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SUMMARY

While the importance of genome organization for transcriptional regulation of cell-fate decisions 

and function is clear, the changes in chromatin architecture and how these impact effector and 

memory CD8+ T cell differentiation remain unknown. Using Hi-C, we studied how genome 

configuration is integrated with CD8+ T cell differentiation during infection and investigated 

the role of CTCF, a key chromatin remodeler, in modulating CD8+ T cell fates through 

CTCF knockdown approaches and perturbation of specific CTCF binding sites. We observed 

subset-specific changes in chromatin organization and CTCF binding and revealed that weak-

affinity CTCF binding promotes terminal differentiation of CD8+ T cells through regulation 
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of transcriptional programs. Further, patients with de novo CTCF mutations had reduced 

expression of the terminal-effector genes in peripheral blood lymphocytes. Therefore, in addition 

to establishing genome architecture, CTCF regulates effector CD8+ T cell heterogeneity through 

altering interactions that regulate the transcription factor landscape and transcriptome.

IN BRIEF

How changes in spatial chromatin organization are integrated into the network of molecular 

mechanisms mediating CD8+ T cell effector functions and memory formation is not well 

understood. Quon et al. characterize genome interactions accompanying the CD8+ T cell response 

to infection and find that the DNA architectural protein, CTCF, regulates the balance of terminally 

differentiated-effector cells and memory-fated cells.
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INTRODUCTION

In response to TCR-mediated recognition of antigens, naive CD8+ T cells rapidly proliferate 

and acquire cytotoxic and cytokine-producing effector functions to provide protection from 
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infections and tumor growth. While the majority of effector CD8+ T cells become terminally 

differentiated and die following antigen clearance, a small proportion of pathogen-specific 

cells persist, giving rise to long-lived memory T cells that respond upon reinfection. 

Effector and memory T cell populations display a spectrum of functional, proliferative, 

trafficking, and re-differentiation potentials1,2. Terminally-differentiated effector T cells 

(TE) express high levels of killer cell lectin-like receptor G1 (KLRG1) and low levels of 

interleukin-7-receptor-α (CD127), which marks KLRG1lo memory-precursor cells (MP) that 

give rise to long-lived memory T cell subsets3. Recirculating CD8+ T cell memory subsets 

include central memory (TCM), effector memory (TEM), and terminal-effector memory (t-

TEM) cells (CD127hiCD62Lhi, CD127hiCD62Ulo, and CD127loCD62Llo, respectively), and 

show descending potential for proliferation and ascending cytolytic capacity in the case of 

reinfection4. Further, a non-recirculating tissue-resident memory T cell population is also 

generated5. In chronic infection and persistent exposure to antigens, such as in tumors, 

CD8+ T cells display an alternate form of terminal differentiation with blunted effector 

functions, which can mediate immunopathology and allow persistence of pathogens or 

malignant cells6. The balance of terminal differentiation, effector function, and retention of 

the ability to give rise to new effector and memory T cells in subsequent infections is key for 

determining the functional capacity and persistence of protective immunity14,7–9.

Many studies highlight the role of transcription factor activity and activation of subset-

specific enhancers in the regulation of heterogenous differentiation of T cells in both 

infections and tumors10–12. However, transcription factor activity and gene expression 

are also regulated through chromatin organization and epigenetic mechanisms13–15. While 

epigenetic modifications and changes in genome accessibility over the course of in vivo 
CD8+ T cell differentiation have been described14,16, the role of specific chromatin 

architecture in CD8+ T cell differentiation in response to infection has not been 

comprehensively studied.

The genome is partitioned into multiple levels of organizational units. Chromosome 

territories are separated into active and inactive compartments, with active regions 

having a permissive transcriptional environment and inactive regions having a repressive 

transcriptional environment17,18. These compartments contain chromatin organized into 

topologically associated domains (TADs), which are self-interacting regions insulated by 

CTCF and cohesin binding17,18. Intra-TAD interactions are composed of smaller DNA loops 

that can facilitate enhancer-promoter interactions and thus influence gene expression17,18. In 
vitro activation of human T cells leads to partitioning of TADs into smaller domains and 

changes in contacts between open chromatin and promoters with only a subset affecting 

gene expression, while active/inactive compartments remain largely unchanged19.

CTCF, which regulates chromatin architecture, was first identified as an insulator protein 

that prevents gene expression by blocking enhancer-promoter interactions, and subsequent 

studies revealed the ability of CTCF to facilitate the formation of TADs and intra-TAD 

loops20,21. CTCF expression is vital for cell survival, and CTCF-dependent, long-distance 

chromatin interactions are key for TCR rearrangements, differentiation, and proliferation 

of thymocytes22–24. Moreover, CTCF interacts with Batf and Ets1 to regulate chromatin 

organization, which is key for the transcriptional programming of effector CD4+ T cells 25. 
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In T cells, CTCF binding is regulated by IL-2 and α-ketoglutarate signals necessary for the 

effector T cell phenotype26. Further, CTCF depletion disrupts TAD boundaries, impairing 

the upregulation of the acute inflammatory response in macrophages27 or CD4+ T cells 

in vitro28. Recently it was found that CTCF cooperates with the lineage defining factor, 

TCF1 to regulate T cell development and homeostasis by facilitating chromatin interactions 

associated with key gene programs29,30. Despite these studies highlighting the cell-state-

specific role of CTCF in regulating transcription, its function in genome organization and 

differentiation in CD8+ T cells responding to infections or tumors has yet to be specifically 

addressed.

Here, we report genome-wide mapping of chromatin interactions in antigen-specific 

naive, TE, and MP cells generated in response to an acute bacterial infection. Genome 

organization and global CTCF binding patterns demonstrated that both were closely linked 

with the lineage proximity of CD8+ T cell subsets. CTCF knockdown prevented terminal 

differentiation of CD8+ T cells in both infection and tumor settings. Furthermore, loss of 

CTCF demonstrated its regulation of transcriptional programs, chromatin accessibility, the 

transcription factor landscape, and control of CD8+ T cell differentiation.

RESULTS

The response to infection leads to changes in chromatin interactions at sites near subset-
specific genes

To capture differences in chromatin interactions as T cells responded to infection, 

we characterized the 3D genome organization of effector CD8+ T cell subsets. CD45 

congenically distinct naive OT-I TCR transgenic CD8+ T cells that recognize a peptide 

fragment of ovalbumin (OVA257–264) presented by H-2Kb were adoptively transferred 

into host mice followed by infection with Listeria monocytogenes expressing ovalbumin 

(Lm-OVA). OT-I CD8+ T cell subsets were sort purified for in situ Hi-C31: naive32 

(CD44loCD62Lhi), TE (KLRG1hiCD127lo, day 8), and MP (KLRG1loCD127hi, day 8) 

(Figure 1A). Hi-C experiments were performed in biological replicates with ~2.3 billion 

contacts mapped across the 3 cell states (Table S1).

We found that overall chromatin structure did not have large-scale changes among the 

different T cell subsets (Figure 1B). However, terminal differentiation involved substantial 

changes in the interaction landscape at a finer resolution with a gradual loss of correlation 

in overall interactions (Figure 1C) as well as differential interactions (Figure 1D, Table 

S2). Similarly, differentiation-induced changes in chromatin compartmentalization revealed 

a number of regions undergoing compartment switching in the transition from naive T cells 

to the TE or MP cells, while few changes were detected upon comparison of the two effector 

populations (Figure S1A). These data suggest that T cell activation and differentiation are 

linked to stage-specific changes in chromosome organization.

To investigate changes in the interactions between promoters and stage-specific enhancers14, 

we determined the enrichment of interaction scores for each T cell subset. As expected, 

TE-unique enhancers and promoters had the highest enrichment of interactions in the 

terminally-differentiated cells (Figure 1E). However, we also detected enrichment in 
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interactions of elements assigned to the other differentiation stages in TE cells (Figures 

S1B–E) consistent with the idea that terminal differentiation is associated with gains in 

chromatin looping33. We next performed gene-set enrichment analysis (GSEA) comparing 

the expression of genes in regions of subset-specific interactions revealing the link between 

altered chromatin interactions and gene expression (Figure 1F, Table S3). Genes located 

in regions with higher chromatin interactions in naive T cells displayed elevated gene 

expression in the naive population, while genes located in regions with higher interactions in 

the effector T cell subsets displayed expression enriched in the effector T cell populations. 

This relationship was also confirmed through the Jaccard similarity index, which quantifies 

the overlap between differential interactions and the chromosomal locations of genes 

associated with naive, TE, and MP gene-expression signatures defined previously by 

RNA-Seq34 (Figures 1G–H). As shown by the higher Jaccard index score, chromosome 

interactions that were lost upon TE differentiation overlapped the most with genes in the 

naive T cell gene-expression signature. Related, interactions that were specific to TE cells 

compared to MP cells overlapped the most with genes that were upregulated in TE cells 

compared to genes specifically expressed by naive or MP cells (Figure 1H). Thus, changes 

in chromosomal interactions correlated with the transcriptional programs that distinguished 

T cell subsets.

For additional insight into the relationship between chromosomal organization and 

transcriptional programs that direct effector CD8+ T cell differentiation, we examined 

the Tbx21 and Prdm1 gene loci, encoding transcription factors that drive effector T 

cell differentiation35. Both factors are upregulated by effector CD8+ T cells, with the 

greatest induction in TE cells (Figure 1I–J). Inversely, Tcf7, downregulated in TE cells 

and maintained in a portion of MP cells, encodes for Tcf1 and supports TCM fate by 

maintaining high differentiation potential36 (Figure 1K). As reflected by the changes in 

interaction scores and numbers of uniquely interacting regions (denoted by connecting arcs), 

effector cell differentiation was accompanied by increased chromatin interactions around 

Tbx21 and Prdm1, mirroring the pattern of gene expression (Figures 1I–J, 1L). MP cell 

differentiation was accompanied by MP-specific gains in chromatin interactions at the Tcf7 
locus, reflecting the pattern of expression (Figures 1K–L). Altogether, these data provide 

specific examples of the general observations shown in Figures 1F–H, where effector 

CD8+ T cell differentiation remodels DNA looping to increase interactions at gene loci 

that are expressed in effector T cells and diminish interactions at gene loci associated with 

expression in naive T cells.

Subset-specific CTCF binding correlates with increased interactions

As we observed changes in chromatin interactions that accompanied CD8+ T cell 

differentiation, we hypothesized that CTCF, a regulator of chromatin looping21, may 

regulate genome organization associated with subset-specific gene expression. CTCF 

expression was upregulated with effector T cell differentiation, with greater induction 

observed in the Klrg1hi population by scRNA-Seq at day 7 (Figure 2A) 37. To compare 

CTCF binding among CD8+ T cell subsets, we performed CTCF ChIP-Seq and Cut&Run on 

sort purified naive, TE, and MP OT-I CD8+ T cell populations (Figures 1A, S1F). Similar to 

the genome organization profiles, CTCF-binding patterns reflected lineage proximity of the 
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subsets, with higher overlap of CTCF peaks for the MP and TE subsets versus naive cells 

(Figures 2B, S1G–I). Naive T cell-associated CTCF binding was diminished upon effector 

cell differentiation (Figures 2C, S1H–I).

We characterized the averaged interaction scores +/−250 kb around sites with subset-specific 

CTCF binding (Figures 2D–F). CTCF binding enriched in TE cells compared to MP or 

naive cells occurred at locations that had the highest interaction scores in TE cells at 

and around the CTCF binding sites (Figure 2D). In contrast, as denoted by the decreased 

interaction scores in the effector subsets, CTCF-binding profiles that were enriched in 

MP cells compared to TE cells were strongest in the naive and then the MP subsets, 

suggesting that these sites may be important for the retained ability to further differentiate 

(Figure 2E). Analysis of CTCF-binding data separated by technique (Cut&Run and ChIP), 

showed similar trends for most comparisons, however a few differences were observed, 

reflective of technique- dependent detection of CTCF binding (Figure S1J–O), and the 

combined analysis more completely reflects the full pattern in CTCF binding. CTCF 

binding that was lost in TE or MP compared to naive cells occurred on average at TAD 

borders as denoted by low interaction scores (blue) at the binding site surrounded by 

high interaction scores (red) (Figure 2F). However, CTCF-binding sites that were shared 

among all three subsets were also located at TAD borders, consistent with the well-known 

role of CTCF at TAD boundaries (Figure 2F). Bach2 a key transcription factor important 

for restraining effector differentiation through transcriptional repression38, regulation of 

AP-1 factor binding39, and facilitating key chromatin interactions32. Notably, deletion 

of Bach2 remodeled the chromatin architecture to resemble the genome organization of 

effector and memory cells, with a distinct overlap with MP-specific chromatin interactions 

and secondarily memory-specific chromatin interactions (Figure S1P). Further, chromatin 

regions with altered interactions upon Bach2 deletion contained an upstream enrichment of 

CTCF binding, suggesting that CTCF may be important for chromatin interactions regulated 

by other transcription factors (Figure S2A).

We performed GSEA analysis to gain insight into the relationship between changes in 

CTCF binding and transcriptional programs and found that genes with a nearby gains in 

CTCF binding often showed accompanying increased expression in the corresponding T cell 

subset (Figure 2G, Table S3). However, quantification of the physical overlap between sites 

with altered CTCF binding and genes with changes in expression with differentiation using 

the Jaccard similarity index showed CTCF binding gained with TE differentiation had the 

greatest overlap with the naive gene signature (Figure 2H). As the Jaccard index takes into 

account the actual number of binding sites, this difference suggests multiple binding sites 

per gene in the naive gene list. Tandem CTCF sites have been characterized as topological 

insulators40, and in conjunction with Figure 2H, suggests that multiple CTCF binding sites 

at naive genes may be insulating expression within the TE subset. The opposite trend was 

observed when focusing on TE-enriched CTCF binding versus MP cells (Figure 2I). These 

TE-specific CTCF binding events had the greatest overlap with genes upregulated in TE 

cells, suggesting that more of these CTCF sites may facilitate interactions that accompany 

increased gene expression (Figure 2I). CTCF and T-bet have been shown to cooperate to 

regulate Ifng expression by CD4+ Th1 cells28; thus, we examined CTCF and T-bet binding 

at effector gene loci using previously published T-bet ChIP-Seq in CD8+ effector T cells41 
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(Figures 2J). The loci encoding the effector-associated KLRG1, the effector molecules 

Gzma and Gzmk, and IFN-y showed effector-specific interactions around altered T-bet 

and CTCF binding in effector T cells (Figures 2J). Taken together, these data emphasize 

the diversity of CTCF function, reveal subset- specific differences in CTCF function, 

and suggest CTCF cooperation with T-bet and other chromatin remodeling transcription 

factors. Thus, effector cell differentiation appears to lead to a loss of CTCF binding at TAD 

borders and a gain in CTCF binding associated with increased intra-TAD interactions that 

accompany changes in gene expression.

Graded loss of CTCF expression reveals differential impact on CD8+ T cell differentiation

Altering CTCF expression has been used to study the role of genome organization in 

various settings, however CTCF acts in a dose-dependent manner, and complete ablation of 

CTCF expression is lethal23,42,43. Further, CTCF can regulate the expression of cell-cycle 

and cell-death genes, leading to developmental arrest with deletion23,44. We diminished 

CTCF expression in mature CD8+ T cells by transducing with retrovirus encoding shRNA 

to knockdown, retaining enough CTCF to permit proliferation and differentiation34. We 

compared two shRNAs: shCTCF1 yielded approximately 50% mRNA and protein reduction, 

and shCTCF2 yielded approximately 75% reduction in CTCF mRNA and protein expression 

compared to shCD19-transduced control cells (shCtrl) (Figures S2B–C). To measure the 

impact of shRNA knockdown, a 1:1 mixed transfer of OT-I cells transduced with shCtrl or 

shCTCF1/2 was co-transferred into mice followed by infection with Lm-OVA. On day 5 

of infection, neither of the CTCF targeting shRNA constructs affected Annexin V staining 

(Figure S2D), while only shCTCF2 significantly impaired proliferation as measured by the 

loss of BrdU+ cells (Figure S2E). Hence, we chose shCTCF1 for subsequent studies of 

CTCF-mediated regulation of genome organization in CD8+ T cell subset differentiation.

Loss of CTCF impairs terminal differentiation and favors MP, TEM, and TRM cell subsets

To investigate the role of CTCF in regulating the CD8+ T cell response to pathogen 

infection, we followed the response of shCTCF- or shCtrl-transduced OT-I cells to infection 

(Figure 3A). At the peak of infection, CTCF knockdown (50%) led to a significant loss of 

the TE subset of effector T cells, with a small impact on overall accumulation compared 

to control cells (Figures 3B, 3C). A corresponding gain in frequency of MP cells and 

CD127+KLRG1+ (DP) CD8+ T cells was observed with CTCF knockdown compared to 

shCtrl cells (Figures 3B–C). A similar phenotype was observed with a single transfer system 

(Figure S2G). A greater reduction of CTCF expression (75%), led to further impairment 

of the TE subset (Figures 3D–E). Notably, after re-stimulation, CTCF-knockdown cells 

produced more IFNγ and TNFα than control-transduced cells (Figure S2H). At a memory 

timepoint, CTCF knockdown led to a reduction in the frequency of t-TEM and an increase in 

frequency of TEM without affecting the overall accumulation of circulating memory cells or 

TCM (Figures S3A 3F–I). Thus, at both the effector and memory timepoints, loss of CTCF 

expression impaired the more terminally-differentiated cell populations (TE and t-TEM), 

while favoring the differentiation of MP and TEM populations.

In parallel, an unbiased in vivo shRNA screen to identify regulatory transcription factors 

of memory CD8+ T cell differentiation further confirmed the role of CTCF in CD8+ 
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T cell differentiation (Figures S3B–C, Table S4–5). shRNA constructs targeting CTCF 

were enriched in the TEM and TCM populations corresponding to a loss of t-TEM cells 

(Figures S3B–C), further demonstrating that CTCF was necessary for the more terminally-

differentiated CD8+ effector and memory T cell subsets while restraining the more memory-

like subsets.

We next measured the impact of CTCF knockdown on secondary responses. OT-I cells 

transduced with shCtrl or shCTCF were co-transferred to hosts that were then infected 

with Lm-OVA; at a memory timepoint mice were challenged with recombinant vesicular 

stomatitis virus expressing ovalbumin (VSV-OVA) 45 (Figure S3D). Prior to reinfection, 

mice had a similar number of shCtrl- and shCTCF-transduced OT-I cells (Figure S3E). 

CTCF knockdown led to a defect in accumulation of secondary effector CD8+ T cells, of 

which there were fewer KLRG1hi cells, while the KLRG1lo cells were unaffected (Figure 

S3F). Thus, at effector, memory, and recall timepoints, CTCF expression was necessary 

to develop terminally-differentiated subsets, while the less differentiated subsets were 

unaffected.

To characterize the role of CTCF expression in the differentiation of tissue-resident memory 

T cells (TRM), P14 TCR transgenic CD8+ T cells that recognize the LCMV glycoprotein 

peptide fragment 33–41 presented by H-2Db were monitored. At day 14, loss of CTCF 

increased the proportion of IEL CD8+ T cells and the expression of the tissue-residency 

markers CD69 and CD103 in the small intestine in comparison to shCtrl cells, consistent 

with the observed increase in KLRG1l0 effector T cells in the spleen that preferentially form 

TRM at the day-7 time point46 (Figures 3J–K). These data show that loss of CTCF expression 

promotes the formation of resident IEL CD8+ T cells.

CTCF knockdown impairs terminal differentiation and accumulation of CD8+ TIL

To investigate if CTCF depletion similarly impacts differentiation of CD8+ TIL, we co-

transferred P14 cells transduced with control or CTCF shRNA (Figure S3G) to BI6-GP33–41 

melanoma-bearing mice. Eleven days post transfer, CTCF knockdown preferentially 

decreased the frequency of TIL and decreased expression of the exhaustion markers PD-1, 

Tim-3, CD38, CD39, and TOX (Figures S3H–K). These data emphasize the necessity 

of CTCF expression for terminal differentiation of CD8+ T cells in multiple settings, in 

conjunction with the infection data,

De novo CTCF mutations reduce expression of the TE gene-expression signature in 
human PBL

To investigate the impact of impaired CTCF in human peripheral blood lymphocytes 

(PBL), we analyzed two published RNA-Seq data sets from patients with de novo 

mutations of CTCF47,48 that either reduce CTCF expression or affect its binding, leading to 

developmental disorders47,48. Healthy control cells were enriched in the TE and exhausted 

gene-expression signatures, while cells from patients with CTCF mutations were enriched 

with TEM and MP gene-expression signatures, mirroring the phenotype observed in our 

mouse studies (Figures S4A–D). Relative expression of specific transcription factors, 

cytokines, and chemokines provided a similar pattern to that seen in mice, with the 
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expression of memory-associated molecules enriched in the PBL of patients with CTCF 

mutations and effector-associated molecules enriched in the PBL of the healthy controls 

(Figures S4E–J). Although the patients have altered CTCF function in multiple cell types, 

this finding may result from altered frequencies of terminally-differentiated CD8+ T cell 

populations or changes in gene expression by CD8+ T cell subsets in PBL. This analysis 

is consistent with the idea that diminished CTCF expression impairs effector and terminal 

phenotypes in human lymphocytes as we observed for mouse T cells.

Loss of CTCF perturbs weak binding sites near TE-specific chromatin interactions

To identify which CTCF-binding sites were affected by shRNA knockdown, we performed 

Cut&Run on the TE subset of OT-I CD8+ T cells transduced with shCtrl or shCTCF (Figure 

4A, S1F). CTCF-binding sites sensitive to CTCF knockdown were enriched in lower tag 

scores (Figure 4B), suggesting that lower occupancy CTCF sites were more affected by 

shRNA knockdown (Figure 4C). We next calculated the motif scores of each CTCF binding 

site for TE cells that were transduced with shCtrl (black) or shCTCF (blue); when the subset 

of binding sites that lost CTCF occupancy upon CTCF knockdown were graphed (red), these 

sites displayed lower motif scores with more sites with a motif score between 16 and 19 

and fewer sites with a motif score above 19 (Figure 4D). The lower motif score corresponds 

to weaker affinity CTCF binding sites that tend to associate with active histone marks and 

higher gene expression49.

To identify the effect of CTCF knockdown on transcriptional programs, pathway analysis 

was performed for genes located near CTCF sites that had reduced occupancy upon 

knockdown (Figure 4E). These nearby genes were important for T cell activation and 

signaling pathways consistent with the impact of the loss of CTCF expression on CD8+ 

T cell differentiation. We quantified the average chromatin interactions around sites that 

lost CTCF binding with knockdown (Figure 4F), which showed increased interaction scores 

for the TE subsets consistent with knockdown of CTCF expression impacting binding 

sites with TE-specific interactions (Figure 4F). The analysis of specific CTCF binding 

sites whose occupancies were impacted by knockdown showed that higher expression of 

CTCF preferentially allowed for binding at weak CTCF binding sites that were enriched at 

TE-specific chromatin interactions near genes important for T cell activation and signaling. 

Thus, the 50% knockdown of CTCF impaired lower affinity CTCF binding at TE-specific 

chromatin interaction sites directing CD8+ T cell differentiation towards a more memory-

like state.

CTCF supports expression of the terminal-effector T cell transcriptional program

To examine how CTCF depletion impacts the effector T cell transcriptional program, 

we performed RNA-Seq on sorted TE and MP OT-I cells transduced with either control 

or CTCF shRNA on day 8 of infection with Lm-OVA (Figure 4A, S5A). Diminished 

CTCF expression by the TE subset resulted in an enrichment of MP-signature genes and 

loss of the TE gene-expression signature (Figures 5A–B). Although some TE cells still 

differentiated with CTCF knockdown (i.e. displayed expression of KLRG1 and lost CD127), 

the transcriptome more closely resembled the MP-associated transcriptional program than 

TE cells (Figure 5B). No significant enrichment for the naive gene signatures was observed. 
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Further analysis of key transcription showed that CTCF knockdown resulted in upregulation 

of Tcf7 and Zfp683, encoding transcription factors that promote MP and Trm differentiation, 

respectively50,51, consistent with the in vivo phenotypes (Figure 5C). Reduction of CTCF in 

MP cells similarly led to enrichment of memory-associated genes and loss of TE-associated 

genes (Figures S5B–E).

A previous study showed that memory T cells were enriched for a transcriptional program 

of self-renewal52. In agreement with the in vivo phenotype where CTCF depletion 

repressed terminal differentiation and promoted the differentiation of the more “stem-like” 

subsets, CTCF knockdown led to altered gene expression in a pattern associated with 

long-term hematopoietic stem cells and diminished expression of genes downregulated 

with hematopoietic stem cell differentiation (Figure 5D). Furthermore, diminished CTCF 

expression led to a loss in expression of cell-cycle genes, consistent with previous studies 

of CTCF-deficiency23,44 (Figure 5E, S5F). Genes upregulated upon CTCF knockdown were 

important for immunity (Figure 5F, S5G). Together, these analyses suggest that the role 

of CTCF in promoting or insulating gene expression influences a range of cell functions. 

Further, the reduction of CTCF expression shifts the transcriptional program towards the MP 

phenotype at the expense of the TE phenotype.

As CTCF can regulate gene expression through facilitation of enhancer-promoter 

interactions, we examined whether binding was perturbed at previously published subset-

specific genes, enhancers, or promoters14. CTCF binding in TE cells was disrupted near 

genes enriched in the effector cell transcriptional program (Figure 5G, Table S3). CTCF-

binding sites that were lost with knockdown overlapped the most with genes that were 

upregulated in the TE cell subset as indicated by a higher Jaccard index score (Figure 

5H, Table S3). Furthermore, loss of CTCF binding with knockdown occurred more at 

subset-specific enhancers than promoters and was enriched for effector-specific enhancers 

(Figure 5I–J). These data suggest that knockdown of CTCF may regulate gene expression 

by disrupting CTCF binding at enhancers active in the TE and MP subsets but not the naive 

subset.

CTCF knockdown reduces chromatin accessibility and alters transcription factor activity

CTCF has been shown to decrease chromatin accessibility in a B cell lymphoblastic 

leukemia cell line53. To measure the effect of CTCF knockdown on chromatin accessibility 

in CD8+ T cells, we performed ATAC-Seq on sort purified TE cells transduced with shCtrl 

or shCTCF shRNA (Figure 4A, S5H). CTCF knockdown led to an overall loss in chromatin 

accessibility, as shown by the enrichment of ATAC peaks in the control cells (Figures 6A). 

To link chromatin accessibility with changes in CTCF binding, we measured the ATAC-Seq 

tag enrichment at sites that lose CTCF binding upon knockdown (Figure 6B). Loss of CTCF 

binding (blue) reduced chromatin accessibility compared to the control (black) consistent 

with CTCF binding maintaining chromatin accessibility (Figure 6B).

To identify the impact of decreased chromatin accessibility on transcription factor activity, 

we performed motif enrichment in the ATAC peaks lost upon knockdown of CTCF (Figure 

6C). Conversely, we interrogated motif enrichment in the CTCF peaks that were lost 

upon knockdown of CTCF to identify potential protein partners that may be impacted 
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by disrupted CTCF binding (Figure 6D). Both analyses identified Hic1, Bach2, and T-bet 

(Figures 6F–G). Hic1 is a transcriptional repressor that supports T cell accumulation in the 

IEL and supports TRM residency in the small intestine54,55. Our results suggest loss of CTCF 

expression may coordinate Hic1 binding, perhaps explaining the increase in TRM formation 

that we observed (Figures 3J–K). The identification of Bach2, a transcription factor that 

restrains effector differentiation38,39, suggests a competition between CTCF and Bach2 

(Figures 6C–D). T-bet promotes TE differentiation and inhibits TRM differentiation3,56,57. 

Therefore, the enrichment of the T-bet motifs in lost ATAC-Seq and CTCF peaks may 

explain why there were fewer terminally-differentiated effector cells and more TRM cells 

with CTCF knockdown (Figures 6C–D). Less CTCF binding was also accompanied by a 

loss of chromatin accessibility around transcription factor motifs was observed near genes 

such as Havcr2, Il7r, and Cell, which are differentially expressed by TE and MP subsets 

(Figure 6E–G).

To predict transcription factors with CTCF-knockdown-sensitive activity, we performed 

PageRank analysis14 using in vitro ATAC-Seq and RNA-Seq data that mirrored the changes 

in expression and accessibility observed for the in vivo samples (Figures 5A, 6A, 6H–I). 

PageRank integrates RNA-Seq and ATAC-Seq data to construct a genetic network to capture 

the global impact of transcription factors on the network14. Transcription factors are ranked 

based on the number and importance of genes that may be regulated, where a PageRank 

score with a higher number suggests a more important role for impacting gene expression 

in a network14. PageRank predicted transcription factors, including Blimp1, Eomes, and 

T-bet, that could mediate the transcriptional program for the control cells, suggesting that 

CTCF knockdown may disrupt access to binding sites to alter nearby gene expression 

(Figure 6J). Blimp1, Eomes, and T-bet are known to regulate differentiation of effector and 

memory T cells in infection and TIL3,46,51,57–59; loss of CTCF expression may prevent 

Blimp1, Eomes, and T-bet from binding to regulate their target genes, again highlighting a 

mechanism where CTCF contributes to the regulation of terminal differentiation (Figure 3). 

PageRank predicted that transcription factors Bach2, Tcf1, and Lef1 as important mediators 

of the transcription program for cells with CTCF knockdown (Figure 6J) consistent with 

their important roles in memory-precursor and memory T cell differentiation39,60,61. Loss 

of CTCF expression may promote their activity to facilitate the enrichment of memory cell 

differentiation seen in vivo (Figure 3). Altogether these data identify potential partnerships 

between CTCF and key transcription factors to cooperatively regulate T cell function and 

differentiation. Notably, it was recently reported that CTCF can collaborate with Tcf1 to 

regulate chromatin interactions that control gene sets key for T cell development in the 

thymus and naive homeostasis29,30; we observed that genes near sites co-bound with CTCF 

and Tcf1 in naive CD8+ T cells did not show significant enrichment in gene signatures 

regulated by the response to infection (Figures S5I–K).

Previous studies showed that CTCF and T-bet cooperate to promote the expression of 

IFNγ in CD4+ T cells 28, and our analysis identified T-bet as a potential target of CTCF 

knockdown (Figures 6C–D, 6J). RNA-Seq showed a trend of lower expression of Tbx21, 
which encodes for T-bet, in TE cells with CTCF knockdown, and T-bet expression was 

reduced with CTCF knockdown by day 14 of infection with Lm-OVA (Figures S6A–B). 

T-bet deficiency results in fewer TE cells3,57, so we explored if elevated T-bet expression 
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could overcome the loss of TE cells from CTCF knockdown. P14 cells were transduced 

with Ctrl (pMIG-GFP) or an overexpression construct for T-bet (T-bet-GFP) (Figure S6C). 

We then co-transferred the shCtrl and shCTCF with pMIG-GFP or the shCtrl and shCTCF 

with T-bet-GFP into recipient mice that were subsequently infected with LCMV Armstrong 

(Figure SCD). T cells from the spleen were isolated at the peak of infection for phenotyping 

(Figure S6C). T-bet overexpression rescued the differences in subset frequency between 

shCtrl and shCTCF in KLRG1hi cells (Figure S6D–E). Considered with the previous finding 

that T-bet regulates Th1-specific CTCF binding28, overexpression of T-bet may recruit the 

available CTCF left after knockdown to the more effector-specific CTCF binding sites 

to drive CD8+ T cell terminal differentiation, and altogether, these analyses suggest that 

CTCF knockdown may alter the transcription factor landscape to regulate CD8+ T cell 

differentiation.

Perturbation of specific CTCF binding sites enhances expression of target genes

We next examined the impact of CTCF binding on the expression of specific genes. The 

ll7r, Bcl6, and Ccl3 loci each have nearby CTCF binding sites that were sensitive to shRNA 

knockdown (Figure 7A). Analysis of Hi-C interactions for the regions around the gene 

loci showed noticeable gains in DNA interactions upon effector differentiation at the ll7r 
and Ccl3 loci but not the Bcl6 locus, as indicated by the increased interaction scores and 

number of arcs for the TE and MP tracks (Figure 7A). Characterization of histone marks 

from previous studies14 showed that the knockdown-sensitive CTCF site near ll7r was at 

an active enhancer in MP cells, as indicated by the H3K4me1 and H3K27ac peaks present 

in the MP subset, but not in the TE subset (Figure S6F). The knockdown-sensitive CTCF 

site near Ccl3, however, was at an enhancer that was active in effector cells, as indicated 

by the H3K4me1 and H3K27ac marks present in the effector subsets (Figure S6G). In 

contrast, the Bcl6 locus did not have any clear changes in chromatin interactions, and the 

knockdown-sensitive CTCF site near Bcl6 did not overlap with any promoters or enhancers 

(Figures 7A, S6H). Expression of Il7r and Bcl6 is important for the formation of memory 

CD8+ T cells 7, and both display higher expression in the MP subset, whereas Ccl3 is 

expressed by effector cells and has been shown to be important for effector function of 

memory T cells62 (Figures S7A, S7B, S7C). mRNA expression of all three of these genes, 

however, increased upon CTCF knockdown (Figures S7D, S7E, S7F), suggesting that CTCF 

binding actually acts to restrain their expression.

To directly link the change in CTCF binding with regulation of gene expression, we 

used CRISPR/Cas9 to target insertions/deletions at CTCF binding sites through mutagenic 

nonhomologous end joining63 (Figure 7B). The targeting of the CTCF binding motif largely 

resulted in single nucleotide deletions or additions as determined by DNA sequencing of 

targeted cells (Figure S7G–I). Perturbation of CTCF binding at the MP-specific enhancer 

upstream of Il7r increased CD127 protein expression by P14 T cells isolated from the spleen 

at both effector and memory time points (Figure 7C–D, S7J). Disruption of CTCF binding 

near the Bcl6 locus did not show differential expression as expression is so low in effector 

cells of Bcl6 expression, but showed increased Bcl6 expression at the memory time point 

(Figure 7E–F, S7K). Ccl3 protein expression was measured after splenocytes isolated at 

an effector time point were re-stimulated, and disruption of CTCF binding at the enhancer 
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active in effector cells increased Ccl3 production by approximately three-fold (Figure 7G–

H). Together, these data show that these specific CTCF binding sites are important for 

restraining the expression of their neighboring genes whose functions are key for memory 

T cell differentiation or function, while also highlighting the variety of different mechanistic 

roles behind CTCF function.

DISCUSSION

Immune cell function and differentiation are regulated through transcriptional changes 

that are controlled at multiple levels, including transcription factor binding and epigenetic 

modifications10,14. While chromatin architecture changes during T cell activation in vitro19, 
the genome architecture for T cells in vivo has not been comprehensively characterized. 

Here, we profiled the 3D genome organization of CD8+ T cell subsets responding in vivo 
to acute infection and found that effector CD8+ T cell differentiation was accompanied by 

changes in chromatin interactions with magnitudes proportional to the lineage proximity 

of the subsets. We found that these altered chromatin interactions occurred around genes 

expressed in a subset-specific manner, and that enhancer-promoter interactions were 

specifically enriched in TE cells compared to other T cell subsets. Further, subset-specific 

chromatin remodeling correlated with transcriptional rewiring, highlighting that alterations 

in chromatin looping contribute to the regulation of CD8+ T cell fates generated in response 

to infection. Optimal CD8+ T cell differentiation was dependent on CTCF remodeling 

of chromatin structures that simultaneously served to augment effector or limit memory 

transcriptional programs. Hence, CTCF-dependent chromatin reorganization upon T cell 

activation is a critical step in determining CD8+ T cell fate decisions.

Consistent with the established role for CTCF in regulating chromatin interactions64 and 

our characterization of genome organization in CD8+ T cells, the pattern of CTCF binding 

reflected the lineage proximity of the subsets. CTCF binding in TE cells was particularly 

enriched in intra-TAD chromatin interactions. Changes in CTCF expression impacted the 

differentiation of effector CD8+ T cells, with diminished CTCF leading to loss of binding 

at low affinity CTCF sites and TE-specific enhancers, culminating in impaired numbers 

of TE, t-TEM, and terminally-exhausted cells from tumors, but unaffected memory T 

cell differentiation. Thus, CTCF was key for promoting terminal differentiation in both 

infection and tumor contexts by preventing the expression of genes important for memory 

T cell differentiation. Coupled with our observation that TE cells have enrichment of 

enhancer-promoter interactions, we hypothesized that terminal differentiation of CD8+ T 

cells involves the establishment of CTCF-mediated intra-TAD chromatin interactions, with 

weaker affinity CTCF binding insulating the memory program. This hypothesis is partially 

supported by a recent study that reported CTCF sites form insulating neighborhoods around 

MP genes65 and by our data where CTCF knockdown and mutation of specific CTCF 

binding sites promote expression of memory-associated genes.

A key feature of memory cells is their ability to respond upon antigen re-exposure. The 

maintenance of the potential for further differentiation is not well understood. However, 

CTCF impairs expression of genes associated with “sternness” in hematopoietic stem cells 

and the liver cancer cell line HepG252,66,67. We concordantly observed a loss of terminally-
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differentiated subsets and a gain in subsets with greater differentiation potential in both 

infection and tumor settings upon CTCF knockdown. Studies have shown that “sternness” 

is reinforced through epigenetic modifications and disruptions in regulators lead to the 

accumulation of more-memory-like cells at the expense of more-effector-like cells68–71. 

Also, genome organization has been linked to the maintenance of the “sternness” program 

through changes in the nuclear positioning, chromatin compaction, and enhancer-promoter 

interactions72.

Transcription factors important for CD8+ T cell differentiation also regulate chromatin 

interactions. Recent studies in naive and TCM CD8+ T cells revealed that deletion 

of Tcf1/Lef1 in naive cells or Tcf1 alone in TCM cells altered genome organization, 

reducing expression of T cell lineage-enriched genes and preventing expression of genes 

associated with glycolysis60,73. In addition, CTCF and Tcf1 were shown to cooperate in 

regulating chromatin interactions that impact expression of key gene programs during T cell 

development and homeostasis29,30. Our previous research showed that depletion of YY1, 

a chromatin remodeler known to directly interact with CTCF and also facilitate chromatin 

interactions within CTCF-mediated loops74,75, led to a loss of TE cells14. YY1 depletion 

and CTCF depletion both led to a loss of TE cells, which further suggests that the formation 

or reinforcement of genome organization may be key for the terminal-effector phenotype. 

Thus, numerous transcription factors regulate genome organization important for T cell fate, 

and linking the roles of these chromatin remodelers may provide further insight into the 

genome-organization-mediated influence on CD8+ T cell differentiation.

Multiple possible mechanisms underly CTCF regulation of gene expression and may be 

affected by the number of proximal CTCF sites, the location of the binding site, and the 

protein partners21,76,77. In our study, motif enrichment and PageRank analyses identified 

potential CTCF-regulated transcription factors, such as T-bet, Tcf1, and Bach2. T-bet is 

known to inhibit CD8+ TRM formation and promote terminal-effector differentiation3,57. 

We identified T-bet as a potential transcription factor with binding and activity regulated 

by CTCF knockdown, and T-bet overexpression rescued the CTCF knockdown phenotype. 

Therefore, in conjunction with previous studies in CD4+ T cells, where T-bet collaborates 

with CTCF to regulate chromatin interactions needed for IFNγ expression28, this suggests 

that T-bet may be important for chromatin interactions that drive CD8+ T cell terminal 

differentiation.

Our data has also revealed several instances where CTCF was linked to Bach2: CTCF 

binding was enriched upstream of Bach2-mediated interactions, Bach2 binding motifs were 

identified in CTCF sites and accessible chromatin regions lost with CTCF knockdown, 

and Bach2 was predicted to regulate expression of genes that increased with CTCF 

knockdown. These observations suggest the potential competition between Bach2 and CTCF 

in mediating chromatin interactions in CD8+ T cells may regulate memory CD8+ T cell 

differentiation. The collaboration of CTCF and lineage-determining factors highlights a key 

role for CTCF in facilitating genome remodeling necessary for transcription-factor mediated 

regulation of T cell differentiation.
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Here, we provided evidence that CD8+ T cell genome organization is linked to the lineage 

proximity of T cell differentiation and that CTCF insulates the expression of key memory 

genes that reside in areas of high chromatin interaction; our future studies will aim to further 

refine the link between genome organization, transcriptional networks, and CD8+ T cell 

differentiation.

Limitations of the study

A caveat to this study is that it is limited to correlative observations characterizing the role 

of genome organization in effector CD8+ T cell differentiation. Further studies are needed 

to study genome organization with CTCF knockdown or disruption of specific chromatin 

interactions. Also, analysis of data from patients with CTCF mutations from whole PBMC 

and not sorted T cell populations suggests human relevance, but further study is needed on 

isolated T cell populations from humans.

STAR Methods

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should 

be directed and will be fulfilled by the Lead Contact, Ananda W. Goldrath 

(agoldrath@ucsd.edu)

Materials Availability—This study did not generate new unique reagents

Data and Code Availability

• All Hi-C, bulk RNA-Seq, ATAC-Seq, ChIP-Seq, and Cut&Run datasets are 

available for download on the GEO data repository and are publicly available as 

of the date of publication. Accession numbers are listed in the Key Resources 

Table. This paper analyzes existing, publicly available data. Accession numbers 

are listed in the key resources table.

• This paper does not report original code

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All mice were bred on the C57BL6/J background and housed in specific pathogen-

free conditions in accordance with the Institutional Animal Care and Use Committees of 

the University of California, San Diego. Both male and female mice were used throughout 

the study, with sex matched T cell donors and recipients (or female donor cells transferred 

into male recipients) and between 1.5 and 4 months old. C57BL/6J mice (stock #000664; 

The Jackson Laboratory), OT-I mice (with transgenic expression of H-2Kd-restricted TCR 

specific for ovalbumin peptide 257–264; stock #003831; The Jackson Laboratory), P14 

mice (with transgenic expression of H-2Db-restricted TCR specific for LCMV glycoprotein 

GP33–41; stock #037394-JAX; The Jackson Laboratory), CD45.1+, and CD45.1.2+ congenic 

mice were bred in house.
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Cell culture—For OT-I and P14 CD8+ T cell transductions, spleens and lymph nodes 

were negatively enriched, activated, and spinfected as previously described 34. Male B16 

melanoma cells expressing the LCMV glycoprotein epitope amino acid 33–41 (BI6-GP33–

41) and female PLAT-E cells were maintained in DMEM containing 5% bovine growth 

serum, 1% HEPES and 0.1% 2-Mercaptoethanol. Both cell lines have been confirmed to be 

free of mycoplasma through qPCR. Retroviral particles were generated in PLAT-E cells as 

previously described 34.

METHOD DETAILS

Infection Studies—Activated T cells were transduced with control construct (CD19 

shRNA) or CTCF shRNA, mixed at a 1:1 ratio, and adoptively transferred at 1 × 105 

T cells per recipient mouse. Mice were then infected with 5 × 103 CFU Lm-OVA by 

intravenous injection or 2×105 PFU LCMV-Armstrong by intraperitoneal injection. For 

secondary infection, mice were re-challenged by intravenous injection of 1 × 106 PFU 

VSV-OVA. T cells from OT-I mice were used for studies with Lm-OVA and T cells from 

P14 mice were used for studies with LCMV. CD45.1, CD45.1.2, and C57BL/6J mice were 

used in combination for all co-transfer studies.

Tumor Studies—B16-GP33–41 cells (5×105) were transplanted subcutaneously into the 

right flank of wild-type mice. After tumors became palpable, 7–8 days post transplantation, 

2.5×106 P14 cells that were transduced with shCtrl or shCTCF and expanded in vitro with 

100 U/ml IL-2 for 2 days, were mixed 1:1 and transferred intravenously. Tumors were 

monitored daily and mice with ulcerated tumors or tumors exceeding 1500 mm3 in size were 

euthanized in accordance with UCSD IACUC. TILs were isolated as previously described 34 

one week following adoptive transfer. CD45.1, CD45.1.2, and C57BL/6J mice were used in 

combination for all co-transfer studies.

Preparation of Single Cell Suspension—Single-cell suspensions were prepared from 

spleen or lymph node by mechanical disruption with frosted microscope slides. For isolation 

of lymphocytes from the small intestine IEL compartment, Peyer’s patches and luminal 

contents were removed and the intestine was cut longitudinally and subsequently cut 

laterally into 0.5–1 cm2 pieces that were then incubated with 15.4 mg/100 μl dithioerythritol 

(EMD Millipore) in 10% HBSS/HEPES bicarbonate for 30 minutes at 37°C while stirring. 

Tumors were cut into pieces and digested for 30 minutes with 100U/ml type I collagenase 

(Worthington) in RPMI 1640, 5% FBS, 2 mM MgCl2, 2 mM CaCl2 at 37 °C while shaking. 

The tissue was further dissociated over a 70 μm nylon cell strainer (Falcon). For isolation of 

lymphocytes from the IEL and tumor, single-cell suspensions were purified using a 44/67% 

Percoll density gradient.

Flow cytometry and cell sorting—Cells were incubated for 30 minutes at 4°C in PBS 

supplemented with 2% bovine growth serum and 0.01% sodium azide. For intracellular 

cytokine staining, splenocytes were re-stimulated with OVA257–264 (InvivGen vac-sin) or 

GP33–41 peptide (Anaspec) for 4 hours at 37°C with Protein Transport Inhibitor Cocktail 

(eBioscience) added after 1 hour of incubation. CD107a (1D4B, BD Biosciences) antibody 

was included in the media for the entirety of the stimulation to detect surface expression as 
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a surrogate of degranulation. To better preserve the ametrine reporter signal in transduced 

populations, samples were fixed and permeabilized using the Cytofix/Cytoperm Fixation/

Permeabilization kit (BD). Non-transduced populations were fixed and permeabilized 

using the Foxp3/Transcription Factor Staining Buffer Set (eBioscience). Stained cells were 

analyzed using LSRFortessa X-20 or LSRFortessa cytometers (BD) and FlowJo software 

(TreeStar). Cell sorting was performed on FACSAria or FACSAria Fusion instruments (BD).

shRNA knockdown.—shRNA’s targeting CTCF were produced by cloning 

shRNAmir sequences (CTCF#1: CCAGATGAAGACTGAAGTCAT; CTCF#2: 

GCAGAGCATTCAGAACAGTGA into our pLMPd-Amt vector 79. For transfections, 3×106 

PLAT-E cells were seeded in a 10 cm dish 1 day before transfection. Each plate was 

transfected 10 μg of DNA from each pLMPd-Amt clone and 5 μg of pCL-Eco using 

TransIT-LT1 (Mirus) in Opti-MEM medium. The medium was replaced by T cell medium 

after 16h and the retroviral supernatant were collected 48 hours later.

For CD8+ T cell activation, naive CD8+ T cells from spleens and lymph nodes were 

negatively enriched with MACS columns using biotin anti-CD4, anti-Ter119, anti-GR-1, 

anti-MHCII, anti-B220, and anti-NK1.1. 2 × 106 OT-I or P14 cells were plated in a well of a 

6-well plate that was pre-coated with 100 μg/ml goat anti-hamster IgG (H+L, Thermo Fisher 

Scientific). The activation medium contained 1 μg/ml anti-CD3 (145–2C11) and 1 μg/ml 

anti-CD28 (37.51) (eBioscience). Culture medium was replaced after 18h of activation with 

retroviral supernatant mixed with 50 μM BME and 8 μg/ml polybrene (Millipore) followed 

by spin-infection (1-hour centrifugation at 2000 RPM, 37°C). The plate was incubated at 

37°C for 3 hours after spin-infection, and then the retroviral supernatant was replaced by T 

cell medium and incubated for 24 hours.

RNAi screening approach—As described previously, the targeted shRNA library was 

generated on the basis of key genes identified from the computational screening approach 

as well as genes with known roles in regulating circulating memory CD8+ T cells 

from literature 34,79. The library was produced by cloning shERWOOD-designed shRNA 

sequences, after PCR of synthetic 97-mer oligonucleotides, into our pLMPd-Amt vector. 

Purified DNA from sequence-verified clones was used to package retroviral particles in 

PLAT-E cells. The PLAT-E cell line was obtained from Cell Biolabs. For transfections, 

PLAT-E cells were seeded in the middle 60 wells of a 96-well flat-bottom plate at a density 

of 4 × 104−6 ×104 cells per well 1 day before transfection. Next, each well was individually 

transfected with 0.2 μg of DNA from each pLMPd-Amt clone and 0.2 μg of pCL-Eco 

using TransIT-LT1 (Mirus). Retroviral supernatant was collected 36, 48 and 60 hours after 

transfection, and retroviral supernatant from each well was used to individually transduce in 

vitro activated P14 cells in 96-well round-bottom plates.

For CD8+ T cell activation in vitro, naive CD8+ T cells from spleen and lymph nodes were 

negatively enriched and 2 ×105 P14 cells were plated in the middle 60 wells of 96-well 

round-bottom plates pre-coated with 100 μg/ml goat anti-hamster IgG (H+L, Thermo Fisher 

Scientific) and 1 μg/ml anti-CD3 (145–2C11) and 1 μg/ml anti-CD28 (37.51) (both from 

eBioscience). Culture medium was removed 18 hours after activation and replaced with 

retroviral supernatant supplemented with 50 μM BME and 8 μg/ml polybrene (Millipore) 
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followed by spinfection (1-hour centrifugation at 805 g, 37°C). Two hours after the spin-

infection, the P14 cells were washed 3 times with cold PBS and 90% of each well of cells 

(individually transduced with distinct retroviral constructs) was collected, pooled and 5 ×105 

pooled P14 cells were transferred into recipient mice, which were then infected 1 hour later 

with 1.5 × 105 PFU of LCMV Armstrong intraperitoneally, resulting in an acute infection. 

The remaining cells in vitro were cultured for an additional 24 hour and either pooled for 

‘input’ sequencing (6×105 P14 cells) or were used to test transduction efficiency of each 

construct using flow cytometry to detect the percentage of Ametrine+ cells in each well.

TCM, TEM, t-TEM cells were sorted from the spleen (2 × 105−6 × 105 cells total). Genomic 

DNA was then collected from sorted cells using the FlexiGene kit (Qiagen). The integrated 

proviral passenger strand shRNA sequences in each cell subset were amplified from 20–100 

ng total genomic DNA per reaction, with 23–28 cycles of PCR using Ion Proton-compatible 

barcoded primers that anneal to the common 5’ mir30 and shRNA loop sequences. Between 

two and three replicate reactions were performed for each genomic DNA sample and 

the replicates were pooled after amplification. The pooled reactions were purified using 

AMPure XP beads, the amplicons in each sample were quantified using a Bioanalyzer, and 

then pooled in a 1:1 molar ratio for sequencing. In each replicate of the screen, a minimum 

of 2.5 million reads per sample were generated and retained, after filtering low-quality reads. 

Reads assigned to each barcode were aligned to a reference database of all shRNA in the 

library using BLAST and a custom script to count the top alignment of each read and 

summarize the number of reads aligned to each shRNA.

For analysis of shRNA representation, the total number of reads in each of the samples 

was normalized, and the number of reads for each shRNA was scaled proportionally. 

Subsequently, the normalized number of reads in the TEM or t-TEM cells for a given 

shRNAmir was divided by the normalized number of reads for the same shRNAmir in 

the TCM or Tem sample and then log2 transformed. The mean and s.d. of the ratios of each 

of the 25 negative-control shRNAmir constructs (targeting Cd19, Cd4, Cd14, Ms4a1, Cd22, 

Hes1, Klf12, Mafb, Plagl 1, Pou2af1 and Smarca1) were used to calculate the Z-score for 

each shRNAmir construct.

RT-qPCR.—50,000 cells were sorted directly into Trizol, and RNA was extracted by 

chloroform and isopropanol precipitation. cDNA was synthesized using Superscript II (Life 

Technologies) following manufacturer’s instructions, and quantitative PCR (qPCR) was 

performed using the Stratagene Brilliant II Syber Green master mix (Agilent Technologies).

Western Blotting—CD8+ T cells transduced with shCtrl or shCTCF were cultured for 

48h with 100 U/ml IL-2. 2 × 106 Ametrine+ cells were sorted, and proteins were extracted 

in lysis buffer (1% NP-40, 120 mM NaCl, 50 mM Tris-HCl [pH 7.4], and 1 mM EDTA) 

containing protease inhibitor mixture (Sigma). Then, 10 mg of protein per sample was 

resolved on NuPage 4–12% Bis-Tris precast gels in MES buffer (Invitrogen), transferred 

to 0.45 mm PVDF membrane, and then blocked with 5% BSA in TBS supplemented 

with 0.1% Tween-20. CTCF (07–729, Millipore) and β-actin (Cell Signaling Technology) 

primary Abs were incubated overnight at 4°C followed by HRP-conjugated secondary Abs 

for 1 hour at room temperature (1:10000, Jackson ImmunoResearch Laboratories). Proteins 
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were visualized with chemiluminescent ECL Prime Western Blotting Detection Reagent 

(Amersham Biosciences) or ECL Western Blotting Substrate (Pierce) and imaged on a 

Bio-Rad Laboratories ChemiDoc. ImageJ software was used to quantify protein bands.

RNA Sequencing—1 × 103 transduced KLRG1hi CD127lo CD8+ T cells on day 

8 after Lm-OVA infection and 1 × 103 transduced OT-I cells that were cultured 

in 100 U/mL IL-2 for 2 days were sorted into TCL buffer (QIAGEN) with 1% 2-

Mercaptoethanol. Isolation of polyA+ RNA, RNA-Seq library preparation and RNA-seq 

analysis were performed as described (Immgen) using an anchored oligo(dT) primer (5’-

AAGCAGTGGTATCAACGCAGAGTACT30VN-3’), Tn5-transposon-based fragmentation, 

and PCR amplification. Smart-seq paired-end sequencing was performed on an Illumina 

NextSeq500 (two full NextSeq runs per batch of 96 samples, for 10M raw reads/sample on 

average) using 2 × 38bp reads with no further trimming. Reads were aligned to the mouse 

genome (GENCODE GRCm38/mm10 primary assembly and gene annotations vM25; 

https://www.gencodegenes.org/mouse/release_M25.html) with STAR 2.7.3a. The ribosomal 

RNA gene annotations were removed from GTF (General Transfer Format) file. The gene-

expression quantification was calculated by featureCounts90. Raw reads counts tables were 

normalized by median of ratios method and differential gene lists were created using a FC 

cutoff of 1.5 and a q-value cutoff of 0.05 through the DESeq2 package78 using R83.

For the overlap of subset gene signatures in Figure 1F, 1G, 1H, 2G, 2H, 2I, 5G, gene 

signatures from Yu et al. 2017 were used. The naive gene signature was made of 

genes upregulated in naive cells compared to TE cells. The TE gene signature included 

genes upregulated in TE cells versus MP cells. The MP gene signature contained genes 

upregulated in MP cells and not TE cells.

For human PBL RNA-seq analysis, the normalized gene expression data was downloaded 

from GSE46833 and obtained from the authors. In Figure S5A and S5B, Volcano plots were 

generated by GenePattern81 multiplot studio module. For Figure S5C and S5D, GSEA was 

performed using Terminal and Progenitor Exhausted gene lists8 and CD8+ T cell effector 

and memory gene lists14.

For the plot in Figure 5B, GSEA was performed using gene signatures from Yu et al, 2017. 

For the transcription factor heatmap in Figure 5C, transcription factors were picked based 

on known roles in regulating CD8+ T cell differentiation. Heatmaps in Figure 5D used gene 

lists from Luckey et al. 2006. Metascape98 was used to annotate the gene lists for Figure 5E 

and 5F.

Hi-C and computation analysis—2.5–4×106 OT-I cells were sorted per sample. Naive 

cells were sorted as CD44loCD62Lhi. The effector subsets were sorted 7 days post infection 

with Lm-OVA with TE cells as CD127loKLRG1hi, and MP cells as CD127hiKLRG1to. The 

cells were fixed in 1.48% formaldehyde for 1 minute at RT and subsequently quenched with 

0.125M glycine. Nuclei were isolated and then permeabilized. The nuclei were incubated 

with MboI-HF enzyme (NEB) overnight at 37°C. The enzyme was inactivated at 62°C for 

20 minutes, and the overhangs were marked with biotin. Proximal regions were ligated with 

T4 DNA ligase (NEB), proteins were degraded with proteinase K, and then the crosslinks 
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were reversed by incubating at 68°C overnight. The DNA was sheared to the size of 300–

500bp using a Covaris LE220. The biotinylated DNA were pulled down using Dynabeads 

MyOne Streptavidin T1 beads (Life technologies). The ends of the DNA were repaired, 

and biotin was removed from unligated ends. Illumina indexed adaptors were ligated to the 

DNA samples, and the library was amplified with 4–12 cycles of PCR. The library was size 

selected with AMPure XP beads (Beckman Coulter) to retain 300–500bp.

Raw Hi-C FASTQ files were aligned to the mouse genome (mm10 build), and binned 

Hi-C matrices generated using Juicer97. Multihiccompare87 fastlo function was used to 

normalize the Hi-C matrices and hic_glm was used to determine differential interactions 

using the QLF test and fdr arguments with a log2FC cutoff of .667, logCPM cutoff of 

1, and a p.adj cutoff of 0.05. HiCExplorer84–86 was used to measure correlation, call 

compartments with H3K27ac ChIP peaks marking the active compartments, and visualize 

interactions. Compartment switching was determined by a change in sign of the PC1 value. 

pyGenomeTracks was used to visualize interactions in Figure 1L and 2J. GSEA was used 

with T cell subset gene lists and genes located within areas with differential interactions. 

HOMER analyzeHiC82 was used to quantify average interactions around CTCF binding 

site with distNorm normalization and heatmaps were plotted with heatmap.2. Interaction 

enrichment for lists of subset- specific promoters and enhancers obtained from Yu et al. 

2017 was measured using HOMER annotateInteractions82 and were normalized to the 

number of expected interactions based on the distance between regions. Control bed files for 

random regions were made using bedtools89 shuffle.

ChIP-seq and computational analysis.—Naive cells were sorted as CD44loCD62Lhi. 

The effector cell subsets were sorted 8 days post infection with Lm-OVA with TE cells as 

CD127loKLRG1hi, and MP cells as CD127hiKLRG1to. 5 × 106 CD8+ T cells were sorted 

from spleens and lymph nodes, fixed in 1% formaldehyde for 10 min, and subsequently 

quenched with 0.125 M glycine. Cells were lysed and sonicated to generate 250–500 bp 

fragments using a Bioruptor. 30 μl of magnetic dynabeads (Life Technologies) were mixed 

with 5μg CTCF antibody (07–729, Millipore) in 500μl blocking buffer, rotated for at least 4 

hours, and then mixed with diluted lysate and rotated overnight at 4°C. Beads were washed, 

eluted and reverse-crosslinked at 65°C overnight and then treated with RNAse for 30 min 

at 37°C and Proteinase K at 55°C for 1 hour. DNA was purified by Zymo DNA Clean 

& Concentrator kit (Zymo Research). The ChIPed DNA was end-repaired using End-it End-

repair kit (Lucigen) and then added an A base to the 3’ end of DNA fragments using Klenow 

(NEB). Then DNA was ligated with adaptors using quick DNA ligase (NEB) at 25°C for 15 

min followed by size selection of 200–400 bp using AMPure XP beads (Beckman Coulter). 

The adaptor ligated DNA was amplified using NEBNext High-Fidelity 2X PCR master 

mix (NEB). Then the amplified library was sized selected as 200–400bp using Ampure 

beads and quantified by Qubit dsDNA HS assay kit (ThermoFisher). Finally, the library was 

sequenced using Hiseq 2500 for single-end 50bp sequencing to get around 10 million reads 

for each sample. ChIP-seq sequencing files were processed using the ENCODE pipeline96 

with default settings (https://github.com/ENCODE-DCC/chip-seq-pipeline2). The ENCODE 

pipeline for ChIP-Seq maps reads using bowtie288f , creates signal tracks and called peaks 

using Macs2.
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CUT&RUN and computational analysis—1×106 OT-I cells were sorted for the naive, 

TE, and MP cell subsets. 1.5×105 transduced OT-I cells were sorted 7 days post infection 

with Lm-OVA. Cut&Run was performed as previously described99. The library was 

prepared as previously described100,101 (https://dx.doi.org/10.17504/protocols.io.wvgfe3w). 

Samples were sequenced on the NovaSeq S4 with a PE100 run. Sequencing file quality was 

checked with fastqc. Reads were aligned with bowtie2 and normalized to reads that aligned 

to the e. coli genome as previously described80. Peaks were called using MACS92.

CTCF binding analysis—CTCF peak sets were made using MSPC102 to call consensus 

peaks among ChIP-Seq and Cut&Run samples. HOMER82 was used on these peak sets 

to call differential peaks with a fold-change cutoff of 4 and p-value cutoff of 0.0001. 

HOMER82 was used to determine the overlap of peak sets. Binding was visualized with 

IGV91.

ATAC-Seq and computational analysis—5×104 transduced OT-I cells were for the 

TE cell subset and in vitro activated cells were sort purified. ATAC-Seq and library prep 

was performed as previously described103. In vivo samples were sequenced on the NovaSeq 

S4 with a PE100 run. In vitro samples were sequenced on the HiSeq 4000 with a SE100 

run. Fastq files were using the ENCODE pipeline96 with default settings (https://github.com/

ENCODE-DCC/atac-seq-pipeline). The ENCODE pipeline for ATAC-Seq96 maps reads 

using bowtie2, creates signal tracks and called peaks using Macs292. HOMER82 was used 

to identify differential peaks with a fold-change cutoff of 4 and p-value cutoff of 0.001 and 

quantify tag enrichment.

Jaccard Index—Gene lists from Milner et al, 2017 were made into BED files containing 

the chromosomal coordinates of the genes. Bedtools89 was used to quantify the jaccard 

index between bed files, which describes the overlap between the lists of regions. The 

analysis was used as a descriptive tool and does not have statistical testing.

CRISPR Cas9 targeting—One day post activation, T cells were electroporated with 

complexed tracrRNA (IDT), Cas9 (UC Berkeley), and crRNA (IDT). crRNA targeting Thy1 

or CD4 was used alone as a control and was mixed with the conditional crRNA to be used 

as a marker of electroporated cells. Electroporated cells were cultured in 100 U/ml of IL-2 

for 24 or 48 hours. 24 hours after electroporation, control and experimental samples were 

mixed 1:1 and transferred into recipients. 48 hours post-electroporation, cells were collected 

for DNA sequencing. DNA modifications were quantified using TIDE104.

scRNA-Seq Reanalysis—Fastq files were downloaded from GeneOmnibus 

(GSE131847). Reads were aligned to the mm10 genome using cellranger93 count. The 

resulting counts matrix was then processed using Seurat94 and cells with < 500 reads 

or a mitochondrial read % greater than 7 were discarded. Data was normalized using 

sctransform in Seurat with vars.to.regress = “percent.mt”. PCA calculation was performed 

using RunPCA using the 3000 most variable features from sctransform. The top 30 principal 

components were used to calculate a UMAP dimensional reduction using the RunUMAP 

function. Louvain clustering was performed with Seurat’s FindClusters based on the top 30 

principal components with default parameters. Additionally, data imputation was performed 
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using MAGIC95 with the sctransform expression values and the default settings and the 

exact solver. Cells were assigned to KLRG1 high / low based on a manually chosen 

cutoff of 0.25 in the MAGIC imputed data. Expression of indicated markers was then 

plotted using the MAGIC imputed expression values. Statistics were calculated using the 

FindMarkers function in Seurat using the SCT assay with ident.1 = “KLRG1_low” and 

ident.2 = “KLRG1_high” for each timepoint separately.

Summary diagrams—The graphical abstract was designed using BioRender.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters are reported in the Figures and Figure Legends. Asterisks in figures 

denote statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001), 

and data is judged to be statistically significant when p < 0.05. All sequencing was 

performed and analyzed independently in at least two biological replicates, and gene 

expression signatures were compared by Fisher’s exact tests. Statistical significance for 

re-analyzed scRNA-Seq data was calculated using the Wilcoxon Rank Sum test. Statistical 

significance for Hi-C data was calculated using the one-sided paired Wilcoxon test. In all 

other data analysis, statistical significance was calculated by paired two-tailed Student’s t 

test. Statistical analysis was performed in GraphPad Prism software and R.

ADDITIONAL RESOURCES

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Genome organization changes with effector CD8+ T cell differentiation.

• CTCF binding patterns are altered with effector CD8+ T cell differentiation.

• CTCF regulates subset-specific transcriptional programs and chromatin 

accessibility.

• CTCF controls optimal CD8+ T cell-fate decisions in the response to 

infection.
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Figure 1. Genome organization changes upon effector cell differentiation and occurs at subset- 
specific gene loci.
(A) Experimental set-up. CD45 congenically distinct OT-I CD8+ T cells were transferred 

into hosts followed by infection with Lm-OVA. Naive (CD44loCD62Lhi) OT-I CD8+ 

splenocytes and day 8 post-infection TE (CD127loKLRG1hi) and MP (CD127hiKLRGfo) 

cells were sort purified from spleens. Hi-C, ChIP-Seq, and Cut&Run were performed on 

nuclei (2 biological replicates pooling 3–5 mice). (B) Heatmaps of log10 transformed 

normalized chromatin interaction scores for chromosome 1. (C) Interaction scores between 

two samples; Pearson correlation analysis on multiHiCcompare normalized Hi-C samples 
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using HiCExplorer and visualized as a heatmap with rows and columns hierarchically 

clustered. (D) Multihiccompare quantification of differential chromatin interactions among 

subsets; P.adj cutoff of 0.05, logfc cutoff of .667, and logcpm cutoff of 1. (E) Interaction 

score enrichment for TE-specific enhancers and promoters normalized to expected 

interactions based on distance between regions using HOMER annotateInteractions. (F) 

GSEA of genes in areas of differential interactions for indicated comparisons. (G-H) 

Quantification of the overlap between chromosomal coordinates of subset gene signatures 

and regions with higher interactions in naive compared to TE cells (G) or TE cells compared 

to MP cells (H). (I) RNA expression of Tbx21 from RNA-Seq data. (J) RNA expression of 

Prdml or Tcf7 (K) from RNA-Seq data. (L) Heatmaps portraying chromosomal interactions 

for indicated subsets at indicated loci. Arcs represent enriched interactions in that relevant 

subset with a p.adj cutoff of 0.05, logfc cutoff of .667, and logcpm cutoff of 1 as measured 

by multhihiccompare. See also Figure S1.
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Figure 2. CTCF binding changes with effector cell differentiation and is linked to changes in 
chromatin interaction and subset-specific genes.
(A) Ctcf expression from scRNA-Seq data in Klrg1hi (black) and Klrg1lo (gray) cells on 

indicated days of infection; statistical significance determined using Wilcoxon rank sum 

test. (B) Quantification of overlap between CTCF binding in different T cell subsets using 

MSPC-filtered peak sets from ChIP-Seq and Cut&Run against CTCF for the indicated 

samples. (C) Quantification of differential CTCF peaks (p-value<0.0001; FC>4) between 

subsets on a logarithmic scale. </P/> (D-F) Heatmaps portraying averaged chromosomal 

interactions around differential CTCF peaks as measured by HOMER analyzeHiC. Boxplots 
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summarize interaction scores within the interaction patches. (D-E) Statistical significance 

calculated using the one-sided paired Wilcoxon text. (G) GSEA of genes in areas of 

differential CTCF peaks for indicated comparisons. (H-I) Quantification of overlap between 

chromosomal coordinates of the indicated subset gene signatures with CTCF peaks enriched 

in TE compared to naive cells (H) or TE compared to MP cells (I). (J) Heatmaps portraying 

chromosomal interactions in naive, MP, and TE cells at indicated loci. Arcs represent 

enriched interactions in that relevant subset with a p.adj cutoff of 0.05, logfc cutoff of .667, 

and logcpm cutoff of 1 as measured by multihiccompare. See also Figures S1 and S2.
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Figure 3. CTCF deficiency represses terminal differentiation and promotes the formation of the 
memory subsets in infection.
(A) Experimental set-up. OT-I CD8+ T cells transduced with shCtrl or shCTCF and were 

cotransferred into wildtype hosts followed by infection. (B, D, F, H) Frequency of shCtrl- 

and shCTCF-transduced OT-I splenocytes indicated day of infection for shCTCFI (B, F) 

or shCTCF2 (D, H). (C) KLRG1 and CD127 expression with quantification (right) of 

cells in (B), (n=8 from 2 experiments). (E) KLRG1 and CD127 expression from (D) with 

quantification (right) (n=7 from 2 experiments). (G) CD62L and CD127 expression from 

(F) with quantification (right) (n=15 from 3 experiments). (I) CD62L and CD127 expression 
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from (H) with quantification (right). (n=6 from 2 experiments) (J) Frequency of transduced 

P14 cells isolated from spleens and IEL on day 14 of infection with LCMV-Armstrong. 

(n=15 from 3 experiments) (K) Expression of CD69 and CD103 from J with quantification 

(right), (n=15 from 3 experiments). (C-K) Bars and error bars represent mean ± SEM. 

Statistical significance determined by 2-tailed paired Student’s t-test. See also Figures S2 

and S3.
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Figure 4. Loss of CTCF perturbs weak affinity binding sites at areas of TE-specific interactions.
(A) Experimental setup. shCtrl or shCTCF transduced OT-I CD8+ T cells were mixed 1:1, 

transferred into recipient mice that were then infected with Lm-OVA. On day 8 of infection 

shCtrl- and shCTCF-transduced TE cells (KLRG1hiCD127lo) were sort purified and used 

for Cut&Run, RNA-Seq, and ATAC-Seq. (B) Quantification of number of differential 

CTCF peaks between shCtrl- or shCTCF-transduced TE cells. (C) Scatterplot showing 

log transformed tags per million of CTCF peaks for Cut&Run. Differential peaks shCtrl 

(blue)- and shCTCF (black)-enriched peaks. (D) Density plot of CTCF M1 motif scores for 
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shCtrl, shCTCF, and CTCF peaks lost with knockdown. (E) Metascape analysis showing 

the pathways enriched in the list of genes that showed loss of CTCF binding upon 

shRNA knockdown. (F) Heatmaps showing average chromosome interactions around CTCF 

peaks that were lost with knockdown in TE cells. Boxplots summarized interaction scores 

within the interaction patches. Statistical significance calculated using the one-sided paired 

Wilcoxon text.
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Figure 5. CTCF knockdown alters the effector and long-term hematopoietic stem cell 
transcriptional programs.
(A) Quantification of genes differentially expressed between TE cells shCtrl- or shCTCF-

transduced cells analyzed with DESeq278 1.5-fold change cutoff, adjusted p-value cutoff of 

0.05. (B) GSEA of published gene-expression signatures for shCtrl- or shCTCF-transduced 

TE cells. (C) Fold-change of RNA expression with CTCF knockdown for key transcription 

factors, or (D) genes that are upregulated (left) or downregulated (right) in long-term 

hematopoietic stem cells. Metascape analysis of pathways enriched among genes that 

decrease (E) or increase (F) in expression with CTCF knockdown. (G) GSEA of genes 

Quon et al. Page 38

Immunity. Author manuscript; available in PMC 2024 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with nearby CTCF binding sites disrupted by shRNA knockdown in TE cells. (H-J) 

Quantification of the overlap between CTCF peaks that were lost upon shRNA knockdown 

and chromosomal coordinates of subset gene signatures (H), active enhancers in naive, TE, 

or MP cells. (I), and active promoters in naive, TE, or MP cells (J). See also Figures S4 and 

S5.
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Figure 6. CTCF knockdown alters the chromatin accessibility landscape
(A) Quantification of differential ATAC-Seq peaks between TE cells transduced with shCtrl 

or shCTCF. (B) ATAC-Seq tag enrichment around CTCF peaks lost with knockdown in TE 

cells. (C-D) Transcription factor motifs enriched in ATAC peaks(C) and CTCF peaks (D) 

lost with knockdown in TE cells. (E-G) Signal tracks of ATAC-Seq and Cut&Run against 

CTCF in TE cells transduced with shCtrl or shCTCF. (H-I) Quantification of differentially 

expressed genes (H) and ATAC-Seq peaks (I) between in vitro cultured CD8+ T cells 

transduced with shCtrl or shCTCF. (J) Scatterplot showing log2-transformed changes in 
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gene rank scores from Taiji and changes in RNA expression between shCtrl- and shCTCF-

transduced cells, log2-fold-change cutoff of 0.4 was used. See also Figure S6.
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Figure 7. Specific perturbation of CTCF binding sites promotes gene expression.
(A) Heatmaps showing chromosomal interactions in naive, MP, and TE cells around 

indicated loci. Arcs represent differential interactions in that relevant subset with a p.adj 

cutoff of 0.05, logfc cutoff of .667, and logcpm cutoff of 1. Tracks show CTCF-binding 

signal from Cut&Run samples for TE cells transduced with shCtrl or shCTCF. (B) 

Experimental setup. (C, E, G) Genome browser tracks showing signal tracks for CTCF 

binding in TE cells transduced with shCtrl or shCTCF and the targeted CTCF binding 

site that is lost with knockdown is highlighted in red. (D) Expression of CD127 by 
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electroporated cells (right) (n=4 representative of 2 experiments). (F) Expression of Bcl6 

by electroporated cells (right) (n=3 representative of 2 experiments). (H) Expression of 

Ccl3 after restimulation with GP33–41 peptide by electroporated cells with MFI (right) 

(n=4 representative of 2 experiments). (D, F, and H) Bars and error bars represent mean 

± SEM. Statistical significance was calculated using the 2-tailed paired Student’s t-test; 

representative of 3 independent experiments. See also Figures S6 and S7.
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KEY RESOURCE TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-CTCF Millipore Sigma Cat#07–729

Goat anti-hamster IgG (H+L) Secondary Antibody Thermo Fisher Scientific Cat# 31115
RRID: AB_228247

Cd3e Armenian Hamster anti Mouse (145 2C11) eBioscience Cat# 16–0031-82
RRID: AB_468847

Cd28 Golden Syrian Hamster anti Mouse (37.51) eBioscience Cat# 16–0281-86
RRID: AB_468921

Biotin anti-B220 (RA3–6B2) BioLegend Cat# 103204, RRID:AB_312989

Biotin anti-MHCII (M5/114.15.2) Thermo Fisher Scientific Cat# 13–5321-82, RRID:AB_466662

Biotin anti-CD4 (GK1.5) BioLegend Cat# 100404, RRID:AB_312689

Biotin anti-CDNK1.1 (PK136) Thermo Fisher Scientific Cat#13–5941-85,
RRID: AB_466805

Biotin anti-Ter-199 (TER-119) BioLegend Cat# 116204, RRID:AB_313705

Biotin anti-GR-1 (RB6–8C5) BioLegend Cat# 108404, RRID:AB_313369

APC-eFluor 780 anti-CD45.1 (A20) Invitrogen Cat#:47–0453-83
RRID:AB_1582228

Efluor 450 anti-CD45.1 (A20) Invitrogen Cat#:48–0453-82
RRID:AB_1272189

FITC anti-CD45.1 (A20) Invitrogen Cat#:11–0453-85
RRID: AB_465059

PerCP-Cyanine5.5 anti-CD45.1 (A20) Invitrogen Cat#: 45–0453-82
RRID: AB_1107003

APC-Cyanine7 anti-CD45.2 (104) Biolegend Cat#109823
RRID:AB_830788

eFluor 450 anti-CD45.2 (104) Invitrogen Cat#48–0454-82
RRID:AB_11042125

FITC anti-CD45.2 (104) Invitrogen Cat#11–0454-85
RRID: AB_465061

PE-Cyanine7 anti-CD45.2 (104) Invitrogen Cat#25–0454-82
RRID: AB_2573350

APC anti-KLRG1 (2F1) Invitrogen Cat#17–5893-82
RRID:AB_469469

APC-eFluor780 anti-CD8 (53–6.7) Invitrogen Cat#47–0081-82
RRID: AB_1272185

Brilliant Violet 510 anti-CD8a (53–6.7) BioLegend Cat#100752
RRID: AB_2563057

Brilliant Violet 711 anti-CD8a (53–6.7) BioLegend Cat#100748
RRID: AB_2562100

Pacific Blue anti-CD8a (53–6.7) BioLegend Cat#100725
RRID: AB_493425

APC anti-TNF alpha (MP6-XT22) Invitrogen Cat#17–7321-82
RRID: AB_469508

APC anti-IFNγ (XMG1.2) BioLegend Cat#505810
RRID: AB_315404

PE anti-IFN gamma (XMG1.2) eBioscience Cat#12–7311-81
RRID: AB_466193
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REAGENT or RESOURCE SOURCE IDENTIFIER

PE anti-IL2 (JES6–5H4) eBioscience Cat#12–7021-82
RRID: AB_466150

PE-Cyanine7 anti-CD127 (A7R34) Invitrogen Cat#25–1271-82
RRID: AB_469649

eFluor 450 anti-Ki-67 (SolA15) Invitrogen Cat#48–5698-82
RRID:AB_11149124

APC anti-BrdU BD Pharmingen Cat#51–23619L
RRID:AB_2861367

PE anti-Tbet (4B10) BioLegend Cat#644809
RRID: AB_2028583

APC anti-CD62L (MEL-14) BioLegend Cat#104412
RRID: AB_313099

Percp-Cyanine5.5 anti-CD69 (H1.2F3) eBiosience Cat#45–0691-80
RRID: AB_1210703

PE anti-CD103 (2E7) Invitrogen Cat#12–1031-82
RRID: AB_465799

APC anti-CD90.2 (53–2.1) Invitrogen Cat#12–0902-82
RRID: AB_465776

Alex Fluor 647 anti-CD90.1 (OX7) Biolegend Cat#202508
RRID: AB_492884

PE anti-Ccl3 (MIP-1 alpha) R&D Systems Cat#IC450P

PE anti-Bcl6 (K112–91) BD Pharmingen Cat#561522
RRID:AB_10717126

β-actin Cell Signaling Technology Cat# 3700S
RRID:AB_2242334

Goat anti-mouse HRP Santa Cruz Biotechnology Cat# sc2005
RRID:AB_631736

Goat anti-rabbit HRP Santa Cruz Biotechnology Cat# sc2004
RRID:AB_631746

Bacterial and virus strains

Lymphocytic choriomeningitis virus-Armstrong strain Milner et al.(34) N/A

Listeria monocytogenes-GP33 Milner et al.(34) NA

Vesicular stomatitis virus-OVA Rubinstein et al.(45) NA

Chemicals, peptides, and recombinant proteins

Collagenase Type I Worthington Biochemicals Cat#LS004197

Dithioerythritol EMD Millipore Cat#233152

Percoll Sigma Cat#P1644

Protein Transport Inhibitor Cocktail eBioscience Cat#00–4980-93

H-2Db-restricted peptide GP33–41 Anaspec Cat#AS-61296

MACS Streptavidin MicroBeads Miltenyi Biotec Cat#130–048-101

DMEM GIBCO Cat#11965–092

RPMI 1640 Corning Cat310–040-CV

2-Mercaptoethanol GIBCO Cat321985–023

HEPES GIBCO Cat#15630–080
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REAGENT or RESOURCE SOURCE IDENTIFIER

H-2Kb-restricted OVA257–264 Invivogen Cat#vac-sin

Hank’s Balanced Salt Solution Corning Cat# 20–021-CV

Sodium Azide Sigma Cat#S8032–100G

Opti-MEM Thermo Fisher Scientific Cat# 31985070

Polybrene Thermo Fisher Scientific Cat#TR1003G

Trizol Ambion Cat15596026

Isopropanol Acros Organics Cat#327270010

Chloroform Fisher Scientific Cat#BP1145–1

AMPure XP beads Beckman Coulter Cat#A63880

Brilliant II Sybr Green Agilent Technologies Cat#600828

Phenol-Chloroform Invitrogen Cat#15593049

DPBS Gibco Cat#14190250

Concanavalin A beads Bangs Laboratories Cat#BP531

CaCl2 Fisher Scientific Cat# BP510–500

RNase A Qiagen Cat#19101

Glycogen Millipore Sigma Cat#10901393001

SDS Fisher Scientific Cat#BP166–100

Proteinase K Fisher Scientific Cat#BP1700–50

Ethanol Sigma-Aldrich Cat#E7023–500ML

Maxtract High-density tubes Qiagen Cat#129046

KCl Sigma-Aldrich Cat#P3911–25G

Spermidine Sigma-Aldrich Cat#S2501–5G

PEG 8000 Sigma-Aldrich Cat#202452–500G

NaCl Thermo Fisher Scientific Cat# S271–500

EDTA Thermo Fisher Scientific Cat#17892

EGTA Sigma Aldrich Cat#E3889

Triton X-100 Sigma Aldrich Cat#X100–5ML

cOmplete™, EDTA-free Protease Inhibitor Cocktail Millipore Sigma Cat#5056489001

Formaldehyde Sigma-Aldrich Cat# FP8775

Glycine Thermo Fisher Scientific Cat# BP381–5

Agarose Thermo Fisher Scientific Cat# BP1356–500

Benzamidine Sigma-Aldrich Cat#B6506–5G

Proteinase Inhibitor Cocktail Calbiochem Cat#539137–10VL

Dynabeads Protein G Invitrogen Cat#10003D

Tris base Thermo Fisher Scientific Cat# BP152–5

NP-40 Sigma-Aldrich Cat# 11332473001

NaDOC Sigma-Aldrich Cat# D6750–25G

Ultrapure Water Fisher Scientific Cat# 10–977-015

Quick Ligation Kit New England Bioscience Cat# M2200S
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REAGENT or RESOURCE SOURCE IDENTIFIER

Quick Ligase New England Bioscience Cat#E7337A

Nanosep MF Filter Tube VWR Cat#29300–642

Sybr Gold Invitrogen Cat#S11494

40% Polyacrylamide Biorad Cat# 161–0146

Ammonium Persulfate VWR Cat# EM-2300

TEMED VWR Cat# PAV3161

6x loading dye Thermo Fisher Scientific Cat# R0631

NaOAC Thermo Fisher Scientific Cat# S25531

Glycoblue Invitrogen Cat# AM9515

NEBNext High Fidelity 2X PCR Master Mix New England Bioscience Cat# M0541L

MboI-HF enzyme New England Bioscience Cat#R0147

Biotin-14-dATP Life Technologies Cat#19523–016

DNA Polymerase (Klenow) New England Bioscience Cat#M0210

10x NEB buffer New England Bioscience Cat#B0202

T4 DNA Ligase New England Bioscience Cat#M0202

Dynabeads Streptavidin Life Technologies Cat#65602

Klenow exo minus New England Bioscience Cat#M0212

NEBNext Ultra II Q5 Master Mix New England Bioscience Cat#M0544S

Critical commercial assays

BD Cytofix/Cytoperm solution Kit BD Biosciences Cat#554714

Foxp3/Transcription Factor Staining Buffer Set eBiosciences Cat#00–5523-00

TransIT-LT1 Transfection Reagent Mirus Cat#MIR 2300

LS Columns Miltenyi Biotec Cat#130–042

APC BrdU Kit BD Biosciences Cat#557892
RRID:AB_2861367

FlexiGene Kit Qiagen Cat#51206

Superscript II Thermo Fisher Scientific Cat#18–064-014

Zymo DNA Clean&Concentrator Zymo Research Cat#D4030

End-it DNA End-repair Kit Lucigen Cat#ER81050

NEB Library Index New England Biosciences Cat#E7600S

Qubit dsDNA HS Assay Thermo Fisher Scientific Cat#Q32851

Deposited data

CD8+ T cell histone modifications ChIP Yu et al. (14) GSE89036

Patient RNA Seq Gregor et al.(47); Konrad et 
al.(48)

GSE46833

Tbet ChIP-Seq Dominguez et al.(41) PRJNA287664

Hi-C Sequencing This paper GSE205081

Naive and Memory Hi-C Sequencing Russ et al.(32) GSE225885

CTCF knockdown RNA Sequencing This paper GSE205079
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REAGENT or RESOURCE SOURCE IDENTIFIER

CTCF ChIP-Seq This paper GSE205077

Input ChIP-Seq Yu et al.14 GSE89036

CTCF Cut&Run This paper GSE205077

CTCF knockdown Cut&Run This paper GSE205077

CTCF knockdown ATAC This paper GSE205076

Experimental models: Cell lines

B16-GP33–41 Dr. A. Lamarre, INRS-
institut Armand-Frappier

N/A

PLAT-E Cell Biolabs Cat#RV-101; RRID: CCL_B488

Experimental models: Organisms/strains

P14 (B6.Cg-Tcratm1MomTg(TcrLCMV)327Sdz/
TacMmjax)

The Jackson Laboratory Cat#037394-JAX; RRID: 
MMRRC_037394-JAX

OT-1 (C57BL/6-Tg(TcraTcrb)1100Mjb/J The Jackson Laboratory Cat#003831; RRID: 
IMRS_JAX:003831

CD45.2 (C57BL/6J) The Jackson Laboratory Cat#000664; RRID: 
IMSR_JAX:000664

CD45.1 (B6.SJL-PtprcaPepcb/BoyJ) The Jackson Laboratory Cat#002014; RRID: 
IMSR_JAX:002014

CD45.1.2 Bred in-house NA

Oligonucleotides

CTCF- forward for qPCR: 5’-
AGTGAAAATGCTGAGCCGGA-3’

IDT NA

CTCF-reverse for qPCR: 5’-
ATGATGGCTGTTGGCTGGTT-3’

IDT NA

Hprt-forward for qPCR: 5’-
GGCCAGACTTTGTTGGATTT-3’

IDT NA

Hprt-reverse for qPCR: 5’-
CAACTTGCGCTCATCT-3’.

IDT NA

Gapdh-forward for qPCR:5’-
AGGTCGGTGTGAACGGATTTG-3’

IDT NA

Gapdh-reverse for qPCR: 5’-
TGTAGACCATGTAGTTGAGGTCA-3’

IDT NA

CD4 crRNA: 5’- CGGGTACCAGCCTGTTGCAA
−3’

IDT NA

Thy crRNA: 5’ CGTGTGCTCGGGTATCCCAA
−3’

IDT NA

Il7r crRNA: 5’-TCCTCCCTGGTTCCCTCCTG-3’ IDT NA

Ccl3 crRNA: 5’-CGATCCTGTTGGCCACCACG-3’ IDT NA

Bcl6 crRNA: 5’-ACACTTGCCCAGACACTAGA-3’ IDT NA

Recombinant DNA

shCTCF1: 
TGCTGTTGACAGTGAGCGCCCAGATGAAGACT
GAAGTCATTAGTGAAGCCACAGATGTAATGAC
TTCAGTCTTCATCTGGATGCCTACTGCCTCGGA

Designed in-house NA
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REAGENT or RESOURCE SOURCE IDENTIFIER

shCTCF2: 
TGCTGTTGACAGTGAGCGAGCAGAGCATTCAG
AACAGTGATAGTGAAGCCACAGATGTATCACT
GTTCTGAATGCTCTGCCTGCCTACTGCCTCGG
A

Designed in-house NA

Screen shRNA (See Table) Chen et al.(79) NA

pAG-MNase Meers et al.(80) RRID:Addgene_123461

Software and algorithms

FlowJo v10 Treestar Inc RRID:SCR_008520

Prism 9 Graphpad Inc RRID: SCR_002798

Gene Pattern Reich et al.(81) RRID: SCR_003201

GSEA v4.2.2 Broad Institute RRID: SCR_003199

HOMER v4.11 Heinz et al.(82) RRID: SCR_010881

R v4.1.2 Team(83) RRID: SCR_01905

HiCExplorer v3.6 Ramirez et al.(84); Wolff et 
al.(85;)Wolff et al.(86)

RRID:SCR_022111

multiHicCompare v1.3.2 Stansfield et al.(87) RRID:SCR_022368

Bowtie2 v2.2.6 Langmead and 
Salzberg(88)

RRID:SCR_016368

DESeq2 v1.34.0 Love et al.(79) RRID:SCR_015687

Bedtools v.2.29.2 Quinlan(89) RRID:SCR_006646

featureCounts v2.0.1 Liao et al.(90) RRID:SCR_012919

Integrative Genomics Viewer v2.10.0 Thorvadsdottir et al.(91) RRID:SCR_011793

MACS2 v2.2.6 Zhang et al.(92) RRID:SCR_013291

10x Genomics Cell Ranger v4.0.0 Zheng et al.(93) RRID:SCR_017344

Seurat v3.1.1 Stuart et al.(94) RRID:SCR_007322

MAGIC-Impute v3.0.0 Van Dijk et al.(95) RRID: SCR_022369

Encode ATAC-Seq Pipeline v2.1.3 Consortium(96) RRID:SCR_023100

Encode ChIP-Seq Pipeline v2.1.5 Consortium(96) RRID:SCR_021323

Juicer v1.6 Durand et al.(97) RRID:SCR_017226
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