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Abstract

Human cytomegalovirus (HCMV) is a ubiquitous pathogen that indelibly shapes the natural killer
(NK) cell repertoire. Using transcriptomic, epigenomic, and proteomic approaches to evaluate
peripheral blood NK cells from healthy human volunteers, we find that prior HCMYV infection
promotes NK cells with a T cell-like gene profile, including the canonical markers CD3e,

CD5, and CD8p, as well as the T cell lineage-commitment transcription factor Bcl11b. While
Bcl11b expression is upregulated during NK maturation from CD56P191 to CD56%M, we find

a Bclllb-mediated signature at the protein level for FceRly, PLZF, IL-2Rp, CD3y, CD38, and
CD3e in later-stage HCMV-induced NK cells. BCL11B s targeted by Notch signaling in T cell
development, and culture of NK cells with Notch ligand increases cytoplasmic CD3e expression.
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The Bclllb-mediated gain of CD3e, physically associated with CD16 signaling molecules Lck
and CD247, in NK cells is correlated with increased antibody-dependent effector function,
including against HCMV-infected cells, identifying a potential mechanism for their prevalence
in HCMV-infected individuals and their prospective clinical use in antibody-based therapies.

Introduction

Human natural killer (NK) cells are CD3"CD56* lymphocytes that provide a rapid cytokine
and cytotoxic response to virus-infected cells and tumor cells. Dissimilarities between NK
cellsand T cells among stimulatory ligands and functional effector properties suggest that
they arise from distinct lymphocyte lineages (1-3). Association of the gene-rearranged,
antigen-specific T cell receptor (TCR) with the CD3 complex is critical for the development,
functionality, and specificity of each T cell. In contrast to T cells, NK cells express an array
of germline-encoded cell surface stimulatory and inhibitory receptors (4). Human NK cells
universally express CD247 as a signaling adaptor for CD16 (5), but do not routinely express
any of the other components of the CD3 complex. Fetal NK cells are a notable exception, as
they have been observed to express CD3 proteins in their cytoplasm (6, 7). The same studies,
however, failed to detect CD3* NK cells in adult NK cells, suggesting that the subset is
gradually lost with aging.

Human cytomegalovirus (HCMV) infects and establishes a persistent infection in the
majority of humans worldwide (8). HCMV is the only virus known to shape the NK cell
repertoire in humans, giving rise in some individuals to an “adaptive NK” population,
characterized by the surface expression of the activating heterodimer CD94/NKG2C,

CD57, and self-HLA specific inhibitory KIR receptors and by the poor expression of the
signaling molecules FceRly, SYK, and EAT-2 and the transcription factor PLZF (9-12).
The population exhibits higher capacity for IFN-y and CD107a response for certain effector
functions, notably humoral anti-viral immunity (13-15).

The phenotypic definition of the adaptive NK cell population is unclear, however, with
incomplete overlap of surface protein and transcription factor expression levels, and the
apparent non-essential role of NKG2C (16, 17). Broadly defining the NK cell populations
that can be observed at high frequencies in HCMV-seropositive donors as “HCMV-induced
NK cells”, we demonstrate that a high percentage of HCMV-induced NK cell populations
in healthy adults and umbilical cord blood transplantation recipients express CD3e
intracellularly, and that NK cells expressing CD3e have features that largely overlap with
adaptive NK cells, such as expression of NKG2C and lack of expression of FceRly

(18). Furthermore, among the NKG2C*FceRIy~ adaptive NK cell population, cytoplasmic
CD3e* NK cells exhibit higher antibody-dependent cytokine response.

Transcriptional and epigenetic profiling of NK cells at two opposing developmental stages,
comprised of a heterogeneous and less mature NKG2A* NK cell population and the
terminally differentiated NKG2C* NK cell population, not only confirms transcriptional
upregulation of CD3E in the HCMV-associated population but also identifies upregulation
of the transcription factor BCL11B, a critical regulator of T cell programming (19). We
show how a common viral infection indelibly shapes the phenotypic and functional NK
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repertoire, via expansion of NK cells exhibiting a Bcl11b-guided T cell program, resulting in
a cytoplasmic CD3e™ population with enhanced antibody-dependent function.

Materials and Methods

Study subjects and clinical samples

Cells

Mice

Buffy coats were collected from 150 volunteer blood donors at the New York Blood

Center. Because the samples were obtained anonymously, the Memorial Sloan Kettering
Cancer Center (MSKCC) Institutional Review Board waived the need for additional research
consent. Subjects receiving live fibroblast-adapted chimeric Towne and Toledo strain HCMV
vaccines provided informed consent, as described previously (21, 22).

The human erythroleukemia cell line K562, human neuroblastoma cell line BE(2)N, T cell
lymphoblast cell line MOLT-4, peripheral blood mononuclear cells (PBMC), and purified
NK cells were cultured in RPMI-1640 medium containing 10% FCS (MSKCC). Human
foreskin fibroblasts (HFFs) were cultured in MEM medium alpha (GIBCO/Invitrogen)
containing 10% FCS. NK cells were enriched by negative selection from PBMCs (Stemcell)
and labeled with CellTrace™ Violet (CTV, Invitrogen). Human natural killer cell lines NKL
and NK-92 cells were cultured in RPMI-1640 medium containing 10% FCS and 2001U/ml
IL-2 (Roche). CD16*NK-92MI cells were cultured in RPMI-1640 medium containing 10%
FCS. The mouse bone marrow stroma cell lines OP9 and OP9-DL1 were cultured in MEM
medium alpha containing 20% FCS. The 1x10° OP9 and OP9-DL1 cells were seeded

one day before coculture with purified NK cells at an E:T ratio of 1:1 in the presence

of 2001U/ml IL-2 in 24-well plates. Transwell-based cultures were used to study NK cell
expansion with OP9 and OP9-DL.1 cells. Purified NK cells were cultured with OP9 or OP9-
DL1 cells in lower well in the presence of an upper transwell reactor (Greiner) containing
1x10% PBMC from the same donor to support NK cell survival and proliferation.

Tissue from human CD3e transgenic mice was kindly provided by Dr. Nai-Kong

Cheung (MSKCC). Human CD3e F1 heterozygotes were generated by breeding B6.Cg-
Tg(CD3E)600Cpt/J and wildtype C57BL/6 mice as previously described (30). All mice used
in this study were housed and bred under specific pathogen-free conditions at MSKCC

and handled in accordance with the guidelines of the Institutional Animal Care and Use
Committee (IACUC).

Preparation of viral stocks and infection of fibroblasts

An HCMV variant with a repaired UL40-ORF was generated by markerless mutagenesis
on the basis of TB40-BACk | 7-SE-EGFP. For preparation of virus stocks, supernatants were
collected at 57 days post-infection and after cellular debris was removed by centrifugation
at 2,800 x g for 10 min. Fibroblasts were infected using a multiplicity of infection (MOI) of
5 PFU/fibroblast for 1 hour. Expression of HLA-A, -B, and -C on infected fibroblasts was
evaluated at 48 hours post-infection. HCMV-infected cells were detected by HCMV-IEA
staining, and the infection rates of cells used in this study were >98% (Figure S3C). To
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upregulate HLA class | expression, recombinant human IFN-y (PeproTech) was added at
1,000 units/ml for 24 hours.

Functional studies

Cryopreserved PBMCs were cultured overnight in RPMI 1640 media containing 10% FCS
and 200 IU/ml IL-2 (Roche) and 1ng/ml IL-15 (Miltenyi) prior to functional analysis. NK
cell degranulation and IFN-y production assay was performed as previously described (13).
To evaluate NK cell activity, PBMC were cultured for 5 hours with target cells in 96-well
plates at a final E:T ratio of 5:1. CD107a was added at the beginning of co-culture, and
GolgiStop (BD) was added to the co-culture one hour later. To assess antibody-dependent
cellular cytotoxicity (ADCC), humanized anti-GD2 monoclonal antibody 3F8 (provided
by Dr. Nai-Kong Cheung, MSKCC) was used at a concentration of 1pg/ml with a 1:20
dilution of sera collected from HCMV seropositive and seronegative healthy individuals.
After surface marker staining, cells were fixed and permeabilized with a FIX&PERM kit
(GASO004, Thermo Fisher) prior to intracellular IFN-vy staining. Dead cells were excluded
from analysis using a fixable Aqua dead cell staining kit (ThermoFisher). Data were
collected with a LSRFortessa flow cytometer (BD Bioscience) and analyzed using FlowJo
(TreeStar).

Immunoprecipitation and western blot

Antibodies

Protein complexes were prepared using the Dynabeads™ co-immunoprecipitation kit
(ThermoFisher). Dynabeads (1mg) were conjugated with 5ug of antibody one day prior

to experiments. Cells were washed twice with cold PBS and lysed with extraction buffer

for 15mins on ice with protease inhibitors. Cell lysates were incubated with conjugated
beads for 30 mins at 4 degree. Immunoprecipitated proteins were eluted using elution buffer,
denatured by the addition of Laemmli sample buffer and heating, resolved by SDS-PAGE,
and analyzed by immunoblotting. For input samples, cells were lysed in RIPA buffer for
15mins on ice with protease inhibitors and denatured by the addition of Laemmli sample
buffer and heating prior to processing for western blot detection.

The following antibodies were used for flow cytometry: BD Bioscience: CD3 epsilon
(UCHT1, SP34-2 and SK7), CD122 (Mik-p3), CD8a (RPA-T8), PLZF (R17-809).
CD107a (H4A3), IFN-y (B27), KIR3DL1 (DX9), KIR2DL2/L3/S2 (CH-L), CD16 (3G8),
CD57 (NK-1), HLA-DR (G46-6), HLA-C (DT9), and CD86 (FUN-1). Biolegend: CD2
(RPA-2.10), PD-1 (EH12.2H7), Bcl-2 (100), CD3 epsilon (SK7, OKT3, HIT3a and
APA1/1), HLA-ABC (W6/32), NKp46 (9E2), IgG1 (MOPC-21), IgG2a (MOPC-173),
CD5 (UCHT2), Lck (LCK-01), and Bcl11b (25E6). Beckman Coulter: CD56 (NKH-1),
KIR2DL2/L3/S2 (GL183), KIR2DL1/S1 (EB6), NKp46 (BAB281), CD247 (TIA-2), CD69
(TP1.55.3). Miltenyi: NKG2A (REA110), NKG2C (REA205), PD-1(PD1.3.1.3), LAG-3
(REA351), CD58(TS2/9), Ki-67 (REA183), Bw4 (REA274), and TCRrd (11F2). R&D
Systems: NKG2C (134591), KIR2DL1 (143211), and KIR2DL3 (180701). Millipore: FceRlI
(FCABS400F), HCMV-IEA (8B1.2). ThemoFisher: LIR-1 (HP-F1), TCRab (WT13), and
CD8b (SIDIBBEE). Abcam: CD3 gamma (EPR4517), CD3 delta (EP4426) and Bcl11b
(25EB6). Jackson Immunoresearch: Donkey anti-rabbit IgG (H+L). The following antibodies
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were used for western blot: Biolegend: CD3 epsilon (SK7), IgG1 (MOPC-21), B-actin
(W16197A), CD247 (6B10.2), pLck (A18002D), Lck (LCK-01), CD2 (RPA-2.10), and
CD16 (3G8); pCD247 (C415.9A, Santa Cruz Biotechnology), CD3 gamma (EPR4517,
Abcam), and CD3 delta (EP4426, Abcam).

Transcriptome sequencing

RNA from cells suspended in Trizol was extracted using Arcturus Picopure RNA Isolation
Kit according to manufacturer protocol (Applied Biosystems). RNA was precipitated with
isopropanol and washed with 75% ethanol. Samples were resuspended in RNase-free water.
After RiboGreen quantification and quality control by Agilent BioAnalyzer, 1.2-2ng total
RNA with RNA integrity numbers ranging from 7.7 to 10 underwent amplification using
the SMART-Seq v4 Ultra Low Input RNA Kit (Clonetech), with 12 cycles of amplification.
Subsequently, 10ng of amplified cDNA was used to prepare libraries with the KAPA Hyper
Prep Kit (Kapa Biosystems) using 8 cycles of PCR. Samples were barcoded and run on

a HiSeq 4000 or HiSeq 2500 in High Output mode in a 50bp/50bp paired end run, using
the HiSeq 3000/4000 SBS Kit or TruSeq SBS Kit v4 (Illumina). An average of 38 million
paired reads were generated per sample and the percent of MRNA bases per sample ranged
from 45% to 78%.

ATAC Sequencing

Profiling of chromatin was performed by ATAC-Seq. Briefly, frozen primary NK cells were
thawed on ice, washed in cold PBS, and lysed. The transposition reaction was incubated

at 42°C for 45 minutes. The DNA was cleaned with the MinElute PCR Purification Kit
(QIAGEN) and material was amplified for 5 cycles. After evaluation by real-time PCR,

4-7 additional PCR cycles were done. The final product was cleaned by aMPure XP beads
(Beckman Coulter) at a 1X ratio. Libraries were sequenced on a HiSeq 2500 in High Output
mode and a HiSeq4000 in a 50bp/50bp paired end run, using the TruSeq SBS Kit v4 or
HiSeq 3000/4000 SBS Kit (Illumina). An average of 57 million paired reads were generated
per sample.

RNA-seq analysis

Paired-end reads were trimmed for adaptors and removed of low quality reads using
Trimmomatic (v0.36). Transcript quantification was based on the hg38 UCSC Known Gene
models and performed using the quasi-mapping-based mode of Salmon (v0.8.2), correcting
for potential GC bias. Counts were summarized to the gene level using tximport (v1.8.0).
For those samples that were sequenced across two runs, summarized reads determined by
tximport were summed, and the means of average transcript length offsets calculated for
each run was used for downstream differential analyses executed by DESeq2 (v1.22.2).
Genes were considered differentially expressed (DE) if they showed a false discovery rate
(FDR)-adjusted P-value < 0.05. Gene set analysis was performed with GOseq (v.1.26.0),
using either DE genes higher in NKG2C* NK cells or DE genes higher in NKG2A* NK
cells, and those showing an absolute log2 fold change > 1. Gene sets were retrieved from the
MSigDB database (v.3.0). FDR-corrected P-values were calculated from P-values calculated
by GOseq, and only gene ontologies passing a threshold of p < 0.05 were considered.

Up to the top 10 gene sets ranked on p-value are shown. Heatmaps were generated using
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ComplexHeatmap (v1.99.7), using log2-transformed normalized counts calculated by the
rlog function in DESeq2.

ATAC-seq analysis

Trimmed reads were mapped to the Homo sapiens genome (hg38 assembly) using Bowtie2
(v2.2.9). For peak calling, all positive-strand reads were shifted 4 bp downstream and all
negative-strand reads were shifted 5 bp upstream to center the reads on the transposon
binding event. Shifted, concordantly aligned paired mates were used for peak calling

by MACS2 (v2.1.1.20160309) at a P-value of 0.01. Irreproducible discovery rate (IDR)
calculations using scripts provided by the ENCODE project (https://www.encodeproject.org/
software/idr/;v2.0.3) were performed on all pairs of replicates using an oracle peak list
called from pooled replicates for each condition, keeping only reproducible peaks showing
an IDR value of 0.05 or less. IDR-thresholded peak regions from each condition were then
merged to generate the final peak atlas. Read counts for the peak atlas were generated

using the summarizeOverlaps function from the Genomic Alignments package (v1.10.1).
Differential analyses were executed with DESeq?2 (v1.14.1) using the hg38 UCSC Known
Gene models as reference annotations. Features were considered differentially accessible
(DA) if they showed an FDR-adjusted AP-value < 0.05. Peak assignment was done using
ChipPeakAnno. Promoter regions were defined as peaks that overlapped a region that

was +2 kb to —0.5 kb from the transcriptional start site (TSS). Intragenic (intronic and
exonic) peaks were defined as any peak that overlapped with annotated intronic and exonic
regions, respectively, based on the annotation database. Intergenic peaks were defined as
any non-promoter or non-intragenic peaks and were assigned to the gene of the nearest TSS
based on the distance from the start of the peak. Priority was given to transcripts that were
canonical, based on the UCSC Known Canonical database. The final analysis resulted in
5,549 DA regions out of a total of 46,059, after removing regions identified in alternate

loci scaffolds and the mitochondrial chromosome. For gene ontology analysis, BED files of
DA regions were used as input for analysis by GREAT using the online web interface at
http://bejerano.stanford.edu/great/public/html/index.php (v3.0.0). All analyses used default
settings with the whole genome as background considering analyses from the MSigDB
Canonical Pathway databases. Enriched pathways were filtered for those that showed an
adjusted P-value < 0.05 for both binomial and hypergeometric P-values as calculated by
GREAT, and a region fold enrichment of greater than 2.

Chromatin accessibility heatmaps and gene tracks

For peak-centered heatmaps, average sample counts normalized using size factors calculated
by DESeq?2 were plotted in 40-bp bins across a 2 kb window using ComplexHeatmap
(v1.18.1). To improve visualization, binned counts greater than the 75th percentile + 3 x
(interquartile range) were capped at that value. Gene tracks were generated by converting
BAM files to bigWig files using bedtools2 (v.2.26.0) and UCSC’s bedGraphToBigWig (v.4)
and visualized using the Gviz R package (v.1.18.2). All tracks show normalized tag counts
on the y~axis, using size factors calculated by DESeq?2.
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Statistical analysis

Results

Nonparametric Wilcoxon signed rank sum test was used to compare paired percentages
from the same donor. Paired student T test was used to compare paired geometric

mean fluorescence intensity (gMFI) from the same donor. The Friedman test and post
hoc pairwise Wilcoxon test were performed for multi-group comparison. Results were
considered significant at the two-sided P level of 0.05. * p<0.05; ** p<0.01; *** p<0.001.

Transcriptomic and epigenomic profiling identifies an enrichment of T cell related
molecules among HCMV-induced NKG2C* NK cells

HCMV infection expands a CD569MCD57*NKG2C* mature NK cell population with
preferential co-expression of a self-HLA-C-specific KIR2DL receptor in approximately 30—
40% of exposed individuals (13,20). To better understand the transcriptional differences
associated with the divergence between NK cell populations, we performed global
transcriptional profiling via RNA-seq of the NKG2A™ population and the HCMV-associated
NKG2C* population from five HCMV-seropositive donors with varying frequencies of
adaptive NK cells. As shown in Figure S1A, NKG2A and NKG2C define transcriptionally
distinct populations, with approximately ~1700 genes differentially expressed across both
cell populations.

The top differentially expressed genes are highlighted in Figure S1A. Pathway analysis
revealed enrichment among NKG2C* cells of genes that are involved in PD-1 signaling,
translocation of ZAP-70 to immunological synapse, phosphorylation of CD3( (CD247)
chains, generation of second messenger molecules, co-stimulation by the CD28 family, and
TCR signaling (Fig. 1A). We further identified locations of all active or poised regulatory
elements by measuring global changes in chromatin accessibility through the Assay for
Transposase-Accessible Chromatin using sequencing (ATAC-seq) from a representative
donor. We found that NKG2C* NK cells have distinct chromatin accessibility profiles
compared to their NKG2A™* counterparts (Fig. S1B), with notably increased accessibility
in genes associated with biological processes involved in TCR receptor signaling, NK cell
cytotoxicity, cytokine signaling, and leukocyte activation (Fig. S1C).

In order to more precisely identify the candidate molecules that contribute to differences
between NKG2C* and NKG2A™* NK cells, we focused on genes that were commonly
regulated at both transcriptional and epigenetic levels. We noted that CD3E, which encodes
CD3e, a canonical subunit of the TCR-CD3 complex in T cells, was prominent among these
genes, displaying increased gene expression in parallel with increased accessibility within its
promoter region (Fig. S1D).

While antibody staining for CD3e is specifically used as a negative surface marker for
NK cells, routine protein detection by flow cytometry does not detect protein in the
intracellular compartment. We therefore confirmed the presence of intracellular CD3e
protein in NK cells from healthy donors by flow cytometry. PBMCs were first stained
with CD3e (clone UCHT1) and CD56 on their surface, followed by intracellular staining
of CD3e (clone SK7). Cytoplasmic CD3e (cyCD3e) positive NK cells were defined as
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surfaceCD3e(UCHT1)"CD569Mcy10156micCD3e(SK7)* lymphocytes. Using this strategy, we
find in a number of tested individuals that CD3e can readily be detected intracellularly
among CD569M NK cells but not on the cell surface, although at lower levels than in T cells
from the same donors (Fig. 1B).

The increase of CD3E gene expression and locus accessibility in NKG2C* NK cell
suggests that intracellular CD3e in NK cells may be related to previous HCMV infection.
We therefore evaluated the presence of cyCD3e* NK cells among 153 healthy donors,
segregated by HCMV serostatus. CyCD3e* NK cells were detected significantly more
among HCMV seropositive donors compared to HCMV negative donors (6.83%+2.17 vs
1.99%=0.44 with 95% confidence limits) (Fig. 1B). Based on the highest percentage of
cyCD3e* NK cells detected in HCMV-seronegative donors (range 0.12% to 6.42%), we
designated individuals with at least 6.5% cyCD3e* NK cells within the CD56%™ population
as positive for (HCMV-induced) cyCD3e* NK cells. Using this cutoff, 32 out of 105
(30.5%) HCMV-seropositive donors exhibited cyCD3e* NK cells. In three donors, cyCD3e
positivity was strikingly found in more than 50% of CD56%™ NK cells. Notably, cyCD3e*
NK cells were not detected in immature, CD56P"19M NK cells (0.62%:+0.79), irrespective of
HCMYV serostatus.

Transcriptome analysis further indicated that gene expression for the T cell related CD5
and CD8pB molecules are also enriched in NKG2C* NK cells. As for CD3e, we detected
significantly higher frequencies of CD5* and CD8B* NK cells from HCMV-seropositive
donors, although these three molecules were not necessarily fully overlapped in a given NK
cell. While expressed on the cell surface of NK cells, CD5 and CD8 are expressed to a
lower extent than in autologous T cells (Fig. 1C and 1D).

CyCD3e™ NK cells are enriched for adaptive NK cell markers

In adults, cyCD3e* NK cells are significantly more likely than cyCD3e~ NK cells to
co-express NKG2C, CD57, CD2, LIR-1, and Bcl-2 and less likely to express NKG2A and
FceRly (Fig. 2A and S1F). In addition, they have lower density of PLZF and NKp46

(Fig. S1F). Consistent with this observation, ATACseq analysis demonstrated that BCLZ2and
CDZ2have increased accessibility within HCMV-induced NK cells (Fig. S1B). There is no
difference in CD16 expression between cyCD3e* and cyCD3e" cells; and resting cyCD3e*
NK cells do not express PD-1 (Fig. S1F).

To determine if cyCD3e* NK cells fully comprise the adaptive NK cell population,
commonly defined by NKG2C positivity and FceRIy deficiency (9, 18, 23), we evaluated
NKG2C and FceRly expression among cyCD3e* NK cells, finding that the overlap of
the three molecules is highly variable between donors (Fig. S1G and S1H). While the
majority of cyCD3e* NK cells (76.7%) express NKG2C, only 59.3% of cyCD3e* NK
cells are negative for FceRly. Indeed, there was only weak positive correlation between
the cyCD3e™* and the NKG2C* FceRly~ adaptive NK phenotypes among CD56%M NK
cells (r2=0.2634) (Fig. 2B). From this, we conclude that the cyCD3e* NK cell population
does not fully recapitulate the previously described NKG2C*FceRly~ adaptive NK cell
population, although there are many shared features.
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HLA-C expression correlates with HCMV-induced cyCD3e* NK cells in healthy adults

HCMV-induced NKG2C* NK cells preferentially express the self-HLA-C-specific
inhibitory KIR2DL receptors, but not the HLA-Bw4 specific KIR3DL1 receptor (10).
Similarly, compared to cyCD3e~ NK cells, cyCD3e* NK cells are more likely to express
KIR2DL and less likely to express KIR3DL1 (Fig. 2A). We evaluated HLA-C and HLA-
Bw4 expression on lymphocytes from 93 HCMV-seropositive donors. Compared to donors
who do not have detectable HCMV-induced NK cells, donors with high frequencies of
cyCD3e* NK cells demonstrate higher HLA-C expression levels as measured by gMFI

on their lymphocytes (Fig. 2C). There is no difference in HLA-Bw4 expression between
donors with or without cyCD3e* NK cells (Fig. S1I). The positive correlation of HLA-C and
KIR2DL expression suggests that there is an advantage for HLA-C and KIR2DL interaction
in generating and/or maintaining HCMV-induced NK cells.

HCMV infection expands a population of mature cyCD3e* NK cells in UCB transplantation

recipients

Fetal human NK cells frequently express cytoplasmic CD3e (6, 7), although the protein’s
function in this setting is unclear. Because the fetus is HCMV-naive, umbilical cord blood
does not contain the adaptive NK cell population found in HCMV-seropositive healthy
adults, permitting characterization of cyCD3e™ cells outside viral infection. In six umbilical
cord blood samples, cyCD3e* NK cells were found with a mean frequency of 20.93%
within the CD56%M NK cell population (range 9.94% to 40.3%) (Fig. 3A). These same
cells co-express NKG2A, but lack CD57 expression (Fig. 3B), consistent with a less mature
NK cell phenotype (24) and in contrast to the HCMV-induced cyCD3e* NK cells in adult
healthy donors, which demonstrate a mature phenotype with NKG2C and CD57 expression
(Fig. 2A).

Patients undergoing umbilical cord blood transplantation (UCBT) provide the unique
opportunity to observe in a longitudinal fashion the development of the cyCD3e* NK

cell population in the setting of HCMV reactivation. As the first lymphocyte population to
emerge following UCBT, NK cells are nearly exclusively NKG2A* (25). CyCD3e* NK cells
can be detected at 30 days post-transplantation, and their NKG2A* and CD57~ phenotype
resembles the cyCD3e* NK cells found in umbilical cord blood (Fig. 3C and 3D). In UCBT
recipients who experience HCMV reactivation, however, the NKG2A*CD57 cyCD3e*
population declines, and an NKG2A~CD57*cyCD3e* population, comprised mostly of
NKG2C* cells, emerges and expands (Fig. 3C-D and Fig. S2). In patients without HCMV
reactivation, the cyCD3e* NK cell population remains NKG2A*CD57~ (Fig. 3D). These
data suggest strongly that HCMV infection is associated with the expansion of a mature
cyCD3e* NK cell population.

HCMV vaccination capable of inducing a T cell response does not induce expansion of a
cyCD3e* NK cell population

We examined whether the cyCD3e* NK cell population is induced in HCMV-seronegative
individuals who seroconvert with an HCMV vaccine (22). In 36 individuals vaccinated

with live fibroblast-adapted HCMV vaccines constructed as chimeras of Towne and Toledo
strains (21), eight out of 11 subjects who seroconverted after vaccination also mounted weak
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CD8 T cell responses (22). We evaluated for HCMV-induced NK cells in five of these eight
donors by assessing cyCD3e, NKG2C, and FceRI+y expression. Despite seroconverting and
mounting a CD8 T cell response to the HCMV vaccine, the same individuals did not develop
detectable HCMV-induced NK cells, by any phenotypic definition (Fig. 3E and S3A),
instead exhibiting NK phenotypes similar to HCMV-seronegative donors (Fig. S3B). These
data suggest that the immunogenic proteins and molecular conditions sufficient to elicita T
and B cell response to an HCMV vaccine are insufficient for generating an HCMV-induced
cyCD3e* NK cell population.

Bclllb, a regulator of T-cell programming including CD3E, is upregulated at the transition
from CD56P"9ht to CD569M in NK cell development

Transcriptome comparison between the NKG2A* and the HCMV-associated NKG2C*

NK cell populations reveals increased transcription in the NKG2C™ cells of BCL11B.

BCL 11Bencodes a transcription factor critical for activating a T cell specification gene
regulatory network necessary for T lineage commitment, culminating in the silencing of
some genes (ZBTB16, NFIL3, POUZAFI, IL2RB, KIT, ITGAZB, FCERIG, and TYROBP)
and upregulation of others (GBP4, CD3E, CD3D, and CD3G) (26). Increased activity of
BCL11B in HCMV-induced NKG2C* NK cells is supported by the higher transcription

of CD3E, CD3D, and CD3G and lower transcription of /L2RB, FCER1G, and ZBTB16
(Fig. 4A). Moreover, increased chromatin accessibility at the BCL 118 locus among
NKG2C* NK cells is evident compared to NKG2A™ NK cells (Fig. S1E), further signifying
that BCL11B expression among NK cells is epigenetically regulated. Flow cytometric
assessment of BCL11B and IL2Rp in primary NK cells parallels the transcriptional
differences, with higher BCL11B and lower IL2RB measured in NKG2C* cells (Fig. 4B),
although neither to the extent found in autologous T cells. Notably, BCL11B appears to
have two expression patterns in the NKG2A* population, low and high, an observation
explained by the CD56Pr9ht and CD569M composition of the NKG2A population, where
BCL11B expression is escalated in the more mature CD56%M NK compartment (Fig.

4B). Interestingly, the increase in BCL11B that occurs at the developmental transition
marked by the phenotypic change from CD56P19ht to CD569M can be observed even in
HCMV-seronegative individuals. In fact, within the CD569MNKG2A* population, further
maturation to CD577 is associated with even higher expression of BCL11B (Fig. 4C). Thus,
while it is commonly thought of as a T cell lineage commitment factor, BCL11B may play
an important role throughout human NK cell development, independent of HCMV exposure.

Notch signaling promotes Bclllb-regulated protein expression

Notch/Delta-like 1 (DL1) signaling induces cyCD3e expression during human NK cell
differentiation (27), a result consistent with reports that BCL 11B is a downstream gene
target of Notch signaling (19, 28). We tested whether Notch/DL1 signaling enhances
expression of cyCD3e* NK cells from HCMV-seropositive individuals. Selecting eight
donors who exhibit cyCD3e* NK cells, we cultured primary NK cells with parental

OP9 cells or OP9 cells expressing the Notch ligand Delta-like 1 (OP9-DL1) for a week.
Incubation with OP9-DL1 significantly enhanced CD3e expression in cyCD3e* NK cells
(Fig. S3C).
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Notch ligands are highly enriched in the thymic microenvironment and, to a lesser extent,
in bone marrow (29). To investigate cyCD3e expression in NK cells from these tissues,
we assessed human cyCD3e expression among murine NK cells in a mouse transgenic for
human CD3e (huCD3e) (30). We found that while few NK cells in the spleen express
cytoplasmic huCD3e (Fig. S3D), there is a notably higher frequency of cytoplasmic
huCD3e* NK cells detected from the bone marrow. The highest frequency of cytoplasmic
huCD3e* NK cells is observed in the thymus of the transgenic mouse. Collectively, these
findings suggest that environments rich in Notch ligands enhance CD3e expression among
NK cells.

To determine whether Notch signaling upregulates BCL11B in human NK cells, we
measured BCL11B protein levels of primary NK cells cultured with OP9 or OP9-DL1 cells.
Co-incubation with OP9-DL1 enhanced expression of both BCL11B (Fig. S3E) and CD3e
among NK cells (Fig. S3C). Together, these data suggest a model in which Notch signaling
increases BCL11B expression in NK cells, which then activates a T-specification pathway,
leading to the upregulation of CD3e expression.

CyCD3e* NK cells are capable of enhanced antiviral humoral immunity against HCMV

We then sought to determine the functional consequences of T cell reprogramming of

the HCMV-induced NK cell population. Having identified that cyCD3e* NK cells largely,
but incompletely, overlap the previously described adaptive NK cell population found in
HCMV-seropositive individuals, we evaluated the functional response of cyCD3e* NK cells
from healthy donors to various stimuli. The cyCD3e* NK cell population degranulates
readily to the MHC class I-negative and NK-sensitive K562 cells (Fig. 5A) and responds
robustly in an antibody-dependent cellular cytotoxicity (ADCC) assay using the anti-GD2
monoclonal antibody 3F8 and the GD2* neuroblastoma cell line BE(2)N (31). The cyCD3e*
NK cells do not respond to fibroblasts infected /n7 vitro with the HCMV strain TB40/E (Fig.
5A), despite the fact that infected fibroblasts express significantly lower levels of surface
MHC class | proteins (Fig. S3F and S3G). The same cells, however, do degranulate robustly
against infected cells in the presence of serum from HCMV-seropositive individuals.

We evaluated the activity of cyCD3e* NK cells from ten HCMV-seropositive individuals
against K562 cells and HCMV-infected fibroblasts in the presence of serum from an HCMV-
seropositive donor, comparing their activity to cyCD3e™ NK cells from the same individuals.
CyCD3e* NK cells degranulate and produce IFN-7y in response to coincubation with K562
cells with similar frequency to cyCD3e~ NK cells (Fig. S3H). Similarly, cyCD3e* NK

cells degranulate to HCMV-infected fibroblasts in the presence of HCMV antibodies with
comparable frequency to cyCD3e~ NK cells (Fig. 5B). We observed, however, that cyCD3e*
NK cells are significantly more likely to produce IFN-y against infected fibroblasts with
HCMV-specific antibodies compared to cyCD3e™ NK cells in all donors tested (23.8+12.1
vs 9.9+4.2, Fig. 5B).

Because cyCD3e expression in adult NK cells frequently overlaps with NKG2C positivity
and FceRly deficiency (Fig. S1G), we evaluated cytokine response capacity of cell subsets
expressing different combinations of cyCD3e, NKG2C and FceRly to ADCC stimulation to
determine if heightened response could be narrowed to one specific phenotypic population.
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We found that cyCD3e positivity is a marker of enhanced response among all subsets,
including NKG2C*FceRIy*, NKG2C*FceRIy~, NKG2C FceRly*, and NKG2C FceRly~
NK cells (Fig. 5C). Notably, the greatest IFN-y response to ADCC occurs in the
cyCD3e*FceRIy~ cell population, regardless of NKG2C expression. The escalated response
suggests that losing FceRly and acquiring CD3e intrinsically promotes the response of
HCMV-induced NK cells against infected cells in the presence of HCMV-specific antibodies
(Fig. 5C).

To test whether the enhanced ADCC activity of cyCD3e* NK cells can be generalized to
non-HCMV ADCC settings, we evaluated the activity of cyCD3e* NK cells against 3F8
antibody-coated BE(2)N neuroblastoma cells. We found similar patterns of responsiveness
of the cyCD3e* and cyCD3e~ NK cell subsets as we did for HCMV-infected target cells
(58.9+£13.0 vs 46.7+£11.6, Fig. 5D). When examining the cytokine response capacity of cell
subsets expressing different combinations of cyCD3e, NKG2C and FceRly positivity to
ADCC stimulation, we found that cyCD3e* NK cells are more responsive than cyCD3e~
NK cells, again with the cyCD3e*NKG2C*FceRIy~ cell population demonstrating the
greatest IFN-y response to ADCC stimulation (Fig. 5E). Our results suggest that cyCD3e
positivity in HCMV-induced NK cells enhances the cytokine response of NK cells in the
setting of ADCC.

CD3e complexes with CD16 signaling molecules in HCMV-induced NK cells with an
enhanced expression of Lck and CD247

Seven different anti-CD3e antibody clones stained the same percentage of cyCD3e* NK
cells from healthy donors. Interestingly, the NK cell line NK92 displays a distinct cyCD3e
staining pattern with the antibody clones, whereby all of the cells are positive by staining
with APA1/1 and SP34-2, which recognize the single CD3e chain, but only 20% of the

cells are positive by staining with SK7, OKT3, UCHT1, and HIT3a, which exclusively
recognize complexed CD3e (32) (Fig. 6A). The staining therefore suggests that CD3e is
complexed in all primary cyCD3e* NK cells but in only 20% of NK92 cells. Transcriptome
analysis suggests that CD3G and CD3D expression are enriched in HCMV-induced NK cells
(Fig. 4A). Accordingly, we confirmed by flow cytometry that cyCD3e* NK cells co-express
cytoplasmic CD3+y and CD36 (Fig. 6B), although all three CD3 chains are expressed at
lower levels than in autologous T cells (Fig. 1B and 6C). Furthermore, we find that cyCD3e*
NK cells express more CD247 than cyCD3e™ NK cells (Fig. 6B).

To confirm that CD3e forms a complex with other CD3 subunits, we immunoprecipitated
CD3e from the human T-lymphoblast cell line MOLT-4, and from the NK cell lines NKL
and NK92. NK92 cells express 7-fold less cyCD3e compared to MOLT-4 cells, which
express cytoplasmic but not cell surface CD3 (7, Fig. S4A). NKL does not express CD3e at
all and serves as a negative control. As expected, CD3e complexes with CD3+y, CD358,

and CD247 in MOLT-4 cells. CD3e complexes with CD3y, but not CD36 in NK92

cells, consistent with the finding that NK92 cells do not express CD38, as assessed by
western blot (Fig. S4B). We further confirmed that CD3e complexes with CD247 in primary
cyCD3e* NK cells (Fig. 6D). These data indicate that the various CD3 subunits are present
and can complex in this population of HCMV-induced NK cells.
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CD16 mediates NK cell activation in a tyrosine-protein kinase-dependent manner principally
via Lck (33, 35). As a signaling adaptor of CD16 in NK cells, CD247 is also a substrate

of Lck (33, 34). Transcriptome analysis suggests that L CK expression is enriched in HCMV-
induced NK cells (Fig. S4C), consistent with the findings that cyCD3e* NK cells express
more Lck protein than cyCD3e™ NK cells (Fig. 6E). In T cells, CD3e-Lck interaction
promotes TCR signaling and CAR-T cell function (36, 37). To determine whether in NK
cells Lck and CD3e also directly associate, anti-Lck immunoblotting was performed using
immunoprecipitates prepared from cyCD3e* primary NK cells (Fig. S4D), with NKL cells
as negative controls (Fig. S4E). We find that, similar to T cells, CD3e complexes with Lck
in primary NK cells (Fig. 6F). To demonstrate that CD3* NK cells have enhanced activity
upon CD16 stimulation, we investigated the CD16" NK92MI cells, of which 10% are
CD3e/y complex positive. We observed an enhanced IFN-y activity among these cyCD3e*
cells upon stimulation with plate bound anti-CD16 antibody (Fig. S4F). Taken together,

the higher expression of CD16 signaling-related molecules CD247 and Lck, the direct
interaction of Lck with CD3e, and the enhanced cytokine response to CD16 stimulation

in cyCD3e* NK cells suggest that CD3e contributes to CD16 proximal signaling in this
HCMV-expanded NK population.

Discussion

We demonstrate that cyCD3e* NK cells can comprise up to 68% of all circulating CD564Im
NK cells in healthy adults, that they bear a broader T cell signature regulated by the Notch-
activated Bcll1b transcription factor, and that elevated frequency of the cells is associated
with prior HCMV exposure.

In the HCMV-induced NK cell population, CD3e is just one molecule of a wider T

cell program, which includes the CD3 complex partners CD36 and CD3-y, as well as

CD5 and CD8g. In the same NK cells, we observe simultaneous downregulation of

PLZF, FceRlvy, and CD122, additional molecular features typical of T cell identity. A
striking common characteristic among these molecules is their targeting by the zinc finger
transcription factor Bcl11b (26), a critical regulator of T lineage commitment (28) and one
whose gene transcription is also differentially upregulated in the HCMV-induced NK cell
population. Bcll1lb plays both activating and repressive roles in the T cell specification
process, exerting its effects at different stages of T cell development (26). Among the
genes silenced by Bcl11b are those distinctive to innate NK cells, ILCs, and innate-like

T cells; notably, deletion of Bc/116in mice results in a reprogramming of T cells at all
developmental stages to adopt NK cell properties similar to conventional NK cells (19)
Thus, a transcription factor responsible for directing T cell fate is absent in NK lineage
cells at their earliest developmental stage, but emerges at the transition from CD56Pr9ht to
CD569M a phenotypic juncture that marks significant functional distinctions: the immature
cytokine-sensitive CD56°"19" stage with higher proliferative capacity and the more mature
CD564IM stage with greater competence for degranulation (38). The continued increase in
Bcl11b protein levels from CD57~ to CD57* in the CD569M NK cell population indicates
a role for Bcl11b in further reshaping the programming of these cells as they continue to
mature. Indeed, the majority of the HCMV-induced NK cell population is CD57*, which
may explain the striking presence of so many Bclllb-associated changes.
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T cells acquire NK cell properties and concomitantly lose T cell-associated gene expression
upon Bcl11bdeletion in mice, suggesting that NK cell gene programs require continual
Bcl11b suppression (26). The discovery that human NK cells then express Bcl11b in the
course of their maturation is therefore surprising. Transcriptome analyses of murine T cells
reveal that Cd7, Cd160, Fcerlg, Gpri83, 112rb, Sh2d1bl1, Zbtb16, Tyrobp, Xcl1, and Kitare
repressed by Bclllb while Cd3d, Cd3g, Cd5, and Cd6 expression are dependent on Belllb
(28), most of which we confirm in our human NK cell dataset, thereby verifying successful
transcriptional activation of a T cell specification program in human NK cells. Provision

of Notch signaling to NK cells enhances cyCD3e expression, whether via culture with
Notch ligand or via /n vivo exposure to Notch ligand-rich tissue environments, suggesting

a Notch/Bcl11b-driven T cell-related genetic program in NK cells. The exact binding sites
and physical interaction partners of Bcl11b within human NK cells are of particular interest,
given the implications for NK cell-specific selective gene activation and repression during
maturation, and remain under investigation.

CyCD3e* NK cells exhibit higher cytokine response capacity with ADCC, particularly
when the majority of cyCD3e* cells exhibit loss of FceRly, but the exact role of the

CD3e molecule remains elusive. Canonical NK cells express FceRly and CD247 as
heterodimeric and homodimeric adaptor proteins for CD16 signaling (5). The number of
immunoreceptor tyrosine-based activation motifs (ITAMS) is likely critical for the strength
of CD16 signaling in human NK cells. Previous studies have proposed that loss of FceRl-y,
which expresses one ITAM each, may increase homodimerization of CD247 molecules, each
of which expresses three ITAMs, thereby increasing CD16-mediated activation through the
higher number of ITAMs (14). In addition, cyCD3e* NK cells express more of the CD16
signaling molecules Lck and CD247. We find that CD3e complexes with CD247 and Lck,
an observation that has not previously been made in NK cells, but which could stabilize

and propagate CD16 signaling in NK cells. Although the functional association remains to
be determined, their enhanced activity through CD16 is likely to depend on, in part, the
availability and proximity of signaling molecules. We propose that altered and enhanced
NK cell signaling that occurs through engagement of cytoplasmic CD3e is a functional
hallmark of a potent HCMV-induced NK cell population, comprising a potentially attractive
population for adoptive cellular therapy.
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1

2.

HCMV infection promotes expression of canonical T cell molecules in NK

cells.

CD3-positive NK cells are functionally superior in ADCC response.

Key points:
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Transcriptomic and epigenomic profiling identifies an enrichment of T cell related
molecules among HCMV-induced NKG2C* NK cells. (A) Bar plots display —log10
(p-value) of gene set enrichment in genes higher in NKG2C™* (black) or higher in

NKG2A* (gray) NK cells. Depicted are the top pathways enriched among genes

associated with higher expression within NKG2C* or NKG2A* NK cells. Fractions

within bar plots indicate the number of differentially expressed (DE) genes found

within the total gene set. (B) Representative flow cytometry plots to identify cyCD3e*

NK cells from healthy donors are shown. CyCD3e* NK cells were defined as viable
surfaceCD3e(UCHT1)"CD569 ™My 100155micCD3e(SK7)* lymphocytes. Intracellular staining of
cyCD3e is shown for NK cells and T cells from the same donor. Frequency of cyCD3e*™ NK
cells among CD564™ NK cells from healthy HCMYV seronegative (n=48) and seropositive
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(n=105) donors are shown below. Surface expression on NK cells and autologous T cells
for (C) CD5 and (D) CD8p are shown with frequencies of CD5* or CD8B* NK cells

among CD569M NK cells from healthy HCMV seronegative (n=40) and seropositive (n=96)
donors displayed below. The dotted horizontal line indicates the 6.5% threshold defining an
expanded cyCD3e™* cell population.
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FIGURE 2.
CyCD3e™ NK cells are enriched for adaptive NK cell markers. (A) Percentages of NKG2C™,

FceRly~, CD57*, NKG2A™, LIR-1*, KIR2DL1/S1*, KIR2DL2/S2/L.3*, and KIR3DL1" NK
cells among cyCD3e* NK cells and cyCD3e~ NK cells are shown. Populations from the
same donors are paired. The expression of KIR2DL1/S1 is evaluated on HLA-C2* donors
and KIR2DL2/S2/L3 is evaluated on HLA-C1* donors. (B) Linear regression analysis
between cyCD3e* NK cell frequency and NKG2C*FceRly~ NK cell frequency among the
CD569M NK cell population. (C) Donors were grouped based on cyCD3e expression and
geometric mean fluorescence intensity (gMFI) of HLA-C on their lymphocytes.
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FIGURE 3.
HCMV infection expands a population of mature cyCD3e* NK cells in UCB transplantation

recipients, but fibroblast-adapted HCMV vaccines in healthy individuals do not. (A)
Frequency of cyCD3e* NK cells among CD56%™M umbilical cord blood NK cells are shown.
(B) Representative flow cytometry demonstrating the CD16, NKG2A, CD57, and NKG2C
expression among cyCD3e* cord blood NK cells. (C) Phenotype of total NK cells from a
UCBT patient (patient 4) at indicated time points post transplantation. One representative
staining of 8 UCBT patients is shown. (D) Expression of CD57 and NKG2A on cyCD3e*
NK cells from UCBT patients with or without HCMV reactivation post-transplant. The
percentages of NKG2A*CD57~ (O) or NKG2A“CD57* (M) cells among cyCD3e* NK cells
were evaluated. The day of HCMV reactivation post-UCBT is indicated. (E) Expression of
NKG2C and cyCD3e among CD56%M NK cells from 5 HCMV-vaccinated healthy donors at
one-year post-vaccination.

J Immunol. Author manuscript; available in PMC 2022 November 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wu et al.

A z-score

-2-1 012

A NKG2A*
A NKG2C*

[ IL2RB ]
FCER1G

I Zze1BI16

Page 23

A CD56bright
A CD56dim
A Tcell

[ | CD3G

cD3D

CD3E

[ | .| |  BcLis
NKG2C*NK  NKG2A' NK '

2Bcl11b

>IL2Rp
C A CD56P1sht A CD564MNKG2A*CD57-
A CD56¢™NKG2A*CD57* A T cell
Donor1 Donor2
1 Hcmyres HCMVnes
2Bcl11b 2Bcl11b

FIGURE 4.

Bcl11b upregulation occurs in early NK development. (A) Heatmaps with differential
expression of selected genes from NKG2A* and NKG2C* NK cells. Shown are z-scores
of log2 normalized counts. (B) Bcl11lb and IL2Rp protein expression in NKG2A™* (blue),
NKG2C*(red) NK cells. Bcl11b and IL2R protein expression among CD562119ht NK
cells (magenta), CD569M NK cells (orange), and T cells (black) is shown with isotype
control (gray tint). One representative HCMYV seropositive donor out of eight analyzed

is shown. (C) Bcl11b protein expression among indicated lymphocyte populations from

HCMYV seronegative donors were shown.
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FIGURE 5.
Enhanced activity of cyCD3e* NK cells in response to HCMV-infected cells in the presence

of HCMV-specific antibody. PBMCs were collected from HCMYV seropositive donors.

(A) PBMCs were cultured with K562 cells, neuroblastoma cell line BE(2)N cells in the
presence of 3F8, or HCMV infected fibroblasts with indicated sera. The surface CD107a
expression on cyCD3e* NK cells from two donors is shown. (B) CD107a and IFN-y
responses in cyCD3e* and cyCD3e~ NK cells against HCMV-infected cells in the presence
of HCMV-specific antibody. Responses of cyCD3e* or cyCD3e~ populations from the
same individual are paired (n=10). The indicated percentages of positive cells in FACS
plots were determined as percentage of cyCD3e* NK cells and cyCD3e~ NK cells. (C)
IFN-y responses of indicated NK cell subsets against HCMV-infected fibroblasts in the
presence of HCMV-specific antibody. NK cell subsets were defined with the expression of
cyCD3e, NKG2C, and FceRIy among CD5649™ NK cells. (D) and (E) CD107a and IFN-y
responses among indicated NK cell populations following co-culture with BE(2)N cells
and the monoclonal antibody 3F8 are shown. The indicated percentages of positive cells in
FACS plots were determined as percentage of cyCD3e* NK cells and cyCD3e™ NK cells.
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CD3 subunits form complexes in HCMV-induced NK cells. (A) Detection of cyCD3e*
NK cells using indicated CD3e antibody clones among primary CD56%M NK cells and

NK92 cells is shown. Isotype controls for APAL/1 and SP34-2 are indicated as dashed

lines. (B) gMFIs of CD3y, CD38, and CD247 on cyCD3e* and cyCD3e™ NK cells are
shown. Populations from the same donors are paired (n=14). (C) Expression of cyCD3y,
and cyCD36 are shown on cyCD3e~ NK cells (dashed), cyCD3e* NK cells (solid), and

T cells (tinted) from the same donor. One representative donor out of fourteen analyzed

is shown. (D) NK92 cells and purified NK cells from two cyCD3e* NK cell donors were
lysed, immunoprecipitated with control 1gG or anti-CD3e antibody and blotted with anti-
CD247. (E) gMFlIs of Lck on cyCD3e* and cyCD3e™ NK cells are shown. Populations
from the same donors are paired (n=8). (F) Purified NK cells from two cyCD3e* NK cell
donors were lysed, and immunoprecipitated with control 1gG or anti-CD3e antibody for Lck

detection.
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