
The transcription factor Bcl11b promotes both canonical and 
adaptive NK cell differentiation

Tim D. Holmes#1,2, Ram Vinay Pandey#2, Eric Y. Helm3, Heinrich Schlums2, Hongya Han2, 
Tessa M. Campbell2, Theodore T. Drashansky3, Samuel Chiang4, Cheng-Ying Wu5, 
Christine Tao3, Moneef Shoukier6, Eva Tolosa7, Sandra Von Hardenberg8, Miao Sun9,10, 
Christian Klemann11, Rebecca A. Marsh4,10, Colleen M. Lau12, Yin Lin13, Joseph C. Sun12, 
Robert Månsson14, Frank Cichocki5, Dorina Avram3,15, Yenan T. Bryceson1,2

1Broegelmann Research Laboratory, Department of Clinical Sciences, University of Bergen, 
N-5021 Bergen, Norway.

2Centre for Hematology and Regenerative Medicine, Department of Medicine, Karolinska 
Institutet, Karolinska University Hospital Huddinge, S-14186 Stockholm, Sweden.

3Department of Anatomy and Cell Biology, College of Medicine, University of Florida, Gainesville, 
FL 32610, USA.

4Division of Bone Marrow Transplantation and Immune Deficiency, Cincinnati Children's Hospital 
Medical Center, Cincinnati, OH, USA.

5Division of Hematology, Oncology and Transplantation, Department of Medicine, University of 
Minnesota Cancer Center, Minneapolis, MN 55455, USA.

6Prenatal Medicine Munich, Munich, Germany.

7Department of Immunology, University Medical Center Hamburg-Eppendorf, Hamburg, Germany.

8Depertment of Human Genetics, Hannover Medical University, Hannover, Germany

9Division of Human Genetics, Cincinnati Children's Hospital Medical Center College of Medicine, 
University of Cincinnati, Cincinnati, OH, USA.

Correspondence: Tim.Holmes@uib.no and Yenan.Bryceson@ki.se.
AUTHOR CONTRIBUTIONS
T.D.H. designed and performed RNA-seq, ATAC-seq, and H3K27ac ChIP-seq experiments, analyzed data and developed and wrote 
the manuscript; R.V.P. designed and performed bioinformatical analyses, developed and wrote the manuscript; H.S. designed and 
performed flow cytometry experiments, analyzed data, and contributed to drafting the manuscript; H.H. performed TF ChIP-seq 
experiments and analyzed data; T.M.C., E.T., and S.C.C. analyzed patient samples; C.-Y.W. performed retroviral transduction 
experiments; M.Shoukier, S.v.H., C.K., R.A.M., and M.Sun provided patient samples and clinical information; Y.L. and R.M. 
supervised epigenetic analyses and provided advice; F.C. supervised and analyzed retroviral transduction experiments; T.T.D., C.T. 
and Z.X. conducted the mouse experiments; E.Y.H., T.T.D., C.M.L. and J.C.S. conducted RNA-seq experiments and analysis in mice; 
D.A. supervised research work and data analysis and edited the manuscript. Y.T.B. coordinated research efforts, supervised research 
work and data analysis, and wrote the manuscript; and all authors discussed and revised the manuscript.

Competing interests
H.S. and Y.T.B. are inventors on patent WO2017048809 held by the University of Minnesota that covers preparation and clinical use 
of adapative NK cells.

Data and materials availability
Human RNA-seq, ATAC-seq, and ChIP-seq data are deposited under EGA EGAS00001005025. Murine RNA-seq data is deposited 
under GEO Accession number GSE162472. All other data needed to evaluate the conclusions in the paper are present in the paper or 
the Supplementary Materials.

HHS Public Access
Author manuscript
Sci Immunol. Author manuscript; available in PMC 2021 September 12.

Published in final edited form as:
Sci Immunol. 2021 March 12; 6(57): . doi:10.1126/sciimmunol.abc9801.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



10Department of Pediatrics, University of Cincinnati, Cincinnati, OH, USA.

11Department of Pediatric Pneumology, Allergy and Neonatology, Hannover Medical School, 
Hannover, Germany.

12Immunology Program, Memorial Sloan Kettering Cancer Center, New York, NY 10065, USA.

13Baylor Institute for Immunology Research, Baylor Research Institute, Dallas, TX 75246, USA.

14Centre for Hematology and Regenerative Medicine, Department of Laboratory Medicine, 
Karolinska Institutet, Karolinska University Hospital Huddinge, S-14186 Stockholm, Sweden.

15Department of Immunology, H. Lee Moffitt Cancer Center and Research Institute, Tampa, FL 
33612, USA.

# These authors contributed equally to this work.

Abstract

Epigenetic landscapes can provide insight into regulation of gene expression and cellular diversity. 

Here, we examined the transcriptional and epigenetic profiles of seven human blood NK cell 

populations, including adaptive NK cells. The BCL11B gene, encoding a transcription factor (TF) 

essential for T cell development and function, was the most extensively regulated, with expression 

increasing throughout NK cell differentiation. Several Bcl11b-regulated genes associated with T 

cell-signaling were specifically expressed in adaptive NK cell subsets. Regulatory networks 

revealed reciprocal regulation at distinct stages of NK cell differentiation, with Bcl11b repressing 

RUNX2 and ZBTB16 in canonical and adaptive NK cells, respectively. A critical role for Bcl11b 

in driving NK cell differentiation was corroborated in BCL11B mutated patients and by ectopic 

Bcl11b expression. Moreover, Bcl11b was required for adaptive NK cell responses in a murine 

CMV model, supporting expansion of these cells. Together, we define the TF regulatory circuitry 

of human NK cells and uncover a critical role for Bcl11b in promoting NK cell differentiation and 

function.

ONE-SENTENCE SUMMARY

Epigenetic and functional analyses of human NK cells identify a role for Bcl11b in canonical and 

adaptive NK cell differentiation.

INTRODUCTION

Natural killer (NK) cells are ascribed to the family of innate lymphoid cells (ILC) and 

specialize in killing infected or transformed cells as well as orchestrating immune responses 

through release of cytokine (1, 2). They express receptors implicated in an evolutionary 

battle with cytomegalovirus (CMV) (3, 4), a virus which establishes a persistent subclinical 

infection in the majority of humans but can be pathological in infants and immunocomprised 

individuals (5, 6).

Mature NK cells found within the blood are phenotypically heterogenous. They can be 

broadly classified into three subgroups which differ in their proliferative and effector 

capacity; CD56bright, CD56dimCD57− and CD56dimCD57+ NK cells (7-11). However, 
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additional surface markers, including NKG2A, CD94, killer immunoglobulin-like receptor 

(KIR) and CD62L, also correlate with differentiation and may define intermediary 

phenotypes (12, 13). Super-imposed upon differentiation is the incompletely understood 

process of NK cell education whereby self MHC class I molecule binding of KIR (self-KIR) 

dictates subsequent NK cell responsiveness to target cells (10, 14).

NK cell differentiation is heavily impacted by CMV infection, as first described as an 

expansion of NKG2Chi cells (15). Termed adaptive NK cells, they excel in antibody-

dependent cytokine responses and mediate potent graft-versus-leukemia effects (16-19). In 

humans, adaptive NK cells are characterized by low expression of the transcription factor 

(TF) PLZF, silencing of intracellular signaling molecules, and commonly expressing CD57 

(16, 17). Adaptive NK cells exhibit classical features of the adaptive immune system, 

including clonal expansion, persistence, and recall responses (18, 20-22). These features are 

best modelled in murine CMV (MCMV), where parallels have been found between the 

dynamics of chromatin accessibility during the induction of adaptive NK cell responses and 

T cell memory (23). However, there is still little understanding of the drivers responsible for 

the generation of human adaptive NK cells and their ontology with canonical NK subsets.

Previous studies have surveyed the epigenetic landscapes of several ILC family members 

and emphasized the overlap with counterpart T helper cells (24-27). TF axes defining 

CD56bright compared to CD56dim NK cells have also recently been described (28). However, 

there is limited understanding of the drivers of peripheral NK cell differentiation as they 

acquire CD16, NKG2A, KIR and CD57 receptors and accompanying functional 

compentence. Indeed, in vitro NK cell differentiation models have failed to reliably generate 

mature canonical NK cells expressing these markers (29).

Here, we dissect the epigenetic cartography spanning human peripheral blood NK cell 

differentiation by analyzing seven NK cell subsets that map a differentiation trajectory 

towards adaptive NK cells. Specifically, enhancer analyses identified a set of profoundly 

regulated TF-encoding genes and unexpectedly indicated a central role for Bcl11b during 

NK cell development. We provide evidence for a key role of Bcl11b in driving human NK 

cell differentiation. Furthemore, adaptive NK cell subsets, displaying elevated Bcl11b 

expression, exhibited additional diversity in the expression of Bcl11b target genes normally 

restricted to T cells. Finally, knock-out mice demonstrated a requirement for Bcl11b in 

generation of an adaptive NK cell response to MCMV. Together, we demonstrate that 

Bcl11b promotes NK cell differentiation.

RESULTS

Delineation of human NK cell subset transcriptional programs

Single cell RNA-seq technology is unravelling immune cell diversity however transcript 

detection is limited, particularly for lowly abundant TFs and resolution between subsets can 

be poor compared to bulk RNA-seq analysis (30). In this regard, a comprehensive RNA-seq 

analysis of phenotypically distinct human NK cell subsets is lacking. We sorted selected NK 

cell subsets including CD56bright cells; CD56dim cells distinguished by NKG2A, CD57 or 

KIR-educating phenotypes; adaptive NK cells; and CD8+ T cell subsets for comparison from 
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peripheral blood obtained from CMV seropositive donors (Figure 1A, Figure S1A and S1B, 

Table 1). An overall low abundance prevented analyses of certain subsets, e.g. canonical 

CD56dimNKG2A+KIR+ NK cells. Adaptive NK cells are phenotypically heterogenous 

across CMV seropositive individuals, thus we sorted CD16+CD56dimCD57+NKp30lo 

adaptive NK cells that either were NKG2Chi or CD7lo (Table 1). These subsets were 

uniformly PLZFlow and FcεRγlow, but with variable EAT-2 and SYK expression (Figure 

S1C). Gene expression of selected subset markers validated sorting purity (Figure S1D). 

Principal component analysis (PCA) of RNA-seq data revealed an NK cell differentiation 

axis converging towards that of CD8+ T cells (Figure 1B). Both PCA and dendrogram 

clustering revealed that CD56dimNKG2A− NK cell subsets clustered tightly regardless of 

KIR or CD57 expression, whereas substantial trancriptome differences were observed 

between canonical and adaptive CD56dimCD57+ NK cell subsets (Figure 1B, 1C). As such, 

NK cells could be categorized in to four subgroups, with the canonical CD56dim NK cell 

subset dissected by NKG2A rather than CD57 expression. Hierarchical clustering was 

performed on all 2,233 differentially expressed (DE) genes between CD16−CD56bright and 

canonical CD56dimNKG2A+KIR−CD57− (early) CD56dim NK cells, early CD56dim and 

canonical CD56dimNKG2A−self-KIR+CD57+ (late) NK cells, or late CD56dim and adaptive 

NK cells, respectively. Ten clusters reflecting different expression patterns among NK and 

CD8+ T cell subsets were discerned (Figure 1D). KEGG analysis revealed distinct cellular 

pathways that were enriched within clusters (Figure 1E).

To elucidate highly regulated DE genes, gene expression was plotted versus variance within 

NK cell subsets (Figure 1F). Transcripts in cluster 1 were suppressed upon both NK and 

CD8+ T cell differentiation and included genes associated with the Notch signaling pathway. 

Clusters 2 and 3 both contained transcripts that declined upon CD56bright NK cell 

differentiation, but were distinguished by specifically being down-regulated during NK cell 

differentiation or also being down-regulated in effector CD8+ T cells, respectively. Genes in 

cluster 2 were associated with relaxin, phosphoinsitide-3-kinase (PI3K)-Akt signaling, 

antigen processing, and focal adhesion signaling pathways. Cluster 3 transcripts displayed 

somewhat higher levels in adaptive NK cells and included the TFs RUNX2, MYC, and 

TCF7. Cluster 4 grouped genes that were specifically downregulated in adaptive NK cells, 

including IL12RB2, IL18RAP, and FCER1G as well as TFs SOX4, ZMAT4, MAFF, and 

ZBTB16 (encoding PLZF). With specific down-regulation in early CD56dimNK cells, cluster 

5 included transcripts associated with p53 signaling (i.e. BCL2, SIVA1, SESN3, 

TNFRSF10B). Clusters 6 and 7 encompassed genes up-regulated throughout NK cell 

differentiation, but distinguished by being down-regulated or up-regulated during CD8+ T 

cell differentiation, respectively. This was useful in highlighting genes that potentially are 

distinctly regulated during NK cell versus T cell differentiation. Cluster 6 was associated 

with T cell development and MAPK signaling pathways. BCL11B was the most highly 

regulated TF in this cluster which also included several known Bcl11b target genes (e.g. 
CD3G, CD3D, CD6, ITGA6) (31, 32). Cluster 7 consisted of genes implicated in cellular 

cytotoxicity, as well as TFs IKZF3, NFIL3, and ZEB2. Orthologues of these genes are 

required for mouse NK cell maturation (33-36). Clusters 8-10 had fewer associated genes, 

nevertheless cluster 9 was a notable profile with genes specifically up-regulated in adaptive 

NK and effector CD8+ T cells. They included the check-point inhibitory receptor genes 
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LAG3 and PDCD1 (PD-1), in addition to RAB11FIP5 and the TF ZNF683 (Hobit) 

associated with augmented adaptive NK cell function and tissue-resident memory T cell 

generation, respectively (37, 38).

Together, analyses broadly categorized NK cells into four subgroups including (i) CD56bright 

NK cells, (ii-iii) CD56dim NK cells separated by NKG2A rather than CD57 expression and 

(iv) adaptive NK cells. These subgroups reveal increasing transcription of the TF Bcl11b 

tracking the NK cell differentiation trajectory. Genetic ablation of Bcl11b in the mouse 

hematopoietic lineage blocks T cell development and differentiation at numerous stages 

(39-44), as well as development of innate lymphoid cells type 2 (ILC2) (45-48). However, a 

role of Bcl11b in NK cell differentiation is unexpected because Bcl11b deficiency in mice 

does not diminish ILC progenitors and leads to increased numbers of NK-like cells (41).

Chromatin accessibility landscapes of human NK cell subsets

The chromatin architecture of defined peripheral human NK cell subsets, including adaptive 

NK cells, has not been extensively studied. We performed ATAC-seq on NK cell and T cell 

subsets to identify chromatin accessibility (49). We catalogued 130,049 ATAC-seq peaks in 

seven NK cell subsets, of which 52% were common to all (Figure 2A). Clustering analysis 

of highly variable ATAC-seq peaks largely recapitulated transcriptional relationships with 

early CD56dim NK cells distinguishable as an intermediary subset and together revealing 

four NK cell subgroups (Figure 2B), also highlighting four subgroups of NK cells: 

CD16−CD56bright, canonical early CD56dimNKG2A+ and late CD56dimNKG2A− NK cells, 

as well as adaptive NK cells. Cumulative changes in chromatin accessibility of NK cells 

subsets relative to CD56bright NK cells confirmed this trajectory (Figure S2A). However, 

dendrogram analysis grouped CD56bright NK cells with naïve CD8+ T cells underscoring 

their less differentiated status (Figure 2C). In mice, the chromatin accessibility of 

CD27+CD11b− precursor NK cells resemble memory CD8+ T cells which may be true for 

CD56bright NK cells when compared to other memory CD8+ T cell subsets not analysed here 

(50).

A total of 38,348 differentially accessible (DA) ATAC-seq peaks between CD16−CD56bright 

and early CD56dim NK cells, early and late NK cells, or late and adaptive NK cells were 

identified (Figure S2B). While most ATAC-seq peaks were located within gene promoters 

(Figure 2D), DA ATAC-seq peaks were enriched at intergenic and intronic regions as well 

(Figure 2E and 2F). Educated NK cells expressing self-KIR have augemented responses 

towards target cells. However, with the exception of KIR gene loci, no other DA ATAC-seq 

peaks were identified between self- and non-self KIR-expressing NK cells (Figure 2F), 

supporting previous data showing little transcriptomic differences between uneducated and 

educated NK cells (51, 52).

A preferential loss of promoter accessibility with peaks at TFs RUNX2, TCF7, and IRF8 
becoming less accessible was observed between early and late CD56dim NK cell subsets 

(Figure 2F), however not between naïve and effector CD8+ T cells (Figure 2G). By 

comparison, multiple promoter regions were highly accessible in CD56bright NK cells, 

including TFs FOXC1, RUNX2, LEF1 and ZEB1 (Figure 2H). A similar number of 

increasingly accessible promoters were identified in early CD56dim NK cells, exemplified by 
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the TFs BCL11B, GLI3, PRDM1 and IKZF3, with the GLI3 promoter progressively 

opening throughout CD56dim NK cell differentiation (Figure 2I). Adaptive NK cells 

displayed restricted accessibility at promoters for TFs ZMAT4, SOX4, and IKZF2, with few 

TFs epigenetically promoted (Figure 2J).

Thus, chromatin accessibility landscapes confirm four major subgroups of peripheral blood 

NK cells, but reveal no imprint of education. Many transcriptional differences between NK 

cell subsets were underpinned by changes in promoter accessibility, as evident for NK cell 

receptors as well as TFs including RUNX2 and BCL11B.

Active enhancers are associated with regulation of NK cell gene expression

NK cell active enhancers, defined by H3K27 acetylation (H3K27ac) (53), have previously 

only been broadly analysed using CD56bright and bulk CD56dim human NK cells (28). Thus, 

to comprehensively define active enhancers (AEs) spanning NK cell differentiation we 

sorted the seven NK cell subsets and performed H3K27ac chromatin immunoprecipitation 

(ChIP)-seq. Among the four most distinct NK cell subsets, we identified 4,841 AEs at loci 

overlapping with DA ATAC-seq peak(s) (Figure 3A), whilst PCA analysis stratified all of 

the NK cell subsets consistent with RNA-seq clustering (Figure S3A). The majority of AEs 

with differential chromatin accessibility were identified in the CD16−CD56bright to early 

CD56dim comparison. Furthermore, 9.1% of AEs with differential chromatin accessibility 

were identified within these groups and in the early to late CD56dim NK cell comparision 

(Figure 3A).

Super-enhancers (SE) are broad clusters of active enhancers occupied by TFs and cofactors 

that maintain expression of genes associated with cell identity (54). Using the ROSE SE 

pipeline (55), we merged all active enhancers within 12.5kb proximity and ranked them 

according to overall H3K27ac signal intensity yielding on average 990 SE’s per subset 

(716-1270 range; Figure 3B). We focused our analysis on the four NK cell subgroups. We 

identified subset specific SE, with CD56bright NK cells possessing several unique SE, as 

exemplified by TFs BACH2, AHR and PRMA (Figure 3B). Aggregate distribution of SE 

revealed the majority were commonly annotated in all NK cell subgroups (Figure 3C). We 

also analysed SE that were highly variable throughout the NK cell subgroups as exemplified 

by TCF7 – a key component of the Wnt signaling pathway – and BCL11B, as compared to 

genes such as BACH2 that was specific to CD56bright NK cells (Figure 3D). Of note, our 

dataset of SE from CD16−CD56bright NK cells correlated well with SE previously identified 

in bulk CD56bright NK cells (Figure S3B) (28).

Active enhancers governing gene expression were assessed by correlating transcript levels 

with proximal DA ATAC-seq peaks overlapping AEs (Figure 3E-3G with colors reflecting 

fold change in AEs). The transcriptional differences observed in the CD56bright to CD56dim 

transition were mirrored by the substantial number of differential AE associated peaks 

(Figure 3E-G).

Many TF-encoding loci possessed multiple DA ATAC-seq peaks within each AE, as 

exemplified by BCL11B, ZBTB16, BACH2, RUNX2, and TCF7 (Figure S3C), indicating a 

requirement for several independent TF-binding complexes. Further indicating an 
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unexpected role for BCL11B in NK cell differentiation, our analyses revealed that 

differentiation from CD16−CD56bright NK cells correlated with increasing accessibility at 

multiple BCL11B AEs (Figure 3H). By comparison, accessible peaks were lost at TCF7 and 

RUNX2 loci between CD56bright to early CD56dim NK cellls and were further restricted in 

late CD56dim NK cells (Figure 3H). Individual DA ATAC-seq peaks were incrementally lost 

in BACH2 and PRDM8 throughout canonical differentiation and, conversely, stepwise gain 

of chromatin accessibility in BNC2 and GLI3 correlated positively with differentiation. 

Notably, BCL11B was unique in possessing DA ATAC-seq peaks at modified AEs in 

transistions between all four NK cell subgroups, including adaptive NK cells (Figure 3H).

The exposure of signature binding motifs at AEs indicates potential TF activity. Thus, we 

determined which known consensus TF binding motifs were enriched at accessible AE loci 

(Figure 3I). An NFκB signature was prominent in CD16−CD56bright NK cells. Binding 

partners Runx/Runt and core binding factor (CBF) TF motifs (56), as well as a TCF family 

motif, correlated with the loss of RUNX2 and TCF7 accessibility at promoters and AEs in 

canonical NK cells. The AP-1 family of TFs, harbored a higher frequency of target motifs 

within the early CD56dim subset, suggestive of programs dependent on AP-1 family 

members. The CTCF insulator motif was also enriched in CD56dim NK cell subsets, where 

mature NK cell subsets also possessed significantly more ATAC-seq peaks per AE (Figure 

S3D), together suggesting more compartmentalized and complex enhancer compositions. 

Bcl11b has low DNA binding affinity and is not included in current motif databases (57).

These data highlight TFs that are extensively epigenetically regulated through NK cell 

differentiation, some of which imprint strong, differentially regulated signatures. The 

BCL11B locus acquired SE status in CD56dim NK cells and, further, was the only TF 

increasingly regulated at distinct sites within all three major NK cell transitions, including 

adaptive NK cells.

Transcription factor expression in relation to NK cell differentiation

We performed flow cytometry of highly regulated TFs across NK cell differentiation, and 

included CD16intCD56bright NK cells to enhance the resolution of early differentiation 

(Figure 4A). Bcl11b and Aiolos were acquired in a subset of CD56bright NK cells and were 

successively increased throughout differentiation (Figure 4B, S4A). Significant differences 

were observed in protein levels for these two TFs between intermediary maturing CD56dim 

NK cells, not seen at the transcript level, while both TCF-7 and Bach2 were gradually lost 

during differentiation contrasting the sharp reduction of Runx2 and, to a lesser extent, 

GATA-3, upon transition to the CD56dim NK cell phenotype. Although MYC transcripts 

were also highly regulated during NK cell differentiation, expression of Myc in unstimulated 

NK cells was low. In contrast, PLZF appeared more highly regulated at the protein than 

transcript level. Compared to gradual reduction of TCF-7 (also known as TCF-1) expression 

throughout NK cell differentiation, Runx2 had a binary expression profile (Figure 4C).

T-distributed stochastic neighborhood embedding (t-SNE) analysis of flow cytometry data 

including differentiation markers revealed a gradual loss of GATA-3, TCF-7, and Bach2 

upon maturation, while Bcl11b expression inversely correlated with TCF-7 and Bach2 

(Figure 4D). In contrast, Runx2 was almost exclusively expressed in CD56bright NK cells 
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and a CD56dimCD16+CD62Lhigh subpopulation, correlating closely with CD117 and 

CD62L and inversely with CD16 expression (Figure 4D, E and S4B). The expression pattern 

of Aiolos was very similar to Bcl11b across the NK cell subsets (Figure 4B), however t-SNE 

analysis indicated that the TFs were not strictly co-expressed (Figure S4C).

We find binary regulation pattern of Runx2 expression that was restricted to CD56bright and 

early CD56dim NK cells, mirroring profound reduction of promoter and AE accessibility. In 

contast, Bcl11b expression increased throughout differentiation, with highest expression in 

adaptive NK cells.

Reciprocal transcription factor regulation during NK cell differentiation

To position the TFs within the regulatory network of NK cell differentiation, we conducted 

ChIP-seq for Runx2, Bach2, GATA-3, Bcl11b, PLZF, and Helios/IKZF2 in peripheral blood 

NK cells. Helios has previously been shown to be differentially regulated in adaptive NK 

cells (17). ChIP-seq data quality was high with relatively small peaks discernable from 

background binding, as shown for exemplar loci NCAM1 (CD56), KLRF1 (NKp80), 

GZMH, GZMB, KIT, BCL11B and PRF1 (Table S2, Figure S5A). Further, two distinct 

monoclonal antibodies to Bach2 or Runx2, respectively, displayed high intra-overlap (Figure 

S5B). To categorize TF binding, we superimposed TF ChIP-seq signals across our 

transcriptome and open chromatin subset landscapes (Figure S5C). Throughout the NK cell 

trajectory, Bcl11b preferentially associated with chromatin regions that gained accessibility 

and transcripts that were up-regulated upon differentiation (Figure S5C), suggesting a role 

for Bcl11b in promoting human NK cell differentiaton at multiple transitions. Loss of PLZF 

and gain of Bcl11b expression are associated with NK cell transition to adaptive NK cells. 

Comparison of DE genes bound by PLZF reveal targets such as MEF2C, IL12BR2 and CD2 
at open chromatin loci whilst Bcl11b bound genes including FCER1G, ZBTB16 (PLZF), 

CCR5, UBASH3A and CD3E (Figure S5D).

Target genes encoding TFs are of particular interest in defining regulatory circuitries. We 

constructed a de novo TF network of CD16−CD56bright compared to early CD56dim NK 

cells by integrating ChIP-seq signals with RNA-seq and ATAC-seq datasets to infer TF 

activity (Figures 5A and S5D). A reciprocal relationship was observed between Runx2 and 

Bach2 on one hand, and Bcl11b and PLZF on the other. Runx2 bound ZEB1, RFX2, AHR, 

MYC, PRDM8, and BACH2 (Figure 5A), thus appearing important in maintaining 

CD56bright NK cell-enriched TFs. Runx2 and Bach2 co-regulated the TF genes TCF7, 

ZMAT4, and ZNF667. Bcl11b and PLZF bound TF loci including IKZF3, ZEB2, RORA, 

BNC2, CREM, and PBX4 that were increased in CD56dim NK cells (Figure 5A). The TF 

network characterizing canonical early to late CD56dim NK cells pointed to TF expression 

dependence on Runx2, whereby decreased expression of Runx2 correlated with suppression 

of TFs including TCF7, MAFF, AHR and MYC (Figure 5B). The network also reflected the 

cementing of less accessible chromatin from CD16−CD56bright to early CD56dim cells 

whereby chromatin was further constricted upon late CD56dim NK cell differentiation, again 

particularly at Runx2 target genes such as AHR, ZEB1, TCF4 and PRDM8 (Figure 5B). DA 

ATAC-seq loci that inversely correlate with lower gene expression can suggest repressive 

activity. Notably, the majority of PLZF target genes were transcriptionally suppressed in late 
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CD56dim NK cells but correlated with increased chromatin accessibility consistent with the 

role of PLZF as a transcriptional repressor (Figure 5B). PLZF expression is repressed by 

Bcl11b in T cells (31). Similarly, multiple Bcl11b peaks targeting ZBTB16 in late CD56dim 

NK cells and adaptive NK cells relative to early CD56dim NK cells, and late CD56dim NK 

cells respectively (Figure 5B, 5C, S5E). The adaptive NK cell gene regulation modelled here 

is mostly shaped by Bcl11b and PLZF. While Bcl11b positively correlated with induction of 

YBX3, PBX4, and SATB2, it also targeted the down-regulated genes IKZF2 and ZBTB16 
(Figure 5C).

Together, our results suggest Runx2 as a major hub in CD56bright cell identity, regulating a 

number of TF genes together with GATA-3 and Bach2. Bcl11b and PLZF, co-expressed in 

canonical CD56dim NK cells, appeared to regulate mostly non-overlapping groups of TF 

genes in early to late canonical CD56dim NK cells. Co-inciding with increased Bcl11b 

expression in adaptive NK cells, Bcl11b was positioned to potentially antagonize ZBTB16, 

silencing of which is a defining feature of human adaptive NK cells (17).

Bcl11b promotes canonical NK cell differentiation

Bcl11b displayed an expression profile that correlated with NK cell differentiation. To 

explore the role of Bcl11b during canonical maturation, we focused on Bcl11b target genes 

that were successively regulated during the CD16−CD56bright to early CD56dim or early to 

late CD56dim transitions (Figure S6A). Bcl11b-bound loci strongly correlated with this 

differentiation trajectory. Binding occurred at repressed chemokine and cytokine receptor 

loci such as CCR7, CXCR3, CCR1, and IL7R in early CD56dim NK cells, while CXCR1, 

while CXCR2, CX3CR1 were progressively induced in late CD56dim NK cells (Figure 

S6A). Likewise, Bcl11b occupied multiple sites within accessible chromatin of RUNX2 and 

SOX13 in CD16−CD56bright NK cells, whereas MAF, RORA, and ZBTB16 were targeted in 

open chromatin regions of CD56dim NK cells (Figure S6A). A signature of Bcl11b-regulated 

genes has previously been derived from a knockout mouse model of T cell development 

(31), with considerable overlap to genes regulated by Bcl11b in mouse CD4+ and Treg cells 

(42, 44). We assessed whether orthologous genes were also imprinted during human NK cell 

differentiation in gene set enrichment analysis (GSEA; Figure S6B). In the 

CD16−CD56bright to early CD56dim NK cell transition, Bcl11b-repressed target genes 

including KIT, CD7, and CD160 were significantly depleted in the early CD56dim NK cell 

subset. Between early to late CD56dim NK cells, where Bcl11b expression is increased, we 

noted enrichment of Bcl11b-induced genes including TNFRSF1A, NFATC2, SOX13, and 

CD6 (Figure S6B).

Heterozygous mutations in BCL11B have recently been associated with intellectual 

disability and varying degrees of immunodeficiency (58, 59). We examined NK cells from 

five pediatric patients harboring different heterozygous BCL11B loss-of-function mutations 

(BCL11B+/Δ) to explore the impact of Bcl11b in vivo. One patient had a T cell deficient 

SCID-like phenotype but the other four patients had relatively normal T cell counts, 

suggesting a spectrum of disease severity (Table 2). Remarkably, four of the five patients had 

enrichment of CD16−CD56bright and CD16intCD56bright subsets, with the severe combined 

immunodeficiency (SCID)-like Patient 1 displaying NK cells devoid of CD16+ NK cells 
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(Figure 6A, S6C). In canonical NK cells Bcl11b expression peaks in CD56dimCD57+ cells. 

Frequencies of CD57-expressing CD56dim NK cells were also low in BCL11B+/Δ patients 

relative to age-matched controls (Figure 6B), suggesting a maturation block. Furthermore, 

retroviral transduction of sorted CD56bright NK cells with a Bcl11b expression construct 

repressed expression of CD117 and NKG2A, while promoting expression of CD57 and 

granzyme B in a culture system including IL-15 and feeder cells (Figure 6C-F). These 

findings were corroborated by selective Bcl11b binding at loci of KIT (CD117), KLRC1 
(NKG2A), and B3GAT1 (encoding the glucuronosyltransferase that creates the CD57 

epitope) (Figure S6D). Protein expression of Bcl11b itself confirmed significant induction 

upon Bcl11b-IRES-GFP transduction (Figure 6E-F).

Human NK cell differentiation has parallels to that of mice, with the mouse CD11b−CD27+ 

to CD11b+CD27+ NK cell transition resembling human CD56bright to CD56dim NK cell 

differentiation (60). To determine the role of Bcl11b in murine NK cells, we generated 

Bcl11bF/F Ncr1cre+ mice to target allele deletion in cells expressing NKp46 (Ncr1), 

including NK cells. The frequencies and absolute numbers of NK1.1+NKp46+ cells 

remained unchanged in the absence of Bcl11b in spleen, liver, and blood (Figure 6G), 

although Bcl11b-deficient NK cells displayed decreased expression of the NK1.1 (Klrb1c) 

receptor (Figure S6E). Further analysis of Stage 2-4 developmental subsets (CD27+CD11b−, 

CD27+CD11b+, and CD27−CD11b+) showed no difference between wild-type and 

Bcl11bF/F Ncr1cre+ mice (Figure 6H). Moreover, distinct from human, RNA-seq analyses of 

wild-type mouse did not reveal any increase in Bcl11b transcription along the canonical NK 

cell differentiation trajectory (Figure S6F).

Our results from two distinct lines of investigation provide evidence for a direct role of 

Bcl11b in promoting canonical human CD56dim NK cell differentiation specifically in 

suppressing c-KIT and NKG2A whilst promoting CD57 expression. In contrast, Bcl11b 
ablation in mice did not grossly affect NK cell numbers nor their early development, 

suggesting differences between human and mouse NK cell maturation pathways.

High Bcl11b expression is associated with diverse adaptive NK cells phenotypes

Our transcriptional and epigenetic profiling pointed to the adaptive NK cell similarity to 

effector CD8+ T cells, where mouse T cell differentiation requires Bcl11b (32). We 

examined Bcl11b ChIP-seq target genes commonly regulated between human adaptive NK 

cells and effector CD8+ T cells relative to canonical late CD56dim and adaptive NK cells 

respectively using our sorted RNA-seq cell datasets (Figure 7A). Among the shared adaptive 

NK cell / effector CD8+ T cell Bcl11b-induced target genes included CD3D, CD3E, CD5, 

THEMIS, IL7R, and LAG3, whilst ZBTB16, FCER1G and SYK were commonly repressed. 

This suggests that Bcl11b regulates T cell-associated genes in adaptive NK cells whilst 

repressing genes including ZBTB16. Furthermore, GSEA indicated an imprint of Bcl11b on 

adaptive NK cell differentiation. Bcl11b-induced genes included CD3 complex genes, CD6, 

and SOX13 specifically in adaptive NK cells (Figure 7B). Conversely, Bcl11b-repressed 

genes included phenotypic hallmarks of adaptive NK cells such as ZBTB16, FCER1G, 

SH2D1B2, CD7, and IL2RB (Figure 7B) (16, 17).
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Exhaustion markers LAG-3 and PD-1 (PDCD1) are commonly identified within stimulated 

T cell subsets (61) and represented Bcl11b ChIP-seq target genes in human adaptive NK 

cells. To confirm preferential binding of Bcl11b at specific target genes FCER1G, ZBTB16, 

CD3E or LAG3 in adaptive NK cells, we performed BCL11B-ChIP-qPCR in FACS purified 

conventional CD57+ and adaptive CD57+ NK cells (Figure 7C). Relative to canonical 

CD56dimCD16+ counterparts, adaptive NK cells exhibited higher expression of LAG-3 after 

CD16 stimulation, which was synergised by IL-15 (Figure 7D-E). Stimulation with NKG2C 

and IL-15 for 1 day rapidly induced LAG-3 in adaptive NK cells (defined here as PLZF−), 

corroborating recently published results at 7 days (62). Our results highlight that adaptive 

NK cells may be particularly susceptible to early immune checkpoint inhibition.

Adaptive NK cells have heterogenous phenotypes with respect to signaling molecules such 

as FcεRγ, EAT-2 and SYK (16, 17), but have not previously been associated with T cell-

specific proteins. However, transcriptional profiles across all NK cell subsets confirmed 

highest expression of CD3 complex transcripts CD3D, CD3E, CD3G, CD5, and THEMIS 
within adaptive NK cells, approximating levels in CD8+ T cells (Figure S7A). Screening 196 

healthy donors (65% CMV seropositive) revealed 14 individuals that had NK cells 

expressing intracellular (i)CD3ε, all of whom were CMV seropositive and displayed 

adaptive PLZFlow NK cell expansion (Figure 7F). An analysis of protein expression among 

selected donors revealed that more than 95% of iCD3ε+ NK cells were FcεRγ− (Figure 

S7B), confirming an adaptive NK cell phenotype. Further, analysis of 12 donors with iCD3ε
+ NK cells revealed that expression of iCD3ε, iCD3ẟ, iCD3γ, CD5, and Themis was almost 

exclusively confined to adaptive PLZFlow NK cells (Figure 7G). Apart from iCD3ẟ and 

iCD3ε, which were co-expressed (Figure S7C), other T cell-defining markers appeared to be 

stochastically expressed with t-SNE analysis showing little overlap between cells expressing 

CD3 isoforms and CD5 or Themis (Figure S7D). Lastly, iCD3ε+ adaptive NK cells 

expressed greater levels of Bcl11b compared to other adaptive NK cell phenotypes (Figure 

S7E).

In summary, we identify several unappreciated Bcl11b-regulated, T cell-like phenotypes of 

adaptive human NK cells that add to the complexity of the adaptive NK cell repertoire. 

Functional results highlight that adaptive NK cells can be kept in check by LAG-3 while 

iCD3ε expression correlated with elevated Bcl11b expression.

Bcl11b is required for the adaptive NK cell response in mice

Kinetics of adaptive NK cell expansion and persistence can be readily modelled upon 

MCMV infection in mice (23). Upon infection, Bcl11b transcription was induced and 

durably maintained in Ly49H+ NK cells responding to MCMV (Figure 8A). We assessed the 

contribution of Bcl11b to the generation of adaptive Ly49H+ NK cells in response to 

MCMV. Wildtype (WT; CD45.1+CD45.2+) and Bcl11b KO (CD45.1−CD45.2+) NK cells 

were adoptively co-transferred in equal numbers into Ly49H-deficient (Klra8−/−) recipient 

mice, followed by infection with MCMV and tracking of the transferred NK cell response. 

Bcl11b-deficient Ly49H+ NK cells were significantly reduced at 7 days post infection (DPI) 

in comparison to WT NK cells in blood, spleen, and liver (Figure 8B-C). Both Ly49H− and 

Ly49H+ NK cells proliferate upon MCMV infection (63). Notably, splenic Ly49H− donor 
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Bcl11b KO NK cells were reduced at day 7 following MCMV infection (Figure S8A), 

indicating that cytokine-driven NK cell proliferation is Bcl11b-dependent. On 28 DPI, 

Bcl11b-deficient memory NK cells were further diminished compared to WT counterparts, 

suggesting that Bcl11b is essential for optimal accumulation of adaptive NK cells during 

MCMV infection. Of the Cd3 genes, only Cd3g was transcribed in adaptive mouse NK cells 

and was not regulated by Bcl11b. Furthermore, Cd7, Kit, Fcer1g, Themis, Il7r, and Lag3 
and Zbtb16 were not differentialy regulated in Bcl11b-deficient in NK cells from infected 

mice.

To investigate Bcl11b regulated pathways that control the murine adaptive NK cell response, 

we conducted RNA-seq on sort-purified WT and Bcl11b-deficient NK cells from the spleens 

of mice co-transferred and MCMV-infected (Figure 8D). The majority DE genes (96%; FDR 

< 0.1) were downregulated in the absence of Bcl11b, suggesting that Bcl11b predominantly 

acts as a transcriptional activator upon murine NK cell expansion. Gene set enrichment 

analysis (GSEA) revealed enrichment of pathways associated with cell cycle in WT NK 

cells (Figure 8E, S8B). These results suggest that Bcl11b may be essential for NK cell 

proliferation during MCMV infection. In addition, several NK receptors were down-

regulated in the absence of Bcl11b, including Klrb1 (NK1.1), Klrb1b, Klrc1 (NKG2A), 
Klra10 (Ly49J), Klra1 (Ly49B), Klri2 and Klra3 (Ly49C) (Figure 8F). This was surprising 

because removal of Bcl11b in multiple T cell populations represses several of these genes, 

including in mature T cells (42, 44). Furthermore, genes indicative of NK cell differentiation 

and effector function, including Klrg1, Ly6c1, Gzma, Gzmb, and Prf1 (64), were 

significantly down-regulated in the absence of Bcl11b (Figure 8G). These data suggest that 

Bcl11b sustains a transcriptional program that promotes NK cell receptor expression, 

effector function and expansion in response to viral infection.

Together, we find that loss of Bcl11b substantially impacts the generation and durablity of 

mouse adaptive NK cells, suggesting an important role of Bcl11b in promoting adaptive NK 

cell differentiation.

DISCUSSION

NK cells share many common features with T cells (17, 65), where Bcl11b is critical for T 

cell development and differentiation including effector CD8+ T cell expansion, memory 

formation and cytotoxic function (32, 66). However, Bcl11b has not previously been 

implicated in NK cell differentiation. By assessing distinct human NK cell subsets, we 

identified a gradient of BCL11B transcription throughout differentiation. This was reflected 

in pronounced epigenetic modification of the BCL11B locus as well as regulation of Bcl11b 

target genes. We found that Bcl11b directly promotes human canonical CD56dim NK cell 

differentiation and correlates with suppression of markers that define adaptive NK cells 

while inducing T cell associated proteins. A critical requirement for Bcl11b was also found 

in mouse adaptive NK cell responses, revealing a conserved role of Bcl11b in cytotoxic 

lymphocytes’ adaptive responses.

Bcl11b is a Kruppel-like C2H2-type zinc finger TF (67). Knock-out mice, which die shortly 

after birth, uncovered an essential role for Bcl11b in the development of αβ T cells and 
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neuronal corticospinal motor neurons (68, 69). Bcl11b is also active in ILC precursors 

committed to the ILC2 lineage and is critical for ILC2 development (45-48, 70) as well as 

iNKT cell development (71, 72). In pro-T cells, Bcl11b represses Id2 to suppress ILC fate. 

However, Bcl11b can promote ILC2 commitment by occupying different cell type-specific 

binding motifs (73). Our data indicate that Bcl11b also promotes human NK cell 

differentiation, as patients with heterozygous BCL11B mutations displayed impaired early 

NK cell maturation and abrogated CD57 expression. The heterozygous BCL11B mutations 

were associated with a spectrum of clinical phenotypes of varying severity, with one SCID-

like patient lacking both T cells and CD16+ NK cells, resembling the phenotype of Bcl11b
−/− mice. At the other end of the spectrum, one patient exhibited relatively normal T and NK 

cell composition. Overall, the majority (3/5) of patients with BCL11B mutation had 

approximately 1000 T cells/μl but highly elevated CD56bright NK cell frequencies, much 

more so than Omenn syndrome or atypical SCID patients that retain similar T cell numbers 

(74). Furthermore, ectopic expression of Bcl11b in CD56bright NK cells drove NK cell 

maturation by suppressing NKG2A and inducing CD57 and granzyme B expression (32). 

Given the difficulty in inducing mature canonical NK cells in vitro (75), ectopic expression 

of Bcl11b appears to be a pivotal factor in directing human NK cell differentiation. 

Augmenting Bcl11b expression may be beneficial in designing durable NK cell-mediated 

immunotherapeutic strategies.

While several lines of data support an important role for BCL11B in early human NK cell 

differentiation, experiments did not reveal a requirement for Bcl11b in differentiation of 

canonical CD11b-expressing mouse NK cells. Although transient expression of Bcl11b in 

immature mouse NK cells has been noted (41), Bcl11b transcription did not appreciably 

increase with mature mouse NK cell differentiation, in agreement with early NK cell 

development appearing intact in Bcl11b-deficient mice (41). This suggests regulatory 

differences between human and mouse canonical NK cell differentiation. Supporting this, 

comparison of regulatory regions shared between human and mouse NK cells revealed high 

conservation of CD56bright and murine CD27+CD11b− cells, but far less overlap between 

CD56dim and CD27−CD11b+ cells (28). Similarly, scRNA-seq of human and mouse NK 

cells indicates the CD56bright / CD56dim distinction resembles separation of CD27+CD11b− 

versus CD27−CD11b+ cells in mice, however overall there are relatively few common 

orthologues (76). These differences may reflect the pathogen-defined environment of 

laboratory mice attenuating inflammatory priming cues required for NK cell development 

and Bcl11b activity resembling that found in humans. Alternatively, different Bcl11b 

binding partners account for human and mouse differences in canonical NK cell 

differentiation, as previously observed in cell-type specific binding patterns in early T-

lineage and ILC2 cells (73).

While canonical NK cell differentiation between humans and mice appears divergent, 

Bcl11b appeared critical in generating adaptive NK cell responses to CMV. In both humans 

and mice, BCL11B was most highly transcribed in adaptive NK cells. Adoptive transfer 

experiments in mice demonstrated a requirement for Bcl11b in adaptive NK cell expansion. 

Analyses indicated that Bcl11b acts as a transcriptional activator promoting proliferation and 

differentiation. Notably, Bcl11b regulated mouse NK cell expression of lectin-like receptors, 

encoded by the natural killer complex (NKC), which is suppressed by Bcl11b during T cell 
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development and in mature T cells (41, 42, 44). As ectopic expression of Bcl11b in human 

CD56bright NK cells suppressed NKG2A expression, these data suggest that Bcl11b may 

play an important role in orchestrating dynamic regulation of the NKC locus during NK cell 

differentiation. Adaptive human NK cells are defined by silencing of ZBTB16 and exhibit 

stochastic loss of multiple NK cell signaling molecules including FCER1G, SH2D1B2 
(EAT-2) and SYK. In a mouse T cell development model Zbtb16 (PLZF), Fcer1g and 
Sh2d1b2 were suppressed by Bcl11b (31). Moreover, our ChIP-seq experiments identified 

Bcl11b-targeted genes ZBTB16, FCER1G and SYK that suggests Bcl11b may directly drive 

human adaptive NK cell phenotypes. We further noted preferential Bcl11b binding at these 

loci in adaptive relative to conventional NK cells. These genes were not repressed during 

formation of murine adaptive NK cells, consistent with previous observations (16). Fetal NK 

cells express iCD3ε, iCD3ẟ, and iCD3γ, whereas adult NK cells can have low levels of 

iCD3ε that is increased upon activation (77, 78). However, the preferential acquisition of T 

cell signaling molecules in adaptive NK cells has not been reported. We identified subsets of 

adaptive NK cells expressing Bcl11b-regulated T cell signaling components, most frequently 

iCD3ε. We find interesting parallels between the function of Bcl11b in T cells and NK cells. 

In mice, Bcl11b is required for the antigen-driven expansion and function of mature CD8+ T 

cells (32, 66). Likewise, we find deficient adaptive NK cell responses in our murine model at 

both day 7 and day 28, suggesting defective proliferation at the early phase of the MCMV 

response. As such, our data suggest a conserved requirement for Bcl11b in memory 

responses by cytotoxic lymphocytes.

A blueprint of NK cell development has been suggested as progressing from 

CD56brightCD16−CD57− (Stage 4b), to CD56dimCD16+CD57− (Stage 5), to 

CD56dimCD16+CD57+ (Stage 6) (7). However, rather than CD57, our data highlight a 

profound transcriptional and epigenetic distinction between CD56dimCD16+ NK cells in 

terms of NKG2A expression. Differentiation of early CD56dimNKG2A+ NK cells coincided 

with loss of promoter accessibility and more complex AE compositions, possibly reflecting 

greater TF occupancy. As such, NKG2A expression defines a continuum of transcriptionally 

intermediate canonical CD56dim NK cells. Furthermore, although self-KIR expression 

enhances NK cell function, we found no epigenetic imprint of educating KIR.

Recently, Colonna and colleagues epigenetically assessed ILC subsets including peripheral 

blood CD56bright as well as two CD56dim NK cell subsets. These results implicated a 

TCF-7-LEF1-Myc TF axis in maintaining CD56bright NK cells, with Bach2 suppression of 

PRDM1 and ZEB2 defining CD56dim NK cells (28). In addition, enrichment of Runx2 

expression was noted for CD56bright NK cells, although to what extent Runx2 integrated 

with other TFs remained undefined. Our data display concordance with this data with 

respect to CD56bright NK cells and confirm apical Runx2 protein expression in CD56bright 

but also in a small subset of early CD56dim NK cells that were CD62Lhi, representing a 

transitional population. We found that loss of Runx2 expression coincided with suppression 

of MYC, BACH2, and TCF7 promoter and enhancer accessibility, with ChIP-seq confirming 

these as Runx2 target genes as well as LEF1, ZEB1, and AHR. This was further illustrated 

through de novo TF networks, which positioned RUNX2 as an instrumental factor in 

CD56bright cell regulation. Taken together, Runx2 may represent a major hub in maintaining 

CD56bright NK cell identity.
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In summary, our data delineate changes in chromatin accessibility throughout human 

peripheral blood NK cell differentiation, uncovering networks of TF regulation. Several lines 

of evidence revealed a crucial role for Bcl11b in NK cell differentiation, with a gradient of 

expression defining this trajectory from CD56bright through to adaptive NK cells.

MATERIALS & METHODS

Study design

The purpose of this study was to determine epigenetic and transcriptional landscapes of 

peripheral human NK cell subsets with reference to cytotoxic CD8+ T cells and identify TFs 

that direct NK cell differentiation. Validation of TF expression was performed by flow 

cytometry and functional assessment of Bcl11b used multiple lines of evidence including 

Bcl11b ChIP-seq, in vitro transduction experiments and knock-out mouse models. The same 

donors were used for RNA-seq, ATAC-seq and AE ChIP-seq interrogation as indicated in 

Figures 1-2. Healthy human donors were selected with haplotype A KIR and adaptive NK 

cell populations. Data was not excluded from the study. The study was designed to have high 

statistical confidence in calling transcriptional and chromatin accessibility differences using 

4-5 donors in each experiment. Active enhancer analysis required larger input cell numbers 

and was therefore limited to 2 donors, hence calling differential epigenetic elements 

typically combined chromatin accessibility and AE datasets. Experimental study numbers 

were otherwise not predetermined. Replicates and statistical tests are provided in the figure 

legends. Mouse MCMV transfer experiments used well-described previously published 

endpoints. Experimenters were not blinded to BCL11B patient or mouse genotype status 

upon phenotyping analysis.

Cells and patients

Studies were approved by The Regional Ethical Review Boards in Stockholm, Ethics 

Commission of Medical Association in Hamburg (Ärztekammer Hamburg), and the The 

Cincinnati Children's Hospital Institutional Review Board. Healthy blood donors were 

recruited from Karolinska University Hospital blood banks. Patients were recruited with 

informed written consent. Blood samples were screened using flow cytometry for adaptive 

NK cell populations. Peripheral blood mononuclear cells (PBMC) were isolated from 

selected donor buffy coats by density gradient centrifugation and cryopreserved in liquid 

nitrogen. Donors were genotyped for KIR and KIR-ligands using genotyping KIR SSO 

Luminex (One Lambda). Heterozygous BCL11B mutated patients are described in Table 2.

Fluorescent activated cell sorting

Cryopreserved PBMC were thawed, washed in RPMI with 10% fetal bovine serum (FBS) 

and enriched for either NK cells or CD8+ T cells using negative magnetic selection (NK cell 

depletion kit or CD8+ T cell depletion kit; Miltenyi Biotech). Purified NK cells were 

fluorescent activated cell sorted (FACS) on basis of CD14−CD19−DCM−CD3−CD56+ 

lymphocytes (DCM: dead cell marker). T cells were labeled independently and gated as 

CD14−CD19−DCM−CD3+CD8+ lymphocytes. Fluorochrome-conjugated antibodies (Table 

S3) were incubated for 30 mins on ice, washed twice in PBS with 2 mM EDTA and 1% 
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bovine serum albumin and sorted using an ARIA II SORP instrument (BD Biosciences). The 

purity of specific cell subsets was >98%, as determined by flow cytometry.

Flow cytometry

Antibodies and reagents are specified in Table S3. For phenotypic analyses, PBMCs were 

surface-stained with indicated antibodies and a fixable dead cell stain (ThermoFisher) in 

FACS buffer (PBS supplemented with 2% FBS and 2 mM EDTA). Cells were thereafter 

fixed in 2% formaldehyde (Pierce) in PBS, permeabilized in 0.05% Triton X-100 (Sigma-

Aldrich) in PBS and stained intracellularly in FACS buffer. For quantification of LAG-3 

induction, cryopreserved PBMCs were thawed, cultured overnight in complete medium 

(RPMI1640 with Glutamax [Gibco] and 10% fetal bovine serum), then stimulated with 

plate-bound monoclonal antibodies for 24 hours in the presence of 10 ng/ml IL-15 

(Peprotech). Coating of antibodies was performed for 24 hours at 4°C in with 5 μg/ml 

antibody in PBS with 0.1 M NaHCO3 (Sigma-Aldrich), followed by two washes with PBS 

and a blocking step at 37°C for 20 minutes using complete medium. Samples were acquired 

on an LSRFortessa or FACSymphony A5 instrument (BD Biosciences) and analyzed with 

FlowJo software (v9.9.6 or v10.2, BD Biosciences).

RNA-seq

Approximately 2×104 cells were sorted directly into 300 μl Trizol LS reagent (ThermoFisher 

Scientific) and purified with Direct-zol columns (Zymo) with on-column DNase I treatment. 

Ribosomal RNA was removed using RiboMinus (ThermoFisher Scientific) diluted 10-fold, 

followed by repurification of RNA on concentrator columns (Zymo). Libraries were 

prepared from ribosomal depleted RNA using CAT-seq total RNA kit (Diagenode). Samples 

were purified with nucleotide-binding beads (AMPure, Beckman Coulter) and assessed on a 

bioanalyzer with high-sensitivity chips and quantified using Qubit fluorescence. Pooled 

libraries were run on a NextSeq instrument (Illumina) acquiring 40 bp paired-end reads.

ATAC-seq

Between 20,000-40,000 cells were FACS sorted into PBS with 2% bovine serum albumin 

and subjected to OmniATAC-seq as previously described (49). Briefly, cells were pelleted 

and permeabilized on ice for 3 minutes in resuspension buffer (RSB: 0.1% Tween-20, 10 

mM Tris-HCl, 10 mM NaCl, 3 mM MgCl2) supplemented with 0.1% NP-40 (Sigma-

Aldrich) and 0.01% Digitonin (Sigma-Aldrich) detergents. Cells were washed in cold RSB 

and then transposed using Nextera Tn5 kit (Illumina) supplemented with 0.1% NP-40, and 

0.01% Digitonin for 30 minutes at 37°C. DNA was purified on columns (Zymo), amplified 

using barcoded PCR primers for 9-11 cycles and purified 2-3 times using AMPure beads. 

DNA libraries were assessed on a bioanalyzer and Qubit spectrometer. Pooled libraries were 

run on a NextSeq instrument (Illumina) acquiring 40 bp paired-end reads.

Statistical Analysis

Statistics were calculated using either GraphPad Prism (v7.0) or in R base and R package 

edgeR (v 3.22.3). Statistical methods are given in figure legends and raw data tables. P-
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values are denoted by *, **, and *** representing p < 0.05, p < 0.01, and p < 0.001, 

respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Transcriptional profiling of human blood NK cell and CD8+ T cell subset
Ten distinct NK and CD8+ T cell subsets from five healthy adult volunteers were sorted for 

RNA-seq analyses. (A) Sorting strategy of a representative donor. NK or CD8+ T cells were 

enriched prior to FACS. Adaptive NK cells were sorted as CD57+NKp30loNKG2C+ (donors 

1, 3 and 5) or CD57+NKp30loCD7lo (donors 2 and 4). (B) Principal component analysis and 

(C) dendrogram of the top 500 highly variable transcripts among all ten cytotoxic 

lymphocyte subsets. (D-F) 2,233 NK cell differentially expressed (DE genes (FDR < 0.05) 

were defined based on major NK cell subset comparisons: CD16−D56bright versus 

CD56dimNKG2A+KIR−CD57− NK cells; CD56dimNKG2A+KIR−CD57− versus 

CD56dimNKG2A−self-KIR+CD57+ NK cells; or CD56dimNKG2A−self-KIR+CD57+ versus 

adaptive NK cells. The DE genes were stratified into 10 clusters based on expression 

profiles across all subsets. (D) Expression profiles and heatmaps of each cluster. (E) KEGG 

pathway analysis of clusters. (F) Variance in gene expression versus average gene expression 

levels of each cluster across CD16−CD56bright, canonical early and late CD56dim, and 

adaptive NK cell subsets. Genes with FDR < 0.01 or < 0.05 in ≥1 comparison are marked 

with filled or open circles, respectively. TFs are in red.
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Figure 2. Epigenetic landscapes of human NK cell subsets
NK and CD8+ T cell subsets were sorted for ATAC-seq analysis. Adaptive NK cells were 

sorted as CD57+NKp30loNKG2C+ (donors 1 and 3) or CD57+NKp30loCD7lo (donors 2 and 

6). (A) Summary of unique, variable, or common ATAC-seq peaks in NK cell subsets (n=4 

donors, average 56,383 peaks per subset). (B) Principal component analysis and (C) 

dendrogram of the top 500 highly variable ATAC-seq peaks among all nine lymphocyte 

subsets. (D) Genomic distribution of all NK cell ATAC-seq peaks. (E-G) Genomic 

classifications of differentially accessible (DA) ATAC-seq peaks (FDR < 0.05) within 

selected NK cell (E) major (>3000) and (F) minor (<3000) comparisons, and (G) 

comparisons of adaptive NK cells versus CD8+ T cells. (H-J) Plots show promoter specific 

fold change (FC) for DA ATAC-seq peaks (FDR < 0.05) versus FC in RNA-seq expression 

in comparisons of (H) CD16−CD56bright (dark green) versus canonical CD56dimNKG2A
+KIR−CD57− (early; light green), (I) early versus canonical CD56dimNKG2A−sKIR−CD57+ 

(late; yellow), and (J) late versus adaptive CD56dimNKp30lowCD57+ (orange) NK cell 

subsets. DE genes with FDR < 0.01 or < 0.05 in at least one pairwise comparison are 

marked with black filled or open circles, respectively. TF-encoding genes are red.
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Figure 3. Correlation of regulated active enhancers to gene transcription during NK cell 
differentiation
(A) Summary of DA ATAC-seq peaks (FDR <0.05) residing within active enhancers (AE). 

(B-D) SE identified from density of H3K27ac signal versus rank (716-1270 SE identified) 

detected using ChIP-seq (n=2 donors). (B) Hockey stick plots indicate inflection point and 

examples of unique SE. (C) Venn diagram depicting common and unique SE. (D) Variation 

of enhancer rank across all NK cell subsets. Dotted line represents number of in all NK cell 

subsets, shaded area marking non-SEs, with ranking ≥1300 assigned as 1300. (E-G) AE 

signals relative to chromatin accessibility and gene expression in (E) CD16−CD56bright 

versus early, (F) early versus late, and (G) late versus adaptive NK cell subset comparisons. 

Absolute highest FC DA ATAC-seq peak (FDR < 0.05) assigned to a single gene. Large 

circles indicate RNA-seq FC > 1.5 log2. (H) Individual DA ATAC-seq peaks (FDR < 0.05) 

assigned to DE TF genes (FDR < 0.05) with FC > 2 in CD56bright to early, and FC > 1.5 in 

early to late as well as late to adaptive NK cell transitions. (I) TF motif enrichment within 

DA ATAC-seq peaks (FDR < 0.05) in AE across NK and T cell subsets normalized to peak 

length, average NK cell frequency with maximum/minimum score > 2 (n=60) then grouped 

by similarity according to fixed Euclidean distance (n=26).
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Figure 4. Continuum of transcription factor expression in NK cell differentiation
(A-E) Intracellular flow cytometric evaluation of selected TFs. (A) Representative gating of 

NK cell subsets with inclusion of additional CD16intCD56bright cell subset (blue). (B) 

Graphs depict dMFI values, B-cell values added for comparison, n=8 healthy donors. 

Histograms from one representative donor. (C) Frequencies of cells expressing specific TFs 

within B, NK and CD8+ T cell subsets. (D) t-SNE analysis of gated CD3−CD56+ NK cells. 

(E) Plots depict expression in gated CD16−CD56bright CD16intCD56bright or CD56dim NK 

cell subsets from a representative donor.
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Figure 5. Reciprocal transcription factor regulation of NK cell differentiation
ChIP-seq for TFs GATA-3, Runx2, Bach2, Bcl11b, PLZF, and Helios were performed on 

isolated human NK cells from individual representative donors. (A-C) Network analysis 

representing TF downstream targets identified from TF ChIP-seq experiments combined 

with RNA-seq and ATAC-seq data in (A) CD16−CD56bright versus early, (B) early versus 

late, and (C) canonical late versus adaptive NK cells. Edge color represents log2 FC in 

chromatin accessiblity at TF ChIP-seq locus with respect to pairwise subset comparisons 

(FDR < 0.05) and where multiple ChIP-seq peaks mapped to different DA ATAC-seq peaks, 

an average value is shown. Edge thickness represents number of ChIP-seq peaks associated 

with each gene. Node color represents log2 FC of proximally associated genes (< 60 kb) 

within pairwise subset comparisons (DE RNA-seq FC > 1 and RNA-seq log2 FPKM 

expression > −11).
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Figure 6. Bcl11b regulates canonical NK cell differentiation
(A) NK cells from Bcl11b+/Δ patients (colored) compared to healthy, age-matched children 

(grey circles) or adult (black circles) controls gated on CD3− lymphocytes or (B) the 

frequency of CD16+CD56dim cells expressing CD57. Two-tailed paired Student’s t-test 

between Bcl11b+/Δ patients and age-matched children. (C-F) Frequency NK cells expressing 

CD117, NKG2A CD57, Bcl11b and Granzyme B following ectopic expression of Bcl11b. 

Sorted CD56bright NK cells were transduced with retrovirus encoding either GFP (Gfp) or 

Bcl11b and GFP (BCL11B-IRES-Gfp), and cultured for 7 days with IL-15 and irradiated 

EL08-1D2 feeder cells. (C) Protein expression after culture in a representative donor. (D) 

Summary of frequency of GFP− or GFP+ cells. Bars indicate mean and lines SD, n=5 

independent donors. (E) Flow cytometry expression of Bcl11b and Granzyme B from a 

example donor. (F) Summary of Bcl11b and Granzyme B expression. Two-tailed paired 

Student’s t-test, (n=4 donors). (G) Frequency and absolute numbers of NK cells from either 

WT or Bcl11b floxed KO NCR1+ cells assessed in murine spleen, liver and blood. Two-

tailed Student’s t test applied, n=8 mice per group. (H) Mouse late stages of NK cell 

development compared between WT and Bcl11b KO mice. Two-tailed Student’s t test 

applied, n=8 mice per group.
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Figure 7. Bcl11b is associated with classical and T-cell associated phenotypes of adaptive NK 
cells
(A) Bcl11b-target genes correlating adaptive NK cell and effector CD8+ T cell 

differentiation. (B) GSEA of Bcl11b target genes over-represented during adaptive NK cell 

differentiation (FDR < 0.1). Bcl11b-induced or repressed gene sets based on human 

orthologues of target genes identified in Bcl11b knock-out mice, from Hosokawa et al. (31), 

and assessed in canonical late CD56dim to adaptive NK cells. Examples listed. (C) Bcl11b 

ChIP-qPCR of sort purified canonical CD56dimCD57+NKG2C− and adaptive 

CD56dimCD57+NKG2C+ NK cells. PCR targets reside within indicated DA chromatin loci. 

Expression normalized to ChIP input. Paired Student’s t-test, n=3. Induction of LAG-3 in 

NKG2C+ adaptive NK cells after stimulation for 24 hours with plate-bound anti-CD16 or 

anti-NKG2C antibody. (D-E) Representative flow cytometry plots (D) and summary of 

LAG-3 induction at 24 hours of stimulation (n=6). (E) NK cells gated as PLZF− and 

CD56dimCD16+. Paired Student’s t-test. (F) Protein expression of intracellular CD3ε in 196 

healthy donors with CMV seropositive donors (filled) and seronegative (open). Positive 

expression determined from 3x SD of mean CMV seronegative donors (red line). (G) 

Frequencies of expression in canonical CD56dimPLZFhigh (yellow) and adaptive 

CD56dimPLZFlow (orange) NK cells. Summary of intracellular CD3ε+ adaptive NK cell 

populations. Paired Student’s t-test.
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Figure 8. Bcl11b is critical to adaptive NK cell responses to MCMV
(A) Relative transcripts of Bcl11b following RNA-seq performed on mouse Ly49H+ NK cell 

population throughout the course of murine CMV infection. (B) WT Ncr1+Cre+ 

CD45.1+CD45.2+ or KO NK cells from Bcl11bF/F Ncr1+Cre+ CD45.1−CD45.2+ were 

isolated from mouse spleen and adoptively co-transferred in equal numbers into Ly49H-

deficient (Klra8−/−) recipient mice. Ly49H+ NK cells were compared at 7 and 28 days post-

infection (DPI), n=13 and n=4 mice respectively, Representative flow cytometry plot shown 

from blood harvested NK cells. (C) Comparison of Ly49H+ transferred cells in blood, spleen 

and liver. Two-tailed paired Student’s t-test. (D-G) RNA-seq of WT and KO NK cells 

isolated after adoptively transferred into Ly49H− mice infected with MCMV. Splenic Ly49H
+ WT and KO NK cells were sorted for RNA-seq 7 days post infection, n=3 mice. (D) 

Heatmap of the top 100 DEGs. (E) Gene set enrichment analysis showing enrichment of cell 

cycle associated genes in WT NK cells. (F) Heatmap of selected NK receptors or effector 

genes (G) that were dependent on Bcl11b. FDR-adjusted P values were calculated using the 

Benjamini-Hochberg method, significance cutoff adjusted to p < 0.10.

Holmes et al. Page 31

Sci Immunol. Author manuscript; available in PMC 2021 September 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Holmes et al. Page 32

Table 1.
KIR / HLA genotypes and adaptive NK cell phenotypes.

KIR and KIR-ligand genotypes for donors used in RNA-seq and ATAC-seq analysis as determined by 

multiplex PCR. Adaptive NK cells were sorted as CD3−CD16+CD56dim NKp30loCD57+ and either CD7lo or 

NKG2Chi, as specified.

Donor KIR-
Ligands KIR Genotype Adaptive

phenotype

D1 C1+, 
Bw4+ KIR2DL1 KIR2DL3 KIR2DL4 KIR2DP1 KIR2DS4 KIR3DL1 KIR3DL2 KIR3DL3 KIR3DP1 NKp30lo,NKG2C

+

D2 C1+ KIR2DL1 KIR2DL3 KIR2DL4 KIR2DP1 KIR2DS4 KIR3DL1 KIR3DL2 KIR3DL3 KIR3DP1 NKp30lo,CD7lo

D3 C1+, 
C2+ KIR2DL1 KIR2DL3 KIR2DL4 KIR2DP1 KIR2DS4 KIR3DL1 KIR3DL2 KIR3DL3 KIR3DP1 NKp30lo,NKG2C

+

D4
C1+, 
C2+, 
Bw4+

KIR2DL1 KIR2DL3 KIR2DL4 KIR2DP1 KIR2DS4 KIR3DL1 KIR3DL2 KIR3DL3 KIR3DP1 NKp30lo,CD7lo

D5
C1+, 
C2+, 
Bw4+

KIR2DL1 KIR2DL3 KIR2DL4 KIR2DP1 KIR2DS4 KIR3DL1 KIR3DL2 KIR3DL3 KIR3DP1 NKp30lo,NKG2C
+

D6 C1+ KIR2DL1 KIR2DL3 KIR2DL4 KIR2DP1 KIR2DS4 KIR3DL1 KIR3DL2 KIR3DL3 KIR3DP1 NKp30lo,CD7lo
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Table 2.
Genetic, clinical, and immune cell characteristics of patients with BCL11B mutations.

Patient #1 #2 #3 #4 #5

BCL11B mutation p.Asn810His p.Gly501Alafs*62 p.Gly320Afs*27 p.Thr502Hisfs*15 p.Gly649Alafs*67

Age (years) 0.3 1.7 4 4.5 15

Descibed in Lessel et al, 
Brain, 2018 Novel Novel A D B

Intellectual disability + + + + +

Speech impairment + + + + +

Delay in motor 
development ++ + + + +

Autistic features − (too early) − (too early) + − −

Myopathic facial 
apperance + + + + −

Hyperteloism + + + + −

Thin eyebrows + + + − +

Small palpebral fissures + + + − +

Hypertension − + (steroids) + + −

Prominent nose + − + − +

Long philtrum + + + + +

Thin upper lip vermilion + + + + +

Refractive error ND + Hyperopia − −

Dental anomalies + (neonatal teeth) − + − +

Feeding difficulties + − − − −

Immune response SCID Refactory autoimmune 
hemolytic anemia − − Frequent infections

T cell numbers /μl 36 1840 1080 1220 3743

NK cell numbers /μl 1265 890 107 750 103
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