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Introduction: V(D)J recombination, initiated by recombination-activating gene
(RAG) endonucleases, is a crucial process for the generation of diversified antigen
receptors of T and B lymphocytes but regarded dispensable for innate natural
killer (NK) lymphocytes lacking clonotypic receptors.

Methods: To explore the impact of potential rearrangements on NK cell
maturation, RAG-fate mapping reporter human induced pluripotent stem cell
(iPSC) lines were generated by introduction of RSS-invEGFP constructs into the
AAVS1 locus using CRISPR/Cas9 and differentiated into NK cells in vitro.

Results: GFP expression was observed in up to 14% of mature NK cells characterized
by a CD459™ CD569™CD57*NKG2C"KIR*~ phenotype and unproductive genetic
rearrangements in the /IGH locus. Advanced maturation was further revealed by
transcriptomic studies using RNA sequencing. Despite their strong effector function,
DNA damage response and survival to ionizing radiation were compromised.

Discussion: These findings suggest a role of RAG expression in NK cell ontogeny
supporting the development of a terminally differentiated effector population.
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Introduction

Human natural killer (NK) lymphocytes develop in the bone
marrow and further mature to CD56%™CD16" NK cells in
secondary lymphoid tissues (SLT) (1, 2). As innate lymphoid cells,
they express a series of non-antigen-specific inhibiting and activating
receptors (3), and display cell-mediated cytotoxicity and
immunomodulatory functions relevant for host defense and immune
surveillance. Several concepts for the process of NK cell differentiation
have been suggested. The stepwise differentiation from CD34"
hematopoietic stem progenitor cells (HSPCs) to mature
CD56%™CD16" NK cells, defined by surface marker expression, was
introduced by Freud and Caligiuri (2). According to this model, NK
lymphocytes mature in six stages from CD34"CD45RA"CD10"
progenitors to terminally differentiated CD56%™CD16" killer
immunoglobulin-like receptor (KIR)-expressing NK cells, which are
the most abundant population in peripheral blood. Concurrently,
evidence has accumulated that HSPCs are heterogeneous in terms of
self-renewal and differentiation properties. Multi-lymphoid progenitors
(MLPs), with the potential to differentiate into all types of lymphoid
cells in addition to monocytes, macrophages, and dendritic cells (DCs),
as well as progenitors with combined myeloid and lymphoid potential
(MPPs), have been reported (4-6). Both lymphoid progenitor cells with
common T/NK lymphocyte potential (7-10), or B/NK cell potential (4,
11, 12), respectively, have been described in several studies.

Although it is generally accepted that NK cells do not require V
(D)J recombination, since they do not express surface T-cell
receptors (TCR) or immunoglobulin (Ig) proteins, a large fraction
(4%-40%) of human and murine NK cells derive from RAG-
expressing progenitors, and have non-productive rearrangements
within their Ig and TCR loci (13-15). An impact of V(D)]J
rearrangements on maturation and function of NK cells has been
suggested by mouse and human models (16, 17).

To study the impact of RAG-induced recombination on NK cell
differentiation, we generated human iPSC lines with an integrated
RAG-fate mapping reporter (18) that permanently labels NK cells
with RAG expression in their ontogeny. In vitro differentiation of
RAG-fate mapping reporter iPSCs into NK cells revealed a
distinctive CD45%™ NK cell population with a terminally
differentiated phenotype in GFP* NK cells. In contrast, GFP~
subsets mostly expressed CD45°"" and CD56°8" and were
characterized by reduced maturity and cytotoxic function, but
with an increased DNA damage response (DDR) capacity
compared to GFP*CD45%™ NK cells.

Our findings suggest the discrimination of NK cell
differentiation by RAG-endonuclease expression in the ontogeny
of early NK progenitors.

Materials and methods
Cell lines and cell culture

Human iPSCs were generated from healthy human newborn
foreskin fibroblasts (NuFFs) C.3 using the CytoTune iPS Sendai
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Reprogramming kit (Thermo Fisher Scientific) (19). IPSCs were
cultured on Vitronectin XF " (STEMCELL Technologies) in
StemMACS " iPSC Brew XF (Miltenyi) with daily medium change.

Murine stroma cells OP9-DL1 were used as feeders for the
differentiation into NK cells. OP9-DL1 were cultured in alpha-
MEM medium (without nucleosides) supplemented with 20% heat-
inactivated (HI) (56°C for 30 min) fetal bovine serum (FBS)
(BiowestTM), 1% non-essential amino acids (NEAAs), 1%
Glutamax, and 100 U of penicillin and streptomycin (P/S)
(Thermo Fisher Scientific).

The murine mastocytoma FcR" cell line P815 was used for
functional NK cell studies. P815 was cultured in RPMI
supplemented with 20% HI FBS (PAN'" serum), 1% NEAA, 1%
Glutamax, and 100 U/ml of P/S.

The human K562 cell line (DMSZ, ACC Nr. 10) was used as
target cells for cytotoxicity assays. K562 was cultured with RPMI
supplemented with 20% HI FBS (PAN'"), 1% NEAA, 1%
Glutamax, and 100 U/ml of P/S.

Generation of reporter IPS cell lines

A RAG-fate mapping reporter was introduced into the AAVS1
locus of human iPSC using CRISPR/Cas9 gene editing. Subsequently,
iPSCs were investigated for bi- (RSS-EGFP*'*) or monoallelic (RSS—
EGFP*'") integrations of the reporter construct. We used the vector
system developed in the Zhang laboratory (20, 21) (Addgene® 80945
AAVS1-Pur_CAG-EGFP) and replaced the EGFP cassette with an
inverted EGFP cassette flanked by two RSS sequences (18, 22).
Cloning was performed using the Fusion'" HD Transformation
Kit Eco Dry (Takara). Targeting of the inverted EGFP cassette by
the nucleases RAG1 and RAG2 results in flipping of the cassette into
sense orientation (Figure 1A). CRISPR/Cas9 protein and gRNA were
transfected into iPSCs by nucleofection (Amaxa Kit V, Roche).
Transfected iPSC clones were selected using 1 ng/ul of puromycin
(Thermo Fisher Scientific). Stable vector integration was confirmed
by PCR (Supplementary Figure S1A) and Sanger sequencing, and the
number of integrations was determined by RT-PCR (Supplementary
Figure S1B). Pluripotency and karyotypic integrity were confirmed in
generated reporter iPSC lines (Supplementary Figures SIC-E) as
described in the supplementary methods.

Differentiation of iPSC into hematopoietic
stem progenitor cells

iPSCs were cultured in six-well plates coated with Vitronectin
XF™ (STEMCELL Technologies) to 60%-100% confluency.
Colonies were cut into squares using the StemPro' EZPassageTM
Disposable Stem Cell Passaging Tool (Thermo Fisher Scientific),
transferred into one well of a six-well ultra-low attachment plate,
and incubated overnight. Cell clusters developed into EBs of
different sizes. To induce differentiation toward HSPCs, the
STEMdiff ™ Hematopoietic Kit (STEMCELL Technologies) was
used according to manufacturer’s instructions. A maximum of
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FIGURE 1

RAG expression can be detected in HSPCs and NK progenitor cells differentiated from RAG-fate-mapping reporter hiPSC lines in vitro. (A) Schematic
illustration of the reporter construct and target site for the generation of RAG-fate-mapping reporter hiPSC lines. A reporter cassette consisting of
an inverted EGFP sequence flanked by two RSS was inserted into the AAVS1 locus using CRISPR/Cas9. Targeting by RAG1 and RAG2 recombinases
results in flipping of the EGFP cassette into sense orientation. (B) Expression of GFP, CD45, and CD56 was analyzed using flow cytometry as
demonstrated by this representative gating strategy. GFP* and GFP~ NK cells were discriminated by CD45°"9"/CD45%™ and CD56°""/CD56™
expression, respectively. (C) Quantification of GFP expression in HSPCs and NK cells obtained from iPSC with biallelic (RSS—EGFP*/*) and
monoallelic (RSS—EGFP*/") reporter integration, respectively, was assessed by flow cytometry after hematopoietic differentiation (HSPC), and at
weeks (w) 1-3 of the NK cell differentiation. Additional RAG1 and RAG2 mRNA was transfected into HSPCs by nucleofection to induce targeting of
the reporter construct. Shown are the percentages of cell populations described in the legend and at indicated time points. (D) Distribution of
CD45P19" and CD45%™ expression in GFP* and GFP~ NK cell populations, respectively, is shown for NK cells obtained from RSS—EGFP*/* iPSC
(CD45P"9M 1 CD45%™ = 100%). (E) Distribution of CD45°"9™CD569"/CD569™ and CD459™CD56°"9"/CD56%™ populations is shown for GFP~ and
GFP* NK cell populations (RSS—EGFP*/*), respectively. Shown are means + SEM obtained from at least three experiments. Statistical analysis was
performed using two-way ANOVA. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

five to seven EBs were transferred into a well of a 12-well plate
coated with Vitronectin XF'* and containing 1 ml of differentiation
medium A (1 ml/12 well). On day 12, the suspension cells were
harvested and passed through a 40-pum cell strainer. No positive
selection of HSPCs was performed prior to NK cell differentiation.

Differentiation of HSPCs into NK cells

HSPCs were differentiated into NK cells on OP9-DLI1 feeder
cells as described before (19). OP9-DL1 feeder cells/well (1 x 10°)
were seeded into 12-well culture plates and treated with 10 mg/pl of
mitomycin C (MMC) (STEMCELL Technologies) for 3 h on the
following day. HSPCs (1 x 10*) were plated on feeder cells and
cultured in 2 ml of NK cell differentiation medium [56.6% DMEM
high glucose (Thermo Fisher Scientific), 28.3% Ham’s F-12

Frontiers in Immunology

03

Nutrient Mix (Thermo Fisher Scientific), 15% heat-inactivated
human AB serum (Valley Biomedical), 2 mM L-glutamine
(Thermo Fisher Scientific), 25 UM B-mercaptoethanol (Thermo
Fisher Scientific), 5 ng/ml of sodium selenite (Sigma-Aldrich), 50
UM ethanolamine (Sigma-Aldrich), 20 mg/l of L-ascorbic acid
(Sigma-Aldrich), 1% NEAA, 1% P/S supplemented with 10 ng/ml
of recombinant human stem cell factor (SCF), 10 ng/ml of
recombinant human IL-7, 10 ng/ml of recombinant human IL-15,
10 ng/ml of recombinant human Flt3 ligand, and 10 ng/ml of
recombinant human IL-3 (PeproTech). IL-3 was only used until day
9. Half medium changes were performed on days 3, 6, 9, 13, and 16.
On days 6 and 13, progenitor cells were replated on fresh feeder
cells. On days 6 [week 1 (w1)], 13 [week 2 (w2)], and 20 [week 3
(w3)], cells were analyzed for surface marker expression using flow
cytometry. OP-DL1 stroma cells were separated from NK
suspension cells by filtering through a 40-um strainer.
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Flow cytometry

For flow cytometry, 1 x 10%-1 x 10° cells were collected, washed
twice with PBS, and stained with antibody mixes at concentrations
of 1:100 in 100 ul of staining buffer (PBS, 1% FCS) for 15 to 30 min
at room temperature (RT) in the dark. Antibodies and isotypes used
are listed in Supplementary Table S1. For intracellular staining of
perforin, granzyme B, and interferon gamma, Cytofix/Cytoperm
(BD Biosciences) was used for fixation and permeabilization
according to the manufacturers’ instructions. The FoxP3 Staining
Buffer Set (Miltenyi Biotec) was used for permeabilization of iPSCs
characterized for pluripotency and trilineage differentiation. Cells
were subsequently stained with antibody mixes at concentrations
up to 1:100 in 100 ul of Perm Wash or FoxP3 Staining Buffer,
respectively, for 30-60 min at 4°C in the dark. After two washes,
cells were resuspended in 50-100 pl of PBS or staining buffer and
analyzed on a BD FACSAria I'" or BD FACSAria ITI " Cell Sorter
(BD Biosciences), respectively.

Functional NK cell assays

To assess degranulation, cytokine production, and antibody-
dependent cellular cytotoxicity (ADCC), NK cells generated on
OP9-DL1 cells were harvested after week 3 and co-incubated with
human K562 erythroleukemia tumor cells (E:T of 3:1 and 6:1), or
mouse P815 mastocytoma cells (E:T of 3:1 and 6:1), respectively.
The latter were either uncoated or coated with anti FCyRIIIa (a-
CD16, 10 pg/ul; Biolegend) or isotype control (10 ug/ul) for 1 h.
Prior to effector cell co-incubation, target cells were labeled using
the CellTrace' " Far Red Cell Proliferation Kit (1 pg/ml, Thermo
Fisher Scientific) for 20 min.

DNA damage response and survival in
response to ionizing radiation

DNA damage was induced in NK cells obtained at weeks 1, 2,
and 3 using 2 Gy of ionizing radiation from a Cs134 source. Cells
were fixed and permeabilized after 2, 4, 8, and 24 h using solution A
of Fix & PERM (Thermo Fisher Scientific) mixed 1:1 (w/w) with
culture medium. After 3 min of incubation at room temperature, 2
ml of ice-cold methanol was added. In addition to samples obtained
at indicated time points, an unirradiated control and an isotype
control obtained 2 h after radiation were prepared. Subsequently,
cells were stained with APC anti-H2A.X-phosphorylated (Ser139)
(Biolegend), or APC mouse IgG1, K isotype control (Biolegend) for
1 h in the dark.

V(D)J recombination and IGH repertoire

NK cells harvested at week 3 of differentiation were screened for
V(D)J recombination events at the IGH, IGK, IGL, TCRB, TCRG,
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and TCRD loci using a multiplex PCR reported before (23).
Genomic DNA was isolated from sorted GFP* and GFP~ NK
progenitor cells using the QIAamp DNA Micro kit (Qiagen).

To study V(D)J joints in the IGH locus of NK progenitor cells
by next-generation sequencing (NGS), 1,000 GFP™ NK cells
(derived from RSS-EGFP*'* {PSC) were sorted from
differentiation cultures at weeks 1, 2, and 3, and gDNA was
isolated. Three replicates were prepared for each sample that was
obtained from three independent experiments. NGS of the IGH
repertoire was performed by Adaptive Biotechnologies, and analysis
tools provided by Adaptive were used. Heat maps were generated
using the open-access webtool Morpheus provided by the Broad
Institute, Cambridge, MA, USA (Morpheus, https://
software.broadinstitute.org/morpheus).

RNA sequencing

For RNA sequencing analysis, 500 GFP™ and GFP~ NK
progenitor cells (derived from RSS-EGFP*'* iPSC) were sorted
on days 19 (week 1), 26 (week 2), and 33 (week 3) into 25 pl of
NEBNext® cell lysis buffer (New England Biolabs). Three replicates
from three independent experiments were analyzed for each sample
and time point.

Synthesis of cDNA, library preparation, and sequencing were
performed by the c. ATG genomics core facility at the University
Hospital Tuebingen, Tuebingen, Germany, and bioinformatic data
analysis was performed with the bioinformatics core facility QBiC
(University of Tuebingen, Tuebingen, Germany). RNA sequencing
and the bioinformatic analysis are described in detail in the
supplementary section.

GO enrichment analysis was performed using the Gene
Ontology Resource (https://geneontology.org/) (GO Ontology
database DOI: 10.5281/zenodo.12173881 Released 2024-06-17),
PANTHER™ (version 19, released 2024-06-20), and Reactome
(version 86, released 2023-09-07) (24-26). Results can be
retrieved from Supplementary Table S2. Genes associated with B
(GO_0030183) and NK lymphocyte (GO_0001779) development
were identified using Ensembl BioMart (Ensembl 111) (https://
www.ensembl.org/info/data/biomart/index.html).

Statistical analysis and data visualization

Each experiment was repeated at least three times, and means
were used for statistical evaluation. Data were analyzed using
GraphPad Prism 9.0 Software. The type of statistical analysis
performed and the subset of the study population are listed in the
figure legends. Statistical significance is indicated by p-values (*p <
0.05, ¥*p < 0.01, **p < 0.001, ***p < 0.0001). The web-based
platforms Galaxy (27) and SRplot (28) were used for visualization of
transcriptomic data. Dot plots were generated using the MATLAB®
Engine API for Python®.
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Results

RAG recombinase is predominantly
expressed in CD45%™ NK cell progenitors

To study the expression of RAG recombinase in NK cell
development, we introduced a reporter cassette consisting of an
inverted EGFP sequence flanked by two recombination signal
sequences (RSS) (18) into the AAVSI locus of human induced
pluripotent stem cells (iPSCs) using CRISPR/Cas9 (20, 21)
(Figure 1A). Efficient targeting of RSS by RAG1 and RAG2 results
in flipping of the EGFP cassette into sense orientation and
permanently marks the ontogeny of RAG expression. Cells with
successfully integrated reporter constructs were selected by culture
with puromycin (1 ng/ul) and subsequently screened for stable
reporter integration using PCR (Supplementary Figure S1A),
Sanger sequencing, and copy number variation (CNV) determined
by qPCR (Supplementary Figure S1B). iPSC lines were characterized
for their karyotypic integrity and retained pluripotency by expression
of pluripotency-associated genes and proteins (Supplementary
Figures S1C, D). In addition, iPSCs were differentiated into all
three germ layers confirmed by surface expression of SOX2 and
PAX6 (ectoderm), SOX17 and CD184 (CXCR4) (endoderm), and
CD144 (VE-cadherin) and CD140b (mesoderm) (Supplementary
Figure SIE). To validate the efficiency of the reporter construct,
RAGI and RAG2 mRNAs were introduced into iPSCs and HSPCs
using nucleofection. As reported before (29), iPSCs were not able to
perform V(D)J recombination, but efficient rearrangement of the
reporter cassette was observed in HSPCs (Supplementary Figure
S1F). Based on these investigations, iPSC lines containing bi- (RSS-
EGFP**) and monoallelic (RSS-EGFP*'™) integrations of the reporter
construct were selected and further differentiated into HSPCs and NK
cells on OP1-DL1 stroma cells in vitro. Expression of GFP and NK
lineage markers determining the process of differentiation was
monitored weekly using flow cytometry (Supplementary Figure
S1G). For simplification, we designated cells obtained after
completion of the hematopoietic differentiation protocol “HSPCs”
and cells in the process of differentiation toward the NK lymphocyte
lineage “NK cell progenitors” or “NK cells.”

Importantly, two populations of CD45- and CD56-expressing
cells could be identified that were discriminated as CD45°¢™ and
CD45%™, and CD56"¢" and CD56%™, respectively (Figure 1B).

GFP expression could be detected in up to 14% of NK cell
progenitors from day 3 of differentiation on OP9-DL1 stroma cells
in fluctuating intensities (Figure 1C). Of note, no GFP expression
could be observed in HSPCs. Additional transduction of RAG1 and
RAG2 mRNAs at the stage of HSPCs increased the fraction of GFP*
cells in NK cell precursors (14%-16.1% at week 1, 10.5%-21.4% at
week 2, and 7.3%-20% at week 3) (Figure 1C) in RSS-EGFP*'* and
RSS-EGFP*'~ reporter iPSC lines, respectively. Most NK cells
obtained in vitro expressed GFP~CD45™#"CD56 8 byt GFP*
NK cells were found in up to 90% of the CD45%™ NK cell
population at all stages of differentiation (Figure 1D,
Supplementary Figure S2A). These populations could be further
discriminated by CD56 expression, whereby CD45"%" NK cells
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predominantly expressed CD56"¢", and CD45%™ NK cells,
CD56%™ (Figure 1E, Supplementary Figure S2B).

RAG expression ontogeny impacts on
CDA45 isotype expression in NK cell
progenitors

The observation of CD45"" and CD45%™ populations in
GFP' and GFP~ NK progenitors was further investigated by
studying the CD45RA, CD45RB, CD45RC, and CD45RO isotype
expression using flow cytometry (Supplementary Figure S2C).
CD45RB and CD45RC expression was analyzed in CD45RA",
CD45RO", CD45RA'RO", and CD45RA"RO™ populations.

Peripheral blood NK cells isolated from three healthy buffy coat
donors stained predominantly CD45"" and expressed CD45RA
in co-expression with CD45RB and CD45RC (CD45RA/RC/RB and
CD45RA/RC) isotypes (Supplementary Figures S2D, E). Since
different CD45 isotypes can be co-expressed (30), we analyzed all
possible combinations in CD45" 8" and CD45%™ HSPCs, and
GFP7/GFP" NK cell progenitors obtained at weeks 1, 2, and 3,
respectively (Supplementary Figures S3A, B).

IPSC-derived HSPCs that were all GFP~ due to lack of
recombination at this stage, expressed predominantly all CD45
isotypes (RA/RO/RB/RC) and CD45RA/RC/RB. On CD45%™
HSPCs, up to 16% CD45RB, or CD45RB/RC isotypes could be
detected. No specific CD45 isotype could be identified in up to 20%
of HSPCs suggesting a lack of lymphocyte commitment
(Supplementary Figures S3A-D).

CD45"" 8" NK cells were characterized by CD45RA/RB/RC and
CD45RA/RC in GFP™ and CD45RA/RO/RB/RC, and CD45RA/RO/
RB in GFP* NK cells, respectively. In contrast, CD45%™ NK cells
obtained at weeks 1-3 expressed predominantly CD45RO, whereas
co-expression of CD45RB could be identified on GFP" cells
(Supplementary Figures S3A-D).

In summary, CD45 isotype distribution differs in NK
progenitors with and without RAG-fate ontogeny with a
preference for CD45RO and CD45RB in GFP" and CD45RA in
GFP™ NK cells. The different CD45 isotype distribution results in
the observation of CD45%™ and CD45"¢" NK progenitors.

For technical reasons, the following studies were performed on
CD45°" and CD45%™ NK cells without consideration of the
CD45 isotypes.

RAG-fate-mapped NK cells are
characterized by increased maturity

The maturation process of differentiating NK cells was
monitored weekly for expression of NK lineage marker using flow
cytometry (Supplementary Figure S1G). HSPCs were harvested
after 12 days of hematopoietic differentiation and analyzed for
CD34, CD43 (leucosialin), CD45, and CD15 surface marker
expression (Supplementary Figure S4A). No GFP expression, but
CD45%™ and CD45"" populations, were detected at the stage of
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HSPCs that expressed mainly CD45""€" and up to 25% CD45%™,
An increased fraction of CD34"CD43™ cells was found in CD45%™
compared to that in CD45°" HSPCs, which predominantly
stained CD34"CD43" (Supplementary Figures S4B, C).

From weeks 1-3 of the NK cell differentiation, expression of
CD117 (c-kit), CD7, CD161, CD94, CD335 (NKp46), CD56, and
CD16 was assessed on CD45" " and CD45%™ NK cell progenitors
(Supplementary Figure S5A). Expression of NK cell markers was
compared between RAG-fate-mapped (GFP') and non-mapped
(GFP™) CD45°8" CD45%™, and total CD45" precursors
(Figures 2A, B, Supplementary Figures S5B-D). CD56 expression
could be observed from week 2 with a phenotype of predominantly
CD56°8" jn GFP~ and CD56%™ in GFP* NK cell precursors.
Although CD117 expression was similar in both GFP~ and GFP*
precursors increasing from week 1 (mean 54% + 9.4% in GFP,
mean 51.5% + 16.3% in GFP") to weeks 2 and 3 (mean 78.5% =+
4.7% in GFP™, mean 68.7% + 6.1% in GFP"), there were significant
differences between GFP"CD45""" and GFP*CD45%™ NK cells
(Supplementary Figures S5B-D). CD161 and CD9%4, the latter of
which participates in the heterodimeric complex of NK2G
receptors, were both increasingly expressed from week 2 to 3, and
to a significantly higher extent in GFP~ NK cells (RSS-EGFP*'").
The natural cytotoxicity receptor (NCR) NKp46 (CD335) was
observed from week 2 and expressed by up to 78% (£13.4%)
GFP™ and 85% (+26.9%) GFP" NK cells at week 3. Expression of
CD16 accelerated from week 2 to 3 and could be detected on 8%-
30% (+8.5%) of GFP"CD45"" NK cells compared to 5%-19%
(+£8.0%) of GFP*CD45%™ cells at week 3. Of note, GFP"CD45%4™
cells stained negative for NK lineage markers investigated in this
study (Figure 2B, Supplementary Figure S5C, D).

NK lineage marker were further analyzed on CD56" NK cells
obtained at week 3, which were additionally evaluated for markers
of activation (CD69, DNAMI, CD62L), maturity (CD57, CXCR1),
activating cytotoxicity receptors (NCRs) NKp46 (NCR1, CD335),
NKp44 (NCR2, CD336), NKp30 (NCR3, CD337), as well as
activating (NKG2C, NKG2D) and inhibiting (NKG2A)
transmembrane NKG2/CD94 receptors, and killer cell
immunoglobulin-like receptors (KIRs) KIRDL2/L3 and KIR3DL1
(Figures 2C-E, Supplementary Figure S6A-C).

In contrast to GFP™ cells, CD56"™ RAG-fate-mapped NK cells
were characterized by predominant expression of the senescence
marker CD57. In addition, NKG2C and KIRs could be found on
GFP* NK cells, whereas these markers of terminal differentiation
were completely absent on GFP™ cells. The NCRs NKp30, NKp44,
and NKp46 were differentially expressed, with a predominance of
NKp30 and NKp46 in GFP~, and NKp44 in GFP™ cells, respectively.
This suggests a higher activation status in the latter, whereas NKp30
and NKp46 are expressed on resting cells (31). In addition, GFP*
NK cells were characterized by an elevated fraction of DNAM1* NK
cells (Figures 2D, E, Supplementary Figure S6A-C). Expression of
most NK lineage markers was reduced in GFP*CD56"" 8"
compared to that in GFP"CD56"" cells and almost absent in
GFP~CD56%™ NK cells (Figure 2E, Supplementary Figures S6B, C).
Similar results were obtained for both reporter cell lines, RSS-
EGFP""~ and RSS-EGFP™".
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These results suggest accelerated differentiation and a more
mature phenotype in GFP" versus GFP~ NK precursor cells.

Transfection of additional RAG1 and RAG2
MRNA increases the event of
recombination and leads to a phenotype of
increased maturity in RAG-fate-mapped
NK cells

To address the question whether the phenotype observed in
GFP" NK cells can be attributed to targeting of RAG endonucleases,
RAGI and RAG2 mRNA was transfected into HSPCs derived from
reporter iPSCs. The increased targeting rate of the reporter
construct raised the percentage of GFP™ NK cells up to 21.4%
(Figure 1C). As in cells mapped by endogenous RAG expression,
CD45%™ cells were predominantly found in GFP* NK cells
(Supplementary Figure S7A). Furthermore, CD45%™ NK cells
expressed mostly CD56%™, whereas CD56"8" expression was
reduced in RAG1-/RAG2-transfected GFP™ NK cells
(Supplementary Figures S7B, C).

The phenotype of NK cells with induced RAG1/RAG2
expression was investigated regarding NK lineage marker
expression and maturity at weeks 1-3 of the NK cell
differentiation. Interestingly, phenotypic differences between
GFP~ and GFP", and CD45#" and CD45%™ NK cells resembled
NK cells mapped by endogenous RAG1/RAG2 expression
(Supplementary Figures S7D-F). In contrast to RAG-fate-mapped
NK cells, expression of CD94, NKp46, and CD56""8M accelerated in
GFP™ cells from week 1-3.

Following 3 weeks of differentiation, NK lineage surface
markers were investigated on CD56" cells (Supplementary Figures
S8A-G). The expression of DNAM1, CD57, CXCR1, and NKp44
was significantly increased in GFP* compared to that in GFP~ NK
cells, whereas elevated fractions of NKp30" and NKp46® were
detected in the GFP™ population (Supplementary Figures S8E, F).
NKG2C and KIR2DL2/3 could only be detected on GFP" NK cells.
Though expressed at low levels on both populations, CD16 was
predominantly found on GFP~ NK cells.

In summary, these data show that additional transfection of
RAG1 and RAG2 mRNA results in increased targeting of the
reporter construct, which contrasts the differential phenotype
toward increased maturity observed in RAG-fate-mapped
compared to non-mapped NK cells.

RAG-fate-mapped NK cells demonstrate an
increased potential for both degranulation
and cytokine production over non-mapped
NK cells

Degranulation capacity quantified by expression of CD107a, as
well as intracellular perforin, granzyme B, and interferon gamma
(IFNY), was investigated in mature iPSC-derived NK cells harvested at
week 3 and cocultured with K562 cells at defined effector:target (ET)
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NK lineage surface marker expression indicates a more mature phenotype in RAG-fate-mapped NK cells. (A) RAG-fate-mapping reporter iPSCs were
differentiated into NK cells and studied weekly for NK lineage marker expression using flow cytometry. Expression of indicated surface markers were
analyzed in GFP* versus GFP~ CD45* NK cell precursors (RSS—EGFP*/*). (B) Mean expression profiles are shown as percentages in heatmaps for
CD45P19" CD45%™ and total CD45" NK lymphocytes. (C) Expression of indicated NK lineage markers was studied in GFP* versus GFP~ CD56°"9",
CD569™, and total CD56% NK cell precursors, respectively. Shown is the gating strategy performed on one representative sample obtained at week 3
of the differentiation protocol gated on CD45*CD56™ cells. (D) Expression of indicated NK cell marker was studied in GFP* versus GFP~ CD56" NK
cell precursors (RSS—EGFP*/*). (E) The mean expression levels of NK cell marker analyzed are shown as percentage distributions in a heatmap for
both RSS—EGFP*'* and RSS—EGFP*/~ iPSC-derived cells, respectively. Statistical analysis was performed using 2Way ANOVA (*p<0.05, **p<0.01,

*+%p<0.001, ****p<0.0001).

ratios using flow cytometry. To assess cytotoxicity and cell lysis of
target cells, the latter were labeled using a cell tracer dye. Compared to
GFP™ populations, GFP*CD56"CD16"~ mature NK cells displayed
increased degranulation capacity shown by CD107a expression in
response to K562 coculture (Figure 3A). Perforin, but not granzyme
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B, expression differed moderately between GFP~ and GFP" NK cells
at 3:1 and 6:1 effector:target ratios (Figures 3B, C). Interestingly, GFP*
NK cells produced more IFNY in response to stimulation with PMA/
ionomycin compared to GFP~ NK cells (Figure 3D). The redirected
antibody-dependent cytotoxicity (ADCC) was measured using anti-
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CD16-coated murine FcR" P815 cells as target for iPSC-derived NK
cells (32) (Figure 3E). Degranulation in response to coated P815 cells
was increased in GFP* compared to GEP~ CD56"CD16™~ NK cell
populations (Figure 3F).

These results demonstrate that iPSC-derived NK lymphocytes
are functional, and RAG-fate-mapped NK cells have an increased
potential for both degranulation and cytokine production.

RAG-fate-mapped NK cells show an
impaired DNA damage response capacity
and diminished cellular survival in response
to ionizing radiation

NK progenitor cells obtained at weeks 1, 2, and 3 were
irradiated with 2 Gy and fixed after 2, 4, 8, and 24 h. Mean
fluorescence intensities (MFIs) of the DDR marker YH2AX were
measured using flow cytometry. Phosphorylation of the histone
protein H2AX (YH2AX) occurred shortly after induction of DNA
damage in GFP~ NK cells and was followed by subsequent
downregulation of YH2AX foci upon repair. However, YH2AX
level remained constantly increased in GFP' populations
following IR (Figures 3G, Supplementary Figure S9A). This
finding suggests persistent DNA damage signaling in RAG-fate-
mapped NK cells due to senescence. Accordingly, cellular survival
after IR was severely reduced in GFP" in contrast to that in GFP~
NK cells (Figure 3H, Supplementary Figure S9B).

NK cells with RAG expression ontogeny
have unproductive rearrangements in the
IGH locus

To verify targeting by RAG recombinases, we searched for
rearrangements in heavy chains and kappa and lambda light
chains of the immunoglobulin receptor, and rearrangements in
the TCR beta, gamma, and delta locus in sorted GFP" NK cells
obtained after 3 weeks of differentiation (23) (Supplementary Figure
S10A). Since rearrangements were observed on the IGH, but not on
the TCR locus, the genomic IGH repertoire was studied in gDNA
extracted from sorted GFP™ NK cells at weeks 1, 2, and 3 using NGS
analysis. Three independent experiments were performed, and
results were calculated on three replicates of each sample.

Up to 17 unique sequences and up to 6,825 total reads per
sample were obtained for NK cells harvested at weeks 1-3 of
differentiation. The mean ratios between unique and total
sequences are shown for each time point in Figure 4A. As shown
by the frequency of the top five clones (Figure 4B), the IGH
repertoire was extremely clonal due to a few unique sequences.
Further investigation of the diversity using indices, such as sample
clonality, Shannon entropy, and Simpson clonality (Figures 4C-E),
confirmed a clonal repertoire but increasing diversity in weeks 2
and 3. Importantly, none of the rearrangements found was
productive. This was due to a high range of pseudogene usage
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(Figure 4F), or V] and DJ rearrangements leading to out of frame
sequences or stop codons within the open reading frame
(Figures 4G, H). Clonal expansion is further indicated by the
frequency of all VJ and DJ rearrangements as shown by heat
maps (Figure 4I, Supplementary Figure S10B). The number of
resolved V and D rearrangements found was only slightly higher
than the number of unresolved sequences (Supplementary Figure
S10C). There were no differences between the three time points
regarding nucleotide losses at the joints (Supplementary Figure
$10D) and N nucleotide additions (Supplementary Figures SI0E-
G). Despite low diversity, increased numbers of N1 and N2
nucleotide additions (>16 nt) were found in all samples
(Supplementary Figures S10F, G), and a shifted distribution of the
CDR3 length toward larger sequences (Supplementary Figure
S10H) was observed.

We conclude from these findings that all IGH rearrangements
found in NK cells and NK precursor cells are unproductive due to
either pseudogene usage or disruption of the reading frame.
Interestingly, rearrangements can be observed early (week 1) at
differentiation, and the diversity of clones increases toward more
mature NK cells.

Differential gene expression between RAG-
fate-mapped and non-mapped NK cells
increases in the process of differentiation

Transcriptome analyses were performed using RNA-Seq on
sorted GFP™ and GFP* RSS-cEGFP*/* NK cell precursors obtained
at weeks 1, 2, and 3 of differentiation. Due to potential
contamination with gDNA, mapped sequences were filtered to
contain gapped alignments and exon-exon boundaries only
(Supplementary Figures S11A-C). Principal component analysis
(PCA) of the filtered RNA-Seq data on GFP~ versus GFP* NK cells
from weeks 1, 2, and 3 showed two different clusters that further
separated in the process of differentiation (Figure 5A). In addition, a
similarity analysis between all samples revealed a high distance
between NK progenitors at weeks 1 and 3 (Supplementary Figure
S11D). Accordingly, the number of differentially expressed (DE)
genes increased over time from 220 at week 1, to 395 at week 2, and
to 439 at week 3 (pagj < 0.05). The normalized gene counts for GFP~
and GFP" NK cells of the top 10 DE genes of each time point are
shown in Figure 5B. The distribution of DE genes obtained from
weeks 1, 2, and 3 is represented by volcano plots in Figure 5C
indicating the top 10 DE genes.

There was a substantial overlap of DE genes at weeks 1, 2, and 3
(Figure 5D). In total, 94 genes that were differentially regulated at all
time points could be identified. Gene expression was analyzed in
this data set, and DE genes relevant for NK cell differentiation were
identified (Figure 5E). The distribution of significantly up- and
downregulated genes at all time points (p,g; < 0.05) is shown in
Figure 5F, in which the top 10 DE genes are indicated. Of note, most
of the DE genes were associated with transcription, translation, and
protein processing.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1607664
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Sprissler et al.

10.3389/fimmu.2025.1607664

A B E s e
s e s = = = =
o [l m m 100 10074 ® O + P815
5 80 \ﬁ"\ " § = pg15ec
© . £ o \
§ 50 E g { \ O p815C016
: A Al 2= 3 ’
R = & 3 Ei \
bry \
5]':'| f il “ " \5
0 0 - . -
1:0 31 6:1 1:0 31 6:1 0:1 6:1 31 1:0
ET ET ET
*
100 100
1009 ™1 [ CDS6*CD16* GFP- b [ CDS56°CD16'GFP-
80 e e o6 ~ 80 [ I e R e B |
o 8 " i g g ] CD56*CD16* GFP* 8w [ CD56'CD16*GFP*
% 60 > : [ CD56'CD16" GFP- 2 o B CD56'CD16GFP
™ Bl CD56*CD16° GFP* < 5 ﬂ - BN CD56'CD16'GFP*
g 40 =2 ﬂ . FI - 'g 0 I'i'l & .—i
) %0 10 o 10 "
5 S
0 0 0
1:0 31 6:1 1:0 31 6:1 1:0 31 6:1
ET ET ET
Week 1 Week 2 Week 3
100000 200000 200000
ok okokok Aokokok * Hokokok Aekokk Fokkok D GFP-
80000 M M M M M [l (|
- e 150000 150000 O GrpP*
3 60000 [ ™ S 3
T < 100000 < 100000
E 40000 E E
20000 ﬂ ﬂ ﬂ |'| H 50000 50000
0 |F1 T T T T 0- 0-
[} 2h 4h 8h 24h o 2h 4h 8h  24h o 2h 4h 8h  24h
kKK oKk Aokokk oKk *kk Fokkk * Aok AR
Il Il [l [l - M M I M M
100 ™ 100
e " '“’%».‘ LR l?”l?- -8 g G
- 80 ® 80 § . ® 80 § -O- GFP*
8 60 \ 8 0 § 8 e %
| ~ € K
£ 40 . £ 40 g 4
® S S ® \
20 o 20 20
a
0 T T T T T 0 T T T T T 0 T T T T T
[} 2h 4h 8h  24h ] 2h 4h 8h  24h ] 2h 4h 8h  24h
FIGURE 3

RAG-fate-mapped NK cells are characterized by increased cytokine expr:
carrying bi-allelic reporter constructs (RSS—EGFP*/*) were differentiated
studies. Cells were cocultured with K562 target cells labeled with cell tra
CD107a (A), perforin (B), granzyme B (C), and interferon gamma (D) was
respectively, using flow cytometry. Percentual expression is shown. (E) Tl
of differentiation was quantified using the murine mastocytoma cell line

ession and cytotoxic potential, but impaired DNA damage response. iPSCs
into NK cells over 3 weeks and subsequently harvested for functional

cer dye at indicated effector:target (E:T) ratios for 1 (h) Expression of
determined in GFP* and GFP~ CD56*CD16~ and CD56"CD16" NK cells,
he antibody-dependent cytotoxicity (ADCC) of NK cells obtained at week 3
P815. Murine P815 target cells were coated with human anti-CD16 or IgG

isotype, respectively, labeled with CellTrace™, and cocultured with NK cells at indicated effector:target (E:T) ratios. Uncoated p815 cells served as
control. (F) Degranulation capacity of GFP*/GFP~ and CD56"CD167/CD56*CD16" NK cells, respectively, was measured by CD107a expression in
response to coculture with anti-CD16-coated P815 target cells at indicated effector:target (E:T) ratios. Percentage of CD107a-expressing cells is
shown on a linear scale. (G) NK cells obtained at weeks 1-3 of differentiation were irradiated with 2 Gy and fixed at indicated time points. Geometric

mean fluorescent intensities (MFls) of yH2AX are shown for GFP* and GF

P~ NK cell populations at indicated time points after irradiation. (H) The

survival responses were analyzed in the respective GFP* and GFP™ populations at indicated time points after 2-Gy ionizing radiation. The percentage
of vitality was calculated based on survival rates of unirradiated cells. Shown are results obtained from RSS—EGFP*/* iPSC as means + SEM from at
least three experiments. Statistical analysis was performed using two-way ANOVA (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

The expression profiles of the top 100 DE genes observed
at the individual time points (weeks 1-3) are shown in
Supplementary Figures S12A-C.

Gene ontology (GO) analysis of biological processes performed
on DE genes of weeks 1-3 (FDR < 0.05) revealed differential

Frontiers in Immunology

regulation of gene expression, translation, and metabolic
processes (Figure 5G). The GO terms associated with gene
expression and translation, metabolism, and cellular function
found to be enriched in NK progenitors obtained from week 1 to
3 are shown in Supplementary Figures S12D-F.
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FIGURE 4

NK cells with RAG expression ontogeny have unproductive rearrangements in the IGH locus. GFP* NK cells derived from RSS—EGFP*/* iPSCs were
sorted at weeks 1-3, and gDNA was isolated. (A) The ratio between the number of unique sequences and total sequences is shown for GFP* NK
cells obtained at weeks 1-3. (B) The frequency of the top five clones is shown as percentage of total sequences. The diversity of the IGH repertoire
obtained from NK cells at weeks 1-3 was investigated using (C) sample clonality, (D) Shannon entropy, and (E) Simpson clonality. (F) The frequency
of IGH V, D, and J pseudogene usage obtained from GFP* NK cells at weeks 1-3 is shown as the percentage of total sequences. The amount of VJ
(G) and DJ (H) rearrangements leading to in-frame or out-of-frame deletions or stop codons within the coding DNA is shown for all sequences
obtained from NK cells at weeks 1-3. (l) Frequencies of VJ rearrangements in GFP* NK cells obtained at weeks 1-3 are shown by color-coded heat
maps. Shown are means + SEM from three independent experiments. Statistical analysis was performed using two-way ANOVA, or unpaired t test,
respectively (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001)
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FIGURE 5
Differential gene expression observed in RAG-fate-mapped compared to non-mapped NK cells increases during the process of differentiation. RNA-Seq
analysis was performed on GFP~ and GFP* NK cells separated by fluorescence-activated cell sorting (FACS) at weeks 1-3. Three replicates were performed
for each time point. (A) A principal component analysis was performed on all replicates obtained from GFP~ and GFP* NK cells at weeks 1-3. Clusters of
GFP™ and GFP* NK cells are indicated by circles. (B) Normalized gene counts of GFP~ and GFP* NK cells are shown for the top 10 differentially expressed
genes (DEG p < 0.001). Statistics was calculated based on replicate values obtained from independent differentiation experiments using two-way ANOVA
(*p<0.05, **p<0.01, ***p<0.001). (C) Volcano plots showing DE genes of GFP~ versus GFP* NK cells obtained from weeks 1-3. The dotted line depicts the
cutoff of differential expression (—logl0[p-value] = 2, p-value <0.01). Downregulated genes are shown in blue, while upregulated genes are in red color. The
10 most differentially expressed genes are indicated by gene names. (D) Euler diagram showing the number of DE genes (p,q/DFR < 0.05) between GFP~
and GFP* NK cells observed at weeks 1-3 and their overlap between these time points. (E) Heatmap visualizing the relative expression of genes differentially
expressed at weeks 1-3. Shown are normalized gene counts from all replicates of GFP~ and GFP* NK cells of each time point. Genes associated with NK cell
development and function are highlighted and classified by the color-coded legend at the bottom. (F) Volcano plot depicting DE genes (p.q/DFR < 0.05)
observed in GPP*/GFP™ NK cells at all three time points. Downregulated genes are shown in blue, while upregulated genes are in red color. The 10 most
differentially expressed genes are indicated by gene names. (G) Gene enrichment analysis was performed on DE genes observed in NK cells at all time points
(FDR < 0.05). Gene counts and FDR are shown for corresponding GO terms. (*p<0.05, **p<0.01, ***p<0.001).
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DE genes of RAG-fate-mapped NK
progenitors are associated with NK cell
maturation and cytotoxicity

Pathway analysis using Reactome showed differences between
RAG-fate-mapped and non-mapped NK cells regarding
hematopoietic differentiation, DDR, and immune function
(Figures 6A-C). Differentially regulated pathways associated with
hematopoietic differentiation were concerned with NOTCH
signaling and Wnt signaling (Figure 6A), pathways associated
with DDR were predominantly related to p53 expression and
apoptosis (Figure 6B), and pathways involved in immune
function were associated with TCR, BCR, and cytokine signaling
(Figure 6C). Pathways associated with hematopoietic differentiation
and immune function in NK progenitors were increasingly
upregulated in the process of differentiation from week 1 to 3
(Figures 6A, C, Supplementary Table S2).

Six NK cell populations characterized by differential maturity
and functional properties were recently classified using high-
dimensional single-cell RNA sequencing (33). Gene clusters
assigned to specific NK cell subgroups were not differentially
regulated in RAG-fate-mapped (GFP") and non-mapped (GFP")
NK cells. However, some genes related to the NK1B population
were upregulated in GFP™ NK cells, whereas GFP™ NK cells
expressed genes associated with the more mature NK1C, NK
intermediates (NKint), and NK2 and NK3 populations
(Figures 6D, E).

Expression of genes associated with NK cell differentiation and
function were selectively analyzed in the dataset. Means of
normalized gene counts obtained from GFP~ and GFP" NK cells
at weeks 1-3 are visualized by heatmap, and grouped into categories
of genes encoding activating and inhibiting receptors, proteins
related to activation, maturity, cytotoxicity, cytokines,
chemokines, as well as cytokine and chemokine receptors
(Figure 7A). Expression of most genes increased during the time
of differentiation from week 1-3, which was particularly observed in
genes encoding for NK lymphocyte and cytokine receptors.

Differential expression is shown for selected genes in Figures 7B;
Supplementary Figure S12A. In contrast to GZMA (granzyme A),
GZMB (granzyme B), and PRFI (perforin) that mediate cellular
cytotoxicity by forming pores in the target cell membrane, FASLG
and TNFSFI0 are involved in receptor-mediated apoptosis induced
by NK cells. However, only GZMA, GZMB, and TNFSF10 were found
to be significantly upregulated in GFP" NK cells (Figures 7A, B,
Supplementary Figure S13A). In contrast to the expression of genes
coding for several chemokines and chemokine receptors that were
downregulated in RAG-fate-mapped NK cells, significantly
upregulated gene expression could be observed for cytokines such
as CCL4 and CCL5.

Although the differentiation potential of the NK cell subsets
investigated in this study is heterogeneous, RAG-fate-mapped NK
cells show a tendency toward increased maturation
and cytotoxicity.
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Gene expression associated with B-cell
differentiation and V(D)J recombination
can be detected in RAG-fate-mapped NK
cells

Genes associated with B (GO_0030183) and NK lymphocyte
(GO_0001779) development were identified using Ensembl Biomart,
and gene expression was analyzed in GFP~ and GFP* NK progenitors
form week 1-3 (Supplementary Figure S13B). In total, 134 genes could
be identified in this dataset, of which 13 were associated with NK-cell
and 121 with B-cell differentiation. Differential expression is shown for
the top 20 highly expressed genes (Figure 7C), including 7 DE genes
(PTPN6, DOCKI11, PRKDC, ID2, DOCKI10, LAMTOR?2, IL2RG).
Highly significant were the differential expressions of PRKDC and
DOCKI11. PRKDC encodes for DNA-dependent protein kinase,
catalytic subunit (DNA-PKcs), a key regulator of NHEJ and V(D)]
recombination, and DDR processes (34). DOCKI1 is associated with
early B-cell development in the bone marrow and germinal center
formation with some redundancy with DOCKI0 (35, 36). None of the
genes have been associated with NK-cell differentiation before.

In summary, expression of genes associated with B-cell
development can be detected in iPSC-derived NK cells, of which
PRKDC is differentially expressed in RAG-fate-mapped NK cells.

Discussion

In this study, we demonstrate that recombination of V(D)] gene
elements initiated by RAG1 and RAG2 endonucleases occurs in human
NK cell development and impacts maturation and function. We placed
a reporter construct consisting of an inverted EGFP cassette flanked by
two RSS target sites into human iPSCs. During further differentiation
toward NK lymphocytes in vitro, NK precursors with RAG-fate
ontogeny could subsequently be investigated regarding their
maturity, functional properties, and DNA damage response.

GFP expression could be observed in up to 14% of NK cells as early
as day 3 of differentiation. The observation that RAG1 and RAG2
expression occurs in waves at multiple time points has been reported
previously (37). Interestingly, RAG-fate ontogeny was found in a
distinct mature and activated NK cell population, which was further
characterized by alternate CD45 isotype expression. Whereas the
majority of GFP~ NK cells expressed CD45”8"/CD45RA, CD45%™/
CD45RO/RB expression was found on RAG-fate-mapped NK cells.

CD45 is a receptor-linked tyrosine phosphatase that modulates
signal transduction of lymphocyte and cytokine receptors (38).
Alternative splicing of exons 4-6 (A, B, C), which is highly conserved
and strictly regulated among species, results in eight isotypes (RABC,
RAB, RAC, RBC. RA, RB, RC, RO) that differ by extracellular
glycosylation (39). The length of the extracellular molecules impacts
the tendency to homodimerize and thereby modulates the signal
strength of CD45 (40). The low-molecular weight isoform CD45RO
is associated with the highest rate of dimerization and transduces a
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FIGURE 6
Gene expression profiles observed in RAG-fate-mapped NK progenitors indicate increased maturation and cytotoxicity. Selected pathways induced
by differentially expressed genes (FDR < 0.05) associated with hematopoietic differentiation (A), DNA damage response (B), and immune function
(C) are shown for NK cells from week 1-3. Corresponding fold enrichment is shown on the x-axis, whereas different time points are coded by
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genes defining NK cell subgroups in GFP* and GFP~ progenitors obtained at indicated time points. Shown are normalized gene counts for each
replicate and time point color coded as indicated by the legend on the right. NK cell populations are indicated on the left. (E) Differential expression
of genes defining relevant NK cell subgroups in GFP*/GFP™ NK cells at indicated time points are presented in a dot plot diagram. Differential
expression (p,qi/FDR < 0.05) has been observed at least at one time point (weeks 1, 2, and 3). The log2 fold change (FC) is depicted by dot size;
corresponding adjusted p-values (—log10[p-valuel) are color coded as indicated.

weaker signal. The isotype switching is necessary for the termination of
a T-cell response and a differentiation from naive (CD45RA") to
memory (CD45RO™) T cells (40). CD45RB discriminates two distinct
memory populations in CD4" (41) and CD8" T cells (42) and defines a
population of terminally differentiated B cells (43). Increased fractions
of CD45%™ and CD45RO* NK cells have been reported in patients with
malignancies and severe infections (44-46), whereas CD45RO"RA* NK
cells were characterized by a higher anti-tumor activity.
RAG-fate-mapped (GFP") NK cells could be characterized as
CD56%™ compared to GFP™CD56"8" cells. CD56™""CD16~ are
considered as immature precursors of CD56%™CD16" NK cells that
develop in secondary lymphoid organs and present the most abundant
population in peripheral blood (2). Compared to NK cells developed in
vivo, iPSC-derived NK cells may express CD16 at lower frequencies
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(19, 47). According to surface marker expression and functional
studies, RAG-fate-mapped NK cells displayed a more mature and
activated phenotype shown by increased expression of CD57, CXCR1,
DNAMI, and NK-p44, as well as increased degranulation and IFNy
response. Although to a low extent, NKG2C and KIR2DL2/3 were only
found on RAG-fate-mapped NK cells. In summary, RAG-fate-mapped
NK cells share features of adaptive NK cells (1).

Transfection of additional RAG1 and RAG2 mRNA into HSPCs
resulted in an extended number GFP* NK cells and contrasted the
differential phenotype observed between RAG-fate-mapped and non-
mapped NK cells. However, RAG1 and RAG2 mRNA increased the
targeting rate of the reporter cassette to no more than 21.4%. Similar
observations of incomplete recombination, despite high transfection
efficiency, were made in other cellular models using the same reporter
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FIGURE 7

DE genes observed in RAG-fate-mapped NK cells are associated with NK cell maturation and function and have potential overlap with B lineage
differentiation. (A) Heatmap showing the mean normalized expression of genes grouped by categories of activating and inhibiting receptors,
cytotoxic molecules, cytokines, chemokines, and cytokine/chemokine receptors in GFP~ and GFP* NK cells obtained at weeks 1-3. (B) Dot plot
diagram depicting the log2 fold change (FC) and corresponding adjusted p-value (-log10[p-value]) of selected genes involved in NK cell maturation
and function. (C) Dot plot diagram depicting the log2 fold change (FC) and corresponding adjusted p-value (—log10[p-value]) of the top 20 highly

expressed genes associated with B and NK cell differentiation.

cassette (22, 48). We conclude that RAG-expression ontogeny does not
imply recombination on the BCR or TCR loci. The reporter cassette we
are using in this study distinguishes cells with recombination rather
than RAG1 or RAG2 expression in their ontogeny, although it is
historically defined as a “RAG-fate mapping” reporter. Therefore,
RAG-expression ontogeny without recombination cannot be
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excluded in GFP™ cells, as well as increased loss of GFP" in the
process of differentiation due to poor survival.

Although both Ig and TCR rearrangements have been reported
in peripheral blood NK cells (13-15), TCR rearrangements could
not be observed by PCR in our study. This could be related to the
iPSC line used or our differentiation protocol not supporting T-cell
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differentiation, as well as the lower sensitivity of end-point PCR.
The genomic IGH repertoire was studied by NGS and revealed
unproductive rearrangements due to pseudogene usage or
disruption of the reading frame. The repertoire was characterized
by limited diversity, clonal expansion, and a CDR3 length shifted to
larger sequences as reported in unproductive IGH repertoires (49).

Transcription profiles studied by RNA-Seq showed a more mature
and activated phenotype in RAG-fate-mapped NK cells indicated by
upregulation of TYROPB (DAP12), FCERIG (FcRy), GZMA, GZMB,
and TNSFI0. TNFSF10, associated with NK cell-mediated cytotoxicity,
was increasingly upregulated in GFP" cells in weeks 1-3. FCERIG and
TYROPB both encode adaptor proteins containing immunoreceptor
tyrosine-based activation motifs (ITAM) that transmit activating signals
of NK cell surface receptors. DNAX-activating protein of 12 kDa
(DAP12), also known as tyrosine kinase-binding protein (TYROPB),
is involved in signal transduction of KIR-S and NKp44 (50, 51), whereas
FcRy (encoded by FCERIG) plays a role in KIR2DL4 activation (52).
The differential phenotype of GFP~ compared to GFP* NK progenitor
cells became further apparent in the process of differentiation. There was
a substantial overlap of DE genes at all time points and between
replicates confirming the consistency of the study. In addition to
genes associated with ribosomal and transcriptional proteins, mTOR-
regulating genes (FKBP3 and LAMTOR2) were highly enriched in
RAG-fate-mapped NK cells. LAMTOR?Z plays an important role in NK
cell development as regulator of the mTOR signaling pathway (53). This
goes in line with an increased degranulation response and cytokine
production. Furthermore, IL2RG codes for the signaling subunit of
several cytokine receptors (common Y chain), of which IL-2, IL-7, and
IL-15 are mandatory for NK cell development (54). GAS5, RPA3,
H2AFZ, and PDCD5 are associated with replication, DDR, apoptosis,
and cell cycle regulation (55-58). FXYD5 is a Na"/K™ ATPase involved
in the regulation of inflammatory responses and production of
cytokines and chemokines (59). TIMPI encodes for a tissue inhibitor
of metalloprotease protein (TIMP) TIMP1. TIMP1 and TIMP2
counteract transforming growth factor beta (TGFp)-induced
polarization of cytolytic decidual NK cells normalizing cytotoxic
function and revoking the pro-angiogenic commitment of NK cells
(60). In addition, upregulation of genes associated with actin
polarization and cytoskeleton (TMSB4X, ARPC3, VIM, PFNI1, GSN)
was observed in RAG-fate-mapped NK cells. Of note, these observations
were not validated by functional analyses.

A PCA performed on RNA-Seq data obtained from GFP™ versus
GFP" NK cells at weeks 1-3 showed two different clusters that further
separated in the process of differentiation. This correlates with the
differential phenotype of NK lineage markers expressed at the cell
surface and the increasing number of DEGs observed at week 1
compared to weeks 2 and 3.

GO enrichment and pathway analysis of expression profiles
revealed differential regulation of stem cell differentiation, DDR, and
cytokine signaling. A discrimination of definitive and primitive
hematopoiesis by the Wnt signaling pathway has been described by
several groups (61, 62). In contrast to adaptive lymphocytes arising
from definitive precursors, NK cells can derive from both. The
upregulation of apoptosis pathways may result in the reduced DDR
capacity observed in RAG-fate-mapped NK cells.
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Comparing bulk RNA-Seq data generated in this study with
single-cell RNA-Seq analyses obtained from PBMCs (33) suggested
increased maturity in RAG-fate-mapped NK cells, which could not
be categorized into any cluster of defined NK cell populations. We
conclude from this limited comparison that iPSC-derived NK cells
are more immature than peripheral blood NK cells.

In a mouse model using RAG-fate-mapped lymphocytes, Rag-
deficient NK cells presented a hyperresponsive phenotype with mature
(KLRGlhi), activated (CD69hi, CD62L1°), and cytotoxic NK cells, but at
the same time reduced cellular fitness marked by increased
susceptibility to virus-driven proliferation (16). In contrast to
findings in mice, an immature phenotype was reported in NK cells
obtained from RAGI-, RAG2-, and ARTEMIS-deficient patients
characterized by an increased proportion of CD56™8"'CD167/
CD56™8"CD16™ NK cells, expression of NKG2A, and increased
cytotoxicity, while the proportion of mature CD57*CD16™CXCR1*
NK cells was reduced (17). Interestingly, NK cell immaturity correlated
with clinical severity of immunodeficiency, since patients presenting
with hypomorphic diseases seemed to be less affected. The maturation
defect reported in this cohort could possibly be related to the inability
of NK cells obtained from patients with RAG or NHE] deficiencies to
perform V(D)] recombination on their Ig or TCR loci.

In contrast to observations made in mice, where murine murine
Ragl’/ ~ NK cells accumulated DNA double-strand breaks (DSBs) in
response to ionizing radiation (16), DDR capacity was severely
impaired in human RAG-fate-mapped NK cells generated in our
study. ITonizing radiation resulted in increased levels of YH2AX
suggesting unrepaired DNA damage that correlated with poor
survival. This observation may be related to the different cellular
metabolism in this more mature NK cell population rather than
being caused by RAG expression or recombination itself. Phenotypes
of exhaustion, anergy, and senescence have been described in aged NK
cells and are associated with reduced effector function, downregulation
of activating receptors, and increased pro-inflammatory secretions in
senescent cells (63), which have not been observed in RAG-fate-
mapped NK cells.

In summary, our study characterizes RAG-fate-mapped NK cells
with advanced maturation and activation but reduced cellular fitness
compared to NK cells lacking this ontogeny. In addition, the distinct
CD45RO/CD45RB isotype expression suggests a memory-like and
activated phenotype. However, the question remains whether NK
cells carrying unproductive rearrangements of V(D)] elements on Ig
and TCR loci are committed to a specific function, or whether they are
a by-product of unsuccessful T- or B-lymphocyte development
reprogrammed to NK cells.
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