclease (CUT&RUN) analysis along with Ty
cells. With IgG CUT&RUN in WT Ty and CTCF CUT&RUN in
CTCF-deficient Ty cells (see below) as negative controls, a total
of 57,366 high-confidence CTCF binding sites in Ty and Tggr cells
were identified; among which, 13,675 sites showed evident CTCF
binding in Tgpr only or increased binding strength in Tgpr over
Ty cells, while 11,479 sites showed negligible binding signals in
Terr or decreased binding strength in Tgpr compared to Ty cells
(called Tgpr-acquired and Tgpp-lost CTCF sites, respectively),
indicating dynamic redistribution of CTCF in the CD8* T cell
genome after in vivo activation (Fig. 1 B and Fig. S1 B). Over
80% of the “dynamic” CTCF sites were detected in distal
regulatory regions and were linked to genes in “immune
system process” as determined with the Genomic Regions
Enrichment of Annotations Tool (GREAT) analysis (Fig. S1,
C-E; and Table S1). Among the constitutive CTCF binding
sites between Ty and Tgpp cells, CTCF motif was the most
enriched and was detected in over 50% of the target sequences
(Fig. S1 F). Tgpp-acquired and Tgpp-lost CTCF sites also had
CTCF consensus sequence as the top motif, consistent with its
ability to bind DNA directly, while these sites were also en-
riched in Ets and Runx motifs, suggesting that CTCF can be
actively recruited to or evicted from Ets and Runx binding
sites (Fig. S1, G and H).

Mapping chromatin accessibility (ChrAcc) with Assay for
Transposase-Accessible Chromatin using sequencing (ATAC-
seq) showed extensive changes between Ty and early Tgy cells,
with over 15,000 sites becoming more “open” and another
14,000 sites becoming more “closed” in Tgg cells (Fig. S2, A and

Liu et al.
CTCF in effector CD8* T cell differentiation

B). Stratifying these differential ChrAcc sites with dynamic
CTCF binding sites showed highly concordant changes, that is,
~1/3 of more open ChrAcc sites in Tgr cells were associated with
Terr-acquired CTCF sites, while about 1/3 of more closed ChrAcc
sites in Tgpp cells were associated with Tgpp-lost CTCF sites
(Fig. 1 C). Motif analysis of Tgpp-acquired CTCF + ChrAcc
sites showed significant enrichment of AP1 and Tbet motifs,
besides Runx and Ets motifs (Fig. 1 D), suggesting that TCR-
mobilized AP1 factors (e.g., BATF and Jun/Fos) and the in-
duced Tbet contributed to CTCF recruitment for chromatin
opening. On the other hand, the Tgpp-lost CTCF + ChrAcc sites
were enriched in Tcf/Lef motif, besides Ets and Runx (Fig. 1
E); because Tcfl and Lefl are downregulated upon CD8* T cell
activation (Zhao et al., 2010), the loss of CTCF binding and
ChrAcc was at least partly a passive event, following partner
TF expression changes in Tgpr cells.

Transcriptomic analysis of Ty and early Tggr cells with RNA
sequencing (RNA-seq) identified 3,119 upregulated and 3,008
downregulated genes in Ty compared to Ty cells (Fig. S2, C and
D; and Table S2). To specifically investigate the impact of dy-
namic CTCF redistribution, we focused on differentially ex-
pressed genes (DEGs) that harbored concordantly acquired or
lost CTCF + ChrAcc sites (quadrants i and iii in Fig. 1 C, re-
spectively) in the “~50 kb to +50 kb” genomic region flanking
their transcription start sites (TSSs). Over 1,200 upregulated
genes in Tgpy cells were associated with concordantly acquired
CTCF + ChrAcc sites at about 2.2 sites/gene, and included “cell
cycle,” “immune system process,” and “transcription regulation”
as top gene ontology (GO) terms (Fig. S2 E). These genes in-
cluded cyclin-dependent kinases (such as Cdk6), surface proteins
associated with activated CD8* T cells (Il2ra and Klrgl), and key
TFs including (Bhlhe40, Tbx21, Prdml, and Zeb2; group A in Fig. 1,
F and G), indicating the Tgpr-acquired CTCF binding is directly
associated with induction of chromatin opening and cytotoxic
program in CD8* T cells activated in vivo. On the other hand,
1,165 downregulated genes in Tgpr cells were associated with
concordantly lost CTCF + ChrAcc sites at about 1.8 sites/gene,
and included “immune system process” and “transcription reg-
ulation” as top GO terms (Fig. S2 E). These genes included sur-
face proteins associated with naive and central memory T cells
(Sell, Ccr7, and I117r), TFs (Tcf7, Id3, and Bcl6), epigenetic regulator
(Dnmt3a) and genome organizer (Satbl; group C in Fig. 1, F and
H). We also noted that upregulated genes in Ty cells were as-
sociated with lost CTCF + ChrAcc sites and downregulated genes
with acquired CTCF + ChrAcc sites (groups B and D in Fig. 1 F,
respectively; Fig. S2, E-G). We recently observed that a Tcfl/
Lefl-dependent ChrAcc site in the Prdml gene locus functions as
a silencer to restrain Blimpl expression in Ty cells (Shan et al.,
2021b). By interference, these CTCF sites in groups B and D may
have engaged in silencer activity for target gene regulation. The
concordantly acquired or lost CTCF + ChrAcc sites frequently
shares similar motifs, but exhibited preferential usage of Runx
motif when associated with silencer activity (groups B vs. C and
D vs. A, Fig. 1 F right panels). Collectively, these observations
suggested that dynamic CTCF distribution is associated with
ChrAcc and transcriptomic changes following Tgpr cell differ-
entiation in vivo.
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Figure 1. CTCF is redistributed and concordantly affects ChrAcc during Teer cell differentiation. (A) Experimental design. Donor P14 cells were isolated
from LNs, and the donor-derived effector cells were analyzed in the spleen of recipients throughout this study. (B) Volcano plot showing differential CTCF
binding strength and statistical significance between WT Tegr and Ty cells, with values denoting the numbers of differential CTCF binding sites. (C) Scatter plot
showing distribution between differential CTCF binding strength and differential ChrAcc sites in comparisons between WT Tgge and Ty cells, with values
denoting site numbers. (D and E) Top motifs in Terr-acquired and Tege-lost CTCF + ChrAcc sites (quadrants i and iii in C, respectively) based on HOMER
analysis. (F) Heatmaps showing DEGs and their associated differential CTCF binding and ChrAcc sites. DEGs linked to key GO terms (Fig. S2 E) were allocated
into different groups based on the pattern of CTCF binding and ChrAcc changes, where select genes are marked and the color scale denotes relative strength of
each molecular feature. Top motifs for CTCF + ChrAcc sites in each group are listed. (G and H) Tracks of CTCF CUT&RUN and ATAC-seq in WT Ty and Tege cells
at select genes in groups A (G) or C (H), which are associated with concordantly acquired CTCF + ChrAcc sites (denoted with orange bars in G) or with
concordantly lost CTCF + ChrAcc sites (denoted with blue bars in H). Tracks in gray denote CTCF CUT&RUN in Ctcf~/~ Ty cells as a negative control.
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Figure 2. Ty and Tgg cells form distinct chromatin interaction hubs. (A) Heatmaps showing chromatin interactions in Ty- and Tege-specific hubs through
Hi-C pile-up analysis centered on hub center and edges in both cell types. (B) Box plots summarizing expression changes of DEGs in Ty- and Tegg-specific hubs.
(C) Box plots summarizing binding strength changes of differential CTCF binding sites in Ty- and Tgre-specific hubs. The box center lines denote the median,
box edge denotes interquartile range (IQR), and whiskers denote the most extreme data points that are no more than 1.5 x IQR from the edge. P values were
determined with one-sided Mann-Whitney U test. (D) Heatmaps showing Chrint among +/-500 kb regions centered on the Tege-lost, Teee-acquired, and
motif* invariant (fold change <1.1) CTCF binding sites, based on pile-up analysis of Hi-C data in Ty and Tegr cells, where color scale denotes Chrint strength.

CTCF redistribution is associated with dynamic chromatin
interaction changes in effector CD8* T cells

Given the important role of CTCF in regulating three-
dimensional chromatin architecture, we performed in situ Hi-C
on KLRGI*IL-7Ra" Tgry cells isolated on 8 dpi, and both replicates
showed strong reproducibility (Fig. S3 A). In comparison with
Hi-C data in Ty cells (Shan et al., 2021b; Shan et al., 2022b), we
applied the HiCHub algorithm (Li et al., 2022 Preprint), which
identifies cell-type-specific chromatin interaction (Chrlnt) hubs
that contain collective unidirectional ChrInt changes in one cell
type over the other, going beyond punctual Chrint loops be-
tween two anchors. This analysis identified 775 Ty-specific and
893 Tgrr-specific hubs, which showed distinct Chrint patterns as
displayed in Hi-C pile-up graphs (Fig. 2 A). Cross-comparison
with DEGs between Ty and early Tgpr cells showed that Tgpp-
specific DEGs were highly enriched in Tgpp-specific hubs and
vice versa (Fig. 2 B and Table S3), consistent with current view
that increased Chrint is largely associated with elevated gene
transcription (Cuartero et al., 2022). Furthermore, the Tgrp-ac-
quired and Tgge-lost CTCF binding sites were highly enriched in
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Terr- and Ty-specific hubs, respectively (Fig. 2 C). We then
performed Hi-C pile-up analysis centered on CTCF binding with
different molecular characteristics (Fig. S3 B). For constitutive
CTCF binding sites that were strictly invariant between Ty and
Ty cells (<1.1-fold differences in binding strength) and positive
for its own motif, there was little interaction between their
flanking regions in both cell types, suggesting that these sites
had conserved insulation functions in Ty and Tggr cells (Fig. 2 D,
right column). For Tgpp-acquired CTCF sites, their flanking re-
gions had weak ChrInt in Ty cells, and showed greatly
strengthened Chrint in Tgey cells (Fig. 2 D, middle column). As
exemplified at the Tgpp-induced Thx2l, Ifng, and Ccl gene loci,
there was a highly concordant increase in multiple Tgpp-ac-
quired CTCF sites and extensively elevated Chrint in Tggr over
Ty cells (Fig. 3 A), where the elevated Chrint was observed
among Tpp-acquired CTCF sites and between Tgpp-acquired and
constitutive CTCF sites. Visualization of the ChrInt hubs in the
3D space using network graphs showed that the Tgpp-acquired
CTCF sites were in architectural proximity with target gene
promoters (Fig. 3 B), and multiple genes in the same hub showed

Journal of Experimental Medicine
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Figure 3. CTCF redistribution is associated with genomic architectural changes in Tg cells. (A and C) Diamond graphs showing Chrint in Ty (top) and
Teer cells (bottom) surrounding cytotoxic effector genes (Ifng, Ccl, and Tbx21 in A) or memory precursor-associated genes (Ccr7, Il7r, and Foxpl in C) gene loci, as
displayed on WashU epigenome browser. Blue boxes denoting Chrint “patches” showing marked changes between Ty and T cells. Shown in the middle are
gene size and transcription orientation along with CTCF CUT&RUN tracks in Ty and Tegr cells. (B and D) Network view of Tege-specific hubs harboring Ifng, Ccl,
and Tbx21 genes (B) and Ty-specific hubs harboring Cer7, I17r, and Foxpl genes (D). Filled nodes represent 10 kb bins belonging to the network community
underlying the hub, while open nodes belong to +/-100 kb extended genomic regions from the hub. Gray lines denote increased (B) or decreased (D) Chrint in
Terr compared to Ty cells, with line width representing log, fold change of Chrint between Terr and Ty cells.
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Figure 4. Ablating CTCF impairs Teer cell accumulation and cytotoxic functions. (A) Immunoblotting for CTCF in sorted WT or Ctcf-/~ GFP* naive CD8*
T cells (before adoptive transfer, left) and early Teer cells (4 dpi from infected recipients), with B-actin as loading control. Data are representative from two
independent experiments. (B and C) Cell division of CTV-labeled WT or Ctcf/~ naive CD45.2*GFP*CD8* T cells at 36 h (top) or 60 h (bottom) after transfer into
CD45.1" recipient mice followed by LCMV-Arm infection, with representative dot plots (B) and cumulative data on cell frequency in each cell division (C) shown.
(D and E) Relative expression of CD25 (D) and CD69 (E) in WT or Ctcf/~ CD8* T cells in individual cell divisions at 36 or 60 h after infection. gMFI, geometric
mean fluorescence intensity. (F) Numbers of WT or Ctcf/~ effector CD8* T cells on 4 and 8 dpi. (G-1) Detection of CD25 expression (G), IFN-y production (H),
and granzyme B expression (1) in WT or Ctcf/~ CD8* T cells on 4 dpi. Data in B, H, and | are from two independent experiments. Data in C-F are means = SD. ¥,
P < 0.05; ** P < 0.0L; ***, P < 0.001; NS, not statistically significant by two-tailed Student’s t test. Source data are available for this figure: SourceData F4.

concomitant induction in Tggg cells such as several Ccl genes, and
Thx21 together with Thkbpl and Kpnbl. On the other hand, the
Terp-lost CTCF sites were at the center of genomic regions with
extensive Chrint in Ty cells, and the Chrint was substantially
attenuated in Tger cells (Fig. 2 D, left column), as exemplified at
the Tgpp-downregulated I17r, Ccr7, and Foxpl genes (Fig. 3, C and
D). These data suggest that dynamic CTCF redistribution is in-
timately linked to concordant genomic reorganization to pro-
mote effector differentiation.

CTCF promotes differentiation of effector CD8* T cells

To determine the biological impact of CTCF on Tgr cell differ-
entiation, we generated P14-Tg*hCD2-Cre*Rosa26SFPCtcf/+ (WT)
and P14-Tg*hCD2-Cre*Rosa26CFPCtcfFL/FL (Ctcf /~) mice where the
hCD2-Cre transgene ablated CTCF in mature T cells with high
efficiency (Fig. 4 A), without affecting thymic development or
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causing aberrant T cell activation (Shan et al., 2022b). WT and
Ctcf~/~ naive P14 CD8* T cells were adoptively transferred, and
recipients infected with LCMV-Arm (Fig. 1 A). Within 36-60 h after
infection, WT and Ctcf /- CD8* T cells were activated and initiated
proliferation at the early response stage, where loss of CTCF mod-
erately delayed cell division, reduced CD25 induction but elevated
CD69 expression (Fig. 4, B-E). In contrast, Ctcf /- Tggr cells failed to
accumulate at 4 and 8 dpi, showing ~7- and 330-fold reduction than
WT cells, respectively (Fig. 4 F). On 4 dpi, Ctcf /- early Tgr cells
showed more pronounced reduction in CD25 expression (Fig. 4 G).
These observations suggest that Tger cells are progressively de-
pendent on CTCF to complete effector differentiation. In fact, Ctcf /-
early Tgpr cells showed profoundly impaired in IFN-y production
and greatly diminished granzyme B expression (Fig. 4, H and I),
consistent with the notion that CTCF is required for activating and/
or sustaining the cytotoxic program in Tggg cells.
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Because the few Ctcf/~ Tepr cells detected on 8 dpi contained
substantial portion of undeleted cells, we focused molecular
characterization on WT and Ctcf~/~ early Tgrr cells isolated on 4
dpi, where CTCF protein ablation remained complete (Fig. 4 A).
RNA-seq analysis identified 356 genes that showed diminished
expression in Ctcf /- compared to WT Tggr cells (Fig. 5 A, Fig. S2
C, and Table S4). These downregulated genes were enriched in
GO terms such as “cell cycle” (e.g., Cenbl, Cdkl, and E2f8), “im-
mune system process” (e.g., Gzma and Klrgl), and “transcription
regulation” (including Tbx21, Prdmi, Id2, and Zeb2; Fig. 5, B and
C). Consistent with known requirements for CTCF in cell pro-
liferation in other cell types, CTCF-dependent regulation of cell
cycle genes in Tgpp cells may thus be a major cause for the
progressive loss of Ctcf/~ Tgpr cells at 4 and 8 dpi (Fig. 4 F).
Furthermore, the expression of Tbet and KLRGI proteins was
substantially reduced in Ctcf/~ Tggy cells (Fig. 5, D and E). These
CTCF-dependent Tgpr functional aspects were strongly associ-
ated with the concordantly acquired CTCF binding and increased
ChrAcc in WT Tggr cells (compare with Fig. 1), highlighting an
essential role for redistributed CTCF in activating the cytotoxic
program in Tgrr cells, besides sustaining cell proliferation.

On the other hand, Ctcf/~ Tggr cells had 965 genes expressed
at higher levels than WT Ty cells (Fig. 5 A and Table S4). These
upregulated genes included those in “lymphocyte apoptotic
process” (including both pro-survival Bcl2 and proapoptotic
genes Bbc3 and Bcl2lll, with the latter two encoding PUMA and
BIM, respectively), surface proteins associated with coinhibitory
pathways (e.g., Ctlad and Lag3) or Ty cells (such as Cer7, Sell,
and Il7r, encoding CCR7, CD62L, and IL-7Ra, respectively), and
key transcription regulators associated with Tcy cells, including
Tcf7 (encoding Tcf1), Id3, Bcl6, and Myb (Fig. 5, F and G). Gene set
enrichment analysis (GSEA) further showed that Tcy signature
genes were strongly enriched in Ctcf/~ Tgr cells (Fig. S3, C and
D), while Tgy signature genes were depleted (Fig. S3, E and F),
consistent with the impaired induction of effector cytotoxic
program in the absence of CTCF. Indeed, increased portion of
Ctcf /- Tepr cells expressed IL-7Ra and Tcfl proteins, and Tcfl
protein expression was elevated in Ctcf/~ over WT Tggp cells
(Fig. 5, E and H). These data suggested that CTCF is necessary to
prevent premature apoptosis and co-inhibition, and in addition,
CTCF may also contribute to suppressing Ty fate and hence
ensuring Tgpr cell differentiation.

To further determine the direct contribution of CTCF to
target gene regulation, ATAC-seq was performed on WT and
Ctcf~/~ early Tggr cells, which identified 9,917 sites showing de-
creased ChrAcc and 5,781 sites showing increased ChrAcc upon
loss of CTCF (Fig. 6 A and Fig. S2 A). Stratifying the differential
ChrAcc sites with all CTCF binding sites (including both dy-
namic and constitutive) detected in early Tgrr cells showed that
over 60% sites with decreased ChrAcc in Ctcf /- cells were bound
by CTCF, while <6% sites with increased ChrAcc in Ctcf~/~ cells
overlapped with CTCF binding (Fig. 6 B), indicating a predom-
inant role of CTCF in establishing and/or maintaining open
chromatin state in Tggr cells. To specifically assess the contri-
bution of dynamically redistributed CTCF binding events, we
stratified the differential ChrAcc sites between WT and Ctcf /-
Terr cells with dynamic CTCF binding sites derived from the Tggy
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vs. Ty comparison in Fig. 1. This analysis showed that the Tggp-
acquired CTCF sites showed frequent overlap with decreased
ChrAcc sites in Ctcf /- over WT Tggr cells (quadrant i, Fig. 6 C).
The 1,709 sites were in line with the expectation that Tgpg-ac-
quired CTCF binding directly establish and/or maintain chro-
matin open state in Tger cells, and hence called “congruous”
CTCF sites herein.

These congruous CTCF sites were strongly associated with
downregulated genes in Ctcf/~ compared to WT Tggr cells (group
AinFig. 6 D), indicating that these sites functioned as enhancers
for inducing cytotoxicity genes in Tgpy cells, as observed in the
Tbx21, Prdml, Klrgl, Zeb2, and Gzma gene loci (Fig. 6 E and Fig. S4
A, compare tracks 6 and 7 at sites marked with orange bars). To
further substantiate this notion, we employed the short guide
RNA (sgRNA)-directed dCas9-KRAB-MeCP2 complex to block a
Tbx21 -8 kb upstream congruous CTCF site, which contained a
CTCF motif (Fig. 6 E). In the complex, the nuclease-dead Cas9
(dCas9) retains the DNA binding ability but does not generate
double-strand DNA breaks, hence avoiding cellular toxicity;
the fusion of dCas9 with repression domains from Kriippel-
associated box (KRAB) and methyl-CpG binding protein
2 (MeCP2) has the capacity to antagonize promoter/enhancer
activities in a site-directed manner (Thakore et al., 2015; Yeo
et al,, 2018). Compared with a negative control where a consti-
tutive CTCF binding site in the Thyl locus was used, targeting the
-8 kb congruous CTCF site upstream of Thx2l consistently di-
minished Thet protein expression in Tgpr cells (Fig. 6 F), vali-
dating the enhancer activity of the regulatory element that
acquired CTCF binding and CTCF-dependent chromatin opening
in Tgpp cells. As noted above, the congruous sites could also
function as transcriptional silencers, and some of these were
linked to upregulated genes in Ctcf’/~ Tger cells (group D in
Fig. 6 D).

Motif analyses of the congruous CTCF sites showed enrich-
ment of Thet, Runx, and AP1 TF motifs (Fig. 6 G), suggesting that
CTCF can be recruited by these TFs in addition to directly ac-
cessing target genes through its own DNA-binding capacity. In
fact, >50% of the congruous CTCF sites contained either Tbet or
Runx motif, and about 30% contained both motifs (Fig. S4 B). To
substantiate this point, we generated P14-Tg*hCD2-Cre* Ro-
sa26C6FP  Thx2IFY/FL. Runx3FL/FL (Thx21-/-Runx3~/~) mice (Shan
et al,, 2017), used WT and Tbx2I~/-Runx3~/~ P14 cells in adop-
tive transfer and LCMV-Arm infection (as in Fig. 1 A), and then
performed CTCF CUT&RUN on early Tggr cells isolated on 4 dpi.
Over 5,000 CTCF binding sites showed diminished binding
strength in Tbx21-/-Runx3~/~ compared to WT early Tggr cells
(Fig. 6 H and Fig. S4 C), and these sites were indeed enriched in
Runx and Thet motifs (Fig. S4 D). Among the Tbet/Runx3-de-
pendent CTCF binding sites, ~50% (2,676 sites) were acquired
in Tgpr over Ty cells, constituting ~20% of all Tgpp-acquired
CTCF sites (Fig. S4 E) and a greater portion of the congruous
CTCF sites (Fig. 6 I and Fig. S4 E). Specifically, the Tggr-acquired CTCF
sites at the Tbx2I intron regions, Prdml, Klrgl, and Gzma loci were
abrogated or greatly reduced in binding strength in the absence
of Thet and Runx3 (Fig. 6 E and Fig. S4 A, compare tracks 3 and 4,
at sites marked with dotted lines). These observations corrobo-
rate the recruitment of CTCF by Thet and/or Runx3 to promote
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Figure 5. Ablating CTCF impairs Tger program but favors Typ program. (A) Volcano plot showing DEGs between WT and Ctcf /= early Tere cells isolated on
4 dpi, with values denoting gene numbers. (B and F) GO terms for genes downregulated (B) or upregulated (F) in Ctcf/~ compared to WT early Tee cells, as
determined with the DAVID Bioinformatics Resources, with dot color denoting enrichment scores. (C and G) Heatmaps of select downregulated (C) or up-
regulated genes (G) in Ctcf~/~ compared to WT early Tegr cells. (D and H) Detection of Tbet (D) and Tcf1 (H) proteins by intranuclear staining in WT and Ctcf/~
early Teer cells isolated on 4 dpi. Values in half-stacked histographs (D) denote gMFI, and those in separate histographs (H) denote percentage of Tcf1* subset.
(E) Detection of KLRGL and IL-7Ra proteins by surface staining in WT and Ctcf/~ early Tere cells isolated on 4 dpi, with values denoting percentages of
KLRG1MIL-7Ra~ and KLRG1IL-7Ra* subsets. Data in D, E, and H are from two independent experiments, and cumulative data are means + SD. ***, P < 0.001 by
two-tailed Student’s t test. gMFI, geometric mean fluorescence intensity.
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Figure 6. Terr-acquired CTCF binding activates effector transcriptional program. (A) Volcano plot showing differential ChrAcc sites between WT and
Ctef/~ early Terr cells isolated on 4 dpi, with values denoting site numbers. (B) Distribution of CTCF binding sites in WT Tgge cells (both dynamic and
constitutive) in differential ChrAcc sites between Ctcf~/~ and WT early Tegr cells. (C) Scatterplot showing distribution between dynamic CTCF binding sites (in
WT Tger vs. Ty comparison) and differential ChrAcc sites (in WT vs. Ctcf~/~ Tger comparison), where the 1,709 sites in quadrant i and the 1,873 sites in quadrant
iii are defined as congruous and incongruous sites, respectively. (D) Heatmaps showing DEGs (in WT vs. Ctcf/~ early Tger comparison) and associated
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differential ChrAcc sites (overlapping with congruous or incongruous CTCF binding) between WT and Ctcf/~ Tegr cells. The DEGs were grouped based on gene
expression patterns defined in WT Tgge vs. Ty comparison in Fig. 1 F, with select genes marked. (E) Tracks of CTCF CUT&RUN, ATAC-seq, and Tcf1 ChIP-seq at
the Tbx21 gene locus. Orange bars denote Tere-acquired CTCF binding sites linked to CTCF-dependent ChrAcc in Teer cells, and open bars with dotted line
denote CTCF binding sites that depended on Tbet and Runx3 (TRKO, Tbx21~/~Runx3~/~). (F) Thet expression in Teer cells in which sgRNAs targeting Thx21 -8 kb
enhancer (marked in E, Chr.11) or Thyl constitutive CTCF binding site (Chr.9) were retrovirally delivered together with dCas9-KRAB-MeCP2. Values in half-
stacked histographs (left) denote gMFI, and cumulative data are means = SD (right) from two independent experiments. ***, P < 0.001 by two-tailed Student’s
t test. gMFI, geometric mean fluorescence intensity. (G) Top motifs in the congruous CTCF sites (defined in quadrant i in C), with the incongruous sites as
background based on HOMER analysis. (H) Volcano plot showing differential CTCF binding sites between WT and Thx21-/~Runx3~/~ (TRKO) early Ter cells
isolated on 4 dpi, with values denoting site numbers. (I) Heatmap showing CTCF binding strength at the congruous CTCF sites in WT and Tbx21~/~Runx3/~

(TRKO) early Terr cells.

activation of the cytotoxic transcriptional program. It is of in-
terest to note that CTCF binding at the Tbx2I -8 kb enhancer was
not affected by loss of Thet and Runx3 (Fig. 6 E), indicating that
CTCF directly activates this enhancer through its own motif in
Terr cells, and highlighting diverse mechanisms by which CTCF
supports Tegr cell differentiation.

CTCF restrains memory precursor fate in activated CD8*

T cells

In addition to acquisition of novel CTCF binding sites, the WT
Terr cells lost or had attenuated CTCF binding at ~12,000 sites,
and about one third of these sites showed concordantly de-
creased ChrAcc compared to Ty cells (Fig. 1, B and C). These
concordant Tgpp-lost CTCF + ChrAcc sites were weakened in
such a way that in many cases they were not identified as CTCF
binding or open chromatin sites in Tggr cells any longer, as ex-
emplified at the Dnmt3a and Satbl gene loci (Fig. 1 H). For a
conventional TF in the context of unidirectional cellular differ-
entiation, one may expect that genetic ablation of the TF would
have similar effect as loss of the TF binding, and hence would not
affect ChrAcc or associated gene expression. To our surprise, the
Terr-lost CTCF + ChrAcc sites were associated with more open
ChrAcc sites in Ctcf /- compared to WT early Tgr cells (quadrant
iii, Fig. 6 C), and the 1,873 sites are hence called “incongruous”
sites herein. The incongruous sites were predominantly associ-
ated with upregulated genes in Ctcf/~ Tger cells (group C in
Fig. 6 D), and these genes were associated with the Typ tran-
scriptional program, as exemplified at the Tcf7, Sell, I17r, and 1d3
gene loci (Fig. 7 A and Fig. S5 A). These data demonstrated that a
set of genes, which were actively transcribed in Ty but destined
for silencing in WT Tggp cells, resisted repression and at least
partly maintained active transcription in CTCF-deficient
Tepr cells.

Based on RNA-seq and phenotypic/functional character-
izations, Ctcf/~ early Tgpr cells showed evident decrease in
KLRGI* but increase in IL-7Ra* subset compared with WT cells
(Fig. 5 E). Such subset ratio changes in Ctcf/~ cells may have
intrinsic bias toward Typ-like cells, leading to the observed
ChrAcc landscape changes showing impaired Tggr but enhanced
Tmp transcriptional programs. According to the asymmetrical
cell division/signaling models, the Tgpp vs. Typ fate decision is
made during the first few divisions of activated CD8* T cells
(Arsenio et al., 2015; Nish et al., 2017). Retention of Tcfl ex-
pression in early dividing cells is strongly associated with Typ
fate (Gullicksrud et al., 2017; Lin et al., 2016; Pais Ferreira et al.,
2020). Within 60 h after LCMV-Arm infection, WT P14 cells
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robustly induced granzyme B expression and IFN-y production,
while a small portion retained Tcfl expression (Fig. 7, B-G),
consistent with previous reports (Bird et al., 1998; Jenkins et al.,
2008; Lin et al., 2016). Ctcf /- P14 cells largely retained the ability
of granzyme B induction but showed more pronounced reduc-
tion in IFN-y production (Fig. 7, B-E), indicating that CTCF-
deficient cells maintained the ability of inducing key cytotoxic
genes during the initial cell division stage, albeit with decreased
magnitude. On the other hand, a larger portion of Ctcf/~ P14
cells in initial divisions retained Tcfl expression, with increased
Tcfl protein levels compared to WT cells (Fig. 7, F and G), sug-
gesting an early bias toward Ty fate in CTCF-deficient cells.
Transcriptomic analysis showed increased pro-apoptotic as well
as pro-survival genes in Ctcf/~ early Tger cells (Fig. 5 G), and we
then measured cell apoptosis to directly measure the net impact
of CTCF deficiency. Activation of caspase-3/7 was detected at a
modestly increased frequency in Ctcf/~ compared to WT P14
cells in initial divisions (Fig. 7 H), but the frequency of apoptotic
cells was so low that the differences may not constitute a major
fate-deciding factor at the initial cell division stage. Collectively,
these data support the notion that CTCF promotes Tggr but re-
strains Typ cell fate during the first few cell divisions of acti-
vated CD8* T cells.

CTCF binding at the Typ-characteristic genes was lost in Tggy
cells, yet ablating CTCF protein resulted in increased accessi-
bility and expression of the Typ genes. How to reconcile these
seemingly paradoxical observations? A key molecular distinc-
tion between WT and Ctcf /~ Tggr cells is that WT cells lost CTCF
binding at the incongruous sites, while Ctcf/~ Tgg cells lost
both dynamic and constitutive CTCF binding sites. CTCF is dis-
tinct from a conventional TF in its ability of establishing TADs
and sub-TADs/insulated neighborhoods, besides mediating
enhancer-promoter interactions (Dixon et al., 2016; Hnisz et al.,
2016). We, therefore, deduced that constitutive CTCF binding
sites and their associated chromatin architectural roles influenced
the behavior of the incongruous sites. Utilizing in situ Hi-C data in
Ty cells (Shan et al., 2021b; Shan et al., 2022b), we found that the
incongruous sites were embedded in highly connected genome
regions with extensive chromatin interactions in Ty cells; by
contrast, the congruous sites were less connected with their
neighboring regions (Fig. 8 A). We then examined the constitutive
CTCF binding sites in the flanking regions of incongruous sites
and analyzed two major groups based on their molecular char-
acteristics. The first group included constitutive CTCF sites with
robust ChrAcc signals (irrespective of presence of CTCF motifs);
these ChrAcc* constitutive CTCF sites could function as enhancers
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Figure 7. CTCF has an early impact on Ter and Typ gene expression in antigen-experienced CD8" T cells. (A) Tracks of CTCF CUT&RUN, ATAC-seq, and
Tcfl ChIP-seq at the Tcf7 and I1d3 gene loci linked to the incongruous sites (denoted with blue bars). The green bars denote ChrAcc™ constitutive CTCF binding
sites that function as boundary anchors for insulated neighborhoods. (B-G) Detection of Tgee- and Typ-characteristic proteins in CTV-labeled WT or Ctcf
CD45.2*GFP*CD8* T cells within 60 h after in vivo activation by LCMV-Arm infection. B and C, intracellular detection of granzyme B; D and E, intracellular
detection of GP33-stimulated IFN-y production; F and G, intranuclear detection of Tcfl. In B, D, and F, representative dot plots showing percentage of actively
dividing cells that expressed proteins of interest; in C, E, and G, half-stacked histographs showing gMFI of the proteins. (H) Detection of active caspase3/7 in
CTV-labeled WT or Ctcf/~ CD8* T cells within 60 h after in vivo activation. Cumulative data in B-H are means + SD (right) from at least two independent
experiments. *, P < 0.05; ***, P < 0.001 by two-tailed Student’s t test. gMFI, geometric mean fluorescence intensity.
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Figure 8. Constitutive CTCF binding forms insulated neighborhoods encompassing Typ genes. (A) Heatmaps showing Chrint among +/-500 kb regions
centered on the incongruous (left) and congruous sites (right), based on pile-up analysis of Hi-C data in Ty cells. (B) Heatmaps showing Chrint pile-up profile
centered on ChrAcc* (top) and ChrAcc™ motif* (bottom) constitutive CTCF binding sites that are located at 100-200 kb upstream or downstream of the
incongruous sites in Ty cells.. (C) Heatmap showing the interaction strength between upstream and downstream ChrAcc™ constitutive CTCF binding sites
flanking the incongruous sites in Ty cells.based on aggregate peak analysis. In A-C, color scale denotes Chrlint strength. (D) Boxplots showing insulation scores
at the upstream (left) and downstream (right) ChrAcc™ motif* constitutive CTCF binding sites flanking the incongruous sites in Ty and Te cells. The P values
are determined with one-sided Mann-Whitney U test. (E) Heatmaps showing Chrint strength at the Tcf7, Sell, and Id3 gene loci and associated incongruous
sites in Ty and Ter cells. The green-edged triangle marks an insulated neighborhood, and that with dotted lines represents extended regions where additional
ChrAcc™ constitutive CTCF binding sites may contribute to enforcing the boundary. The yellow circle represents the insulating knots formed through inter-
actions between the boundary anchors. The end of red arrow represents TSS of genes of interest, and the length is proportional to the gene length. CTCF
binding tracks in WT Ty and Tge cells are the same as Fig. 7 A (for Tcf7 and Id3) or Fig. S5 A (for Sell), shown as location reference for the constitutive (green)
and dynamic (blue) CTCF binding sites. Insulation (Ins) scores of each 10 kb bin across each gene locus are displayed, with lower scores in orange representing
stronger insulation effects.

and were indeed in more connected genomic regions (Fig. 8 B, top
panels). In contrast, the second group included constitutive CTCF
sites that did not have robust ChrAcc but contained CTCF motifs;
these ChrAcc™ motif* constitutive CTCF sites showed distinct
features: Their neighboring regions proximal to the incongruous
sites had substantially denser intra-region chromatin interactions
than the regions distal to the incongruous sites, and significantly,
the interactions between their proximal and distal regions were
sparse (Fig. 8 B, bottom panels). These observations suggested that
the ChrAcc™ motif* constitutive CTCF sites functioned as in-
sulators shielding the incongruous sites. In addition, the interac-
tions between ChrAcc™ motif* constitutive CTCF sites on the
opposite sides of the incongruous sites was highly robust, while
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those between such sites flanking the congruous sites were much
weaker (Fig. 8 C), corroborating the notion that the incongruous
sites and their associated genes are enclosed in insulated neigh-
borhoods in Ty cells, with ChrAcc™ motif* constitutive CTCF sites
demarcating the boundaries (Fig. S5 B). Because the incongruous
and congruous sites were more frequently associated with Typ
and Tgrr genes, respectively (Fig. 6 D), these findings further
suggested that Typ genes are more frequently flanked by
boundary-forming CTCF binding sites than Tggr genes. Addition-
ally, the insulation effect by the ChrAcc™ motif* constitutive CTCF
sites was preserved, or even strengthened in Tggr cells (Fig. 8 D),
as determined with insulation scores (Crane et al., 2015), where a
lower score is indicative of stronger insulation effect.
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At the Typ-associated gene loci specifically, Tcf7, Id3, and Sell
genes were in fact located in genomic regions that had key
features of insulated neighborhoods, that is, showing stronger
intra-region chromatin interactions but sparse or weaker in-
teractions with its neighbor regions (Fig. 8 E, compare Chrlnt
signals within to those outside the green triangles), and having
ChrAcc™ constitutive CTCF binding sites as “boundary anchors”
on both ends of the regions (marked with green bars in Fig. 8 E).
Importantly, the “insulating knots” formed through the inter-
actions between these boundary anchors were largely sustained
at these loci in Tgr cells (marked with yellow circles in Fig. 8 E),
and the insulation effect was evidently observed at the boundary
anchors and beyond, manifested as score values at or below zero
(where the negative values were shown in orange in Fig. 8 E).
These case studies further corroborated that the structure of
insulated neighborhoods is preserved from naive to antigen-
experienced CD8* T cells at key Typ genes. On the other hand,
Chrint within the insulated neighborhoods encompassing Tcf7,
1d3, and Sell genes showed a decreasing trend in Tgpr compared
to Ty cells (Fig. 8 E and Fig. S5 C), concordant with evicted CTCF
binding and downregulated Typ genes in Tgpp cells. These
findings suggested that regulation of Ty;p genes occurs “locally”
within the insulated neighborhoods, being shielded from ex-
ternal interference beyond the boundary anchors. In Ctcf~/~ Tgrp
cells, the loss of CTCF binding at the boundary anchors likely
disrupted the integrity of the insulated neighborhoods (Nora
et al., 2017), and hence exposing the incongruous sites to TFs
other than CTCF.

In fact, the incongruous sites had Tcf/Lef as the top motif,
which were found in >50% of the target sites (Fig. 9 A).
Stratifying with previously reported Tcfl chromatin im-
muoprecipitation using sequencing (ChIP-seq) peaks in Ty cells
(Shan et al., 2021b), the incongruous CTCF sites were highly
enriched in Tcfl binding compared with the congruous sites
(Fig. 9 B). Specifically, Tcfl ChIP-seq peaks overlapped with the
incongruous sites in the Tcf7, Id3, I17r, and Sell genes (blue bars in
Fig. 7 A and Fig. S5 A), but rarely found at constitutive CTCF
binding sites (green bars in Fig. 7 A and Fig. S5 A) or congruous
sites in the Thx21, Prdml, Klrgl, Zeb2, and Gzma gene loci (Fig. 6 E
and Fig. S4 A). These analyses suggest that the incongruous sites
are intrinsically more accessible to Tcfl.

As demonstrated above, Ctcf’/~ Tgpr cells retained higher
frequency and levels of Tcfl expression at both initial cell divi-
sion and early Tgpr stages, compared to WT Tger cells (Fig. 5 H;
and Fig. 7, F and G). To directly test the accessibility of incon-
gruous sites to Tcfl after CD8* T cell activation, we performed
Tcfl CUT&RUN in WT and Ctcf /- Tggr cells, with that in Ty cells
as a positive control and IgG CUT&RUN in Ctcf/~ Tgpp cells
(which retained Tcfl expression) as a negative control (Fig.
S5 D). Consistent with analysis using Tcfl ChIP-seq data (Fig. 9
B), Tcfl binding signals detected with CUT&RUN in Ty cells were
robust at the incongruous sites but were close to the background
level at the congruous sites (Fig. 9 C). In line with strong
downregulation of Tcfl after CD8* T cell activation, Tcfl binding
at the incongruous sites was largely lost in WT Tggr cells, but
partly retained in Ctcf~/~ Tgpr cells (Fig. 9 C). The retained Tcfl
peaks were found at the Tcf7 and Sell gene loci, within the
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boundary anchors (Fig. 9 D, compare tracks 4 and 5 at sites
marked with yellow bars). In contrast, the congruous sites did
not acquire Tcfl binding in either WT or Ctcf/~ Tggr cells (Fig. 9
C), in spite of increased Tcfl protein expression in the latter.
These data corroborate the shielding effect by the boundary
anchors and lend further support to the notion that CTCF re-
strains Typ fate by utilizing its constitutive binding to establish
insulated neighborhoods that encompass Typ genes (Fig. 9 E).

Discussion

Activation of the cytotoxic transcriptional program is quintes-
sential for CD8* T cells to eliminate target cells infected with
intracellular pathogens. Comparative analysis of in situ Hi-C
between naive and effector CD8* T cells revealed extensive ge-
nome reorganization during the effector cell differentiation
process. De novo chromatin interaction hubs, manifested as
unidirectionally increased chromatin loops in aggregation,
formed around effector genes such IFN-y and granzyme A, and
key transcription regulators such as Tbet, Zeb2, and Bhlhe40.
Underlying the formation of effector-specific hubs is at least
partly ascribed to CTCF, which acquires novel binding sites in
effector CD8* T cells. As a TF itself, CTCF accesses its own
binding motif to activate effector gene transcription in activated
CD8* T cells, as exemplified at the Thx2l -8 kb enhancer. In
addition, CTCF cooperates with T cell-lineage specific TFs, such
as Tcfl and Lefl, as a transcriptional coregulator to control
identity and homeostatic proliferation of naive CD8" T cells
(Shan et al., 2022b). In this capacity, CTCF was indeed recruited
to a substantial portion of novel binding sites in a Tbet/Runx3-
dependent manner in effector cells. These findings indicate that
dynamic redistribution of CTCF in CD8* T cell genome repre-
sents a novel mechanism in effector CD8" T cell differentiation
in response to acute infections. In this context, CTCF not only
acts through local regulatory elements but also nucleates ex-
tensive chromatin interactions encompassing critical effector
genes. The resulting chromatin architectural changes likely
stabilize and sustain effector gene transcription to ensure
complete acquisition of cytotoxic capacity by activated CD8*
T cells.

CTCF-mediated genome organization functions in at least
two distinct capacities, one is to bridge promoter-enhancer in-
teractions to facilitate transcription activation, as discussed
above, and the other is to form boundaries of TADs/insulated
neighborhoods to shield influence from external enhancers or
silencers. Consistent with reported observations that TAD
structure is largely conserved during cell differentiation (Beagan
and Phillips-Cremins, 2020; Yu and Ren, 2017), the constitutive
CTCF binding sites between naive and effector CD8* T cells,
especially those with CTCF motifs, showed conserved insulation
effects in both cell types. The insulation by CTCF applies not
only to TADs in mega-million base pairs, but also to genomic
structures on a smaller scale such as sub-TADs/insulated
neighborhoods nested within TADs (Beagan and Phillips-
Cremins, 2020; Yu and Ren, 2017). In naive CD8* T cells,
the CTCF-insulated neighborhoods were found at memory
precursor-associated genes, such as those encoding Tcfl and
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Figure 9. Constitutive CTCF binding limits access to Typ genes by Tcfl. (A) Top motifs of the incongruous CTCF sites (defined in quadrant iii in Fig. 6 C),
with the congruous sites as background based on HOMER analysis. (B) Distribution of Tcfl ChIP-seq peaks in the congruous and incongruous sites.
(C) Heatmaps show Tcfl binding strength at the congruous (top) and incongruous (bottom) sites, as detected with CUT&RUN in WT Ty, WT and Ctcf/~ Teer
cells. (D) Tracks of CTCF and Tcfl CUT&RUN in Ty or Tegr cells at the Tcf7 and Sell gene loci. The CTCF binding tracks in WT Ty and Tegr cells are the same as
Fig. 8 E as reference for the boundary anchors (denoted with green bars). Yellow bars highlight increased Tcf1 binding signals in Ctcf/~ over WT Teg¢ cells. Note
that Tcfl binding in Ctcf~ Teee cells remained weaker than that in WT Ty cells, as displayed on different y-axis scales. (E) Diagram showing the proposed
model on the cooperative actions of constitutive and dynamic CTCF binding in promoting Teee cell differentiation. Genes in the Tger program acquire novel
CTCF binding and increased ChrAcc (upward red triangles), directly or indirectly by Tbet or other TFs (such as those in AP1, Runx, and Ets families, not
depicted). On the other hand, genes in the Typ program are positioned in insulated neighborhoods, represented by a single loop demarcated with convergent,
constitutive CTCF binding sites (green triangles). The structure of the insulated neighborhoods is preserved in Ty and Tegr cells, and the downregulation of Typ
genes is likely controlled locally, associated with Tcf7 gene silencing and eviction of CTCF binding (downward red triangle) within the insulated neighborhoods.
Genetic ablation of CTCF impairs dynamic CTCF-mediated activation of Tger genes and disrupts constitutive CTCF-organized insulated chromatin structure,
resulting in access to Typ genes by activating TFs (blue diamonds) including Tefl.
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CD62L. Within such insulated neighborhoods, CTCF likely acts in
the capacity of TF or cofactor to support gene transcription in
naive CD8* T cells, and its eviction from these sites after cell
activation is highly concordant with downregulation of their
associated genes and decreased chromatin interactions within
the insulated neighborhoods. In contrast, the insulation effects
by the boundary anchors demarcating the insulated neighbor-
hoods remained robust in both naive and antigen-experienced
CD8* T cells. We posit that retention of the insulated chromatin
structure in effector cells serves a critical biological purpose, that
is, to limit re-expression of Typ genes and ensure completion of
effector differentiation. In support of this view, genetic ablation
of CTCF led to increased expression of memory precursor genes,
likely resulting from disruption of the insulated neighborhoods
and exposure of their encompassed memory precursor genes to
external regulators including Tcfl. Under this scenario, the feed-
forward regulation of Tcf7 gene by Tcfl protein itself may thus
forge a self-amplification loop that promotes Typ fate. Collec-
tively, CTCF-mediated promoter/enhancer interaction and consti-
tutive insulation act in concert to ensure effector differentiation
while limiting memory potentials.

Accumulating evidence suggests that effector CD8* T cell
differentiation is a stepwise, gradual process, including initial
cell division, early effector, and late effector stages. During the
initial cell division stage, TCR-induced, early response tran-
scription regulators such as BATF in the API family and IRF4
may function as “pioneer factors” to establish ChrAcc and epi-
genetic landscape that are characteristic of effector cells (Kurachi
et al., 2014; Man et al., 2017). BATF has been demonstrated to
recruit CTCF for chromatin opening in CD4* T cells activated
ex vivo (Pham et al., 2019), and this is likely the case for CD8*
T cells where CTCF contributes more to IFN-y production, albeit
to a lesser extend to granzyme B induction and cell cycle pro-
gression. It is believed that through asymmetrical cell division
and/or asymmetrical signaling, the Tgpr and Typ fates are de-
cided during the initial few cell divisions, and such heterogeneity
persists to later stages (Arsenio et al., 2015; Nish et al., 2017). An
important impact of CTCF ablation was increased retention of
Tcfl and hence a bias toward Typ fate in the early dividing cells,
which is likely ascribed to disruption of CTCF-insulated chro-
matin structure, as discussed above.

DNA demethylation and erasure of repressive histone marks
likely take extra time to allow corresponding regulatory ele-
ments to become accessible to activating factors, because inhi-
bition of DNA methyltransferases and histone deacetylases
accelerates cytokine-producing capability in activated T cells
(Bird et al., 1998). In line with this view, in spite of rapid in-
duction of many effector-associated genes at the initial cell di-
vision stage, many others, including key transcription regulators
such as Blimpl, Thet and Bhlhe40, are only evidently induced till
the early effector stage (Best et al., 2013). Some of these grad-
ually induced effector genes showed clear dependence on CTCF,
with one example of particular interest as Tbet. The Tbx2I gene
locus acquires several novel CTCF binding sites in early effec-
tors, with an -8 kb upstream enhancer directly accessed by
CTCF. Tbet per se contributes to CTCF recruitment in early ef-
fector cells, and in fact, the Tgpp-acquired CTCF binding sites in
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Tbx21 introns depended on intact expression of Thet and Runx3.
Based on these findings, we posit that CTCF acts in a sequential
manner, including initial induction of Tbet by itself, followed by
cooperativity with Thet to form a feed forward loop to enforce
the effector fate and further differentiation. Thet is unlikely the
sole CTCF recruiting factor, and CTCF may thus have broadened
regulatory roles through cooperating with both stably expressed
and induced factors in early effectors. These multilayered ac-
tions may hence underlie the increased dependence on CTCF for
the early effectors to sustain activation of the cytotoxic program,
their proliferative capacity and survival. In summary, our
findings highlight the critical requirements for CTCF to acti-
vate local enhancers and reorganize genomic architecture for
target gene regulation, and the integrated actions of CTCF
promote generation of cytotoxic effectors and anti-viral/tu-
mor immunity.

Materials and methods

Mice

C57BL/6] (B6), B6.SJL, hCD2-Cre, Rosa26%FP, Runx3F/FL (Naoe
et al., 2007), and Tbx2IF/FL (Intlekofer et al., 2008) mice were
from The Jackson Laboratory. Ctcff/F- mice were provided by N.
Galjart (Erasmus University Medical Center, Rotterdam, Neth-
erlands) and A. Melnick (Weill Cornell Medicine, New York, NY,
USA; Heath et al., 2008). All compound mouse strains used in
this work were from in-house breeding at the animal care fa-
cility of Center for Discovery and Innovation, Hackensack Uni-
versity Medical Center. The mice were housed at 18-23°C with
40-60% humidity, with 12-h light/12-h dark cycles. All mice
used in this study were 6-12 wk of age, and both sexes were used
without randomization or blinding. All mouse experiments were
performed under protocol approved by the Institutional Animal
Use and Care Committees of Center for Discovery and Innova-
tion, Hackensack University Medical Center.

Flow cytometry and immunoblotting

Single-cell suspensions were prepared from the spleen, LNs, and
surface or intracellularly stained as described (Shan et al.,
2022a). The fluorochrome-conjugated antibodies were as fol-
lows: anti-CD$ (53-6.7), anti-TCRP (H57-597), anti-CD45.2 (104),
anti-Granzyme B (GB12), anti-IFN-y (XMGL.2), anti-Thet (4B10),
anti-CD62L (MEL-14), anti-KLRG1 (2F1), anti-CD25 (PC61.5), anti-
CD69 (H1.2F3), and anti-CD44 (IM7) were from Thermo Fisher
Scientific; anti-Tcfl (C63D9) from Cell Signaling Technology; anti-
IL-7Ra (A7R34) and anti-CD45.1 (A20) were from BioLegend. For
detection of Tcfl and Thet proteins, surface-stained cells were fixed
and permeabilized with the Foxp3/Transcription Factor Staining
Buffer Set (eBiosciences, Thermo Fisher Scientific), followed by
incubation with corresponding fluorochrome-conjugated anti-
bodies. Apoptotic cells were detected with FLICA 660 Caspase-3/7
detection kit (Bio-Rad). Data were collected on FACSCelesta or
FACSVerse (BD Biosciences) and were analyzed with FlowJo soft-
ware V10.2 (TreeStar). For validation of CTCF deletion efficiency,
cell lysates from sorted GFP* naive or early effector CD8" T cells
were immunoblotted with anti-CTCF antibody (D31H2; Cell Sig-
naling Technology) following standard protocols.
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Cell labeling, adoptive transfer, and viral infection

WT or Ctcf/~ naive P14 CD8* T cells were obtained from spleen
and LN of littermates. For detection of cell activation and initial
cell division, the cells were labeled with 10 uM Cell Trace Violet
(CTV, Invitrogen, Thermo Fisher Scientific), and 1 x 108 of CTV-
labeled CD45.2*Va2*CD8* T cells were adoptively transferred
into CD45.1* B6.SJL mice through tail vein injection. For analysis
of effector CD8* T cell differentiation, CD45.2*Va2+*CD8* T cells
were transferred without CTV labeling at 2 x 10* cells/recipient
mouse. On the following day, the recipients were i.v. infected
with 2 x 10° PFU of LCMV-Arm, and the donor-derived P14 ef-
fector CD8" cells were analyzed at 36 and 60 h, or 4 and 8 dpi.

dCas9-mediated repression of a Tbx21 enhancer

The dCas9-KRAB-MeCP2 plasmid in the pcDNA3.3-_TOPO
backbone was obtained from Addgene (#110821; Yeo et al., 2018),
and the cassette was cloned into the retroviral vector pMSCV-
IRES-mCherry FP vector (#52114; Addgene). The sgRNA retro-
viral vector, which contains U6 promoter-driven cassette and
PGK promoter-driven Ametrine in the LMPd backbone (Chen et
al.,, 2014), was kindly provide by Dr. Hongbo Chi (St. Jude
Children’s Research Hospital, Memphis, TN, USA; Wei et al.,
2019). sgRNAs for a constitutive CTCF binding site at the Thyl
locus were 5-TATCATTCAAACCCTCACGT-3’ and 5'-AGCCTC
TCCCTAAACCTTCC-3', and those for the -8 kb Tbx21 enhancer
were 5-CGGTGGAGCTGACGGGCCCG-3' and 5-ATAGAGTGT
GTATCAACACA-3'. The dCas9-KRAB-MeCP2-mCherry and dual
sgRNA-Ametrine retroviruses were packaged separately in 293T
cells as previously described (Li et al., 2018). WT P14 CD8* T cells
were enriched with negative selection and primed in vitro using
anti-CD3 and anti-CD28 followed by spinofection with both
retroviruses for two consecutive days. The retrovirally trans-
duced P14 cells were adoptively transferred into B6.SJL recipi-
ents, followed by LCMV-Arm infection on the next day. 5 d later,
mCherry*Ametrine* P14 cells were sort-purified and intracel-
lular stained for Thet expression.

RNA-seq and data analysis

Data generation

The RNA-seq data for WT naive CD8* T cells were previously
reported (Shan et al., 2021b) and deposited at the Gene Ex-
pression Omnibus (GEO; GSE164712) under the SuperSeries of
GSE164713. WT or Ctcf /- CD45.2*GFP*CD8* T cells were sorted
from recipient spleens on 4 dpi as early Tgpr cells, total RNA
extracted, and cDNA synthesis and amplification were per-
formed using SMARTer Ultra Low Input RNA Kit (Clontech)
following manufacturer’s instruction. The resulting libraries
were sequenced on Illumina’s HiSeq2000 in paired-end mode
with read length of 150 nucleotides. The new RNA-seq data were
deposited at GEO under GSE208129 in the SuperSeries of
GSE208130.

Data analysis

The sequencing quality of RNA-seq libraries were assessed by
FastQC (v0.11.9; https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). The reads were mapped to mouse genome
mm9 using hisat2 (v2.2.1; Kim et al., 2019). Samtools (v1.7; Li
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et al., 2009) was used to transfer sam files to bam files and sort
bam files. Mapped reads were then processed by htseq-count
(v1.99.2; Anders et al., 2015) to estimate expression levels of
all genes. The expression level of a gene was expressed as a gene-
level transcripts per kilobase million (TPM) value. Gene raw
counts were processed by edgeR (v3.32.1; Robinson et al., 2010)
to identify DEGs between a pair of conditions (quasi-likelihood
test, robust, fold-change > = 2 and false discovery rate [FDR] <
0.05). The reproducibility of RNA-seq data was evaluated by
applying the principal component analysis (PCA) for all genes.
UCSC genes from the iGenome mouse mm9 assembly (http://
support.illumina.com/sequencing/sequencing_software/igenome.
html) were used for gene annotation.

ATAC-seq and data analyses

Data generation

CD44lo-medCDE2IM naive CD8* cells were sorted from WT
C57BL/6 mice, and WT or Ctcf/~ CD45.2*GFP*CD8"* early Tgpr
cells were sorted from recipient spleens on 4 dpi for preparation
ATAC-seq libraries as previously described (Shan et al., 2021a).
Briefly, the sorted cells were treated in lysis buffer for 3 min on
ice, and the extracted nuclei were resuspended in transposition
mix containing 2.5 pl Transposase (Illumina) and incubated at
37°C for 30 min. The products were purified with MinElute
Reaction Cleanup Kit (Qiagen), and then amplified by PCR for 12
cycles with barcoded Nextera primers (Illumina). DNA frag-
ments in the range of 150-1,000 bp were recovered from 2%
E-Gel EX Agarose Gels (Invitrogen, Thermo Fisher Scientific).
The libraries were quantified using a KAPA Library Quantifi-
cation kit and sequenced on Illumina HiSeq2000 in paired read
mode with the read length of 150 nucleotides at the Admera
Health. The ATAC-seq data were deposited at the GEO under
GSE208120 in the SuperSeries of GSE208130.

Data processing

The sequencing quality of ATAC-seq libraries was assessed by
FastQC. Trim Galore (v0.6.7; https://www.bioinformatics.
babraham.ac.uk/projects/trim_galore/) was used to trim low
quality sequences and remove adapters. Bowtie2 (v2.3.4.1;
Langmead and Salzberg, 2012) was used to align the sequencing
reads to the mm9 mouse genome, and only uniquely mapped
reads (mapping quality [MAPQ] > 10) were retained. Samtools
(Li et al., 2009) was used to transfer sam files to bam files and
sort bam files. Picard MarkDuplicates (v2.21.6; https://github.
com/broadinstitute/picard) was used to remove duplicate
reads in the bam files. MACS2 (v2.L.1; Zhang et al., 2008) was
used for peak calling with a stringent criteria of 24 summit fold
change and FDR < 0.05. For ATAC peaks in a given condition, the
mapped reads from replicates were pooled for peak calling. For
consistency, the ATAC-seq peaks are referred to as ChrAcc sites
in this work.

Reproducibility analysis and identification of differential

ChrAcc sites

Peaks called by MACS2 in three conditions were merged into
union peaks. Raw reads were counted in each library on the
union peaks resulting in a matrix with rows representing peaks
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and columns representing libraries. The raw-count matrices
were then subjected to row-wise normalization by peak length
per kilobase and then column-wise normalization by the column
sum per million. The normalized matrix was subjected to PCA
analysis with the z-score option. To identify differential ChrAcc
sites for pairwise comparisons, the raw count matrix for two
conditions was used as input for edgeR (quasi-likelihood test,
robust, fold-change >2 and FDR < 0.05).

CUT&RUN and data analyses
Data generation
WT or Ctcf /= Ty, WT or Thx21~/~Runx3~/~ Tgr cells were sorted
as above and used in CUT&RUN (Skene and Henikoff, 2017)
assay to map CTCF binding sites as previously described (Shan
et al., 2022b). In brief, FACS-sorted live cells (1 x 10° cells/re-
action) were bound to Concanavalin A-coated magnetic beads
(Bangs Laboratories), and permeabilized with 0.05% (wt/vol)
digitonin, and then incubated with anti-CTCF antiserum (Active
Motif, 1 pl/reaction) or IgG overnight. After removal of un-
bounded antibodies with proper washing, the nuclei were in-
cubated with protein A/G-micrococcal nuclease (MNase) fusion
protein (produced in-house with prokaryotic expression plas-
mid from Addgene, plasmid #123461) for 1 h at 4°C. CaCl, was
then added to activate MNase activity and incubated on ice for
30 min. The reaction was quenched with stopping buffer, and
the DNA fragments were purified with MinElute Reaction
Cleanup Kit (Qiagen), and then amplified by PCR for 10-14 cycles
with barcoded Nextera primers (lllumina). DNA fragments in
the range of 150-1,000 bp were recovered from 2% E-Gel EX
Agarose Gels (Invitrogen, Thermo Fisher Scientific). The li-
braries were quantified using a KAPA Library Quantification kit
and sequenced on Illumina HiSeq4000 in paired read mode with
the read length of 150 nucleotides at the Admera Health. The
CTCF CUT&RUN data were deposited at the GEO under
GSE208128 and GSE220526 in the SuperSeries of GSE208130.
For Tcfl CUT&RUN, WT Ty, WT or Ctcf/~ Tger cells were
sort-purified (4-6 x 10° cells for each replicate) and fixed with
1% formaldehyde for 10 min at room temperature and then
suspended in Radioimmunoprecipitation Assay buffer (10 mM
Tris-HCl, pH 7.5, 1 mM EDTA, 150 mM Na(l, 0.2% SDS, 0.1% wt/
vol sodium deoxycholate, and 1% Triton X-100) for nuclei ex-
traction. The nuclei were then incubated with 0.5 pl rabbit anti-
Tcfl polyclonal antibody (C46C7; Cell Signaling Technology) or
rabbit IgG in Antibody-binding buffer (10 mM Tris-HCl, pH 7.5,
1 mM EDTA, 150 mM NaCl, and 1% Triton X-100) overnight with
rotation. The unbound antibody was removed by washing the
nucleus pellet with the Antibody-binding buffer, and the nuclei
were incubated with protein A/G-micrococcal nuclease (MNase)
fusion protein for 1 h at 4°C. The unbound MNase was removed
by washing with Wash buffer (10 mM Tris-HCl, pH 7.5, 1 mM
EDTA, 400 mM NaCl, and 1% Triton X-100). After suspended in
Resuspension buffer (20 mM Tris-HCI, pH 7.5, 10 mM NaCl, and
0.1% Triton X-100), the antibody-bound MNase was activated by
addition of CaCl, (final concentration 2 mM) followed by 30 min
incubation at 0°C. The reaction was quenched with Stopping
buffer (20 mM Tris-HCl, pH 8.0, 10 mM EGTA, 20 mM Nacl,
0.2% SDS, and 0.2 pg/pl proteinase K), and then incubated at
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65°C for 2 h to reverse the crosslinking. The DNA fragments
were purified with MinElute Reaction Cleanup kit (QIAGEN),
end-repaired, adaptor added, and then amplified with PCR for
10-14 cycles with barcoded Nextera primers (Illumina). The
amplified DNA fragments in the range of 150-1,000 bp were
recovered, and the libraries were sequenced as described above.
The Tcfl CUT&RUN data were deposited at the GEO (GSE220527)
under the SuperSeries of GSE208130.

Data processing

The sequencing quality of the libraries was assessed by FastQC.
Trim Galore was used to trim low quality sequences and remove
adapters. Bowtie2 (Langmead and Salzberg, 2012) was used to
align the sequencing reads to the mm9 mouse genome, and only
uniquely mapped reads (MAPQ > 10) were retained. Samtools (Li
et al., 2009) was used to transfer the sam files to bam files and
sort bam files. Picard MarkDuplicates was used to remove du-
plicate reads in the bam files. MACS2 (Zhang et al., 2008) was
used for CTCF peak calling, with the IgG CUT&RUN library used
a negative control, where stringent criteria of =4 summit fold
change and FDR < 0.05 were used. CTCF binding sites in a cell
type were called by applying MACS2 to bam reads from bio-
logical replicates pooled together. Tcfl peaks were called using
MACS2 with genome background as control, with parameters of
22 summit fold change and FDR < 0.05.

Reproducibility analysis and identification of differential and
constitutive CTCF binding sites

Significant peaks called by MACS2 from naive and early effector
CD8* T cells were merged into union peaks. Raw counts in each
library were mapped onto those union peaks, resulting in a
matrix with rows representing the peaks and columns repre-
senting the libraries. The raw-count matrix was then subjected
to normalization as follows: Each row, representing a peak re-
gion, was normalized by length of each peak region per kilobase,
and each column, representing a library, was then normalized
by the column sum per million. The normalized matrix was
subjected to PCA analysis with the z-score option. The raw-
count matrix was used as input for edgeR (quasi-likelihood
test, robust, fold-change =2 and FDR < 0.05) to identify differ-
ential CTCF binding sites between naive and early Tggr CD8*
T cells and those between WT and Tbx21/-Runx3~/~ early
Terr cells. The same approach was used for assessment of Tcfl
CUT&RUN reproducibility. Constitutive CTCF binding sites
were defined as non-differential CTCF binding sites between Ty
and Teey cells, and further differentiated based on (1) presence of
CTCF motifs and (2) overlap with robust ATAC-seq peaks in Ty
cells (i.e., logio[g-val] < -50).

Visualization of sequencing tracks and peak heatmaps

We adopted the following normalization method to enable
quantitative comparison of signal levels among different cell
types/states. For the sequencing tracks of ATAC-seq and CTCF
CUT&RUN, replicates were merged, and raw-count BigWig files
were normalized separately in each molecular feature by the
total number of reads on peaks (called by merged bam files in
each condition with MACS2 threshold and controls as before).
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For the Tcfl and IgG CUT&RUN track, the raw-count BigWig file
was normalized by the total reads per million. Deeptools
(Ramirez et al., 2016) was used to plot the peak heatmaps.

Hi-C data analyses

Data generation

P14 donor-derived KLRG1*IL-7Ra~ CD8* cells were sorted as Tggp
cells on day 8 after LCMV-Arm infection. Hi-C was performed
on the Tger cells (in two replicates, 4 x 10° cells/replicate) fol-
lowing the same protocol as previously described (Shan et al.,
2022b) except that Mbo I was used in lieu of three restriction
enzymes. The Hi-C data in Tggy cells were deposited at the GEO
(GSE220528) under the SuperSeries of GSE208130.

Data processing

Hi-C data in Tgpr cells were processed together with that in
naive CD8* T cells (GSE164710; Shan et al., 2021b) for consis-
tency. Hi-C FASTQ sequencing files were mapped to the mm9
mouse genome using distiller-nf mapping pipeline (https://
github.com/mirnylab/distiller-nf) with default parameters.
Read pairs on the same chromosome and with mapg> = 10 were
retained, and cool files with 10 kb resolution were generated.
Cool files were converted to text files using cooler (https://
github.com/open2c/cooler) and then to hic files using jui-
cer_tools.jar (v1.21.01; Durand et al, 2016) pre command for
downstream analyses.

Hi-C replicates reproducibility

hic-straw (https://pypi.org/project/hic-straw/) was used to ex-
tract interaction scores from hic files with Knight-Ruiz (KR)
normalization (Knight and Ruiz, 2013) and the observed/ex-
pected (o/e) option. Each chromosome was partitioned into 10
kb bins. For every 10 kb bin on each chromosome, row sum
(sum of interaction scores with its flanking 50 bins, i.e., 500
kb on each side) was calculated. The Pearson correlation of the
row sum values of bins were calculated for each pair of Hi-C
libraries. The heatmap of Pearson correlation values was
plotted to assess reproducibility. After validating reproduci-
bility, the raw read counts from replicates in each cell type
were pooled together for downstream analyses to enhance
sensitivity.

HiCHub analysis

HiCHub uses a network approach for comparing chromatin in-
teractions between two cell types/states (Li et al., 2022 Preprint).
In brief, KR-normalized Hi-C matrices in two conditions were
used as input before applying the LOESS normalization. Candi-
date hubs with P value < 1 x 1075 was considered as cell-type-
specific hubs. The promoters of DEGs from the two cell types
were then stratified against cell-type-specific hubs to identify
genes whose expression was evidently modulated by changes in
the chromatin interaction network. The code for HiCHub is
available at https://github.com/WeiqunPengLab/HiCHub.

Insulation score
The insulation score was calculated following a previously de-
fined approach (Crane et al., 2015), using FAN-C package (Kruse
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et al., 2020) with the insulation command. In brief, a sum of all
chromatin contacts in a sliding square window (300 kb for each
side) was calculated for each bin on a chromosome along the Hi-C
matrix diagonal. The sum was then divided by mean value of all
bins on the chromosome and log, transformed as insulation score,
where a lower score indicates stronger insulation effect.

Hi-C pile-up profile and data visualization

The KR o/e normalized contact matrix extracted by hic-straw
was used in Hi-C pile-up analysis. From the contact matrix,
aggregation of submatrices centered on a peak-set (e.g., dynamic
or constitutive CTCF binding sites) with an extension of +/-50
bins or aggregation of submatrices centered on pixels (interac-
tions between anchors) with an extension of +/-30 bins were
plotted. The KR o/e normalized contact matrix was also used to
display chromatin interactions at specific gene loci in heatmaps.

Statistical analysis

For comparison between two experimental groups, two-tailed
Student’s t test was used. The statistical significance for the
multiomics analyses was determined using the processing al-
gorithms, i.e., EdgeR for RNA-seq, MACS2 for ATAC-seq and
CTCF CUT&RUN, HOMER for motif analysis, HICHub and FAN-C
for Hi-C analysis, GSEA, DAVID, and GREAT for gene pathway
and ontology analyses.

Data availability

The RNA-seq on WT and Ctcf /- early Tggr cells, ATAC-seq on
WT Ty, WT and Ctcf /- early Tger cells, CTCF CUT&RUN data on
WT and Ctcf’/~ Ty cells, CTCF CUT&RUN data on WT and
Tbx217/~ Runx3~/~ early Tggr cells, Tcfl CUT&RUN data on WT Ty
cells, WT and Ctcf /- early Tegy cells, and Hi-C data on Tggr cells
were deposited at the GEO under GSE208130.
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Figure S1. Characterization of dynamic CTCF binding sites in early Tger compared to Ty cells. (A) Gating strategy to identify CD45.2* donor-derived P14
CD8* T cells in WT CD45.1* recipients. (B) PCA of CTCF binding profile in WT Ty and early Tegr cells, where normalized CTCF CUT&RUN signals on merged
peaks were used as input data. (C) Distribution of dynamic CTCF binding sites in promoter (TSS+/-1 kb) and distal regulatory regions, where values in bars
denote actual site numbers. (D and E) Functional annotation of Tgre-acquired (D) and Tege-lost (E) CTCF binding sites based on GREAT analysis using the TSS+/
-100 kb association rule. Non-redundant GO terms were selected from top 20 Hyper Rank for display, where values in bars denote site numbers and orange
bars denote specific connection with immune functions. (F) Top three motifs in Ty and Tgre non-differential CTCF binding sites based on HOMER analysis, with
the known motif results shown. (G and H) Top motifs in Tgre-acquired (G) and Tere-lost (H) CTCF binding sites based on HOMER analysis, with the de novo

motif results shown.
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Figure S2. Integration of dynamic CTCF binding with transcriptomic and ChrAcc changes during Ty to Teer cell differentiation. (A) PCA of the ChrAcc
profiles of WT Ty, WT and Ctcf /= early Teer cells, where normalized ATAC-seq signals on merged peaks were used as input data. (B) Volcano plot showing
differential ChrAcc sites between WT Ty and early Teer cells, where values denote numbers of differential ChrAcc sites. FC, fold change. (C) PCA of tran-
scriptomic profiles in WT Ty, WT and Ctcf/~ early Terr cells, where TPM for each gene in different samples were used as the input data. (D) Volcano plot
showing DEGs between WT Ty and early Tegr cells, where values denote numbers of DEGs. (E) Functional annotation of DEGs associated with concordant
changes in CTCF binding and ChrAcc changes. DEGs from WT Ty vs. early Teer comparison were grouped into A-D based on association with concordantly
acquired or lost CTCF + ChrAcc sites (as illustrated in Fig. 1 F), with gene and site numbers listed. DEGs in each group was analyzed with DAVID for functional
annotation, and select GO terms of interest were displayed along with gene numbers and enrichment scores. All genes in the listed GO terms were visualized in
gene expression heatmaps, and the gene-associated CTCF binding and ChrAcc changes are shown in heatmaps as parallel panels in Fig. 1 F. (F) Tracks of CTCF
CUT&RUN and ATAC-seq in WT Ty and Tee cells at select genes in group B, which are associated with concordantly lost CTCF + ChrAcc sites (denoted with
blue bars). Note that these CTCF binding sites may function as transcriptional silencers in Ty cells, and their eviction in Tege cells results in target gene in-
duction. (G) Tracks of CTCF CUT&RUN and ATAC-seq in WT Ty and Tgee cells at select genes in group D, which are associated with concordantly acquired CTCF
+ ChrAcc sites (denoted with orange bars). Note that these acquired CTCF binding sites may function as transcriptional silencers in Teer cells.
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Figure S3.  Hi-C data characterization and GSEA of Ty and Tgy signature genes. (A) Correlation heatmap showing reproducibility of Hi-C libraries from Ty
and Teer cells. Pearson correlation coefficient between Hi-C library pairs was determined using Chrint scores at 10 kb resolution as the input data (see details in

Materials and methods). (B) Diagram illustrating the summation approach underlying the Hi-C pile-up profile centered on specific genomic locations (sites of

interest). The Chrint between the regions flanking the sites of interest is aggregated in section A, while that within the region on either side of the sites is in
sections C. The interaction of the sites with its flanking regions is projected on lines B. (C-F) RNA-seq data on Tcy and Ty cells were retrieved and processed
in-house. By requiring >1.5-fold changes, FDR < 0.05, and fragments per kilobase of exon per million mapped fragments at the higher expression condition >1,
we identified 144 genes as Tcw signature and 231 genes as Tgw signature genes. The enrichment of these signature genes in WT and Ctcf/~ early Teer
transcriptomes was determined with GSEA. (C and D) Tcy, signature is enriched in Ctcf/~ early Te cells, with 49 Tey signature genes in the leading edge. C,
enrichment plot; D, heatmaps of the top 40 genes in the leading edge, with genes of interest in red font. (E and F) Tgy, signature is enriched in WT early Teer
cells, with 44 Tgy, signature genes in the leading edge. E, enrichment plot; F, heatmaps of the top 40 genes in the leading edge, with genes of interest in red
font. Marked in enrichment plot are NES (normalized enrichment score), NOM P val (nominal P values), and FDR g-val (FDR q values) as output from GSEA.
Note that similar results were obtained with Tcy and Tew signature gene sets defined in GSE147080 (Millner et al., 2020).
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Figure S4. Tegr-acquired CTCF binding activates effector transcriptional program and is partly dependent on Tbet and Runx3. (A) Tracks of CTCF
CUT&RUN, ATAC-seq, and Tcfl ChIP-seq at the genes in the cytotoxic program. Orange bars denote Tgrr-acquired CTCF binding sites linked to CTCF-
dependent ChrAcc in Teer cells, and bars with dotted lines denote CTCF binding sites that depended on Tbet and Runx3 (TRKO, Tbx21~/~Runx3~/). (B) De-
tection of Tbet and Runx motifs in the congruous CTCF sites based on HOMER analysis. Values are motif* site numbers and those in parentheses denote
detection frequency. (C) PCA of the CTCF binding profiles of WT and Tbx21~/~Runx3~/ early Tgrr cells, where normalized CTCF CUT&RUN signals on merged
peaks were used as input data. (D) Top motifs in Tbet/Runx3-dependent CTCF sites (5,321 sites as defined in Fig. 6 H) based on HOMER analysis. (E) Dis-
tribution of Tbet/Runx3-dependent CTCF sites among Tege-acquired CTCF binding sites (13,675 sites, defined in Fig. 1 B), Terr-acquired concordant CTCF +
ChrAcc sites (5,034 sites, defined in Fig. 1 C), and congruous CTCF sites (1,709 sites, defined in Fig. 6 C).
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Figure S5. Tmp genes are harbored in insulated neighborhoods demarcated by constitutive CTCF binding and gain access to Tcfl in CTCF-deficient
Terr cells. (A) Tracks of CTCF CUT&RUN, ATAC-seq, and Tcfl ChiP-seq at the I[7r and Sell gene loci linked to the incongruous sites (denoted with blue bars).
The green bars denote ChrAcc™ constitutive CTCF binding sites that are positioned at the boundaries of insulated neighborhoods. (B) Diagram illustrating the
relative positions of Hi-C-based Chrlint pile-up profile centering at sites of interest. The incongruous site-centered heatmap (from Fig. 8 A, without mirroring
image) is in the middle, and flanked by the boundary anchor-centered heatmaps (from Fig. 8 B, without mirroring image) on each side. Summation of in-
teractions between the boundary anchors (from Fig. 8 C) is positioned on the top, as insulating knots. (C) Chrint changes between Tgrr and Ty cells in the
insulated neighborhoods harboring Tcf7, Sell, and Id3 genes. The insulated neighborhoods are marked in triangles in solid green lines in Fig. 8 E, and changes in
each Chrint pair within the neighborhoods between Tegr and Ty cells are summarized in boxplots, where center lines denote the median, box edge denotes IQR,
and whiskers denote the most extreme data points that are no more than 1.5 x IQR from the edge. (D) PCA of Tcf1 binding profile in WT Ty, WT and Ctcf/~ Terr
cells, where library size-normalized Tcfl CUT&RUN signals on merged peaks were used as input data.

Provided online are four tables. Table S1 shows dynamic CTCF binding site associated with genes in “immune system process.”
Table S2 shows DEGs between WT naive CD8 and WT T cells on 4 dpi. Table S3 shows DEGs associated with concordant
chromatin interaction hubs in Ty and Tgg cells. Table S4 shows DEGs between WT and CTCF-deficient Tgge cells on 4 dpi.
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