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ABSTRACT
BCL11B, an essential transcription factor for thymopoiesis, regulates also vital processes in post-thymic 
lymphocytes. Increased expression of BCL11B was recently correlated with the maturation of NK cells, 
whereas reduced BCL11B levels were observed in native and induced T cell subsets displaying NK cell 
features. We show that BCL11B-depleted CD8+ T cells stimulated with IL-15 acquired remarkable innate 
characteristics. These induced innate CD8+ (iiT8) cells expressed multiple innate receptors like NKp30, 
CD161, and CD16 as well as factors regulating migration and tissue homing while maintaining their T cell 
phenotype. The iiT8 cells effectively killed leukemic cells spontaneously and neuroblastoma spheroids in 
the presence of a tumor-specific monoclonal antibody mediated by CD16 receptor activation. These iiT8 
cells integrate the innate natural killer cell activity with adaptive T cell longevity, promising an interesting 
therapeutic potential. Our study demonstrates that innate T cells, albeit of limited clinical applicability 
given their low frequency, can be efficiently generated from peripheral blood and applied for adoptive 
transfer, CAR therapy, or combined with therapeutic antibodies.
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Introduction

The multiple zinc finger (ZnF) transcription factor B-cell lym-
phoma/leukemia 11B (BCL11B) is known to be essential for the 
development and function of multiple tissues and organs, 
including skin,1 teeth,2 mammary gland,3 and central nervous 
system.4 In the immune system BCL11B promotes, on the one 
hand, T cell lineage while blocking alternative non-T cell fates5 

and on the other, is involved in the differentiation of both 
canonical and adaptive NK cells.6 Numerous post- 
translational modifications determine its role as transcriptional 
activator or repressor,7 including (MAPK)-dependent phos-
phorylation at multiple positions and SUMOylation at Lysine 
679, thereby facilitating binding of histone-acetyltransferase 
p300 to Bcl11b and converting Bcl11b into an activator.8 

Additionally, the interaction with metastasis-associated pro-
tein (MTA) and retinoblastoma-binding protein 46/48 
(RbAp46/48)9 is disturbed by phosphorylation at Serine 2, 
which disables the recruitment of nucleosome-remodeling dea-
cetylase complex (NuRD) and de-represses the controlled 
genomic regions.

Described initially as a tumor suppressor,10,11 BCL11B is 
strongly expressed in human T cell leukemia and lymphoma 
cell lines and was proven essential for survival. 
Downregulation of BCL11B in these cells induces apoptosis 

accompanied by reduction of p27 and Bcl-xl, suggesting the 
activation of the mitochondrial apoptotic pathway.12 The via-
bility of the fully differentiated and healthy T cells, in contrast, 
is not affected by the reduction of BCL11B.13 BCL11B is crucial 
for T cell development and is thus considered a “guardian of 
T cell fate”.14 Analysis of bulk RNA-seq datasets revealed a key 
role in preventing the development of alternative lineages 
during early thymopoiesis. Induction of BCL11B leads to the 
deactivation of a group of genes, including growth factor 
receptor gene Kit and the crucial NK cell-promoting factors 
Id2 and Zbtb16, and ensures the blocking of NK cell 
lineage.15,16 Additionally, the composition of the T cell popula-
tion itself is determined by Bcl11b. Impaired Bcl11b activity in 
CD4+CD8+ double-positive thymocytes leads to the develop-
ment of an increased number of CD8+ single positive T cells, 
which show a strongly elevated production of interferon 
gamma (IFNγ).17 Furthermore, Bcl11b prevents the untimely 
expression of genes related to the maturation of CD4+ and 
CD8+ single-positive T cells like Zbtb7b and Runx3.18 

Although the embryonic loss of Bcl11b in a murine system 
leads to perinatal mortality due to multi-organ malfunction,19 

the acute depletion in adult mice is not harmful. Instead, it 
induces NK cell-like properties and gene expression patterns in 
T cell progenitors and fully differentiated T-lymphocytes. 
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These induced T-to-natural killer (ITNK) cells are morpholo-
gically and functionally similar to conventional NK cells, effi-
ciently kill tumor cells in vitro, and prevent tumor metastasis 
in vivo.20

Although the development of NK cells requires de- 
repression of BCL11B target genes, low protein levels can still 
be detected in NK cells.21 Recently, the induction of BCL11B 
was demonstrated and correlated with NK cells maturation 
which was accompanied by activation of multiple T cell- 
related genes and adaptive features.6 In contrast, BCL11B’s 
expression inversely correlates with innate characteristics of 
the T lymphocyte populations. Low-input and single-cell 
RNA-seq revealed an innateness gradient with adaptive 
T cells on one side, followed by MAIT, TCRγδ T cells, and 
NK cells on the other.22 Besides these lymphocyte subsets, 
recent studies described TCRαβ+ T cell subpopulations exhi-
biting lower BCL11B levels. CD8+ T cells expressing the acti-
vating NK receptor NKp30 concurrently with low BCL11B 
were observed in the peripheral blood of healthy individuals 
as a tiny naturally occurring subpopulation of naïve cells. 
Furthermore, these NKp30+ T cells could be induced by IL- 
15 in vitro, showed high NK-like antitumor activity, and this 
transition was preceded by activation of the innate transcrip-
tion factor PLZF.23 Exposure to human cytomegalovirus 
(HCMV), in turn, led to the appearance of NKG2C+TCRαβ 
+CD8+ T cells, resembling the CMV-associated NK cells. 
These unconventional T cells express several NK cell markers 
like CD56 and killer cell immunoglobulin-like receptor (KIR) 
and exhibit a strong effector function against leukemia cells in 
some individuals. As expected, BCL11B was identified in these 
cells as the most downregulated transcription factor compared 
to NKG2C− T cells.24 The most recent reports describing the 
consequences of clustered regularly interspaced short palin-
dromic repeat (CRISPR)/Cas9-mediated BCL11B depletion 
confirm its essential role in limiting the innate traits within 
the T cell compartment.24,25 Conversely, the rather limited loss 
of typically adaptive profile upon BCL11B withdrawal indicates 
a certain level of BCL11B-independence at late T cell differ-
entiation states. Noteworthy, the efficiency, direction, and 
depth of the NK-like transition vary for distinct T cell subsets 
and remain dependent on the type of stimulation.

Here, we demonstrate the effects of CRISPR/Cas9-mediated 
BCL11B knock-out (KO) in human TCRαβ+CD8+ T cells 
isolated from healthy individuals supplemented with IL-7 and 
IL-15. This led to the formation of induced innate CD8+ T 
(iiT8) cells characterized by NK cell-like gene expression and 
surface marker profile. Genes forming regulatory circuits asso-
ciated with signal transduction in innate cells and transen-
dothelial migration were enriched, whereas expression of 
HLA molecules was reduced. Interestingly, innate transcrip-
tion factors like ID2, ZBTB16, HOPX, and ZFN683 were 
induced while, despite long-term stimulation, expression of 
T cell exhaustion markers PDCD1 and LAG3 among others 
remained low. The iiT8 cells exhibited strong direct stress 
receptor-mediated effector function against ligand-proficient 
tumor cells. In addition, unlike any other induced innate 
T lymphocytes described to date, iiT8 cells expressed the anti-
body receptor CD16 and eliminated their targets in an anti-
body-dependent manner. The accompanying induction of the 

CD161 receptor unique among induced human T-to-NK cells 
suggests the acquisition of memory and tissue homing char-
acteristics. With their ability to effectively eradicate tumor cells 
via multiple TCR-independent mechanisms and the hybrid 
innate-adaptive characteristics, iiT8 cells combine preferred 
T- and NK cell features and fill the gap between NK- and T cell- 
based adoptive cellular therapies.

Methods

Cell isolation and cell culture

Buffy coats from healthy individuals were provided by the 
Department of Transfusion Medicine of the University 
Medicine Greifswald (Greifswald, Germany). Written 
informed consent was obtained from the blood donors, and 
ethical approval BB014/14 was granted by the local Ethics 
Committee. Peripheral blood mononuclear cells (PBMCs) 
were separated by density gradient centrifugation (Leucosep 
tube, Greiner Bio-One, Austria). CD8+CD56– T cells were 
isolated using the Human CD8+ T Cell Isolation Kit 
(Miltenyi, Germany), and cells from each donor were split 
into three experimental conditions (not transfected control 
nt, mock gRNA transfected control mock, BCL11B knock-out 
KO). Cells were cultivated in TexMACS medium (Miltenyi) 
supplemented with 1% MycoZap Prophylactic (Lonza, 
Switzerland). The KO and mock controls were electroporated 
directly after isolation, and all samples were cultivated without 
cytokines or stimulation for the first 48 hours. Afterward, 
155 U/ml human IL-7 (Miltenyi) and 290 U/ml human IL-15 
(Miltenyi) were added, and cells were stimulated with 1% (v/v) 
TransAct T cell stimulation reagent (Miltenyi). Cytokines were 
freshly added every two days, and a second TransAct stimula-
tion with 0.2% (v/v) was performed 14 days after the first.

Cell lines and near-infrared iRFP680 (iRFP) transduction

K562 cell lines and the CHLA-136 cell line were cultivated in 
RPMI and IMDM medium with supplements, respectively 
(Supplementary Table 1). For recombinant lentivirus produc-
tion, the second-generation lentiviral vector system was used. 
The transfection was performed using CalPhos Mammalian 
Transfection Kit (Takara Bio Europe, France) according to 
the manufacturer’s instructions. Further details on lentiviral 
vectors and transfection are given in Supplementary Table 1.

Gene targeting

For BCL11B locus targeting, CD8+CD56– T cells were electro-
porated with Ribonucleoprotein (RNP) complexes consisting 
of Cas9 protein and gRNA using the 4D-Nucleofector System 
(Lonza, Switzerland). Electroporation efficiency was deter-
mined 24 h after treatment via flow cytometric measurement 
of ATTO550 fluorescent signal. The genome-editing efficiency 
was determined with the Alt-R Genome Detection Kit (IDT 
Coralville, USA) and regular PCR.

For depletion of the NCR3LG1 locus, 1 × 106 K562 cells were 
transfected by a similar protocol, and successful knock-out was 
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determined by lack of detection of surface B7H6 72 hours after 
electroporation using flow cytometry.

Further details on crRNAs and electroporation protocol are 
described in Supplementary Table 1.

Flow cytometry

For each analysis, cells of 200 µl of suspension were washed 
with 2 ml phosphate-buffered saline (PBS) followed by 10 min 
centrifugation at 300 g. Antibodies (Supplementary Table 2) 
and 7-Amino-Actinomycin D (7-AAD) (ThermoFisher 
Scientific, USA) for dead cell exclusion were added and cells 
were incubated for 15 min at RT followed by a second washing 
step. Measurements were performed on a Navios EX flow 
cytometer (Beckman Coulter, USA). Data were analyzed 
using FlowJo software (v10.7.1, BD, USA), and doublets were 
excluded based on forward scatter width/forward scatter 
height.

Proteome analysis

Cell samples for proteome analysis were prepared from 
CD8+ T cells of three donors, including the conditions non- 
treated (nt), mock electroporated, and BCL11B KO 22 days 
after activation with TransAct. Whole protein was extracted, 
protein concentration was determined, and peptide solu-
tions were prepared by an SP3 bead-based protocol26 and 
digestion with trypsin. LC-MS/MS analysis was performed 
on the peptides in data-independent acquisition (DIA) 
mode using an Ultimate 3000 UPLC system coupled to 
a QExactive Plus instrument (Thermo Scientific, USA). 
Further details on protein preparation and LC-MS/MS ana-
lysis can be found in Supplementary Table 1, and data 
acquisition details are compiled in Supplementary Table 3.

Analysis of mass spectrometric raw data was carried out 
using Spectronaut software (v14.9., Biognosys, Germany). 
Statistical data analysis was conducted using an in-house devel-
oped R tool. Further details on quantitation algorithms are 
provided in Supplementary Table 3 and on raw data analysis 
and statistical analysis in Supplementary Table 1.

Finally, differential abundant proteins (absolute fold change 
≥ 1.5 and p ≤ 0.05) were identified by the statistical analysis 
using the ROPECA algorithm27 applied on peptide level.

Enrichment analysis

Data sets generated by global proteome and transcriptome 
analysis were characterized by Gene Set Enrichment Analysis 
(GSEA, http://www.gsea-msigdb.org/gsea/index.jsp,28,29) using 
the GSEA PreRanked approach. The omics data set with map-
pable identifiers was utilized without restriction to cutoff values 
of fold change, p-value, or other parameters. The ranking was 
generated by sorting according to the log2-values of the ratio 
BCL11B KO/mock, generated during the statistical analysis of 
the omics data. A set of 133 KEGG pathways (Supplementary 
Table 4) generated by removing all pathways related to cancer, 
development, disease, and organs from the canonical KEGG 
pathways was applied as a gene set database. Other settings 
included 1000 permutations on gene set data and size limits of 

a maximum of 500 and a minimum of 5. Results of GSEA were 
filtered for the top 20 positive and negative Normalized 
Enrichment Score (NES) values, for an FDR q-value < 0.2, 
and a nominal p-value < 0.05.

Bead-based functional assay

Anti-Biotin MACSiBead Particles (Miltenyi, Germany) were 
loaded with different activating antibodies. 1 × 105 cells and 
0.5 × 105 antibody-loaded beads were added to a 96-well flat 
bottom plate (Cellstar, Greiner-Bio One, Austria) in a complete 
medium containing anti-CD107a (Supplementary Table 2). 
After 1 hour of incubation, monensin (Invitrogen, USA) was 
added to all wells, and incubation continued for 4 additional 
hours. Cells were harvested and washed, followed by intracel-
lular staining with anti-IFNγ (Supplementary Table 2) using 
the Cytofix/Cytoperm Fixation/Permeabilization Kit (BD, 
USA) according to manufacturer’s protocol. Measurements 
were performed on a Navios EX flow cytometer (Beckman 
Coulter, USA). Data were analyzed using FlowJo software 
(v10.7.1, BD, USA).

Protein isolation and Western blot

Cells were lysed and fractionated with the Nuclear Extraction 
Kit (Active Motif Inc., USA), and the protein concentration 
was determined using the Micro BCA™ Protein-Assay-Kit 
(ThermoFisher Scientific, USA). The nuclear fraction proteins 
were separated using SDS-PAGE (4–15% Mini-PROTEAN® 
TGX Stain-Free™ Protein Gels, 10 well, 30 µl, BioRad, USA) 
and transferred to a PVDF membrane (Immobilon®-FL PVDF 
membrane, Merck, Germany). The membranes were first 
blocked in 5% 1X TBST containing 5% milk powder (Roth, 
Germany) for 1 h at RT, second incubated for 1 h at RT with 
primary antibodies (Supplementary Table 2), and third stained 
with a species-matched HRP-conjugated secondary antibody 
(Supplementary Table 2) for 1 h at RT. Proteins were detected 
using the Clarity™ Western ECL Substrate (BioRad, USA), 
a ChemiDoc XRS+ System (BioRad, USA), and the ImageLab 
Software (v4.1, BioRad, USA).

Library preparation and single-cell RNA sequencing

1 × 104 cells of each experimental condition of a single donor 
were used for single-cell library preparation using the 
Chromium X Series (10X Genomics, USA) and the 
Chromium Next GEM Single Cell 3’ GEM, Library and Gel 
Bead Kit 3.1 (10X Genomics) according to manufacturer’s 
protocol (User Guide: Chromium Next GEM Single Cell 3’ 
Reagent Kits v3.1). Libraries were sequenced by the 
DRESDEN-concept Genome Center (DcGC) and analyzed 
using Cell Ranger (V 4.0.0; 10X Genomics). For downstream 
analysis of the scRNA-seq samples (Supplementary Table 5), 
the Seurat package (V 3.2.157,30) was used in R (V 3.6.358). An 
extended description of analysis settings is given in 
Supplementary Table 1. Free mRNA contamination was 
removed via SoupX (V 1.4.8),31 and doublets were identified 
using DoubletFinder 2.0.3;32 the loosest estimation referenced 
in the Chromium Single Cell 3’ Reagent Kits User Guide v3 
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Chemistry. Individual Seurat files were merged and normalized 
(SCT) to create an integrated dataset with Harmony 1.0.33 

Human cell type markers from the Human Cell Atlas were 
assigned cluster identities. A total of 3000 randomly chosen 
high quality cells per experimental condition were taken for 
further analysis.

Scores of naivety and innateness were calculated by the 
average expression levels of related genes (Supplementary 
Table 6) on single cell level, subtracted by the aggregated 
expression of control feature sets (100).

RNA isolation, cDNA synthesis, and quantitative PCR 
(qPCR)

Total RNA was isolated using TRIzol™ Reagent (Invitrogen, 
ThermoFisher Scientific, USA), and the SuperScript™ II 
Reverse Transcriptase (ThermoFisher Scientific, USA) was 
used for reverse transcription and cDNA synthesis according 
to manufacturer’s protocol. Power™ SYBR™ Green Master Mix 
(Applied Biosystems, ThermoFisher Scientific, USA) was used 
for qPCR in a 7500 Real-Time PCR system (Applied 
Biosystems). Further information is included in 
Supplementary Table 1. The mRNA expression level of 
ZNF683 relative to β2 M was calculated, and the results for 
mock control and BCL11B knock-out samples are shown rela-
tive to nt control. Ten independent experiments were per-
formed, and the data are shown as the mean ± standard error 
of the mean (SEM) values.

Genomic DNA (gDNA) isolation and regular PCR

Total gDNA was isolated using the innuPREP DNA Mini Kit 
(Analytik Jena, Germany) according to manufacturer’s proto-
col. Advantage® 2 Polymerase Mix (Takara Bio Europe, France) 
was used for PCR. The BCL11B exon 4 targeting primers and 
PCR conditions are described in Supplementary Table 1. PCR 
products were loaded to a 2% agarose (VWR, Germany) gel 
containing peqGREEN (VWR, Germany) and detected using 
a UV Solo gel documentation system (Analytik Jena, 
Germany).

Microarray

Cells were lysed in TRIzol™ Reagent (Invitrogen, ThermoFisher 
Scientific, USA) and short time stored at −20°C. Microarray 
analysis was performed by ATLAS Biolabs (Germany) using 
the Affymetrix Human Clariom™ S GeneChip (Applied 
Biosystems, ThermoFisher Scientific, USA). Data were ana-
lyzed with the “Signal Space Transformation-regular robust 
multiple-array average normalization method” (SST-RMA) 
algorithm by the Transcriptome Analysis Console (TAC) soft-
ware (v4.0.2.15, ThermoFisher, USA).

Cell-mediated cytotoxicity assays

100 µl cell culture medium with 10,000 iRFP tumor cells were 
seeded in a 96 well ultra-low attachment U-bottom plate (S-BIO, 
USA) and centrifuged at 300 g. K562 cells were used immedi-
ately, and CHLA-136 cells were incubated for 72 h at 37°C and 

5% CO2 to ensure proper spheroid formation. 50,000 T cells 
were added to achieve an effector to target (E:T) ratio of 5:1. For 
antibody-dependent cell-mediated cytotoxicity (ADCC) against 
CHLA-136, 10 µg/ml of an anti-GD2 antibody34 were added to 
the reaction at a final volume of 200 µl.

Tumor cell fluorescence intensity was measured every 3 h 
for 96 h at 37°C and 5% CO2 using the IncuCyte® SX5 live-cell 
analysis system (Sartorius, Germany). Spheroid viability was 
calculated as a ratio of total integrated fluorescence intensity of 
every time point to fluorescence at 0 h (baseline). Viability is 
reported as mean percentage ± SEM.

Statistical analysis

Normal (Gaussian) distribution was tested with the Shapiro– 
Wilk normality test. Unpaired t test was used for the compar-
ison of two dependent and normally distributed groups. 
Mann–Whitney test was applied for the comparison of two 
independent and normally distributed groups. An ordinary 
one-way analysis of variance (ANOVA) with Tukey’s multiple 
comparisons test was used to analyze more than two normally 
distributed groups. Kruskal–Wallis test with Dunn’s multiple 
comparisons test was used to analyze more than two groups 
which were not normally distributed. To analyze time- 
dependent kinetics, an ordinary two-way ANOVA with 
Tukey’s multiple comparisons test was used. All tests are indi-
cated in each individual figure legend. *P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.001, and ****P ≤ 0.0001 were used as significance 
levels. The analysis was performed using Prism 9 software (V 
9.3.1, GraphPad, USA).

Results

CRISPR/Cas9-mediated BCL11B knock-out in human 
CD8 + T cells

It was shown that loss of Bcl11b in mature murine CD8+ 
T-lymphocytes leads to induction of NK cell features combined 
with the retention of T cell phenotype and functions.20 To 
investigate the impact of BCL11B depletion in human CD8+ 
T cells, we applied a CRISPR/Cas9 based knock-out targeting 
three loci at the beginning of exon 4 of BCL11B (Figure 1(a)). 
Signals of fluorescently-labeled trans-activating crRNA 
(tracrRNA), annealed with BCL11B- or nonspecific (mock) 
crRNAs, showed high transfection efficacy (Figure 1(b)). This 
triple-target approach led to all three predicted BCL11B dele-
tions (Figure 1(c)). Moreover, by cloning the band not differing 
in size from non-edited controls into bacterial plasmids fol-
lowed by sequencing, we confirmed a high frequency (80%) of 
point mutations (data not shown). The Cas9-induced point 
mutations and fragment deletions collectively led to highly 
efficient BCL11B depletion confirmed on the protein level 
(Figure 1(d,e)).

IL-15 induces NKp30 and CD56 expression in BCL11B 
knock-out cells

Untouched CD56–CD8+ T cells were isolated from buffy coats 
of healthy donors by negative selection with magnetic beads. 
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The phenotype of freshly isolated CD56–CD8+ T cells 
excluded expression of NK cell-related surface markers 
(Supplementary Figure 1a). BCL11B knock-out was performed 
in non-stimulated cells directly after isolation, followed by 
CD3/CD28 activation (Transact, Miltenyi) and cytokine sup-
plementation. It is well established that IL-2 leads to long-term 
proliferation and survival of T cells in vitro35 and in combina-
tion with loss of Bcl11b induced ITNK cells in a murine 
system.20 However, BCL11B knock-out in human CD8+ 
T cells combined with IL-2-supplementation led only to 
a minor induction of CD56 and NKp46 on the surface 
(Supplementary Figure 1b). Changing the cytokine regime to 
IL-7 combined with IL-15, previously proven to boost T cell 
fitness in vitro,36 gave rise to CD8+ T cells with multiple NK 
cell molecules on their surface. BCL11B-knock-out with IL-15 
alone allowed the generation of this phenotype (data not 
shown), but since IL-7 was shown to enhance the survival of 
T cells in vitro,36 we did not exclude it from our studies. 
Visualization of cell population via dimension reduction of 
flow cytometry data by t-Distributed Stochastic Neighbor 
Embedding (t-SNE) revealed a clear separation of BCL11B 
knock-out CD8+ T cells. The BCL11B knock-out CD8+ T 
cells were primarily characterized by CD56 and NKp30 innate 
receptor expression and exhibited a higher frequency of 
NKp44- and NKp46-expressing cells compared to both con-
trols (Figure 2(a)). Additionally, up to 30% of BCL11B knock- 
out CD8+ cells acquired the type III Fcγ receptor CD16 
(Figure 2(a,b)). It was already reported that IL-15 supplemen-
tation leads to de novo expression of NKp30 and CD56 in 
human CD8+ T cells,23 and this effect was confirmed in our 
not transfected (nt) and mock controls. However, the 

frequency of NKp30+ and CD56+ cells and the corresponding 
mean fluorescence intensities (MFI) values were significantly 
higher in BCL11B-depleted cells (Figure 2(c)). Expression of 
NKp30 was acquired in all three experimental groups but was 
observed in BCL11B knock-out cells at the earliest 7 d after 
stimulation. On day 14, a significant percentage of BCL11B 
knock-out cells converted to NKp30+ CD56+ while this popu-
lation was still barely detectable in controls. At the final analy-
sis point (21 d), the majority of BCL11B knock-out cells were 
double positive for both innate receptors. In contrast, control 
cells mainly remained negative for NKp30, and only approxi-
mately 30% of them displayed CD56 on the cell surface (Figure 
2(d)). Additionally, BCL11B knock-out led to an inversion of 
the CD45 isoforms profile. The amount of CD45RA+ cells was 
significantly higher, whereas expression levels and the number 
of CD45RO+ cells were reduced in the BCL11B-depleted cells 
compared to both nt and mock controls (Figure 2(e)). It was 
shown that expression of CD57 on human T cells is indicative 
of lymphocyte senescence and is associated with short telo-
meres, which collectively disable proliferation and expansion 
of CD57+ cells.37 Interestingly, in addition to acquired NK 
features, we observed strong reduction of surface CD57 upon 
BCL11B knock-out (Figure 2(f)). To test whether BCL11B 
depletion may lead to different outcomes in T cells at different 
maturation stages, we FACS-sorted naïve, memory, and effec-
tor cells based on the expression of CCR7 and CD45RA anti-
gens. Due to limited numbers of purified memory and effector 
cells, increased toxicity of the electroporation procedure 
observed for these subpopulations, and culture conditions 
favoring more immature phenotypes, we failed to collect data 
meeting the statistical significance criteria. The naïve cells, in 

Figure 1. Efficacy of BCL11B knock-out in CD8+ T cells enriched from PBMC. (a) BCL11B locus with magnified exon 4 including primer (arrows) and cRNA binding 
sites. Fragments are labeled with the predicted sizes of PCR products. (b) Flow cytometry histogram of fluorescence-labeled tracrRNA signal 24 h after transfection. 
(c) Representative agarose gel showing PCR products of genomic DNA templates with CRISPR/Cas9 target loci-spanning primers as indicated in (a). (d) Representative 
Western blot showing BCL11B levels in relation to HDCA1 in the nuclear fraction. (e) Normalized protein level to nt of mock condition and BCL11B knock-out, 
mean ±SEM. Statistical significance was calculated by unpaired t test. nt: not transfected control, trans: transfected-only control (no gRNA), mock: mock gRNA 
transfected, BCL11B KO: BCL11B knock-out, TSS: transcription start site. ****P ≤ 0.0001.
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Figure 2. BCL11B deletion in CD8+ T cells results in altered immunophenotype (a) First row: tSNE plots showing clustering of the complete concatenated sample as an 
overlay of all conditions or separately for each experimental condition. Second till last row: tSNE plots showing the surface abundance of the indicated markers in 
a complete concatenated sample (overlay) or separately for each experimental condition. Last column: flow cytometry histograms show staining of the indicated 
markers separately for each experimental condition in the concatenated sample. All plots contain cumulative results of 16 different individuals. (b) Percentage of CD16+ 
cells in each experimental condition measured by flow cytometry, mean ± SEM. (c) Top: flow cytometric staining for CD56 and NKp30 in one representative individual. 
Bottom: MFI of CD56+ and NKp30+ cells in each experimental condition, mean ± SEM, n = 15. (d) Percentage of indicated populations over time measured by flow 
cytometry, mean ± SEM, n = 18–31. (e) Top: frequency of CD45RO and CD45RA cells in each experimental condition determined by flow cytometry in one representative 
individual. Bottom: MFI of CD45RA and CD45RO in each experimental condition, mean ± SEM, n = 15. (f) Percentage of CD57+ cells in each experimental condition 
measured by flow cytometry, mean ± SEM, n = 25. nt: not transfected control, mock: mock gRNA transfected control, BCL11B KO: BCL11B knock-out. MFI: mean fluorescence 
intensity. Statistical significance of not normally distributed data sets (b, c [MFI NKp30+], e [MFI CD45RA], f) was calculated by the Kruskal–Wallis test with Dunn’s multiple 
comparisons test correction and of normally distributed data sets (c [MFI CD56+], e [MFI CD45RO]) was calculated by the One-way ANOVA with Tukey’s multiple 
comparisons test correction. Statistical significance of time-dependent kinetics (d) was calculated by the Two-way ANOVA with Tukey’s multiple comparisons test correction. 
*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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turn, were successfully electroporated and efficiently expanded 
until a full-blown effect could be observed (Supplementary 
Figure 1c). Because BCL11B depletion in naïve and non- 
fractionated CD8+ T cells populations resulted in comparable 
outcomes, all following experiments were performed without 
prior enrichment. Interestingly, depletion of BCL11B in CD4+ 
T cells induced expression of CD56 and NKp30, though at 
lower frequencies as observed on CD8+ T cells, but not expres-
sion of NKp44, NKp46, and CD16 (Supplementary Figure 1d).

BCL11B knock-out CD8+ T cells exhibit a unique 
transcriptomic profile

Genome-wide microarray analysis was performed to investigate 
the impact of BCL11B knock-out on the transcriptome of CD8 
+ T cells. Hierarchical clustering of microarray samples revealed 
differences between mock and nt controls as well as a distinct 
expression profile of BCL11B knock-out CD8+ T cells (Figure 3 
(a), Supplementary Table 7). Although NKp30 was strongly 
upregulated on the cell surface of BCL11B knock-out cells com-
pared to both nt and mock controls (Figure 2(a, c, d)), NCR3 
expression was equally high for all three experimental groups 
(Supplementary Figure 2), indicating post-transcriptional pro-
cesses being responsible for this phenomenon. On the other 
hand, the most upregulated gene observed in BCL11B knock- 
out CD8+ cells compared to controls in the microarray data was 
FCER1G, encoding for FcεRIγ. Besides CD3ζ, FcεRIγ functions 
as a signal transmitting adaptor for NKp30 and ensures its 
surface localization.39 The transduction of NKp30 signaling 
starts with phosphorylation of the immunoreceptor tyrosine- 
based activation motif (ITAM) encoded within the FcεRIγ cyto-
plasmatic tail. This step can, among others, be mediated by LYN 
kinase,40 and also, LYN transcription was significantly enhanced 
upon BCL11B knock-out, further signifying the induction of this 
innate signaling pathway. Along with LYN and FCER1G, multi-
ple genes known to be highly expressed in NK cells but not in 
T cells, like CCNJL and PTGDR,41 were strongly activated upon 
BCL11B deletion suggesting a more general shift of the tran-
scription program and phenotype toward innate-like cells. In 
contrast, downregulation of CD28, the T cell-related co- 
stimulatory receptor, was observed on the RNA level (Figure 3 
(b)), while the encoded protein remained unchanged on the 
surface. Additionally, Gene Set Enrichment Analysis (GSEA) 
revealed “NK cell-mediated Cytotoxicity” as the top significantly 
upregulated pathway in BCL11B knock-out CD8+ T cells 
(Kyoto Encyclopedia of Genes and Genomes – KEGG) (Figure 
3(c)). The acquisition of an NK cell-like transcription profile was 
accompanied by downregulation of genes engaged in antigen 
processing and presentation, and here mainly HLA class II 
molecules: HLA-DP, HLA-DQ, and HLA-DR were strongly 
repressed in the knock-out transcriptome (Supplementary 
Table 7). Comparison of genes differentially expressed (DE) in 
BCL11B knock-out CD8+ T cells compared to mock control 
cells with gene lists derived from publicly available expression 
profiles of human T and NK cells (Supplementary Table 8, 9)38 

uncovered upregulation of other genes associated with innate/ 
NK cells like transcription factors ZBTB16 and HOPX, surface 
markers CD244 and FCGR3A, and effector molecule PRF1. Of 

note, although the majority of NK cell-associated genes were 
upregulated, knock-out of BCL11B led to repression of few 
effector molecules like GZMH (Figure 3(d)). Furthermore, 
a fraction of T cell-associated genes such as CCR7 and ICOS 
were downregulated (Figure 3(e)). On top of the lineage-related 
alterations, the BCL11B-deficient T cells induced genes like 
CTSW and CD247 (CD3ζ) normally engaged by both T cell 
and the NK cell to execute their effector functions (Figure 3 
(f)). Additionally, BCL11B-depleted CD8+ T cells induced 
ZNF683 (Figure 3(g)), the transcription factor described as 
a crucial regulator of human NK cell development and 
a marker for quiescent human effector-type CD8+ T cells.42,43

Signal transduction and cytoskeleton are induced by 
BCL11B knock-out

To verify whether the differential expression of the identified 
genes triggered different protein abundances as well, we per-
formed a proteome analysis using liquid chromatography- 
coupled tandem mass spectrometry. Gene Set Enrichment 
(GSEA) revealed significant differences in proteomes of 
BCL11B knock-out cells compared to mock controls. 
Multiple proteins associated with actin cytoskeleton regulation 
and related pathways like inositol phosphate metabolism, 
phosphatidylinositol signaling, and focal adhesion were found 
at higher levels in the BCL11B knock-out cells and seemed to 
be involved in converting the extracellular stimuli into intra-
cellular signals.44–46 Furthermore, proteins of the leukocyte 
transendothelial migration pathway, which is closely related 
to the previously mentioned pathways, displayed higher abun-
dances in BCL11B knock-out cells. In contrast, antigen proces-
sing and presentation were negatively regulated by BCL11B 
knock-out (Figure 4(a)). The processes significantly affected 
upon BCL11B excision contained multiple nodal proteins inte-
grating various cellular responses. An example of such a core 
factor is paxillin, an adaptor crucial for shaping the interface 
between the plasma membrane and the actin cytoskeleton, 
engaged in actin cytoskeleton organization, focal adhesion, 
and transendothelial migration.47 Paxillin showed a 2.2-fold 
increase in the proteomics data set upon BCL11B knock-out. 
Besides, the integrin ITB1 and actin, related to various cell-to- 
cell and membrane-cytoskeleton interactions, were substan-
tially upregulated in BCL11B-deficient cells (Figure 4(b)).

Moreover, the concomitant flow cytometry analysis showed 
upregulation of ITA1 and ITAX. Both integrins co-operate 
with other adhesome factors in forming bidirectional signaling 
hubs and play a critical role in NK cell activation48 (Figure 4 
(c)). We further observed the varying influence of BCL11B 
deletion on signaling events downstream of the membrane/ 
cytoskeleton level. Phosphatidylinositol 4-kinase alpha 
(PI4KA) and the inositol polyphosphate-4-phosphatase type 
I A (INP4A), both participating in phosphatidylinositol signal-
ing and inositol phosphate metabolism, were significantly 
upregulated in BCL11B knock-out cells. In contrast, kinases 
of the MAPK cascade system acting upstream of PAK1 were 
downregulated47 (Figure 4(b)). The downregulation of the 
antigen processing and presentation-related factors revealed 
earlier by expression profiling was confirmed on the proteome 
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Figure 3. Global transcriptome analysis of BCL11B knock-out CD8+ T cells exhibits a unique phenotype characterized by upregulation of various genes related to innate 
lymphocyte populations. (a) Heatmap of detected genes in BCL11B knock-out (KO) cells, not transfected (nt) control, and mock control cells. Hierarchical clustering of 
columns was performed using the Euclidean distance method. (b) Volcano plot showing differential gene expression in BCL11B knock-out compared to mock control 
cells. Genes significantly upregulated and downregulated are shown in magenta and teal, respectively. Dashed lines indicate cutoff at absolute log2 ratio ≥ 0.5 and 
−log10 false discovery rate (FDR) q-value < 0.05. (c) A combined bar and dot plot shows enriched KEGG pathways in BCL11B knock-out cells compared to mock control 
cells. The normalized enrichment score (NES) is shown as black bars. Positive NES values indicate enrichment in the BCL11B knock-out condition, while negative values 
result from enrichment in the mock condition. FDR q-values are plotted as magenta dots. (d, e, f) Heatmaps of NK, T, and overlapping cell identity genes which are 
curated by a public database38 and were detected in this dataset (g) Gene expression of ZNF683 in BCL11B knock-out cells and mock control relative to ZNF683 
expression in nt control cells, mean ± SEM, n = 10 (dashed line set to 1). Statistical significance was calculated by the Mann–Whitney test. nt: not transfected control, 
mock: mock gRNA transfected control, BCL11B KO: BCL11B knock-out. **P ≤ 0.01.
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level: both HLA class I molecules (HLA-E) and HLA class II 
molecules (HLA-DR and HLA-DQ) were reduced due to 
BCL11B removal (Figure 4(a, b)).

BCL11B knock-out cells gain innate features on the cost of 
naïve phenotype

After extensive surface marker profiling, we observed other less 
frequent discrete subpopulations next to the dominating 
NKp30+CD56+ phenotype. Single-cell (sc)RNA sequencing 
of BCL11B knock-out and control cells was performed to pin 
down the source of the observed heterogeneity of the differ-
entiated population. The analysis of the obtained expression 
data resulted in 16 distinct harmonized clusters 

(Supplementary Figure 3). The relative abundance of the cells 
in each cluster differed between the experimental conditions 
(Supplementary Table 10). Clusters containing DE genes 
(DEGs) related to an innate or NK cell phenotype like cluster 
6 (marked by increased expression of XCL1, HOPX, and 
FCER1G genes, among others, Supplementary Table 11) con-
tained a higher number of cells in BCL11B knock-out samples 
than in controls. On the other hand, cluster 0, grouping cells 
that displayed DEGs related to naivety like CCR7 and SELL, 
was relatively less abundant in BCL11B knock-out CD8+ T 
cells (Supplementary Table 10, 11). This initial observation 
prompted us to create simplified parameters that would cumu-
latively describe the “naïve-to-innate” conversion. The innate-
ness and naivety scores, as we named them, were developed 

Figure 4. Proteins with altered abundances after BCL11B knock-out in CD8+ T cells displayed enrichment in pathways related to signal transduction and actin 
cytoskeleton regulation. (a) A combined bar and dot plot shows KEGG pathways with enrichment of proteins displaying altered protein abundances in BCL11B knock- 
out cells compared to mock control cells. The normalized enrichment score (NES) from GSEA is shown as black bars. Positive NES values indicate increased abundances 
in the BCL11B knock-out condition, while negative values result from higher protein abundances in the mock condition. FDR q-values are plotted as magenta dots. 
(b) Selected proteins from KEGG pathways shown in Figure 4 A. Compared to mock control, the depicted proteins exhibited significantly changed abundances 
in the global proteome analysis (absolute fold change ≥ 1.5, P ≤ 0.05) in BCL11B knock-out CD8+ T cells. (c) Top: representative flow cytometry plots showing 
ITGA1 and ITGAX signals in each experimental condition. Bottom: percentage of ITGA+, ITAGX+, and ITGA1+ ITAGX+ cells detected by flow cytometry, mean ± 
SEM, n = 3. Statistical significance was calculated by the One-way ANOVA with Tukey’s multiple comparisons test correction. nt: not transfected control, mock: 
mock gRNA transfected control, BCL11B KO: BCL11B knock-out. *P ≤ 0.05, **P ≤ 0.01.
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based on genes associated with naïve T cell or innate lympho-
cytes’ phenotypes (Supplementary Table 6).22,49 This approach 
confirmed decreased expression of genes associated with the 
naïve phenotype upon BCL11B knock-out (Figure 5(a)). In 
contrast, the parameter describing innateness showed an 
increase in the majority of BCL11B knock-out clusters but 
particularly in those demonstrating high naivety score values 
in control samples (Figure 5(b)).

Besides changes in genes related to naivety and innateness 
in BCL11B knock-out, we observed a switch from PLCG1 to 
PLCG2 expression. Both genes encode for PLCγ enzymes, 
which are key nodes in cellular signal transduction and are 
of varying importance for different lymphocyte lineages.50 

While PLCγ1 dominates in T lymphocytes, PLCγ2 is not 
expressed by human CD8+ T cells but is essential for NK 
cell cytotoxicity and innate immunity against malignant and 
virally infected cells.51 BCL11B knock-out led to a partial 
loss of PLCG1 and gain of PLCG2 expression accompanied 
by increased expression of FCER1G and LYN, two genes 
encoding proteins involved in the upstream events in the 
PLCγ signaling cascade (Figure 5(c)). The evidenced shift of 
transcriptome profile from naïve toward an innate pheno-
type was further supported by increased protein levels of the 
key innate transcription factors. The amount of PLZF pro-
tein encoded by the ZBTB16 gene was highly increased in 
BCL11B knock-out cells compared to controls. The helix- 
loop-helix inhibitor of differentiation ID2, essential for the 
normal development of NK cells,52 was also induced in 
BCL11B knock-out samples. Additionally, HOPX, a factor 
previously proven to be enriched in effector NK and effector 
CD8+ T cells compared to their naïve counterpart,53 demon-

strated increased abundance after BCL11B knock-out in our 
study (Figure 5(d)).

Costimulatory but not inhibitory surface molecules are 
upregulated in CD8+ BCL11B knock-out T cells

The physiological response to TCR-mediated antigen recogni-
tion involves two opposing and equally important mechanisms: 
(i) signal amplification that ensures adequate response and (ii) 
termination of the signal transduction to avoid uncontrolled, 
permanent, and therefore potentially harmful activated state. 
The two control mechanisms employ several costimulatory 
and inhibitory factors that act in opposite directions to maintain 
T cell homeostasis.54 The BCL11B knock-out cells revealed 
upregulation of several genes encoding for receptors associated 
with co-activation of T cells like CD40LG and CD63,55,56 while 
the mRNA level of the main activating co-receptor CD28 mark-
edly declined. These changes were accompanied by 
a downregulated expression of the inhibitory genes like 
PDCD1, CTLA4, TIGIT, and LAG3 (Figure 6(a)). The surface 
expression of CD63 was strongly induced in almost all, whereas 
CD40LG was upregulated in about 30% of BCL11B knock-out 
cells. We also observed elevated expression of CD161 (KLRB1), 
which is a marker for innateness in the T cell compartment57 

and is enriched in less differentiated NK cell subpopulations.58 

The upregulated TNFRSF18 (GITRL) cannot be definitely cate-
gorized as activating or inhibiting co-receptor in the presented 
context. This surface molecule plays opposing roles in NK and 
T lineages: it acts as an inhibitor in NK cells but increases the 
TCR-mediated proliferation of T cells59 (Figure 6(b)).

Figure 5. Single-cell transcriptome profiles of BCL11B knock-out in comparison to control T cells. Cells lacking BCL11B exhibited a partial loss of naivety and gain of 
innate-like phenotype. Dot plots show changes in (a) naivety score or (b) innateness score between the three experimental conditions. Scores were calculated by 
average expression of lineage-specific genes listed in Supplementary Table 6. (c) Heatmap generated from microarray results of global transcriptome analysis showing 
differential expression of PLCG1 and PLCG2 as well as LYN and FCER1G, n = 3. (d) Representative Western blot shows differential protein abundance of PLZF, ID2, and 
HOPX in relation to HDAC1 used as a nucleus-specific loading control. nt: not transfected control, mock: mock gRNA transfected control, BCL11B KO: BCL11B knock-out.
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The innate receptor NKp30 triggers activation of BCL11B 
knock-out CD8+ T cells

To verify whether knock-out-induced innate receptors 
were functional, BCL11B-depleted CD8+ T cells and the 
corresponding controls were incubated with activating 
antibody-covered beads, followed by measurement of 
degranulation and interferon gamma (IFNγ) production. 
Interestingly, although knock-out cells evidently upregu-
lated NKp44 and to a lesser extent NKp46, we could 
induce IFNγ production and degranulation only by stimu-
lation with anti-NKp30 (Figure 7(a)). This surprising 
observation indicates the insufficiency of downstream sig-
naling pathway components, like adaptor molecule 
DAP12,39 which was not upregulated along with NKp44 
(data not shown). On the other hand, we observed 
a certain level of synergism between anti-NKp30 and anti- 
NKG2D treatments, though anti-NKG2D alone showed no 
induction of IFNγ production and degranulation. 
Combinations of anti-NKp44 and anti-NKp46 with anti- 
NKp30 did not show any synergistic effects (Figure 7(b)). 
As described earlier, we observed an upregulation of mul-
tiple innate features in BCL11B knock-out CD8+ T lym-
phocytes, which was associated with minor deficits of 
some T-lineage-related factors, both on the levels of tran-
scriptome and cellular surface. To evaluate whether 
BCL11B knock-out cells retained their function as 
T cells, we incubated them and the corresponding controls 
with anti-CD3 or with a combination of anti-CD3 and 
anti-NKp30 activating antibodies. BCL11B knock-out 
CD8+ T cells produed IFNγ at levels comparable to con-
trols. Staining the degranulation marker CD107a also did 
not reveal significant differences between nt, mock, and 
BCL11B knock-out cells. Unlike for NKG2D, no synergis-
tic effect of the anti-CD3 and anti-NKp30 combination 
was observed (Figure 7(c)).

BCLL1B knock-out CD8+ T cells kill leukemic cells and solid 
tumor-mimicking spheroids

The ability of NK cells to kill K562 tumor cells in vitro has 
been well established.60 We could demonstrate that knock- 
out of BCL11B in human CD8+ T cells gave rise to cells 
with high spontaneous, antibody-independent cytotoxic 
potential against K562 cells. Not only the growth of target 
cells was successfully inhibited, but also was the amount of 
target cells reduced to 20% of initially seeded numbers after 
96 h by BCL11B knock-out CD8+ T cells-mediated target 
cell lysis (Figure 8(a)). To prove a dominant role of 
BCL11B excision-induced NKp30 in the observed antibody- 
independent cellular cytotoxicity (AICC), we generated 
a variant of K562 cell line deficient for the NKp30 ligand 
B7H6 (NCR3LG1) (Supplementary Figure 4). As expected, 
CD8+ BCL11B knock-out T cells were not effectively killing 
the B7H6-deficient K562 target cells, suggesting that AICC 
against K562 cells is mainly mediated via NKp30 (Figure 8 
(b)). The appearance of the Fc receptor CD16 on the sur-
face of a fraction of BCL11B knock-out CD8+ T cells 
prompted us to investigate whether this innate receptor, 
typically not expressed on αβ T cells, can be productively 
activated. We incubated the BCL11B knock-out and control 
cells with an antibody against the tumor-associated antigen 
disialoganglioside (GD2) and the GD2+ NKp30-resistant 
neuroblastoma cell line CHLA-136 grown as spheroids.61 

CD8+ BCL11B knock-out T cells reduced the size of tumor 
spheroids by 65% compared to initial size within 96 h, 
whereas expansion of tumor spheroids was only slightly 
limited by the addition of nt or mock control cells 
(Figure 8(c)). The observed antibody-dependent cellular 
cytotoxicity (ADCC) was mediated by anti-GD2 antibody 
and CD16 as incubation of BCL11B knock-out cells without 
or with an isotype control antibody did not affect CHLA- 
136 tumor growth (Figure 8(d)).

Figure 6. Gene expression and surface marker profile of costimulatory and inhibitory receptors upon BCL11B knock-out. (a) Gene expression heatmap of curated 
costimulatory and inhibitory receptor genes, n = 3. (b) Top: representative flow cytometry histograms showing surface expression of indicated markers in nt control 
(gray filled), mock control (magenta line), and BCL11B knock-out (teal line) cells. Bottom: MFI or percentage (as indicated) of CD63, CD40LG, CD161, and TNFRSF18. 
Mean ± SEM, n = 3. nt: not transfected control, mock: mock gRNA transfected control, BCL11B KO: BCL11B knock-out. Statistical significance was calculated by Kruskal– 
Wallis test with Dunn’s multiple comparisons test (CD63, CD161) or by One-way ANOVA with Tukey’s multiple comparisons test (CD40LG, TNFRSF18). **P ≤ 0.01, 
***P ≤ 0.001, ****P ≤ 0.0001.
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Figure 7. Degranulation and IFNγ production by BCL11B knock-out CD8+ T cells compared to controls. (a–c) Representative flow cytometry plots (left) showing 
degranulation as CD107a induction and IFNγ production and percentage (right) of CD107a+ or IFNγ+ cells after stimulation with beads presenting (a) a single antibody, 
(b) a combination of two antibodies, and (c) anti-CD3 alone or in combination with anti-NKp30. Mean ± SEM, n = 5. Statistical significance was calculated by two-way 
ANOVA with Tukey’s multiple comparisons test. nt: not transfected control, mock: mock gRNA transfected control, BCL11B KO: BCL11B knock-out. *P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.001, ****P ≤ 0.0001.
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Discussion

BCL11B plays an essential role during the differentiation of 
various T lymphocyte populations, mostly by restricting the 
development of innate lymphoid cells while promoting the 
development of T cells.5,14,16,19 Intriguingly, the NK cell lineage 
initially suppressed by BCL11B to enable adaptive T cell com-
mitment also utilizes the gradient of BCL11B expression to 
control functions.6 Multiple studies postulate that borders 
between innate and adaptive lymphatic arms of the immune 
system are fluent. Many physiologically occurring lymphocyte 
subsets, like MAIT, γδ, iNKT cells, or adaptive NK cells with 
memory features, do not fit exactly into the binary 
classification.23,62 Moreover, plasticity and drifting of lympho-
cytes between innate and adaptive states can be observed in 
various diseases.24,63,64 This feature can also be induced by 
cytokines and signaling through surface receptors, both 
in vitro and in vivo.23,65 Here, we demonstrate that BCL11B 
depletion in human circulating CD8+ T lymphocytes activated 
via CD3/CD28 and IL-15 results in the generation of induced 
innate CD8+ T (iiT8) cells combining multiple innate and 
adaptive features. In addition to the innate-like transcription 

and surface marker profiles, these cells acquired TCR indepen-
dent cytotoxicity against transformed cells. Interestingly, the 
NK-related proficiency was not accompanied by loss of T cell 
identity. Except for reduced naivety markers, the majority of 
iiT8 cells maintained their adaptive nature and expanded upon 
TCR/CD3 re-stimulation. Similar effects were observed in 
a murine system.20 Acute loss of Bcl11b led to the generation 
of Induced-T-to-NK (ITNK) cells that lost their T-lineage 
properties when treated at immature states or preserved 
T cell features if derived from fully differentiated 
lymphocytes.20 As described in mice, human CD4+ T cells 
could not be forced to the lineage “deviation” observed in the 
CD8+ compartment,20 but despite successful BCL11B deple-
tion, the acquisition of innate phenotype was restricted to low 
expression of NKp30 compared to CD8+ T cells 
(Supplementary Figure 1d). BCL11B knock-out combined 
with a high concentration of IL-2 led to some level of “innate-
ness” in CD4+ cells, though the magnitude of the effect was 
significantly compromised compared to CD8+ cells.25 Besides 
the naturally occurring innate T cell populations like γδ, 
MAIT, or iNKTs, CD8+ αβ T cells equipped with innate killing 
potential were described in individuals suffering from diverse 

Figure 8. Cytotoxic activity of BC11B knock-out CD8+ T cells against leukemic or neuroblastoma tumor cell lines. (a, b) Spontaneous cell-mediated cytotoxicity of 
BCL11B knock-out cells and controls against (a) K562 infrared fluorescent protein (iRFP) expressing or (b) K562 B7H6 knock-out (KO) iRFP target cells. (c) Antibody- 
dependent cell-mediated cytotoxicity of BCL11B knock-out cells and controls in presence of anti-GD2 against CHLA-136 iRFP target cells. (d) Cell-mediated cytotoxicity 
of BCL11B knock-out cells in the absence or presence of anti-GD2 or an isotype control antibody (ITC). Mean ± SEM, n = 5–6. nt: not transfected control, mock: mock 
gRNA transfected control, BCL11B KO: BCL11B knock-out. Statistical significance was calculated by Mann–Whitney test. **P ≤ 0.01.
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diseases. Chronic cytomegalovirus infections, celiac disease, 
and distinct autoimmune conditions lead to the development 
of oligoclonal T/NK cell chimeras with strong TCR- 
independent cytotoxic potential. Of note, the frequencies of 
these cells correlated with serum IL-15 levels, which high-
lighted the importance of this cytokine for T-to-NK transition. 
This innateness-promoting features of IL-15 were ultimately 
confirmed by proving its potential to de novo generate innate- 
like NKp30+FCER1G+CD8+ cells from circulating αβ CD8+ T 
cells.23 Although a significant portion of the effects described 
here were in part induced by IL-15 supplementation, our data 
show that BCL11B loss but not IL-15 enables the appearance of 
NKp30 receptor on the cell surface. Although IL-15 replace-
ment with IL-2 reduced the acquisition of some innate features 
and limited the expansion and longevity of BCL11B-depleted 
cells, a significant surface expression of NKp30 remained, 
a finding in line with a recent report by Peng et al.25 This 
indicated, in turn, that IL-15 signaling acted upstream of and 
was capable to, though incompletely, inhibit BCL11B expres-
sion in CD8+ T cells, as a prerequisite for their plasticity. Our 
data imply that direct BCL11B targeting to a great extent 
reproduced the IL-15-induced phenotype, which was enhanced 
and preserved by IL-15 supplementation. Interestingly, NKp30 
seems not to represent a direct de-repressed target of BCL11B. 
In our experimental setting, the non- and mock-treated con-
trols expressed NKp30 mRNA at levels similar to BCL11B- 
deficient cells (Supplementary Figure 2). It suggests the pivotal 
role of IL-15 in its induction and confirms the key role of the 
FcεRIγ adaptor for the surface expression of NKp30.23 Notably, 
the transcriptome profiling identified FCER1G mRNA as the 
most upregulated gene in BCL11B-depleted cells. Moreover, 
we show that genes encoding signaling molecules acting down-
stream of FcεRIγ, like PLCG2 and LYN, were significantly 
induced. The concomitant downregulation of PLCG1 further 
confirmed a shift toward the innate-like expression profile. 
Similar to other described innate T cell populations, the iiT8 
cells upregulated the key innate transcription factors like 
ZBTB16, ID2, or HOPX, known to promote the NK cell devel-
opment and invariant NKT cell differentiation.66,67 Sottile et -
al.24 recently characterized a cytomegalovirus-induced NKG2C 
+CD8+ T cell population with low BCL11B and innate-like 
features, demonstrating varying effects of different stimulation 
routes on BCL11B knock-out in human CD8+ T cells. The low 
rate of innateness induction compared to the approach pre-
sented here further supports the synergism between BCL11B 
depletion and IL-15. Regardless of the efficiency, 
a combination of CD3/CD28 stimulation and IL-2 induced 
NKp30 in our BCL11B-depleted iiT8 cells. Although the “IL- 
15-only” approach produced innate T cells resembling the IL- 
15-stimulated BCL11B knock-out iiT8 lymphocytes described 
here, some crucial differences could also be revealed between 
these two induced innate T cell subsets. In our setting, IL-15- 
mediated expression of CD56 or NKp30 was observed in 
a small fraction of control cells going in line with the results 
from Correia et al.23 Interestingly, in these controls, cells 
simultaneously expressing both NK cell markers occurred 
with barely detectable frequencies while iiT8 cells were char-
acterized by a CD56+NKp30+ double-positive phenotype on 
the majority of cells next to a partial expression of NKp44 and 

low levels of NKp46. Despite the presence of the three NCR- 
encoded receptors, the functional analysis demonstrated that 
while signal transmission via NKp30 was productive, stimula-
tion with anti-NKp44 and anti-NKp46 antibodies was not 
(Figure 7(a)), indicating missing or unavailable components 
of the signal transduction pathways for these two NK receptors. 
Indeed, we did not notice significant upregulation of DAP12 
necessary for NKp44 signal transmission.39 Rather limited 
levels of this receptor might cause the defective NKp46 activa-
tion. Moreover, despite increased expression of CD247 encod-
ing for the NKp46 adaptor CD3ζ, it may remain saturated by at 
least two more receptor complexes, the TCR and CD16. The 
“competition” between different natural killer receptors 
encoded by the NCR gene family was also demonstrated by 
the most recent BCL11B knock-out report. The preferential 
induction of NKp30 or NKp46 correlated with the differentia-
tion status, with memory cells being mostly positive for the first 
and effectors expressing the second.25

Despite similarities to the formerly described innate CD8+ 
lymphocytes, the iiT8 cells were characterized by several 
unique features. First, they acquired the functional Fc- 
receptor CD16, efficiently mediating antibody-dependent cel-
lular cytotoxicity (ADCC) in a spheroid neuroblastoma solid 
tumor model. Second, the iiT8 cells displayed a set of proteins 
related to signaling pathways relevant for migration through 
the vascular endothelium. This suggests iiT8 cells might be not 
only effective against hematological malignancies but also cap-
able of infiltrating and eradicating solid tumors. Potential 
tissue homing and memory properties are supported by 
CD161 surface molecule expression. This KLRB1-encoded 
receptor was shown to be expressed on a fraction of naturally 
occurring T cells exhibiting varying levels of NK cell-like 
innate activity and is considered a marker of “innateness” 
among T cells.57 The co-expression of CD8 and CD161 was 
observed in some subsets of T cells like MAIT,68 a unique 
population of CD8+ memory cells with enhanced effector 
functions69,70 or defined as a marker for tissue-resident 
T cells.70 In principle, CD161+CD8+ cells were characterized 
by elevated effector molecules like granzymes and perforin, 
resulting in enhanced cytotoxicity, high proliferative capacity, 
and spontaneous, chemokine-independent tissue-homing. 
Moreover, this phenotype was strongly associated with mem-
ory and stem cell-like properties.71,72 An adoptive cellular 
therapy approach based on CD161+ T cells provided efficient 
and durable protection against pancreatic ductal adenocarci-
noma in a murine model. Importantly, upregulation of KLRB1 
followed by surface expression of CD161 seems to be unique 
for iiT8 cells. No differential KLRB1 expression was observed 
in CMV-induced CD8+NKG2C+ T cells.24 In the IL-15-only- 
induced CD8+NKp30+ cells, KLRB1 showed even reversed 
regulation and was identified as one of the most significantly 
down-regulated genes. No induction of CD161 was shown for 
the high IL-2-supplemented BCL11B knock-out cells.25

Taken together, enhanced cytotoxicity of the iiT8 cells 
combined with a lack of exhaustion markers make them ideal 
candidates for cell-based approaches against aggressive solid 
tumors that remain beyond the therapeutic range of the cur-
rent cellular therapies efficient mostly against hematologic 
malignancies. Although the high IL-2 levels coupled with 
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BCL11B depletion resulted in mild therapeutic effects in 
patients with advanced tumors,25 this could be due to the 
predominance of terminally differentiated effector cells, 
which preferentially develop under these conditions. 
Consequently, the IL-2-induced T-to-NK cells express CTLA- 
4, TIGIT, and PD-1 inhibitory receptors, which surely com-
promise their therapeutic potential. A finding in line with the 
observation that despite high cytotoxic activity these effector 
cells suffer from poor expansion and survival in vivo73 and are 
therefore rather undesirable in adoptive transfer approaches. 
In contrast, the iiT8 cells that arise from BCL11B-depleted and 
IL-15 stimulated CD8+ lymphocytes developed and preserved 
the more capable effector-memory characteristics lacking the 
inhibitory receptors which promise superior therapeutic 
effects. Moreover, as revealed by single-cell sequencing, the 
innate phenotype developed efficiently in naïve BCL11B 
knock-out cells predispose them to long-term survival result-
ing from short proliferative history.

Recently, the concept of exclusive innate or adaptive fea-
tures of lymphoid cells was replaced by a dynamic gradient of 
innate and adaptive properties.22 The gradient reflects 
a compromise between effector and proliferative capacities, 
which could be reduced to a “kill-OR-expand” rule with native 
and induced innate T cells being constrained by employing 
either cytotoxicity or proliferation.22 From that perspective, 
the BCL11B-knock-out-IL-15 approach might overcome this 
limitation. The iiT8 cells showed a high capacity to respond to 
antigen stimulation, killed target cells efficiently, and prolifer-
ated rapidly without signs of exhaustion. The subtle but puta-
tively relevant discrepancies between the innate CD8+ cells 
from various sources confirm the crucial role of BCL11B 
expression for innate-adaptive plasticity and imply further 
flexibility revealed by diverse routes of stimulation. The com-
bination of easy access due to high CD8+ frequency among 
PBMCs, efficiency of innate transition, and the chimeric 
innate/effector/memory phenotype additionally armed with 
ADCC activity and enhanced migration and homing proper-
ties seem unique and favor for testing their intrinsic thera-
peutic potential alone or in a chimeric antigen receptor 
(CAR)-based approach in vivo. Furthermore, our findings 
also emphasize an immunomodulatory potential of a BCL11B- 
targeting drug-based strategy to be developed.
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