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Abstract

While TCRαβ+ CD8α+ CD8β− intraepithelial lymphocytes (CD8αα IEL) differentiate from 

thymic IEL precursors (IELp) and contribute to gut homeostasis, the transcriptional control 

of their development remains poorly understood. Here we showed that mouse thymocytes 

deficient for the transcription factor LRF failed to generate TCRαβ+ CD8αα IEL, and their 

CD8β-expressing counterparts, despite giving rise to thymus and spleen CD8αβ+ T cells. LRF-

deficient IELp failed to migrate to the intestine and to protect against T cell-induced colitis, and 

had impaired expression of the gut homing integrin α4β7. Single-cell RNA sequencing found 
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LRF necessary for the expression of genes characteristic of the most mature IELp, including 

Itgb7, encoding the β7 subunit of α4β7. Chromatin immunoprecipitation and gene regulatory 

network analyses both defined Itgb7 as an LRF target. Our study identifies LRF as an essential 

transcriptional regulator of IELp maturation in the thymus and subsequent migration to the 

intestinal epithelium.

Introduction

Intraepithelial lymphocytes (IEL) are long-lived resident T cells that are scattered along the 

intestinal epithelium1,2. IEL are thought to maintain epithelial barrier function by initializing 

host defenses against pathogens and regulating immune cell activation. IEL are highly 

diverse, comprising γδ T cells and conventional and unconventional TCRαβ-expressing T 

cells. Conventional TCRαβ cells express either CD4 or CD8, the latter as heterodimers 

CD8α and CD8β subunits (CD8αβ+ αβ T cells). In contrast, unconventional TCRαβ IEL 

express CD8α homodimers, hence their designation as CD8αα cells, and neither CD4 

nor CD8β1–3; because CD8α is required for CD8β surface expression, all CD8+ cells are 

CD8α+ and there is no “CD8ββ” cell.

Conventional TCRαβ IEL are derived from naïve T cells following recognition of foreign 

antigens, as suggested by their reduced number in germ-free and protein antigen-free mice4. 

In contrast, unconventional CD8αα IEL recognize self-antigens. These cells are derived 

from double-positive (CD4+CD8αβ+) thymocytes that, upon signaling by high-affinity 

MHC or MHC-like ligands, differentiate into double-negative (CD4−CD8α−) IEL precursors 

(IELp)1,2,5–11. IELp differentiation is associated with the upregulation of CD5, CD69, PD-1, 

and the pro-apoptotic factor Bim6,10. After thymic egress, IELp home to the intestinal 

mucosa in a manner dependent on the expression of integrin α4β7 dimers12–14. Once in the 

intestinal mucosal, signals from TGFβ and retinoic acid are thought to cause the terminal 

differentiation of IEL15–17; this notably includes expression of CD8α and integrin αE 

(CD103) and down-regulation of integrin α4, resulting in the formation of epithelial-homing 

αEβ7 dimers, and migration to the epithelial layer13,14,18. Signaling by IL-15 and activation 

of the aryl-hydrocarbon receptor (AHR) by indole-derived microbial metabolites promote 

intraintestinal IEL terminal differentiation and their maturation and survival17,19,20. Unlike 

for other agonist selected T cells, e.g. iNKT or Treg cells, no lineage-defining transcription 

factor has been identified for unconventional IEL. Although T-bet and Runx3 drive IEL-

associated gene expression, these factors are not specific to unconventional IEL20,21.

The present study started with the serendipitous observation that the transcription factor 

LRF22 is needed for CD8+ IEL development. LRF belongs to a subfamily of zinc finger 

transcription factors characterized by the presence of an amino-terminal BTB-POZ domain, 

which also includes Plzf and Bcl623,24, and is a close paralog of Thpok25,26, which is 

required for the development of CD4+ T cells. Since LRF is expressed in both CD4+ and 

CD8+ T cells27, we examined the potential role of LRF in CD8+ T cell development. We 

found that, although LRF is largely dispensable for the development of CD8+ T cells in the 

thymus and peripheral lymphoid organs, it is required for the formation of CD8+ TCRαβ 
IEL populations, both CD8α+ CD8β+ and CD8α+ CD8β−. Mechanistically, LRF controls 
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IELp migration to the intestinal epithelium and their expression of α4β7 integrin dimers. 

Leveraging single-cell RNA sequencing (scRNAseq) to characterize the gene expression 

programs of thymic IELp, we define the impact of LRF on their differentiation.

Results

LRF is needed for the development of TCRαβ+CD8+ IEL

Although dispensable for CD4+ T cell development, LRF serves redundantly with Thpok to 

maintain the integrity of the CD4+ T cell lineage27,28. Unlike Thpok, whose expression 

is CD4+-lineage-specific25,26, LRF is expressed in both conventional CD4+ and CD8+ 

thymocytes and T cells (Fig. 1a and Extended Data Fig. 1a)27,28, raising the question 

whether it contributes to CD8+ T cell development. To address this, and because LRF is 

needed for embryonic development29,30, we inactivated the gene encoding LRF (Zbtb7a, 

called Lrf hereafter) in CD4+CD8+ (DP) thymocytes, using Cd4-Cre to delete Lrf “floxed” 

alleles (Lrffl). We examined CD8+ T cell numbers in Cd4-Cre Lrffl/fl (hereafter LRF KO) 

mice and Cre-negative Lrffl/fl mice as controls. While LRF deletion had modest effects on 

CD8+ T cell numbers in the thymus, spleen, and mesenteric lymph nodes (mLN) (Extended 

Data Fig. 1b), it strongly reduced the frequency and numbers of TCRαβ+ CD4−CD8+ IEL 

in the small intestine (Fig. 1b). Expression of CD8β distinguishes two CD8+ IEL subsets: 

CD8α+ CD8β+ (CD8αβ) and CD8α+ CD8β− (CD8αα). We found that Lrf disruption 

reduced both subsets (Fig. 1c). Since IEL are thought to be important for intestinal immune 

homeostasis, we assessed LRF KO mice for barrier permeability and bacterial dysbiosis. 

Using serum levels of soluble CD14 as a marker of barrier integrity31, we found no evidence 

of increased permeability in LRF KO mice (Extended Data Fig. 1c). In contrast, 16S 

sequencing of the small intestine microbiota showed significant differences between Ctrl 

and LRF KO mice, including an increased frequency of Faecalibaculum in KO mice (Fig. 

1d and Extended Data Fig. 1d), supporting the conclusion that LRF was important for gut 

homeostasis.

Intra-cellular staining and flow cytometry showed that half of the residual CD8αα IEL 

of LRF KO mice had retained LRF expression (Extended Data Fig. 1e). Thus, to better 

evaluate the impact of LRF on IEL, we assessed CD8αα and CD8αβ IEL in mixed 

chimeras generated by reconstituting lethally irradiated CD45.1+ host mice with a 1:1 mix 

of tester (either control or LRF KO) CD45.2+ and wild-type competitor CD45.1+CD45.2+ 

bone marrow. Eight-twelve weeks after reconstitution, LRF KO cells failed to contribute 

to CD8+ IEL populations (whether CD8αα or CD8αβ) in chimeric mice, unlike control 

cells (Fig. 1e). LRF deletion similarly affected CD4+CD8α+ IEL, but had a lesser impact 

on CD4+CD8− IEL (Extended Data Fig. 1f), possibly because the latter, but not the former, 

express Thpok which can serve redundantly with LRF in T cells27,28,32. Importantly, LRF 

deletion had no significant effect on CD8+ spleen T cell populations (Extended Data Fig. 

1g). We concluded from these experiments that LRF is cell-intrinsically required for the 

development or accumulation of all subsets of CD8+ IEL.
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LRF promotes IEL precursor migration to the gut epithelium.

Before further exploring the mechanisms of LRF functions in CD8+ IEL, we considered 

how these cells develop. CD4+CD8α+ IEL derive from MHC II-restricted CD4+CD8− cells 

which express Thpok, notably Treg32,33; because of the overlapping functions of Thpok 

and LRF27,28, we did not consider these cells further. CD4− CD8αβ IEL are thought to 

differentiate from conventional naïve MHC I-restricted CD8αβ T cells reactive against 

gut antigens1,2, as do lamina propria CD4− CD8αβ T cells, whose numbers were also 

reduced in LRF KO mice (Extended Data Fig. 1h); little is known about how these cells 

acquire intestinal epithelial-homing properties, complicating analyses of LRF functions 

in their development. In contrast, CD8αα IEL derive from thymic precursors (IELp) 

with avidity for self-MHC or MHC-like ligands1,2,7,8,10,11,34–36. We considered that this 

previously characterized developmental sequence, distinct from that of conventional CD8αβ 
cells, would facilitate analyses of LRF functions. Thus, we focused on the impact of 

LRF on CD8αα IEL development. IELp are found among TCRαβ+ CD25− CD4−CD8− 

(DN) thymocytes expressing markers of high-intensity TCR signaling (CD5hi PD-1hi) 

and maturation (CD122+ H-2Kb+)6,9,10. Within this population, gating out CD44hi cells 

excluded most CD1d-tetramer-reactive iNKT cells, and a subset of T-bethi cells with little 

or no IEL precursor activity in the adult thymus9,37 (Fig. 2a). We thus defined IELp 

as TCRαβ+ CD5hi PD-1hi CD122+ H-2Kb+ CD44lo DN thymocytes, both for analytical 

and purification purposes. These cells expressed more LRF than DP or conventional SP 

thymocytes (Extended Data Fig. 2a).

Ctrl and LRF KO mice had similar numbers of thymic IELp (Fig. 2b) and KO IELp were 

not outcompeted by wild-type competitors in mixed bone marrow chimera (Extended Data 

Fig. 2b). Using adoptive transfer experiments (Fig. 2c), we compared the ability of Ctrl and 

LRF KO IELp to control intestinal inflammation generated by introducing naïve CD4+ T 

cells into Rag2-Il2rg deficient mice, which lack lymphocytes and lymphoid cells. Consistent 

with previous results38, colitis was significantly attenuated by transfer of Ctrl IELp, as 

assessed by weight loss or colitis score (Fig. 2d,e). In contrast, transfer of LRF KO IELp 

failed to improve symptoms and revert weight loss. Thus, the contribution of CD8αα IEL to 

intestinal homeostasis requires LRF.

Given these results, we examined if LRF affects IELp survival, proliferation, or 

differentiation. Expression of anti-apoptotic Bcl2 and pro-apoptotic Bim was not affected by 

LRF deletion (Extended Data Fig. 2c), whereas staining for activated Caspase 3 or Annexin 

V binding, two markers of apoptosis, found no evidence for reduced survival of KO over 

Ctrl IELp (Extended Data Fig. 2d–f). This was consistent with the balanced ratio of KO 

and competitor IELp in mixed bone marrow chimeras (Extended Data Fig. 2b). We next 

cultured purified Ctrl and LRF KO thymic IELp for 4 days in the presence of IL-15, which 

promotes IELp proliferation and differentiation19–21. Ctrl IELp proliferated and generated 

CD8αα and CD8αβ cells (Extended Data Fig. 2g, h), consistent with previous reports, and 

this was not significantly affected by LRF deletion.

Given that LRF was necessary for IELp function but dispensable for their development, 

we speculated that it promoted IELp migration to or retention in the gut. To assess this 

possibility, we mixed (1:1 ratio) allelically marked tester (either Ctrl or LRF KO, CD45.1− 
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CD45.2+) and wild-type competitor (CD45.1+CD45.2+) IELp, and adoptively transferred 

them into NSG host mice, which lack lymphoid cells. We compared the contribution of 

Ctrl and KO IELp to the IEL population of host mice, 2–6 weeks after transfer. When 

co-transferred with wild-type competitor IELp, Ctrl tester IELp contributed equally to the 

mature IEL population and primarily became CD8αα T cells (Fig. 3a and Extended Data 

Fig. 3a). Although LRF KO IELp also gave rise to CD8αα IEL, they were outcompeted by 

wild-type cells (Fig. 3a and Extended Data Fig. 3a). Unlike Ctrl IELp, KO IELp generated a 

sizable population of TCRαβ+ CD8αα cells in the spleen (Fig. 3b and Extended Data Fig. 

3a). Accordingly, we found ectopic TCRαβ+ CD8αα cells in the spleen of LRF KO mice 

(Fig. 3c) and in the LRF KO component of mixed bone marrow chimeras (Extended Data 

Fig. 3b).

This supported the idea that LRF KO IELp were diverted from the gut to the spleen while 

acquiring CD8α expression. However, it was also conceivable that the LRF KO CD8αα 
spleen T cells found in unmanipulated mice derived from conventional CD8αβ T cells rather 

than from IELp. To address this, we adoptively transferred either LRF KO or Ctrl CD8αβ 
splenocytes into NSG mice, together with wild-type competitors (Extended Data Fig. 3c). 

Ctrl and LRF KO conventional CD8αβ splenocytes similarly gave rise to spleen T cells, 

which were CD8αβ but not CD8αα (Extended Data Fig. 3d). In contrast, transferred LRF 

KO CD8αβ splenocytes only minimally contributed to IEL populations, contrary to their 

Ctrl counterparts (Extended Data Fig. 3e). This supported the conclusion that LRF was 

important for gut homing of both CD8αα and CD8αβ IEL. Regardless of genotype, CD8αβ 
splenocytes had no CD8αα progeny.

LRF is required for integrin α4β7 expression on IELp

The preceding findings supported the conclusion that LRF disruption did not prevent IELp 

differentiation into CD8αα cells, but impaired their gut homing and diverted them to 

the spleen. IELp homing to the intestinal epithelium notably requires S1pr1, enabling 

thymic egress39, the α4β7 integrin dimer, promoting trafficking to the gut12,14, and two 

molecules directing epithelial homing, CCR9 and a dimer of integrins αE (CD103) and 

β7 (αEβ7)13,14,18. Of these, S1pr1 and integrins α4 and β7 are expressed in thymic IELp, 

whereas CD103 and CCR9 are thought to be induced in the gut mucosa by retinoic acid and 

TGFβ15–17. Flow cytometry found similar expression of S1pr1 in Ctrl and LRF KO thymic 

IELp (Fig. 4a). In contrast, IELp expression of α4β7 was impaired in LRF KO mice (Fig. 

4b). Staining for each subunit showed a more pronounced effect of LRF on β7 than on α4 

(Fig. 4c,d). The LRF requirement for proper α4β7 expression was also observed in bone 

marrow chimeras (Fig. 4e), indicating that it is cell intrinsic, and on conventional CD8+ SP 

thymocytes even though these expressed less α4β7 than IELp (Extended Data Fig. 4a,b). 

α4β7 expression was minimal on CD4+ SP thymocytes (Extended Data Fig. 4c). It was 

not affected by LRF, possibly because these cells, unlike IELp16 and CD8+ SP thymocytes, 

expressed Thpok. These findings suggested that LRF is important for expression of integrin 

α4β7.
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LRF promotes IELp maturation in thymus

To assess the impact of LRF on Itga4 and Itgb7 (encoding integrins α4 and β7, respectively) 

and identify other possible LRF targets, we performed RNA sequencing (RNAseq) on 

purified IELp populations from Ctrl and LRF KO mice. Unexpectedly, LRF disruption had 

a minimal effect on the IELp transcriptome, with no obvious pattern among differentially 

expressed genes (Extended Data Fig. 5a). The effect of LRF deletion on Itgb7 was modest, 

and there was no effect on Itga4 (Extended Data Fig. 5b). Because surface expression of 

α4β7 on IELp was not unimodal (Fig. 4b), we considered that the impact of LRF on 

IELp would be better analyzed by single-cell RNAseq (scRNAseq). Using 10x Genomics 

Chromium, we performed two separate experiments, each capturing Ctrl and LRF KO cells 

purified in parallel. We used Seurat to integrate and analyze the combined data set of 

10,229 Ctrl and 12,232 LRF KO cells (Supplementary Table 1). UMAP analysis showed 

cells segregating by genotype rather than by experimental replicate, confirming proper 

integration (Extended Data Fig. 5c). Unsupervised clustering identified seven main cell 

clusters, each projecting to a different area of the UMAP plot (Fig. 5a and Extended Data 

Fig. 5d). Expression of known genes assigned three small clusters found in both genotypes 

and that we did not consider further (Fig. 5b, right two panels): (i) Cluster T (thymic) 5, 

which showed evidence of type I interferon-induced signaling, as was previously identified 

among conventional thymocytes40,41, (ii) Cluster T7, which expressed Zbtb16, encoding the 

transcription factor PLZF42,43 characteristic of iNK T cells, and (iii) Cluster T6, scoring 

high for cell cycle markers, including Mki67; this cluster also expressed Tbx21 (Fig. 5b), 

suggesting that it comprised post-selection cells unrelated to the main IELp developmental 

pathway.

We then examined the Ctrl components of clusters T1-T4, which all had similar Lrf 
expression (Extended Data Fig. 5d,e). Cluster T1, (~43% of Ctrl IELp, Fig. 5b, leftmost 

panel), showed high expression of Nr4a1 (encoding the transcription factor Nur77), a 

target of TCR signaling44; thus, we referred to Cluster T1 as a signaled cluster. Cluster 

T4, accounting for ~19% of Ctrl IELp, showed high-level expression of Klf2, S1pr1, 

and of Itga4 and Itgb7 (Fig. 5b,c), indicating that it included the most mature IELp; 

accordingly, expression of Cd24a, a marker of immature thymocytes, was highest in Cluster 

T1 and lowest in Cluster T4 (Fig. 5b). Altogether, 151 genes showed higher expression 

in the signaled cluster T1 than in the mature cluster T4, including Nr4a1, Ikzf2, Pdcd1, 

and Tnfrsf9 (encoding 4–1BB), whereas 205 were expressed higher in T4 than T1 (Fig. 

5d, Supplementary Table 2). Additionally, we computed signaled and mature signatures 

including genes preferentially expressed in either cluster T1 or T4, compared to all other 

groups combined (Supplementary Table 3). Clusters T2 and T3 showed intermediate scores 

for these signatures, and for expression of Cd24a (Fig. 5b).

We next compared the contribution of Ctrl and LRF KO cells to clusters T1-T4. Whereas 

the signaled cluster T1 was almost equally shared between both genotypes, LRF KO cells 

were largely excluded from mature cluster T4 (Extended Data Fig. 5d). Both genotypes 

contributed to clusters T2 and T3. Within each of clusters T1-T3, there was little genotype-

specific difference in gene expression or signature scores, except for lower expression of 

Itgb7 in KO cells across all clusters (Fig. 5b, left two panels, and 5c). Since the most 
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mature cluster T4 had no KO component, we estimated the impact of LRF on IELp gene 

expression by comparing Ctrl cluster T4 to LRF KO cluster T2, in which signaled and 

mature signatures were the closest to T4 (Fig. 5b, bottom). This identified 190 genes 

expressed higher in Ctrl T4 than in KO T2, and 72 genes with the opposite pattern; 

we considered these sets as our best estimate of LRF-dependent and -repressed genes, 

respectively (Extended Data Fig. 5f and Supplementary Table 4). We conclude from these 

findings that LRF is needed for the differentiation of mature IELp, and for Itgb7 expression 

at all stages of their differentiation.

The impact on Itgb7 expression in thymic IELp suggested that it was mediated, at least 

in part, by LRF binding to the Itgb7 locus. We thus mapped LRF genomic binding 

sites (Fig. 6a and Supplementary Table 5) using an in vivo biotinylation and streptavidin 

pull-down and deep sequencing approach45 (ChIPseq). These experiments, performed on 

activated T cells because of limiting numbers of IEL or IELp, showed LRF recruitment 

to Itga4 and Itgb7 (Fig. 6b, blue traces). To verify that these sites mapped to areas of 

chromatin accessible to transcription factor binding in IELp, we performed single cell ATAC 

sequencing (scATACseq) on Ctrl IELp, using the 10x Genomics platform. Data analysis with 

the Signac extension of Seurat identified accessible regions of Itga4 and Itgb7 mapping to 

LRF ChIPseq peaks (Fig. 6b, red traces).

In addition to Itga4 and Itgb7, most LRF-controlled genes (defined in Extended Data Fig. 

5f and Supplementary Table 4) contained ChIPseq-defined LRF binding sites (Fig. 6c), 

consistent with direct transcriptional control. However, ChIPseq identified 49,515 sites 

bound by LRF, most of which within or near 13,835 genes (Fig. 6a,c and Supplementary 

Table 5), i.e. many more than LRF-dependent genes. Thus, we sought independent evidence 

to support the involvement of LRF DNA binding in expression of Itgb7 and other genes 

it controls. Given the number and size of LRF binding regions within or near Itgb7 (Fig. 

6b), we adopted a computational approach. We used CellOracle46, a machine learning 

suite that estimates transcription factor contribution to target gene expression from analyses 

of DNA binding motifs and of scRNAseq and scATACseq data. Because our CellOracle 

analysis did not rely on ChIPseq, we reasoned that it would provide ChIPseq-independent 

evidence to support conclusions on direct control. We performed the CellOracle analysis 

on the transcriptome of the LRF-dependent cluster T4 and the IELp scATACseq data, and 

focused on the top 10% (233) genes inferred to be positively regulated by LRF (Fig. 6d 

and Supplementary Table 6). Of these, 213 (92%) had LRF ChIPseq binding, and were 

thus defined as LRF targets by both biochemical and computational approaches. Thirty 

such genes were LRF-dependent (i.e. were expressed higher in Ctrl cluster T4 than in KO 

cluster T2, as defined in Extended Data Fig. 5f), including Itgb7, which ranked within the 

top 15 targets scored by CellOracle (Fig. 6d and Supplementary Tables 6, 7). Thus, two 

independent approaches support the conclusion that LRF promotes Itgb7 expression at least 

in part by direct binding.

Last, to assess the impact of LRF on IELp post-thymic progeny, we compared the 

transcriptome of Ctrl CD8αα IEL and LRF KO CD8αα splenocytes. RNAseq on sorted 

populations, performed in parallel with IELp (Extended Data Fig. 5a), showed broader 

differences between genotypes in post-thymic CD8αα T cells than in IELp, with 1750 genes 
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preferentially expressed in either post-thymic population (Fig. 7a,b and Supplementary 

Table 8). Despite these differences, we speculated that intermediate differentiation states 

may be common to both genotypes. To address this, we performed scRNAseq on Ctrl 

CD8αα IEL and LRF KO CD8αα spleen T cells (Extended Data Fig. 6a–c), which we 

analyzed using the same procedure as for IELp. Contrary to the hypothesis, Ctrl and KO 

cells were sharply demarcated in UMAP and clustering analyses (Fig. 7c,d and Extended 

Data Fig. 6b,c), with no detectable shared cluster. Using signatures defined on Ctrl cells 

(population RNAseq, Supplementary Table 9), we found that LRF KO CD8αα splenocytes 

had not implemented the CD8αα IEL transcriptome (Fig. 7e and Supplementary Table 10). 

Compared to wild-type CD8αα IEL, LRF KO CD8αα spleen T cells expressed at least 

as much Il2rb and Tbx21 (Fig. 7f), indicating that the differentiation block did not result 

from impaired IL-15 signaling20,21. However, LRF KO CD8αα spleen T cells expressed less 

Ahr and Runx3 than Ctrl IEL (Fig. 7f); both genes promote CD8αα IEL development or 

maintenance and are induced by intestinal nutrients or microbial products17,47, or TGFβ16. 

These findings, and similar observations on bulk RNAseq data (Extended Data Fig. 6d), 

suggested that the transcriptomic differences between Ctrl CD8αα IEL and LRF KO 

CD8αα spleen T cells were at least in part caused by their distinct location. This supported 

the conclusion that LRF contributes to CD8αα IEL differentiation in part by promoting 

IELp homing to the gut.

Discussion

The present study demonstrates that LRF, in addition to its role in hematopoietic cell 

differentiation24, controls IELp late differentiation and gut homing and thereby contributes 

to intestinal homeostasis. LRF notably promotes expression of integrin α4β7, which is 

essential for immune cell migration to the intestine12,14. This impact of LRF on α4β7 is 

unlike that of other CD8αα IEL-expressed transcription factors, including T-bet and Runx3, 

which drive IEL cytolytic differentiation notably in response to IL-1520,21. Rather, the effect 

on α4β7 contributes to direct IELp to the intestinal mucosa, where additional migration 

cues, including upregulation of CD103 (integrin αE) and of the chemokine receptor CCR9, 

result in migration to and retention within the epithelial layer13,18.

In IELp, LRF directs a maturation program extending beyond integrins α4 and β7. However, 

LRF is needed neither for the initial steps of IELp differentiation nor for the survival of 

these cells. Additionally, unlike Klf2 and S1pr139, LRF is not necessary for IELp egress 

from the thymus, as LRF-deficient CD8αα cells did not accumulate in the thymus and were 

located within secondary lymphoid organs. The impact of LRF deletion on CD8αβ T cell 

gut homing supports the idea that the effect of LRF on α4β7 is not specific of CD8αα cells.

Previous scRNAseq studies41,48–51 had identified IELp subsets in the human and mouse 

thymus. Among the IELp characterized in the present study, the most mature cluster (T4) 

roughly matched the Sig-4 cluster identified in our recent study of αβ lineage thymocytes41, 

whereas clusters T1-T3 correspond to that of a cluster (Sig-3) positioned upstream in the 

developmental trajectory. Together with these previous results, the present study identifies 

transcriptomic features of the main biologically-identified IELp population9,37, referred to 

as “Type A”, that comprises cortical thymocytes with short intrathymic residency time. 
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scRNAseq clustering separates this population into signaled and more mature subsets, 

identifies transcriptomic properties of these subsets, and shows that LRF is needed for 

their developmental progression. These cells are distinct from another population with IEL 

precursor potential. Such “Type B” cells have post-proliferation and effector-like properties, 

including expression of CD44 and of the transcription factor T-bet, are located in the thymic 

medulla, and have little or no IEL precursor activity in the adult thymus37.

Our study identified transcriptomic differences between CD8αα IEL and their intrathymic 

precursors (IELp). It reinforces the idea that gut-specific environmental factors are essential 

for proper IEL differentiation. In addition to direct effects of LRF on gene expression, 

the transcriptomic differences between wild-type CD8αα IEL and their LRF-deficient 

splenic counterparts appear to involve intestinal environmental cues, including those driving 

expression of transcription factors Runx3 (TGFβ) and Ahr (microbial metabolites). Such 

differences appear despite appropriate expression of Tbx21 (encoding T-bet), a target of 

IL-15 signals, in LRF-deficient cells; this supports the idea that the unique transcriptome 

of CD8αα IEL results from the integration of IL-15 signals (e.g. T-bet expression), and 

gut-specific cues. We also noted heterogeneity among wild-type CD8αα IEL, including a 

minor cluster with higher expression scores for genes characteristic of cells with precursor 

potential (including Tcf7, Myc, or Id3). Future studies will examine if such cells contribute 

to the clonal expansion previously shown to characterize CD8αα IEL subsets6.

Despite the partially overlapping functions of Thpok and LRF in CD4+ T cells27,28, our 

study highlights that these proteins serve distinct functions. Whereas Runx3 repression is a 

critical component of Thpok functions in CD4+ SP thymocytes and naïve T cells28,52, LRF 

did not repress Runx3 in CD8αα IEL. This is in line with the fact that activated Th1 CD4+ 

effector T cells co-express both Thpok and Runx3, unlike thymocytes and naïve CD4+ T 

cells. However, whereas Thpok is essential to represses the cytotoxic program in activated 

Th1 cells28,45, LRF was necessary (although perhaps not directly supporting) for cytotoxic 

gene expression in CD8αα IEL. Future studies will examine which other factors or signals 

account for the context-dependent functions of Thpok and LRF.

In summary, we identify LRF as a novel node in the transcriptional network controlling the 

fate of IELp. LRF does not serve as an IEL lineage-committing factor, as its paralog Thpok 

does for CD4+ T cells, or as a specification factor driving initial IELp differentiation. Rather, 

it is necessary for the terminal maturation of IELp, and thereby their homing to the gut.

Methods

Mice

CD45.1, CD45.2 C57BL/6 mice were purchased from Charles River Laboratories. NOD-

scid IL2RGammanull (NSG) animals were obtained from the National Cancer Institute 

(Frederick, MD). Rag2-Il2rg double knockout mice were purchased from Envigo. Mice 

carrying Rosa26BirA53 (obtained from Ming Li, Memorial Sloan Kettering Cancer Center) or 

floxed alleles for Lrf (obtained from P.P. Pandolfi)29,30 or Zbtb7b54 (encoding Thpok) were 

previously described. Cd4-cre mice55 were from Taconic. Mice were housed in a specific 

pathogen-free facility under a 12h light/dark cycle at 22 ± 2 °C temperature with 70% of 
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humidity, and analyzed between 6 and 20 weeks of age unless described otherwise. Age and 

sex matched mice from both sexes were used in experiments. All animal experiments were 

approved by the NCI Animal Care and Use Committee.

Retroviral vectors and Retroviral transduction

To express a biotin-tagged LRF, a sequence encoding LRF was 

amplified from MSCV-Puro-LRF-IRES-GFP29 using conventional PCR 

techniques and the following oligonucleotides (synthesized by IDT) LRF-

F(EcoR1): 5’-CCGGAATTCATGGCTGGCGGCGTGGACGG-3’. LRF-R(Sph1): 5’-

ACATGCATGCTGGTTGCGAAGTTACCCTCGG-3’. The PCR amplified LRF cDNA 

sequence was inserted into the retroviral vector pMRX-Thpokbio-tag-IRES-Thy1.145,56,57, 

encoding biotinylation-tagged (GLNDIFEAQKIEWHE) Thpok, using EcoR1/Shp1 

restriction enzyme sites to replace the Thpok-encoding sequence. Retroviral supernatants 

were produced by transfecting Plat-E packaging cells58. Retroviral supernatants were used 

to retrovirally transduce activated T cells as described57.

Cell Preparations and Flow Cytometry

Thymocytes, splenocytes, and mLN lymphocytes were prepared as described59. For IEL 

preparation, the small intestine was dissected and Peyer’s patches were excised. Intestines 

were cut longitudinally and then transversally into 1 cm pieces. These were suspended in 

Hank’s balanced salt solution (HBSS) supplemented with 5 mM EDTA (Invitrogen, Cat: 

15–575-020) and 0.145 mg/ml DTT (Millipore Sigma, Cat: 10708984001) at 37°C for 

20 min and vortexed repeatedly to separate lymphocytes from the epithelial sheaths. Cell 

aliquots were pooled, concentrated, passed over nylon wool columns, centrifuged on a 30% 

Percoll (GE Healthcare, Cat: 17–0891-01) gradient, and the IEL were recovered from the 

bottom. The remaining intestinal tissue were further minced and were resuspended in 20ml 

of RPMI1640 containing 0.1mg/ml of Liberase (Sigma, Cat: 5401020001) at 37°C for 30 

min. The tissue suspension was passed through a 70 μm cell strainer and lamina propria 

lymphocytes were pelleted by centrifugation at 1500 rpm.

Following isolation, cells were first blocked with anti-FcγRIII/FcγRII (unconjugated, 

2.4G2) and then stained for flow cytometry as previously described28,45,57. The following 

antibodies were used for staining. Clones: CD4 (BUV737, clone GK1.5, 612761,BD 

Bioscience, 1:200), CD4 (PE-Cyanine7, clone GK1.5, 25–0041-82, eBioscience, 1:200), 

CD4 (eFluor 660, clone GK1.5, 50–164-28, eBioscience, 1:200), CD4 (Alexa Fluor 700, 

clone GK1.5, 56–0041-82, eBioscience, 1:200), CD8α (PE, clone 53–6.7, 12–0081-82, 

Invitrogen, 1:200), CD8α (PE-Cyanine7, clone 53–6.7, 25–0081-82, eBioscience,1:200), 

CD8α (APC-eFluor 780, clone 53–6.7, 47–0081-82, eBioscience,1:200), CD8α (V500, 

clone 53–6.7, 560778, BD Bioscience,1:200), CD8α (APC, clone 53–6.7, 553035, BD 

Bioscience,1:200), CD8β (eFluor 450, clone H35–17.2, 48–0083-82, eBioscience, 1:200), 

CD8β (BUV395, clone H35–17.2, 740278, BD Bioscience,1:200), CD8β (FITC, clone 

H35–17.2, 11–0083-82, eBioscience, 1:200), CD44 (Alexa Fluor 700, clone IM7, 56–

0441-82, Invitrogen, 1:200), PD-1 (eFluor 450, clone J43, 48–9985-82, eBioscience, 1:200), 

CD5 (PerCP-Cyanine5.5, clone 53–7.3, A15859, Invitrogen, 1:200), H-2Kb (PE-Cyanine7, 

clone AF6–88.5.53, 25–5958-82, Invitrogen, 1:200), CD122 (FITC, clone TM-Beta 1, 
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50–974-6, eBioscience, 1:200), TCRβ (PE, H57–597, 12–5961-82, Invitrogen, 1:200), 

TCRβ (BV711, clone H57–597, 563135, BD Bioscience,1:200), CD45.2 (BV786, clone 

104, 563686, BD Bioscience,1:200), CD45.2 (FITC, clone 104, 11–0454-82, eBioscience, 

1:200), CD45.2 (PerCP-Cy5.5, clone 104, BDB552950, BD Bioscience, 1:200), CD45.1 

(BV650, clone A20, 563754, BD Bioscience, 1:200), CD45.1 (APC-eFluor 780, clone 

A20, 47–0453-82, Invitrogen, 1:200), S1pr1 (713412, clone MAB7089, R&D systems, 2ug/

1×106 cells), CD49d (PE, clone RI-2, 12–0492-82, eBioscience, 1:200), α4β7 (PE, clone 

DATK-32, 120605, Biolegend, 1:200), β7 (PE, clone M293, BDB557498, BD Bioscience, 

1:200), T-bet (PE, clone 4B10, 12–5825-82, eBioscience, 1:100), LRF (eFluor 660, clone 

13E9, 50–3309-80, eBioscience, 1:200), Bim (PE, clone C34C5, 12186, Cell Signaling, 

1:20), Cleaved Caspase-3 (Pacific Blue, clone D3-E9, 8788, Cell Signaling, 1:10), Bcl2 

(PE, clone 3F11, 563096, BD Bioscience, 5μl/test). For S1pr1 staining, thymocytes were 

labeled with 2 μg Rat IgG2 anti-mS1pr1 per 1×106 cells for 30 min at 4°C. The cells were 

then labeled with anti-rat IgG-PE (clone R1–12D10, 12–4812-82, ThermoFisher, 1:50) for 

25 min on ice; anti-rat IgG-PE was pre-blocked with 1% normal mouse serum (24–5555, 

eBioscience, 1:100). For LRF, Bcl2 and T-bet intra-cellular staining, the cells were fixed for 

4 hrs. or overnight with Foxp3-staining kit (ThermoFisher, Cat: 00–5523-00), then stained 

with the antibodies for 60 min at 4°C. Intracellular staining for Bim was performed as 

previously described41.

Flow cytometry data were acquired on LSR Fortessa cytometers with FACSDiva software 

(v8.0, BD Biosciences) and analyzed with FlowJo (v10.5.0, BD Biosciences) software. 

Dead cells and doublets were excluded by LiveDead staining (Invitrogen, Cat: L23105) and 

forward scatter height by width gating, respectively. Purification of lymphocytes by cell 

sorting was performed on a FACSAria or FACS Fusion (BD Biosciences).

Gut permeability test

Serum CD14 was measured using the Mouse CD14 Quantikine ELISA Kit (R&D systems, 

Cat: MC140) according to the manufacturer’s instructions and measured in duplicates with 

infinite 200 (Tecan) at 450nm.

Bone marrow chimeras and adoptive transfer studies

Bone marrow chimera were generated as described45. Briefly, bone marrow cells were 

isolated from the femurs and tibias of CD45 disparate animals, T cell-depleted with Mouse 

Pan T (Thy1.2) Dynabeads (ThermoFisher, Cat: 11443D), mixed at a 1:1 ratio, and injected 

into lethally irradiated (900 rad) host mice. Host mice were analyzed 8–12 weeks post-

transplant.

For IELp adoptive transfers, thymocytes were isolated from CD45 disparate animals, IELp-

enriched by depletion of CD8+ and/or CD4+ cells with Untouched Mouse CD4 or CD8 Cells 

Kits (Invitrogen, Cat: 11415D, 11417D) following the manufacturer’s directions. Following 

kit depletion, cell suspensions were stained and then purified by flow cytometric sorting as 

CD4− CD8α− TCRβ+ CD5+ CD122+ H-2Kb+ CD44− PD-1+. Between 25,000 and 50,000 

IELp were injected into the tail vein of each NSG recipient. For conventional CD8αβ+ 

splenocyte adoptive transfers, 500,000 flow-sorted TCRβ+CD4− CD8α+ CD8β+ splenocytes 
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were transferred into NSG recipients by tail vein injection. Recipient mice were analyzed 

two to six weeks post-transfer.

In vitro differentiation

Sorted IELp (4×104) were cultured in RPMI supplemented with the indicated concentrations 

of IL-15 (Peprotech, Cat: 210–15), 10% FCS, 10 mM Hepes, 80 uM 2-Mercaptoethanol, 8 

mg/ml Glutamine, 100 U/ml Penicillin, and 100 ug/ml Streptomycin in 96-well microtiter 

plates for 4 days9.

Microbiome sequencing

Ctrl and KO mice littermates were separated by genotype after weaning and thereafter 

co-housed based on genotype for 4.5 weeks. The lumen of the small intestine and the 

mucosal-associated fraction were collected as previously described60,61. DNA was extracted 

from the lumen of the small intestine and the mucosal-associated fraction using Qiagen 

Magattract Powermicrobiome DNA.RNA EP kit on Eppendorf automated liquid handing 

system. For sequencing of 16S rDNA amplicon libraries were prepared from sample DNA 

and sequenced with dual-index amplification and sequencing approach using the v4 region 

of the 16S ribosomal RNA gene (16S rRNA) on the Illumina MiSeq Platform62. Prior to 

analysis, sequences were trimmed with BBDuk v38.34 (BBMap-Bushnell B.). The counts 

of amplicon sequence variants (ASVs) were performed with DADA2 R package v1.1063,64 

using the Nephele microbiome analysis platform. Taxonomic classification of the ASVs was 

done using the rdp algorithm implemented in DADA2 and the SILVA 16S database v132. 

For the mucosal-associated fraction, a sequence attributed to mouse mitochondrial DNA was 

filtered from the results.

Population RNA-seq

Total RNA was extracted from sorted Ctrl and LRF KO IELp, Ctrl CD8αα IEL, and 

LRF KO CD8αα spleen T cells (40,000 cells each) using the RNeasy Plus Micro kit 

(QIAGEN, Cat: 74034). RNA samples with an RNA integrity number (RIN) > 8 (Agilent 

bioanalyzer) were processed with SMARTer Ultra Low Input reagent (Takara) and Nextera 

XT DNA (Illumina) library preparation kits. Libraries were sequenced with paired-end 

reads of 126 bp on Illumina NextSeq (Illumina) to reach 50 million read pairs per sample. 

For each cell subset and genotype, data are derived from two distinct mice with separate 

processing from cell sorting to RNA extraction; one RNA sample was further split into 

two technical replicates before library construction. Raw RNAseq fastq reads were trimmed 

with Trimmomatic (v4.1.4)65 and aligned to the mouse genome (mm10) using STAR (v. 

2.4.0h)66,67. Gene-assignment and count of RNA reads were performed with HTseq68. 

Further analyses were performed with R software and differentially expressed genes were 

identified using DESeq2 (v1.20) using the Wald test (FDR < 0.1)69. Gene expression is 

shown as count per million (CPM) after normalization relative to total gene-assigned reads 

for each sample.
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ScRNA-Seq

IELp, CD8αα IEL and CD8αα splenocytes of either genotype were sorted from Ctrl 

(Cd4-cre− Lrffl/fl) or LRF KO mice and loaded onto a 10x Chromium platform to generate 

cDNAs carrying cell- and transcript-specific barcodes using Chromium Next GEM Single 

Cell Reagent Kits, either 5’ v1.1 chemistry (experiment E2) or 3’ v2 chemistry (other 

experiments). ScRNA-seq libraries were generated according to the manufacture’s protocol. 

IELp libraries were sequenced on multiple runs of Illumina NextSeq using paired-end 

26×98 bp or 26×57 bp and resulted in at least 40,000 reads/cell. CD8αα IEL and CD8αα 
splenocytes libraries were sequenced on NextSeq 550 (HighOutput Kit V2.5, 75 cycle, 

parameter: R1: 26bp, I1: 8bp and R2: 55 bp).

Single-cell sequencing files were processed, and count matrixes extracted using the Cell 

Ranger Single Cell Software Suite (v1.3.1, v5.0.0 & v6.0.0). Further analyses were 

performed in R (4.1.1) using the Seurat package (4.0.4 & 4.0.5)70,71.

Data were pre-processed by removing genes expressed in fewer than 3 cells and excluding 

cells expressing fewer than 1000 (5’ v1.1 Chemistry) or 500 (3’ v2 Chemistry), or more 

than 5000 genes, or more than 5% mitochondrial genes. Raw unique molecular identifier 

(UMI) counts were normalized and log-transformed with the NormalizeData function. 

Linear dimension reduction (PCA) was performed based on the highly variable genes for 

each pre-processed dataset. Datasets were integrated using the Seurat integration method 

with the FindIntegrationAnchors and IntegrateData functions. Clustering was performed on 

the full set of cells. Clusters representing less than 3 % of cells were omitted from UMAP 

and further analyses, with the exception of IELp cluster T7 included because of its typical 

features.

Cluster-specific gene expression signatures and differential gene expression were defined 

from Ctrl IELp or IEL data using the FindAllMarkers or FindMarkers functions, with 

default settings, selecting only positively enriched genes [FDR (adjusted p value)>0.05, 

Log2FC>0.25]. Gene signature scores were calculated on regressed datasets (regression of 

the number of UMI and percentages of mitochondrial genes with ScaleData function) using 

the AddModuleScore function. The average expression level of each gene in each cluster 

was calculated using AverageExpression function. Scaled expression data of marker genes 

were used for creating the heatmaps.

ChIP-Seq

Splenic CD4+ T cells from Rosa26BirA mice were enriched using Dynabeads Untouched 

Mouse CD4 cells kit (Invitrogen) and stimulated with plate-bound anti-CD3 (clone 145–

2C11, Cat: BE0001–1, BioXcell, 1 μg/mL), anti-CD28 (clone 37.51, Cat: BE0015–1, 

BioXcell, 3 μg/mL) and IL-12 (10ng/mL, Peprotech, Cat: 212–12) for 3 days and then 

with IL-2 (100ng/mL, Peprotech, Cat: 210–12) for another day. One day after activation, 

cells were transduced with pMRX-LRFbio-tag-IRES-Thy1.1 (LrfBio) retrovirus, or with a 

control retrovirus expressing Thy1.1 only. Transduced (Thy1.1+) CD4+ T cells were sorted 

and processed for ChIP-seq as described45,57. Briefly, cells were cross-linked with 1% 

formaldehyde for 5 min at 37°C and fragmented by sonication. Then the fragments were 
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immunoprecipitated with M280 Streptavidin beads (Invitrogen, Cat: 11205D) at 4°C for 2 

hours and purified by QIAquick PCR purification kit (QIAGEN, Cat: 28104). The resulting 

ChIP DNA fragments were sequenced (75bp paired-end reads) on a NextSeq sequencer 

(Illumina). Raw fastq reads were aligned to the mouse genome (mm10) using Bowtie2 

(v2.3.4)72 on the National Institutes of Health high-performance computing Biowulf cluster 

and filtered with Samtools (v1.6), using -q 20. Peak calling was performed with MACS2 

(v2.2.5)73,74 comparing the ChIP samples from the LRFBio chromatin to the EV chromatin 

(narrow peak, qvalue < 0.05) and annotated by Homer (v4.1.0)75. IntersectBed (2.27.0) was 

applied to find peaks shared between two independent experiments.

Single-cell ATACseq

IELp from Ctrl (Cd4-Cre− Lrffl/fl) were sorted, and nuclei were isolated before transposition 

at 37oC for 1 hour and subsequently loaded onto the 10x Chromium controller. Libraries 

were generated using the V1 Chromium Single Cell ATAC Solution according to the 

manufacturer’s instructions. Libraries were sequenced on multiple runs of Illumina NextSeq 

using paired-end 50×50bp to reach at least 14,000 unique fragments/cell. Single-cell 

sequencing files were processed, and count matrixes were extracted using the Cell Ranger 

ATACseq Software (v1.2.0). Further analyses were performed in R using the Seurat (v4.0.4) 

and Signac (v1.4.0) packages70,71. Data were pre-processed by removing cells with less 

than 4,000 or more than 50,000 fragments, nucleosome signal higher than 2, or TSS 

enrichment lower than 2. Dimensional reduction was performed using the LSI algorithm and 

data was integrated using Seurat with the FindIntegrationAnchors and IntegrateEmbeddings 
functions. Afterwards, the peak traces were visualized by ConveragePlot function.

Cell transfer colitis

IELp (20,000) were sorted from Ctrl (Cd4-Cre− Lrffl/fl) or LRF KO mice and injected into 

the tail vein of Rag2–/– Il2rg–/– recipients, which were intraperitoneally injected three weeks 

later with 500,000 flow-sorted TCRβ+ CD25− CD4+ CD45RBhi splenocytes from C57BL/6 

mice. Mice were monitored for body weight and clinical signs of colitis twice every week 

after CD4+ T cell transfer for 6 weeks. Colitis score was the sum of diarrhea score (0 – 

normal;1 - slightly loose feces; 2 - loose feces; 3 - semi-liquid stool; 4 - liquid stool) and 

rectal bleeding score (0 = no blood in stool; 1- blood visible in stool; 2 - extensive blood in 

stool;3 - extensive blood in stool and blood around the anus). Mice were euthanized if their 

body weight loss reached 20% or colitis score reached 4.

Gene regulatory network inference

The gene regulatory network inference was performed as described in41. Briefly, 

Seurat-analyzed IELp scATAC data were converted using SeuratWrapper command 

as.cell_data_set, followed by the make_cicero_cds command from Cicero. The Seurat-

analyzed IELp scRNA data were converted into the AnnData format using the CellOracle 

API command seuratToAnndata. To generate the LRF gene regulatory network, we fed 

the CellOracle pipeline (v0.7.1)46 with Seurat normalized transcriptomic data from Ctrl 

scRNAseq cluster 4 (LRF-dependent) and Ctrl scATACseq data. LRF target genes were 

defined as those predicted to be positively regulated by LRF, using a Bonferroni-corrected p 
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value of less than 0.1; the 10% of these genes (as ranked in order of decreasing β coefficient 

value) were selected for further analyses.

Statistical analysis

No statistical methods were used to pre-determine sample sizes, but our sample sizes are 

similar to those reported in previous publications9,21,76. Data distribution was assumed to 

be normal, but this was not formally tested. Neither randomization nor blinded experiments 

were performed in this study because the study design involved genotyping of the mice. 

No data was excluded. Except for deep-sequencing data, statistical significance was 

calculated with GraphPad Prism 7.0. Unpaired two-sided Student’s t-test was used except 

where otherwise indicated in figure legends. Error bars are presented as mean ± SEM. 

Statistical significance annotation is denoted in figure legends. Information on sample size, 

experimental replicates, and statistics are included in the figure legends. In deep sequencing 

analyses, False Discovery Rate (FDR) is given as the adjusted p-value.

Data availability

All sequence data reported in this paper are publicly available on Gene Expression Omnibus 

(GEO), from accession numbers GSE149993; GSE149943; GSE149985, GSE186164, 

GSE186291 for LRF ChIP-seq, RNA-seq, single-cell RNA-seq, and scATACseq, 

respectively. All data sets generated and/or analyzed during the current study are presented 

in this published article, including source data files related to figures. All the other relevant 

data are available upon request.

Code availability

No custom code was developed in the study. Flow cytometry, statistical and bioinformatics 

analyses were performed using publicly available software packages, as indicated in 

Methods.
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Extended Data

Extended Data Fig. 1. Characterization of LRF KO mice
(a) LRF expression (MFI) of indicated cells in Fig. 1a relative to LRF MFI in LRF-KO 

CD8+ splenocytes, set to 1. Data summarizes two independent experiments with a total of 

three mice.

(b) (left) CD8α vs. CD4 expression on TCRβ+ cells in thymus, spleen, and mLN from 

Ctrl and LRF KO mice.(right) Number (bottom) and percentage (among TCRαβ+ cells) 
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of CD4−CD8α+ T cells. Data summarizes five independent experiments with a total of 4 

(thymus), 16 (spleen), and 9 (mLN) mice of each genotype.

(c) Serum concentration of soluble CD14 (sCD14) in Ctrl (n =5) and LRF KO (n =5) mice. 

Data summarizes two independent experiments.

(d) Microbial communities in the small intestine luminal contents and mucosal-associated 

fraction from Ctrl (n = 5) and LRF KO (n = 5) mice. Data are from one experiment 

representative of two (the other being shown in Fig. 1d), each column representing one 

mouse. Color code as in Fig. 1d.

(e) Expression of intra-cellular LRF in indicated IEL from Ctrl and LRF KO mice.

(f, g) (left) Expression of CD45.2 vs. CD45.1 in TCRβ+ CD4+ CD8α− and CD4+ CD8α+ 

IEL (f), and CD4−CD8α+ splenocytes (g) from bone marrow chimera analyzed in Fig. 1e. 

(right) Tester/competitor ratios in indicated subsets, normalized to tester/competitor ratio of 

B220+ splenocytes. Data summarizes two independent experiments with a total of 6 mice 

per group. In (f), tester-competitor ratios (average ± SEM) were 0.78 ± 0.082 (Ctrl) and 

0.33 ± 0.031 (KO) for CD4+CD8α− IEL, and 0.54 ± 0.043 (Ctrl) and 0.09 ± 0.008 (KO) for 

CD4+CD8α+ IEL.

(h) (left) CD8α vs. CD4 expression on lamina propria TCRβ+ cells from Ctrl and LRF KO 

mice. (right) Percentage (top) and absolute number (bottom) of CD4+ and CD8+ cells among 

TCRβ+ cells. Data summarizes four independent experiments with a total of 4 mice per 

genotype.

Error bars indicate standard error of the mean (SEM). P values are from two-tailed unpaired 

t-test (b, c, d, f, g and h). (a-d, f-h): Each symbol represents one mouse.
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Extended Data Fig. 2. Development of LRF KO IELp
(a) LRF expression in indicated subsets from Cd4cre+ Thpokfl/fl mice (to exclude cross 

reactive staining of Thpok by the LRF antibody). LRF KO TCRβ+ CD4−CD8+ splenocytes 

are shown as a control (grey-shaded). Data are from one experiment representative of two 

with 4 mice total. Graph (right) summarizes LRF expression (MFI) of indicated cells relative 

to that in wild-type IELp (analyzed as reference in each experiment), set to 1.
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(b) CD45.2 vs. CD45.1 expression in IELp from bone marrow chimera analyzed in Fig. 1e. 

Graphs (right) show tester/competitor ratios in IELp normalized to tester/competitor ratio of 

B220+ splenocytes and summarize two independent experiments totaling 6 mice per group.

(c) Overlaid expression of Bim (left) and Bcl2 (right) in gated Ctrl and LRF KO IELp. 

Graphs (right) show the indicated protein expression (MFI) in IELp relative to that in IELp 

from wild type mice, set at 100 in each experiment. Data summarizes two independent 

experiments totaling 3 Ctrl and 4 LRF KO mice.

(d) Contour plots show cleaved Caspase3 levels vs. FSC in wild-type CD4+CD8α+ or 

immature Bim+ CD4+ SP (Bim+ CD4+ CD8− CD69+ MHC-I−) thymocytes, and in Ctrl and 

LRF KO IELp. Data are from one experiment representative of two with a total of 3 Ctrl 

mice and 4 LRF KO mice.

(e, f) Staining for extra-cellular annexin V and cell viability (L/D) on Ctrl and LRF KO IELp 

after in vitro culture for 0h, 2h or 4h (e). Graph (f) summarizes the percent of L/D−Annexin 

V+ cells among IELp, from 4 Ctrl and 5 LRF KO mice analyzed in two independent 

experiments.

(g, h) Total numbers of (g), and CD8α vs. CD8β expression by (h, left), Ctrl and LRF KO 

IELp after 4-day in vitro culture with the indicated IL-15 concentration. Right graph in (h) 

shows numbers of CD8αα and CD8αβ cells. Data is from three determinations for each 

genotype, acquired in two independent experiments

Error bars indicate standard error of the mean (SEM). P values are from two-tailed unpaired 

t-test (b, c) or two-way ANOVA (g, h). (a-c, f-h) Each symbol in graphs represents one 

mouse.

Nie et al. Page 19

Nat Immunol. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Fig. 3. Impact of LRF on IELp homing
(a) Graph shows the absolute number of the indicated TCRβ+ tester cells (Ctrl or LRF KO) 

among IEL or spleen T cells analyzed in Fig. 3ab. Data are from one experiment (5 mice per 

group) representative of two.

(b) CD8α vs. CD8β expression on TCRαβ+ CD8α+ splenocytes from bone marrow chimera 

analyzed in Fig. 1e. Graph (right) shows the percentage of CD8αα cells among TCRαβ+ 

CD8α+ splenocytes. Data pooled from two independent experiments with a total of 6 mice 

per group. Each symbol represents one mouse.
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(c-e) NSG host mice were adoptively transferred with a 1:1 mixture of CD45.2+ tester 

(either Ctrl or LRF KO) and CD45.1+CD45.2+ competitor CD8αβ splenocytes, and 

analyzed one week after transfer. Data are from one experiment (5 Ctrl and 4 KO mice) 

representative of two.

(c) Schematic of the experiment

(d, e) Top contour plots show CD45.2 vs. CD45.1 expression in TCRβ+ CD45.2+ 

splenocytes (d) and IEL (e). Colored boxes define Ctrl (blue) and KO (red) testers 

populations assessed for CD8α vs. CD8β expression in bottom contour plots. Top right 

graphs show tester/competitor ratios in each organ. Each symbol represents one mouse. 

Bottom right panel in (e) shows CD8α vs. CD8β expression on CD8α+ IEL from an 

unmanipulated C57BL/6 (WT) mouse.

Error bars indicate standard error of the mean (SEM). P values (a, b, d, e) are from 

two-tailed unpaired t-test.

Extended Data Fig. 4. Effect of LRF on thymocyte α4β7 expression
(a) Histogram overlays show the expression of α4β7 on wild-type IELp and conventional 

CD8+ SP thymocytes cells. Gray-shaded histogram (Bkgd) shows background of PE 

fluorochrome signal in IELp from Ctrl mice for which the primary α4β7 antibody was 

omitted from the staining mix. Right graphs show protein expression (MFI), computed on 

cells expressing each protein (left plot bracket).
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(b) Histogram (left) shows the expression of α4β7 on TCRβhiCD8α+ SP thymocytes from 

Ctrl or LRF KO mice, displayed as in (a). Graph (right) shows the percentage of α4β7+ cells 

among TCRβhi CD8α+ SP thymocytes.

(c) Expression of α4β7 on Ctrl (solid line) and LRF KO (dashed line) TCRβhiCD4+ SP 

thymocytes, displayed as in (a). (a-c) Data are from one experiment (4 mice per group) 

representative of two. Each symbol in summary graphs represents one mouse.

Error bars indicate standard error of the mean (SEM). P values (a, b) are from two-tailed 

unpaired t-test.

Extended Data Fig. 5. Control of IELp gene expression by LRF
(a-b) Population RNAseq of thymic IELp.

(a) Scatter plots compare gene expression (Log2 values, full gene set) in Ctrl vs. KO IELp. 

Genes with two-fold or greater differential expression between genotypes (and FDR<0.01) 

are shown in blue or red.

(b) RNAseq expression levels (counts per million) of Itgb7 and Itga4 genes in IELp from 

Ctrl and KO mice. Error bars indicate SEM. P values are from two-tailed unpaired t-test.
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(c-f) ScRNAseq of thymic IELp from Ctrl and KO mice.

(c) UMAP analysis of IELp, performed as in Fig. 5a, displayed separately for each 

experiment and color-coded by genotype.

(d) Bar plots indicate the Ctrl (gray) vs. LRF KO (red) genotype distribution of IELp 

clusters referred to in Fig. 5a,b.

(e) Violin plot shows the expression of Lrf in indicated clusters from Ctrl IELp.

(f) Volcano plot showing differentially expressed genes (FDR<0.05, |Log2FC| >0.25) 

between Ctrl T4 (mature) and LRF KO T2 (intermediate) IELp clusters. Blue and red 

symbols indicate genes preferentially expressed in KO and Ctrl IELp, respectively.

Extended Data Fig. 6. Control of IEL gene expression by LRF
(a-d) scRNAseq of CD8αα IEL from Ctrl and CD8αα splenocytes from KO mice.
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(a) Top plots show sorting strategy for CD8αα splenocytes and CD8αα IEL purification. 

Bottom graphs show the purity of indicated sorted subsets used for scRNAseq analyses (Fig. 

7c–f).

(b) UMAP plot of Ctrl CD8αα IEL and KO CD8αα splenocytes, as in Fig. 7c, displayed 

separately for each experiment and color-coded by genotype.

(c) Bar plots indicate the Ctrl (gray) vs. LRF KO (red) genotype distribution of CD8αα 
clusters referred to in Fig. 7c–f.

(d) Heatmap shows row-standardized expression of selected genes among triplicate RNAseq 

samples from the indicated populations (color scale at right).
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Figure 1. LRF is needed for IEL development
(a) Stacked histograms show LRF expression in indicated wild-type cells and in TCRβ+ 

CD4−CD8+ splenocytes from LRF KO mice as a control (grey-shaded). Data are from one 

experiment representative of two.

(b) Contour plots on the left show CD8α vs. CD4 expression on TCRβ+ IEL from Ctrl and 

LRF KO mice. Graphs (right) show the percentage (top) and absolute number (bottom) of 

TCRβ+ cells in indicated IEL subsets. Data pooled from four independent experiments with 

a total of 9 Ctrl and 6 LRF KO mice; each symbol represents one mouse.
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(c) Flow cytometric expression of CD8α vs. CD8β in TCRβ+ CD4−CD8α+ IEL from Ctrl 

and LRF KO mice (top). The bottom graphs show the total number of CD4− CD8α+ CD8β− 

(CD8αα, left) and CD4− CD8α+ CD8β+ (CD8αβ, right) IEL. Data pooled from three 

independent experiments with a total of 9 Ctrl and 6 LRF KO mice, each symbol represents 

one mouse.

(d) Graph shows microbiota distribution (percent of total species) in the small intestine 

mucosal-associated fraction (top) and luminal contents (bottom) from Ctrl (n = 4) and 

LRF KO (n = 5) mice. Data are from one experiment representative of two, each column 

represents one mouse. Graphs on the right show the percentage of Faecalibaculum in 

indicated conditions.

(e) Expression of CD45.1 vs. CD45.2 in CD8αα (top) and CD8αβ (bottom) IEL from 

irradiated CD45.1+ host mice reconstituted with CD45.2+ tester (either Ctrl or LRF KO, 

n = 6 per group) and CD45.1+CD45.2+ competitor (comp.) bone marrow mixed with 

a 1:1 ratio. Graphs (right) show tester/competitor ratios in IEL subsets, normalized to 

tester/competitor ratio of B220+ splenocytes in the same mouse. Data pooled from two 

independent experiments, totaling 6 mice per group. Each symbol represents one mouse.

(b, c, d and e): Error bars indicate standard error of the mean (SEM). P values are from 

two-tailed unpaired t-test.
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Figure 2. LRF is required for IELp immune regulatory functions.
(a) Gating strategy for analysis of thymic IELp. Cyan and red color represent CD44+ cells 

and IELp respectively.

(b) Flow cytometry analysis of IELp from Ctrl and LRF KO mice (n = 7 per group). 

Representative contour plots (left) show expression of CD44 vs. PD-1 on CD4− CD8α− 

TCRβ+ CD5+ H-2Kb+ CD122+ cells in the thymus from Ctrl and LRF KO mice. Graphs 

show the percentage (middle) of IELp (CD44− PD-1+ cells) among CD4−CD8− TCRβ+ 

CD5+ H-2Kb+ CD122+ thymocytes and the absolute number (right, each symbol represents 

one mouse) of IELp. Data pooled from five independent experiments.
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(c) Schematic of adoptive transfer colitis experiments in Rag2–/–Il2rg-–/– mice. K indicates 

1000 cells.

(d, e) Rag2–/–Il2rg-–/– mice were adoptively transferred with TCRβ+ CD4+ 

CD25−CD45RBhi splenocytes from C57BL/6 mice 3 weeks after receiving either PBS, 

Ctrl IELp or LRF KO IELp at time 0, as schematized in (c)(n=5 per group). Graphs show 

changes in body weight (d) and colitis scores (e) post CD4+ T cell transfer. Data are from 

one experiment representative of two (n=5 per group in each experiment).

Error bars indicate standard error of the mean (SEM). P values are from two-tailed unpaired 

t-test (b) or two-way ANOVA (d, e).
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Figure 3. LRF is required for IELp gut homing.
(a, b) Contour plots show CD45.1 vs. CD45.2 expression (left) or CD8α vs. CD4 or CD8β 
expression (right panels) in TCRβ+ CD45.2+ IEL (a) and splenocytes (b) from NSG host 

mice transferred with a 1:1 mix of CD45.2+ tester (either Ctrl or LRF KO, n = 5 per group) 

and CD45.1+CD45.2+ wild-type competitor IELp. Summary graphs (middle, each symbol 

represents one mouse) show tester/competitor ratios (top) and absolute number of CD45.2+ 

tester cells (bottom) in IEL (a) and spleen (b). Data are from one experiment representative 

of two.

(c) Contour plots show CD8α vs. CD8β expression on TCRβ+ CD8α+ splenocytes from 

Ctrl and LRF KO mice (top). Bottom graphs show the percentage (left) of CD8αα cells in 

TCRβ+ CD8α+ splenocytes and absolute number (right) of CD8αα cells. Data pooled from 

three independent experiments with a total of 5 mice per group. Each symbol represents one 

mouse.

Error bars indicate standard error of the mean (SEM). P values (a-c) are from two-tailed 

unpaired t-test.
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Figure 4. LRF is required for α4β7 expression on IELp.
(a) Histogram shows the expression of S1pr1 on IELp from Ctrl (black solid line) and 

LRF KO (black dashed line) mice. Gray-shaded histogram (Bkgd) shows background of 

PE fluorochrome signal in IELp from Ctrl mice for which the primary S1pr1 antibody was 

omitted from the staining mix. Data are from one experiment representative of two, each 

with one mouse per genotype.

(b-d) Histogram overlays (left) show staining of Ctrl and LRF KO IELp with antibodies 

specific for the α4β7 integrin dimer (b), or for its α4 (c) or β7 subunits (d). Gray shaded 

histogram shows the same staining on wild-type CD4+CD8+ thymocytes. Graphs on the 

right show the percentage of cells gated in histograms (left) and indicated protein expression 

(mean fluorescence intensity, MFI, right); MFI is computed on cells expressing each protein 

(left plot bracket) and expressed relative to that in IELp from wild type C57BL/6 mice, set 

at 100 in each experiment. Data pooled from two independent experiments with a total of 4 

mice per group. Each symbol represents one mouse.

(e) Histograms show expression of α4β7 dimers in indicated IELp from bone marrow 

chimera analyzed in Fig. 1e. Graph (bottom) shows the percentage of α4β7+ cells among 
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IELp. Data pooled from two independent experiments with a total of 6 mice per group. Each 

symbol represents one mouse.

Error bars indicate standard error of the mean (SEM). P values are from two-tailed unpaired 

t-test (b, d and e) or two-way ANOVA (c).
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Figure 5. Impact of LRF on the IELp transcriptome
(a-d) scRNAseq of thymic IELp.

(a) UMAP analysis of Ctrl and LRF KO IELp, displayed separately by genotype. Each dot is 

a cell and is color-coded by cluster (T1-T7), as defined in (b).

(b) Expression of selected genes (top, blue-red scale) and signature scores (bottom, 

green-purple scale) among IELp clusters defined on the integrated set of cells from both 

genotypes. The top bar graph indicates the frequency of cells in each cluster within the 

indicated genotype. Genotype-specific components of clusters T1-T4 (left two panels) and 

T5-T7 (right panels) are displayed separately. Gene expression values and signature scores 

are row z-scored on all clusters; color scales are indicated at the bottom right of each 

panel. Signaled, mature, Isc, cell-cycling, iNK T gene signature include genes with higher 
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(FDR<0.05, Log2FC >0.25) expression in each of Ctrl clusters T1, T4, T5, T6, or T7, 

respectively, compared with all the other Ctrl cells.

(c) Violin plots show gene expression levels in selected clusters from indicated genotype.

(d) Volcano plot showing differentially expressed genes (FDR<0.05, |Log2FC| >0.25) 

between signaled (T1) and mature (T4) Ctrl IELp. The x-axis represents the mature over 

signaled average Log2 fold change (Log2FC); the y-axis shows -Log10 transformed FDR 

(adjusted p-value). Blue and red symbols indicate genes preferentially expressed in signaled 

and mature IELp, respectively. p-values were returned by Seurat FindMarkers function using 

a Wilcoxon Rank Sum test.
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Figure 6. LRF binds the Itgb7 locus
(a, b) LRF ChIP-seq in activated CD4+ T cells from Rosa26BirA+ mice transduced with 

LrfBio retrovirus (LRF ChIP) or empty retrovirus (Thy1.1 expressing, Ctrl ChIP).

(a) Pie chart shows the genome-wide distribution of LRF ChIPseq binding sites in activated 

T cells.

(b) Peaks show LRF binding sites in Itgb7 and Itga4 genes. For each gene, bottom tracks 

(scATAC) show chromatin accessibility in IELp.

(c) Venn diagrams show overlap between the sets of LRF-binding genes (ChIPseq, top), 

and genes preferentially expressed in Ctrl (LRF-dependent, bottom left) or LRF KO (LRF-

repressed genes, bottom right) IELp, as defined in Extended Data Fig. 5f.

(d) Venn diagrams show intersection between the sets of LRF-binding genes (ChIPseq), 

scRNAseq-defined LRF-dependent genes (defined in Extended Data Fig. 5f) and the top 

10% genes inferred as LRF targets by CellOracle.
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Figure 7. LRF is needed for acquisition of the mature IEL transcriptome
(a, b) Population RNAseq of Ctrl and KO IELp and CD8αα post-thymic T cells.

(a) PCA plot. (b) Volcano plot showing differentially expressed genes (FDR<0.05, |Log2FC| 

>1) between Ctrl CD8αα IEL and LRF KO CD8αα spleen T cells. Blue and red symbols 

indicate genes preferentially expressed in Ctrl and KO cells, respectively. p-value calculated 

using a Wald test.

(c-f) scRNAseq of Ctrl CD8αα IEL and KO CD8αα spleen T cells. Analyses shown were 

performed on integrated data from two separate experiments (two replicates per genotype).
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(c) UMAP plot, displayed per genotype. Each dot represents a cell and is color-coded by 

cluster.

(d) Heatmap shows row-standardized expression of selected genes among clusters (below 

heatmap, color scale at bottom right). For each genotype, the top bar graph indicates the 

frequency of cells in each cluster relative to the total number of cells with that genotype.

(e) IEL and IELp signature score across clusters from each genotype. The signatures include 

genes with expression either higher (IEL signature) or lower (IELp signature) in IEL than 

IELp (FDR <0.01, |Log2FC| >2, Supplementary Table 9).

(f) Violin plots show expression of indicated genes across clusters.
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