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Hypoimmunogenic CD19
CAR-NK cells derived from
embryonic stem cells suppress
the progression of human
B-cell malignancies in
xenograft animals
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of Sciences, Beijing, China, ?Beijing Institute for Stem Cell and Regenerative Medicine, Beijing, China,
sDepartment of Hematology, The First Affiliated Hospital of Jinan University, Guangzhou, China

Background: Chimeric antigen receptor (CAR) engineered natural killer (NK) cells
exhibit advantages such as MHC-independent recognition and strong anti-
tumor functions. However, allogeneic CAR-NK cells derived from human
tissues are heterogeneous and susceptible to clearance by hosts.

Methods: We generated a B2M knockout, HLA-E and CD19 CAR ectopic
expressing embryonic stem cell (ESC) line, which differentiated normally and
gave rise to homogeneous CD19 CAR-NK (CD19 CAR-UINK) cells using an
organoid aggregate induction method. The CD19 CAR-UiNK were co-cultured
with T cells or NK cells derived from peripheral blood mononuclear cells (PBMC)
with the mismatched HLA to evaluate the immunogenicity of CD19 CAR-UINK
cells. We further assessed the therapeutic effects of CD19 CAR-UINK cells on
CD19™ tumor cells through in vitro cytotoxicity assays and in vivo animal models.

Results: The CD19 CAR-UINK cells exhibited typical expression patterns of
activating and inhibitory receptors, and crucial effector molecules of NK cells,
similar to those of unmodified NK cells. In co-culture assays, the CD19 CAR-UINK
cells evaded allogeneic T cell response and suppressed allogeneic NK cell
response. Functionally, the CD19 CAR-UiNK cells robustly secreted IFN-y and
TNF-0, and upregulated CD107a upon stimulation with Nalm-6 tumor cells. The
CD19 CAR-UINK cells effectively eliminated CD19* tumor cells in vitro, including
B-cell cancer cell lines and primary tumor cells from human B-cell leukemia and
lymphoma. Further, the CD19 CAR-UINK cells exhibited strong anti-tumor
activity in xenograft animals.
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Conclusion: We offer a strategy for deriving homogeneous and hypoimmunogenic
CD19 CAR-iNK cells with robust anti-tumor effects from ESCs. Our study has
significant implications for developing hypoimmunogenic CD19 CAR-NK cell
therapy using human ESC as an unlimited cell source.

embryonic stem cells, CD19 CAR-NK cells, hypoimmunogenicity, cytotoxicity, B-

cell malignancy

1 Introduction

CAR-NK cells have emerged as a promising option for
immunotherapy due to their minimal toxicities and MHC-
independent recognition (1). Currently, NK cells used in clinical
trials are primarily from the NK-92 cell line, peripheral blood, or
umbilical cord blood (2). However, these NK cells face challenges,
including functional heterogeneities, low efficiencies, and high gene
engineering or editing costs.

Human pluripotent stem cells (hPSCs) are promising cell
sources for the production of standardized, oft-the-shelf NK cells,
offering advantages such as unlimited cell sources and the ability to
perform multiple genetic modifications (3). By harnessing these
advantages, hPSCs can be engineered to generate NK cells with
enhanced anti-tumor capabilities (4, 5). For example, by stably
integrating a high-affinity, non-cleavable version of CDI16a into
human induced pluripotent stem cells (hiPSCs), the NK cells can be
derived from this modified hiPSCs and show improved ADCC for
clinical applications (6). Moreover, CARs recognizing tumor
antigens (CD19 and mesothelin) have been effectively expressed
in hPSC-NK cells (7, 8).

Allogeneic CAR-NK cells are associated with less toxic effects
compared to CAR-T cells (9, 10). However, recipients’ immune
rejection of allogeneic CAR-NK cells reduces their therapeutic effects
and limits their use. Highly polymorphic human leukocyte antigens
(HLA) help the host differentiate self-cells from non-self-cells and play
a central role in T cell-mediated graft rejection. Depleting HLA
molecules on allogeneic cells before therapy is considered a major
strategy to evade host T cell recognition and attack. 32-microglobulin
(B2M), which encodes a common protein subunit of HLA-I complex,
is required for the formation of all polymorphic HLA class I
heterodimers (11-16). Class-II major histocompatibility complex
transactivator (CIITA) is a master regulator for determining the
HLA class II expression (17, 18). Several recent studies have
explored the generation of hypoimmunogenic hPSC-derived T cells,
cardiomyocytes(Deuse et al, 2019; Mattapally et al., 2018), and
endothelial cells by knocking out B2M and CIITA, which prevented
CD8" T and CD4" T cell-mediated allo-rejections (19-21). However,
the loss of HLA class I triggers NK cells’ “missing self” killing response
by NK cells (22, 23). Nonpolymorphic HLA class Ib molecules HLA-E
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and HLA-G, which bind the NK cell inhibitory receptor CD94/
NKG2A and ILT2 respectively, can suppress NK cell activation,
both of which are highly expressed on extravillous trophoblasts and
are involved in placental NK tolerance (24-27). Accordingly, some
studies introduced HLA-E or HLA-G into hPSCs to derive functional
cells avoiding host NK cell activation and rejection, including T cells,
CD45" hematopoietic cells, cardiomyocytes, and vascular smooth
muscle cells (11, 19, 28, 29). Moreover, HLA class Ia molecules are
the cognate ligands for inhibitory killer immunoglobulin-like receptors
of NK cells (30, 31). Retaining one allele of HLA-C gene or HLA-A
gene in hPSCs while depleting other HLA class Ia molecules avoided
NK cell-mediated rejection of hPSC-derived blood cells or endothelial
cells (32, 33). Introducing the HLA-A*11:01 allele into B2M KO iPSCs
(A11-B2M KO-iPSC) reduced NK cell rejection against A11-B2M
KO-iPSC derived endothelial cells (34). Recently, an alternative
strategy was explored to evade NK cell rejection by overexpressing
the immune checkpoint inhibitor CD47, which binds the signal
regulatory protein o (SIRPo) on allogenic donor cells (21, 35-38).
However, other groups have found only modest or no impacts of
CD47 blockade on NK cell activity or toxicity (19, 39). These
conflicting reports may be due to differences in cell types, cell
modifications, and experimental systems. Currently, effective
methods have been developed for inducing hPSCs into NK cells (40,
41). Nonetheless, further exploration is needed to induce universal NK
cells from hPSCs for clinical translation.

Here, we established a human ESC cell line with B2M knockout and
ectopic expression of HLA-E and CD19 CAR (CD19 CAR-UESC). The
CD19 CAR-UESC efficiently generated CD19 CAR-UiNK cells using an
organoid aggregate induction method we established (40). Deleting of
HLA-T molecules and the lack of endogenous HLA-II molecule
expressions allowed the CD19 CAR-UINK cells to escape immune
rejection by allogeneic T cells. Additionally, the enforced expression of
HLA-E on CD19 CAR-UiNK cells inhibited the attack by allogeneic NK
cells. The CD19 CAR-UiINK cells effectively eliminated CD19* tumor
cells in vitro, including B-cell cancer cell lines and primary cells from
human B-cell leukemia and lymphoma. Notably, the CD19 CAR-UiNK
cells suppressed the tumor progression and prolonged survival in Nalm-
6 tumor xenograft animals. Our study provides a strategy for deriving
hypoimmunogenic CD19 CAR-NK cells from ESCs for potentially
treating human B-cell malignancies.
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2 Materials and methods

2.1 Cell culture

The human ESC line was provided by the National Stem Cell
Resource Center, Institute of Zoology, Chinese Academy of
Sciences. ESC line was maintained in Essential 8 medium (Gibco)
on vitronectin (Gibco) coated plates. The OP9 cell line was
purchased from ATCC and cultured with o-MEM (Gibco) with
20% fetal bovine serum (FBS) (Ausbian). Primary human leukemia
and lymphoma cells were isolated from the bone marrow of three
patients, with the donor’s informed consent. Luciferase-expressing
Nalm-6 cells, kindly provided by Professor Min Wang (Leukemia
Center, Institute of Hematology and Blood Diseases Hospital,
Chinese Academy of Medical Sciences, Tianjin, China), were
cultured in RPMI 1640 medium (Gibco) supplemented with 10%
FBS. Raji cells (Pricella Biotechnology) were cultured in RPMI 1640
medium (Gibco) supplemented with 10% FBS.

2.2 B2M knockout in ESCs

Two gRNA sequences (gRNAIL: gctgtgctegegetactcte, gRNA2:
ggcttgacttcaatctcgat) targeting exon 1 and intron 1 of B2M were
designed using a web-based guide-RNA designer (http://
www.rgenome.net/) and cloned into the Cas12i™™ expression
vector (a gift from Dr. Wei Li of the Institute of Zoology, Chinese
Academy of Sciences) (42). To generate B2M KO-ESC, the two
Cas12i"™-sgRNA expression vectors were co-transfected into ESCs
by electroporation. After editing, the ESCs were incubated with
FITC anti-human HLA-ABC antibody (clone: W6/32, Biolegend,
311404) on ice for 15-30 min. HLA-ABC negative ESCs were sorted

by Sony MA900 Sorter.

2.3 HLA-E and CD19 CAR transduction in
B2M KO-ESC

The fragment encoding a single chain trimer (SCT) of HLA-E
consisting of, in the following order (from N- to C-terminus), the
signal peptide of human f2m, a nonameric peptide VMAPRTLFL,
(G4S); flexible linker, mature human 2m, (G4S); flexible linker,
and HLA-E*01:01 heavy chain was cloned and assembled to the
PiggyBac vector (PB530A-2, SBI). The single-chain Fv (scFv)
specific for CD19 (43) was used for CAR construction (CD19
scFV-CD8o. hinge-CD80. TM-CD3(). The CAR construct was
cloned into the PiggyBac expression vector (PB530A-2, SBI) to
generate the PB-EF1a-CD19 CAR vector. Then, the HLA-E
expression PiggyBac vector, PB-EF10-CD19 CAR vector, and the
transposase expression vector were electroporated into B2M KO-
ESC together using Electroporator EX+ (Celetrix, 11-0106).
Following electroporation, ESCs were stained with anti-human
HLA-E APC (Biolegend, 342606) and Mouse anti-mouse FMC63
Alexa Fluor 647 (BioSwan, 300402), and sorted by BD FACSAria™
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Fusion for two rounds to establish the stable CD19 CAR and HLA-
E-expressing B2M KO-ESC (CD19 CAR-UESC).

2.4 Generation of iNK, B2M KO-iNK, or
CD19 CAR-UIiNK cells

The derivation of iNK cells from pluripotent stem cells has been
previously described (40). Briefly, B2M KO-ESC, CD19 CAR-
UESC, and ESC were subjected to a two-day monolayer induction
to acquire highly purified lateral plate mesoderm cells.
Subsequently, 2x10* lateral plate mesoderm cells and 5x10° OP9
feeder cells were assembled into organoid aggregates and seeded
onto transwell inserts, establishing an air-liquid interface for
hematopoietic differentiation. Mature iNK, B2M KO-iNK, or
CD19 CAR-UiNK cells were obtained after 25 days of induction.

2.5 RNA-seq and data analysis

The CD19 CAR-UiNK cells and iNK cells (CD45"CD3 CD56")
sorted on Day 27 were used for 10x scRNA-seq. Droplet-based
scRNA-seq datasets were produced using a Chromium system (10x
Genomics, PN120263) following the manufacturer’s instructions.
Droplet-based scRNA-seq datasets were aligned to reference
genome GRCh19 and quantified using the Cell Ranger software
package (version 7.0) and subjected to Seurat (version 4.3.0) for
further analysis. Projection of CD19 CAR-UiNK onto iNK was
performed using the Seurat package. Before integrating data, we
performed subsequent quality control (QC). To pass QC, cells were
required to have less than 10% of aligned reads mapping to
mitochondrial genes and less than 5% of aligned reads mapping
to hemoglobin genes. All datasets were integrated using Seurat’s
integration function. The standard workflow for UMAP
dimensionality reduction was performed using the top 30 PCs.
Violin plots for gene expression were plotted using the VInPlot
function of Seurat and the ggplot2 package. All the raw data (fastq
files) were uploaded to the Genome Sequence Archive public
database (HRA001609, HRA007737).

2.6 Flow cytometry

Cells were blocked by Human TruStain FeX' (Biolegend,
422302) antibody, and then stained with related antibodies. The
following antibodies were used: anti-human CD45 (Biolegend,
HI30), anti-human CD3 (Biolegend, HIT3a), anti-human CD16
(Biolegend, 3G8), anti-human CD56 (Biolegend, HCD56), anti-
human 2B4 (Biolegend, C1.7), anti-human DNAM-1(Biolegend,
11A8), anti-human NKp30 (Biolegend, P30-15), anti-human
NKp46 (Biolegend, 29A1.4), anti-human NKG2D (Biolegend,
1D11), anti-human NKG2A (Biolegend, S19004C), anti-human
CD96 (Biolegend, NK92.39), anti-human CD94 (BD Biosciences,
HP-3D9), anti-human CD69 (Biolegend, FN50), anti-human
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TRAIL (Biolegend, RIK-2), anti-human GzmB (Biolegend,
QA18A28), anti-human Perforin (Biolegend, dG9), Mouse anti-
mouse FMC63 (Bioswan), anti-human HLA-A, B, C (Biolegend,
W6/32), and anti-human HLA-E (Biolegend, 3D12). The cells were
resuspended in the DAPI (Sigma-Aldrich) solution and were
analyzed with BD LSR Fortessa X-20 cytometer (BD Biosciences).
Flow cytometry data were analyzed by the Flow]Jo software (Three
Star, Ashland OR).

2.7 T-cell proliferation assay

HLA-typed allogeneic PBMCs were purchased from SCHBIO
Inc (Shanghai, China). Upon thawing, PBMCs were labeled with
Cell Proliferation Dye eFluor' " 670 (Invitrogen) following the
manufacturer’s instructions. Three groups of iNK, B2M KO-iNK,
and CD19 CAR-UiNK cells were irradiated (with 30 Gy) to stop
proliferation. Effector eFluor' ' 670-stained PBMCs were mixed
with the targets (iNK, B2M KO-iNK, and CD19 CAR-UiNK) at a
ratio of 10:1 in 200 L RPMI-1640 supplemented with glutamine,
10% heat-inactivated human FBS, and 25 ng/mL IFN-y. PBMCs
cultured without target cells used as a negative control were called
MOCK. On day 7, cells were stained with anti-human CD3-FITC
(Biolegend, 300406), anti-human CD4-PE/CY7 (Biolegend,
357410), and anti-human CD8-BV605 (Biolegend, 344742)
antibodies. Subsequently, cells were stained with DAPIL The
percentage of proliferative CD3* CD8" T cells and CD3" CD4" T
cells that became negative for eFluor ' 670 labeling was analyzed
on a BD LSRFortessa.

2.8 T cell cytotoxicity assay

Primed eFluor " 670-negative CD8" T cells that reacted to
allogeneic iNK cells were sorted and co-cultured in 2 pg/mL PHA,
10 ng/mL IL-7, 5 ng/mL IL-15, and 200 U/mL IL-2 with irradiated
PBMC feeders. Activated CD8" T cells were used after an expansion
period of 10 to 15 days. For T cell cytotoxicity assays, iNK, B2M
KO-iNK, and CD19 CAR-UiNK cells were labeled with Cell
Proliferation Dye eFluor' ™ 670 (Invitrogen) following the
manufacturer’s instructions and were mixed with activated CD8"
T cells at the effector target ratios of 20:1, 10:1, 5:1, 2:1, and 1:1 in
200 pl RPMI-1640 supplemented with glutamine, 10% heat-
inactivated human FBS. After 22 hours, cells were stained with
DAPI and analyzed by flow cytometry. Then, the lysis of iNK, B2M
KO-iNK, and CD19 CAR-UiINK cells by CD8" T cells was
determined by measuring the percentage of DAPI" cells within
the eFluor * 670" singlets.

2.9 NK cell cytotoxicity assay
PBMCs were purchased from SCHBIO Inc (Shanghai, China).

Upon thawing, PBMCs were sequentially incubated with Biotin
anti-human CD3 antibody (Biolegend, 300304) and anti-biotin
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microbeads (Miltenyi Biotec). Then, CD3" PBMCs were purified
after magnetic separation. Purified CD3" PBMCs were stimulated
with K562-mIL-21 cells (Hangzhou Zhongying Biomedical
Technology Co., Ltd) and recombinant human IL-2 (Miltenyi
Biotec, 200 U/mL) in KBM581 Serum-free Medium (Corning) for
NK cell activation and expansion. After 11-14 days, iNK, B2M KO-
iNK, and CD19 CAR-UiNK cells were labeled with Cell
Proliferation Dye eFluor ' 670 (Invitrogen). Labeled cells
(targets, T) were mixed with activated PBMC-NK cells (effectors,
E) at the E: T ratios of 3:1, 1:1, and 0.3:1 in 200 uL RPMI-1640
supplemented with glutamine, 10% heat-inactivated human FBS.
After 20 hours, cells were stained with DAPI and analyzed by flow
cytometry. Then, the lysis of iNK, B2M KO-iNK, and CD19 CAR-
UiNK cells by activated PBMC-NK was determined by measuring
the percentage of DAPI" cells within the eFluor' ™ 670 singlets.

2.10 CD107a degranulation assay, IFN-y
and TNF-a staining

iNK or CD19 CAR-UINK cells (effectors, E) were incubated
with or without Nalm-6 tumor cells (targets, T) at the E: T ratio of
0.5:1 for 4 hours. After incubation, cells were stained with CD107a
(Biolegend, H4A3), CD45 (Biolegend, HI30), CD3 (Biolegend,
HIT3a), and CD56 (Biolegend, HCD56). For IFN-y and TNF-o
staining, iNK or CD19 CAR-UINK cells were incubated with or
without Nalm-6 tumor cells (E: T=0.5:1) for 2 hours, followed by
adding BFA/Monensin (MULTISCIENCES) for additional 2-hour
incubation. After incubation, cells were stained with CD45
(Biolegend, HI30), CD3 (Biolegend, HIT3a), and CD56
(Biolegend, HCD56). FIX & PERM Kit (MULTISCIENCES) was
used for fixation and permeabilization, followed by intracellular
staining of IFN-y (Biolegend, 4S.B3) or TNF-o. (Biolegend,
MADbI11). The cells were analyzed with BD LSRFortessa X-20
cytometer (BD Biosciences). Flow cytometry data were analyzed
by the FlowJo software (Three Star, Ashland OR).

2.11 Cytotoxicity assay

CD19 CAR-UiINK cells or iNK cells (effectors, E) were co-
cultured with Nalm-6, Raji, or primary human B lymphoma or
leukemia cells (targets, T) labeled with carboxyfluorescein diacetate
succinimidyl ester (CFSE; Beijing BioRab Technology Co. Ltd.) in
96-well plates at respective E: T ratios (0.2:1, 0.4:1, 0.8:1, 1.6:1, or
5:1). The tumor cell lysis was analyzed at indicated times (4 hours
for Nalm-6, 6 hours for Raji, and 12 hours for primary human B
lymphoma and leukemia cells). In serial killing assay, CD19 CAR-
UiNK cells or iNK cells were co-cultured with CFSE-labeled Nalm-6
tumor cells for 12 hours (Round 1) at E: T = 1:1. Fresh eFluor450-
labeled Nalm-6 tumor cells were added into all wells co-cultured
with the remaining effector cells for another 12 hours (Round 2) at
the same E: T ratio. This process was repeated for a third round by
adding eFluor670-labeled Nalm-6 tumor cells (Round 3). Target cell
death was assessed with a flow cytometer (BD LSRFortessa X-20

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1504459
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

cytometer, BD Biosciences) by the percentage of DAPI* or 7-AAD"
in the labeled population. Flow cytometry data were analyzed by the
Flow]Jo software (Three Star, Ashland OR).

2.12 Construction of the xenograft models
and treatment with iNK/CD19 CAR-
UiNK cells

NCG mice (NOD/ShiLtJGpt-Prkdc®™20“492 12" 20422 /G,
GemPharmatech Co., Ltd.) were intravenously injected with the
luciferase-expressing Nalm-6 (Nalm-6-luci*) cells (2 x 10° cells/
mouse) on Day -1 to construct the B-ALL xenograft animal models.
Bioluminescence imaging (IVIS Spectrum PerkinElmer) was
performed on these models to quantify the tumor burden, and
the models with similar total flux(p/s) were randomly divided into
three groups (Tumor + PBS, Tumor + iNK, and Tumor + CD19
CAR-UiNK) on Day 0. These models were irradiated (2.25 Gy, Rad
Source RS2000). Then, the mice were intravenously injected with
PBS (200 pL), iNK cells (1-1.5 x 107 cells/mouse), or CD19 CAR-
UiNK cells (1-1.5 x 107 cells/mouse) on Day 0 and Day 7. BLI was
performed every week to trace the tumor cells. Mice suffering from
heavy tumor burden were euthanized for ethical considerations.

2.13 Statistics

Data analyses were performed using GraphPad Prism. All data
are represented as means + SD, and the specific number (n) for each
dataset is detailed in the figure legends. Two-tailed Student’s ¢-test,
one-way ANOVA, two-way ANOVA, and log-rank test were used
by SPSS software to calculate statistical significance. The results are
notated as follows: NS, not significant; *P < 0.05; **P < 0.01; ***P
< 0.001.

3 Results

3.1 Generation of CD19 CAR-UESC and
induction of CD19 CAR-UiNK cells from
genetically modified ESCs

To avoid immune rejection by host T and NK cells, we knocked
out B2M and introduced both HLA-E and CD19 CAR into ESCs
(CD19 CAR-UESC) to obtain universal CD19 CAR-iNK (CD19
CAR-UiNK) cells (Figure 1A). In our study, the NK cells derived
from ESCs rarely express the HLA-IT molecules (Supplementary
Figure 1A), thus obviating the need for HLA-II molecule knockout.
First, two distinct gRNAs were designed to target sequences within
the first exon and first intron of the B2M gene (Figure 1B). We
electroporated the vectors encoding these guides and Cas12i into
the ESCs (42). After two rounds of sorting using an antibody that
recognizes HLA-ABC, we obtained the B2M knockout ESCs (B2M
KO-ESC). Subsequently, the CD19 CAR and HLA-E expressing
cassette were integrated into ESCs using the PiggyBac transposon
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system. We designed an anti-CD19 CAR construct that consisted of
a single-chain variable fragment (scFv), a CD8a hinge
transmembrane region, and a CD3{ activation domain (43, 44)
(Figure 1C). HLA-E coding sequence was designed based on the
previous research of Crew MD et al (45). It consists of a f2m signal
peptide, an HLA-E binding peptide VMAPRTLFL (HLA-G signal
sequence derived peptide), a flexible linker (G4S);, mature human
B2m, a flexible linker (G,S);, and the HLA-E*01:01 heavy chain
(Figure 1D). Electroporated ESCs were subjected to another two
rounds of sorting using the antibodies that recognize HLA-E and
CD19 CAR antigen. We achieved over 97% expression of HLA-E
and over 99% expression of the CD19 CAR in these genetically
modified ESCs (Figure 1E). Finally, we successfully established the
CD19 CAR-UESC.

Previously, we developed an organoid aggregate method for
generating human NK cells from pluripotent stem cells (PSCs) (40).
Here, we used this method to generate CD19 CAR-UiINK cells from
CD19 CAR-UESC. The unmodified ESCs were used as controls to
monitor any disruptions in differentiation caused by genetic
modification. Briefly, the lateral plate mesoderm (iLPM) cells
were efficiently produced from CD19 CAR-UESC via monolayer
induction for 48 hours. On day 2, the iLPM cells were mixed with
OP9 feeder cells to prepare organoid aggregates. The organoids
were plated on the transwell inserts and placed in 6-well plates for
25-day NK cell induction (Figure 1F). More than 90% of cells
exhibited mature NK cell phenotypes (CD45*CD3 CD56"CD16"")
on day 27. Flow cytometry analysis revealed that the CD19 CAR-
UiNK cells barely express HLA-ABC. Over 98% of cells exhibited
HLA-E, and over 83% expressed CD19 CAR (Figure 1G). The
proliferation rate of the CD19 CAR-UiINK cells was similar to that
of iNK cells in vitro (Supplementary Figure 1B). We further
confirmed the absence of MHC-Class I and Class II in CD19
CAR-UESC and CDI19 CAR-UiNK cells by flow cytometry
analysis at baseline or following inflammatory stimulation
(Supplementary Figures 1C, D). Thus, the CD19 CAR-UiNK cells
are efficiently generated from CD19 CAR-UESC based on the
organoid induction method we established.

3.2 Characterization of CD19 CAR
—UiNK cells

To elucidate the molecular characteristics of CD19 CAR-UiNK
cells generated by CD19 CAR-UESC, we performed 10x single-cell
RNA sequencing (scRNA-seq) of CD19 CAR-UINK cells. The
transcriptome of CD19 CAR-UINK cells and iNK cells showed
similar patterns, supported by scRNA-seq data showing a strong
projection of CD19 CAR-UiNK cells onto iNK cells (Figure 2A). Both
iNK and CD19 CAR-UiNK cells showed the expression of classical
NK receptor genes, including activating receptor genes (CD244,
CD226, KLRKI, NCR3, and NCRI) and inhibitory receptor genes
(CD96 and KLRCI1/KLRDI) (46) (Figure 2B). The CD19 CAR-UiNK
cells also exhibited high expression of crucial effector molecules,
including apoptosis-related ligand (TNFSFI10), cytotoxic granules
(GZMB and PRFI), and activating molecule (CD69) (47-49)
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Generation of CD19 CAR-UESC and induction of CD19 CAR-UINK. (A) Schematic diagram of CD19 CAR-UiNK generation and functional assay.

(B) Targeting strategy for the knockout of B2M gene in human ESCs. The exons of the B2M gene are shown as blue boxes. Two gRNA sequences,
gRNAL and gRNA2, are marked in red. (C) Schematic representation of the transposon vector encoding the CD19 CAR. (D) Schematic representation
of the transposon vector encoding the HLA-E single chain trimer. (E) Representative flow cytometry plots showing the expression of HLA-ABC,
HLA-E, and CD19 CAR in ESC and CD19 CAR-UESC. (F) Schematic diagram of CD19 CAR-UINK cell induction. (G) Representative flow cytometry

plots of CD19 CAR-UINK cells (CD45*CD3~CD56*CD16"/~HLA-ABC HLA-E*

(Figure 2B). The flow cytometry results confirmed the expression of
these molecules at protein level (Figure 2C). We have analyzed the
pluripotency-associated genes of the iNK and CD19 CAR-UiNK cells
using the RNA-seq data. The results showed no expression of
pluripotency markers in the iNK cells and CD19 CAR-UINK cells
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CD19 CAR*) on Day 27.

(Supplementary Figures 2A, B). Moreover, we confirmed that iNK
cells do not express SSEA-4, one of the pluripotency markers, by flow
cytometry analysis (Supplementary Figure 2C). In summary, the
CD19 CAR-UINK cells express typical NK cell molecules similar to
iNK cells.
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FIGURE 2

Molecular features of ESC-derived iNK and CD19 CAR-UINK cells. (A) Projection of iNK and CD19 CAR-UiNK cells (left). UMAP visualization of iNK
and CD19 CAR-UINK cells respectively (right). (B) Violin plots showing the expression profiles of indicated NK cell-surface receptors and effectors
(CD244, CD226, KLRK1, NCR3, NCR1, KLRD1, CD96, KLRC1, CD69, TNFSF10, GZMB, and PRF1) in iNK and CD19 CAR-UiNK cells. One point

represents one cell. (C) Flow cytometry analysis of the expression levels of NK cell receptors and effectors (2B4, DNAM-1, NKG2D, NKp30, NKp46,

CD94, CD96, NKG2A, CD69, TARIL, GzmB, and Perforin).

3.3 CD19 CAR-UINK cells evade the
allogeneic T cell response and suppress
the allogeneic NK cell attack

Foreign HLA-I molecules can initiate an allogeneic T-cell response,
resulting in graft rejection. To evaluate the immunogenicity of CD19
CAR-UiNK cells to allogeneic T cells, peripheral blood mononuclear
cells (PBMC) from three donors with the mismatched HLA (Figure 3A;
Supplementary Figure 3A) were labeled with Cell Proliferation Dye
eFluor 670 and co-cultured with iNK, B2M KO-iNK, or CD19 CAR-
UiNK cells. After seven days, the proliferation of the CD8" T cells and
CD4" T cells was assessed by flow cytometry as the frequency of
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eFlour670" cells. The data showed that co-culture with unmodified iNK
cells activated alloreactive CD8" T cells and induced their proliferation,
as indicated by the increased percentage of eFlour670" cells, whereas
B2M KO-iNK and CD19 CAR-UiNK cells did not (Figures 3B, C). Due
to the lack of HLA-II expression in ESC-derived induced NK cells, all
of the iNK, B2M KO-iNK, and CD19 CAR-UiNK inhibited CD4" T
cell activation and proliferation (Supplementary Figures 3B, C).
Further, the results of T cell cytotoxicity assays with HLA-I reactive
CD8" T cells indicated that iNK cells were killed by the alloreactive
CD8" T cells, but B2M KO-iNK and CD19 CAR-UINK cells efficiently
escaped the killing (Figure 3D). In short, CD19 CAR-UiNK cells can
evade immune recognition.
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CD19 CAR-UiNK cells escape the response of allogeneic CD8" T cells and NK cells. (A) HLA genotyping table for CD19 CAR-UiNK cells and donor
PBMCs. (A, B, C, and E alleles). (B) Representative flow plots showing the percentage of proliferating CD8" T cells. PBMC from three donors (A—C)
were labeled with Cell Proliferation Dye eFluor 670 and co-cultured with irradiated iNK cells (iNK, B2M KO-iNK, or CD19 CAR-UINK) for 7 days.
PBMC cultured alone was defined as the MOCK group. (C) Statistical analysis of proliferating CD8" T cell (n=3 donors) populations. Data are
represented as means + SD (n=3). NS, not significant, *P < 0.05, **P < 0.01, and ***P < 0.001 (one-way ANOVA). (D) HLA-reactive T cell cytotoxicity
against iNK cells at the indicated effector: target (E: T) ratios. iNK, B2M KO-iNK, and CD19 CAR-UiNK cells (targets, T) were co-incubated with HLA-
reactive T cells (effectors, E) for 22 hours. Specific lysis was calculated using the formula: (percentage of specific death — percentage of spontaneous
death) x 100. Data are represented as means + SD (n=3). NS, not significant, and ***P < 0.001 (Two-way ANOVA). (E) PBMC-NK cytotoxicity against
iNK cells at the indicated effector: target (E: T) ratios. iNK, B2M KO-iNK, and CD19 CAR-UiNK cells (targets, T) were co-cultured with activated
PBMC-NK cells (effectors, E) derived from Donor A, B, and C for 20 hours. Specific lysis was calculated using the formula: (percentage of specific
death — percentage of spontaneous death) X 100. Data are represented as means + SD (n=3). NS, not significant, *P < 0.05, and ***P < 0.001 (Two-

way ANOVA).

Donor cells without HLA class I surface expression are
vulnerable to NK-cell-mediated lysis through missing-self
response. Contrary to mature NK cells fratricide after KO of B2M
gene, the B2M KO-iNK cells were differentiated from PSC and
proliferated normally in vitro (Supplementary Figure 4), indicating
that the B2M-KO iNK cells didn’t suffer from the fratricide caused
by downregulation of MHC class I. To evaluate whether CD19
CAR-UINK cells with the forced HLA-E expression can inhibit
allogeneic NK cell response, we incubated allogeneic PBMC-NK
cells from healthy donors with iNK, B2M KO-iNK, or CD19 CAR-
UiNK cells. The data showed that PBMC-NK cell-mediated
cytotoxicity was reduced when co-incubated with CD19 CAR-
UiNK cells (Figure 3E). Thus, CD19 CAR-UINK cells effectively
suppress allogeneic NK cell killing.

3.4 CD19 CAR-UINK cells exhibited
elevated IFN-y, TNF-0, and CD107a
expression upon stimulation with CD19*
tumor cells

We performed the NK cell stimulation assay by co-culturing the
CD19 CAR-UiNK cells with Nalm-6 (CD19") tumor cells at the E:
T ratio of 0.5:1 for 4 hours. The expression of I[FN-y and TNF-q.,
NK cell cytotoxicity-related cytokines, and CD107a, a membrane
protein associated with NK cell cytotoxic activity, was analyzed after
incubation. As expected, CD19 CAR-UiNK cells exhibited elevated
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production of IFN-y and TNF-o. compared to iNK cells when
stimulated with Nalm-6 tumor cells (Figures 4A-D). Meanwhile,
the expression of CD107a in CD19 CAR-UiNK cells was
significantly higher than that observed in iNK cells when
incubated with Nalm-6 tumor cells, indicating that CD19 CAR-
UiNK cells released more cytotoxic granules (Figures 4E, F).
Collectively, the CD19 CAR-UiINK cells exhibit a significant
enhancement in the secretion of IFN-y and TNF-q, as well as an
increased expression of CD107a upon stimulation by tumor cells.

3.5 CD19 CAR-UIiNK cells show robust
tumor-killing abilities in vitro

We subsequently performed tumor-killing assays to validate the
cytotoxicity of CD19 CAR-UiNK cells against tumor targets. The
CD19-expressing tumor cells, including Nalm-6 (acute
lymphoblastic leukemia tumor cell line), Raji (Burkitt’s
lymphoma tumor cell line), and primary tumor cells from CD19-
positive human B cell lymphoma and leukemia, were selected as
targets for cytotoxicity assay. Tumor cells (targets, T) were co-
cultured with either CD19 CAR-UiNK cells or iNK control cells
(effectors, E) at various E: T ratios. (Figure 5A). As expected, CD19
CAR-UiNK cells were able to target Nalm-6 cells efficiently and lead
to immediate apoptosis of tumor cells within 4 hours (Figure 5B).
Meanwhile, CD19 CAR-UiNK cells showed higher cytotoxic effects
than unmodified iNK cells after 6-hour co-culture with Raji
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(C, D) Evaluation of TNF-a production by iNK or CD19 CAR-UINK cells in response to Nalm-6 tumor cells. The iNK or CD19 CAR-UiNK cells were
stimulated by Nalm-6 at the ratio of 0.5:1 for 4 hours. Data are represented as means + SD (n=3). NS, not significant, **P < 0.01 (Two-tailed
independent t-test). (E, F) Assessment of CD107a expression by iNK or CD19 CAR-UiNK cells following 4 hours of co-culture with Nalm-6 tumor
cells at the ratio of 0.5:1. Data are represented as means + SD (n=3). NS, not significant, ***P < 0.001 (Two-tailed independent t-test).

(Figure 5C). Additionally, primary tumor cells from three patients
were incubated with CD19 CAR-UiNK cells or iNK cells for 12
hours. The data revealed that CD19 CAR-UINK cells effectively
eliminated CD19" primary tumor cells (Figure 5D). To further
evaluate the sustained cytotoxicity of CD19 CAR-UiNK cells, fresh
Nalm-6 tumor cells were incubated with CD19 CAR-UiNK cells or
iNK cells for 12 hours at an initial ratio of 1:1 (Round 1).
Subsequently, fresh Nalm-6 cells were added to the co-culture
wells containing residual CD19 CAR-UiINK cells or iNK cells for
another 12 hours (Round 2). The final round (Round 3) killing
assay was performed as Round 2. The proportion of dead cells in
targets was detected at 12, 24, and 36 hours (Figure 5E).
Throughout these three rounds of tumor-killing assays, CD19
CAR-UINK cells exhibited robust serial tumor-killing activity
superior to iNK cells (Figure 5F). Taken together, CD19 CAR-
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UiNK cells show significantly enhanced cytotoxic activity against
CD19-positive tumor cells.

3.6 CD19 CAR-UINK cells suppress the
tumor progress in xenograft animals

To further assess the therapeutic effects of the CD19 CAR-
UiNK cells on tumor cells in vivo, we established the B-ALL
xenograft animal models by transplanting the luciferase-
expressing Nalm-6 cells (Nalm-6-luci”) into the NCG immune-
deficient mice. The NCG mice were injected with Nalm-6 tumor
cells (2x10°/mouse) via tail vein on day -1 and received 2.25 Gy
irradiation on Day 0. Subsequently, the iNK or CD19 CAR-UiINK
cells were intravenously injected into the tumor-bearing animals (1-
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The cytotoxicity of CD19 CAR-UiNK cells against tumor cells in vitro. (A) Experimental design for the tumor-Kkilling assay. The iNK/CD19 CAR-UiNK
cells were cocultured with target cells (Nalm-6/Raji/primary tumor cells from 3 patients) labeled with CFSE. (B) Cytotoxicity analysis of iNK or CD19
CAR-UiNK cells against Nalm-6 tumor cells at the indicated E: T ratios after 4-hour incubation. Data are represented as means + SD (n=3). ***P <
0.001 (Two-tailed independent t-test). (C) Cytotoxicity analysis of iNK or CD19 CAR-UINK cells against Raji tumor cells at the indicated E: T ratios
after 6-hour incubation. Data are represented as means + SD (n=3). ***P < 0.001 (Two-tailed independent t-test). (D) Cytotoxicity analysis of iNK or
CD19 CAR-UiNK cells against primary CD19"* leukemia or lymphoma cancer cells isolated from three patients at the indicated E:T ratios after 12-
hour incubation. Data are represented as means + SD (n=3). ***P < 0.001 (Two-tailed independent t-test). (E) Experimental design for the multiple
rounds of tumor killing. The iNK/CD19 CAR-UiNK cells (effectors, E) were respectively co-cultured with Nalm-6 (targets, T) for 12 hours per round at
the E: T ratio of 1:1. Fresh Nalm-6 cells were added to the iNK/CD19 CAR-UiNK cell residues incubated every other 12 hours. The Nalm-6 cells were
labeled with different cell proliferation dyes in each round of incubation. (F) Cytotoxicity analysis of serial killing by iNK/CD19 CAR-UiNK cells. Data
are represented as means + SD (n=3). ***P < 0.001 (Two-tailed independent t-test).

1.5 x 10”7 iNK cells/mouse) on Day 0 and Day 7, and PBS was
intravenously injected as control. Bioluminescent imaging (BLI)
was performed weekly to capture the kinetics of tumor growth
(Figure 6A). The data showed that the tumor burden of the PBS
group and iNK group became increasingly severe, as indicated by
the radiance and the value of total flux (Figures 6B, C). Eventually,
both the PBS and iNK groups of mice needed ethical euthanasia due
to the heavy tumor burden. However, the CD19 CAR-UiNK cells
showed stronger tumor-killing ability in xenograft animals with
lower radiance and total flux measurements (Figures 6B, C). The
CD19 CAR-UiNK cell-treated mice survived significantly longer
than the iNK cell-treated mice and the PBS-treated mice (Tumor +
PBS: 19 days; Tumor + iNK: 20 days; Tumor + CD19 CAR-UiNK:
48 days; P < 0.001) (Figure 6D). In conclusion, these results show
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that the CD19 CAR-UiNK cells can efficiently suppress tumor cells
and significantly prolong the survival of tumor-bearing mice.

4 Discussion

In this study, we tested a stable and efficient strategy for
efficiently generating hypoimmunogenic CD19 CAR-UiINK cells
from human ESCs. The CD19 CAR-UiNK cells overcame immune
rejections by allogeneic T cells and NK cells. More importantly, the
CD19 CAR-UiNK cells effectively kill B cell tumor cells and mitigate
the tumor burden in xenograft animals.

The key barrier for allogeneic CAR-NK cells in the clinical
setting is their limited persistence in vivo. Host immune rejection by
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T cells is considered one major determinant of the immediate
clearance of allo-NK cells (50). To prolong the therapeutic effects
of allo-NK and allo-CAR-NK cells, conventional approaches are to
adopt lymphodepletion to suppress host immune rejection, which is
a double-edged sword that increases the risk of infections and
metastatic progression of certain cancers (51). To overcome host
immune rejections by T cells and NK cells, we performed gene
editing of the B2M locus and gene engineering at the ESC stage to
further generate hypoimmunogenic CAR-NK cells. We used
CRISPR/Cas12i to knock out B2M, preventing the stable
expression of HLA-I molecules on the cell surface, but the HLA-
encoded alpha chains are still expressed by the cell (42). It helps
evade allogeneic HLA-I-mediated cytotoxicity by CD8" T cells. In
our study, the iNK cells generated from ESCs rarely express the
HLA-II molecules, thereby avoiding rejection by CD4" T cells (52).
Nonetheless, the loss of HLA-I molecules in CAR-iNK cells will
secondarily induce attacks by allogeneic NK cells caused by the
“missing self” activation (53). Thus, we overexpressed an HLA-E
single-chain trimer (HLA-E molecule fused to B2M and a peptide
antigen) as an efficient approach to protect HLA-I-deficient iNK
cells from NK cell lysis. This strategy has already been tested in T
cells and NK cells. Shin Kaneko et al. reported the generation of
hypoimmunogenic cancer-antigen-specific T cells derived from
iPSCs lacking [B2-microglobulin, the MHC class-II and the
natural killer (NK) cell-ligand poliovirus receptor CD155, and
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expressing single-chain MHC class-I antigen E (19). Stefan
Heinrichs et al. reported that allogeneic primary NK cells were
generated by targeting B2M via a CRISPR/Cas9 lentiviral vector and
equipped the HLA class I knockout NK cells with a modified single-
chain HLA-E molecule (54). However, our results indicated that
expressing HLA-E alone may not be sufficient to enable CD19
CAR-UiNK cells to evade attacks from allogeneic NK cells. Further
expression of other HLA-I molecules, such as HLA-G/HLA-C/
HLA-A, may be necessary (29, 32, 33). In addition, equipping
CD19 CAR-UINK cells with immune checkpoint (CD47 or IGSF8)
may be alternative approaches to prevent allogeneic NK rejection
(21, 35-38, 55). Sayandeep Saha et al. discovered that knocking out
CD54 in PSC-derived cardiovascular cells can prevent the adhesion
of multiple adaptive and innate effector immune cells, including T
cells (56). This suggests that it is a promising strategy to protect
MHC-expressing cells from T cell attacks while avoiding NK cell-
mediated ‘missing-self’ killing, as MHC expression remains intact.
Meanwhile, the combined deletion of adhesion ligands CD54 and
CD58 in B2M™"CIITA™™ iPSC-derived CAR NK cells resulted in
resistance to NK cell rejection, indicating that deleting adhesion
ligands is a promising hypoimmune gene editing approach (57).
Nevertheless, additional work is still required to explore the
immune-evasion mechanisms of NK cells and resolve the
bottleneck of NK cell-mediated rejection. Previous studies have
demonstrated that the expression of membrane-bound IL-15/IL-
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15R fusion protein in NK cells significantly improved the activity
and persistence of NK cells in vivo, ultimately enhancing their anti-
tumor ability in mice (6). Deletion of CISH (a negative regulator of
IL-15 signaling pathways) in iPSC-derived iNK cells can promote
in vivo persistence and enhance the anti-tumor activity of the NK
cells (58). Thus, expressing exogenous cytokines is another potential
method to further improve the persistence and long-term
therapeutic effect of CD19 CAR-UiNK cells.

Given the known capacity of macrophages to infiltrate and reside
within solid tumors, CAR macrophages (CAR-Ms) can overcome major
hurdles associated with CAR T/NK therapy, especially in solid tumors.
However, CAR-M:s are still at the nascent stage with only one clinical trial
initiated, and no results reported yet (59). At present, it has been reported
that hPSCs can generate CAR-Ms through step-by-step induction.
Macrophages are highly plastic cells that perform diverse functions in
different organs. hPSC-derived CAR-Ms show strong tumor
phagocytosis and killing abilities (60, 61), however, these CAR-Ms
might be functionally reprogrammed by the tumor microenvironment
in vivo to promote tumor immune evasion. Thus, CAR-Macrophages
still face uncertainty in treating suitable potential tumors.

NK cells, especially primary NK cells, are difficult to modify
genetically, which is an obstacle to efficiently deploying these cells as
engineered immunotherapeutic agents (62). Therefore, we
conducted multiple gene modifications on ESCs to obtain the
hypoimmunogenic CD19 CAR-UiINK cells. The CD19 CAR-
UiNK cells exhibit molecular characteristics similar to those of
iNK cells and achieve comparable yields and expansion rates. It
indicates that multiple gene modifications of ESCs don’t impair the
differentiation potential of ESCs into NK cells. The derived CD19
CAR-UiNK cells via our strategy potentially reduce the variations in
therapeutic effects caused by the heterogeneous NK cells derived
from different human primary tissues. Compared with the
traditional method of transducing CAR into mature NK cells
(cord blood or peripheral blood-derived) with CAR-expressing
viruses, this approach extremely reduces the costs of CAR
engineering. Therefore, CD19 CAR-UINK cells show promising
evidence as a universal, off-the-shelf cellular therapy product for the
clinical treatment of B cell leukemia or lymphoma.

This study still has some issues that need to be further explored.
Currently, we have only tested the concepts of CD19 CAR-UINK
evading host immune system based on in vitro assays. The Hu-PBL
(humanized-peripheral blood mononuclear cells) mice should be used
as the recipients for in vivo testing of the CD19 CAR-UiNK evading
human host T cell rejection (21, 57, 63). We will construct a Hu-PBL
mouse model using IL-15 transgenic immunodeficient mice and
transplant hypoimmunogenic cells into the mice to test our goal in
the future. Through this experiment, we can better evaluate the
immune compatibility of CD19 CAR-UiNK cells constructed by this
strategy. The CD19 CAR-UiNK cells exhibited better cytotoxicity in
vivo than iNK due to the ectopic expression of the CAR. Once infused
in vivo, CAR-NK cells recognize tumor cells efficiently and kill tumor
cells by releasing substances like ITFN-y and TNF-o. and directly
inhibiting tumor cell proliferation or inducing apoptosis (64).
Previous studies reported that the cord blood derived CAR-NK cells
showed comparable contributions and persistence in vivo to NK cells
(44, 65). We will further modify the CD19 CAR-UESC to obtain
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CD19 CAR-UiINK cells that ectopic production of IL-15, thereby
enhancing their in vivo proliferation, persistence, and anti-tumor
activity (6, 9, 65). In our study, B2M KO-iNK cells didn’t suffer
from the fratricide caused by downregulation of MHC class I. Previous
studies have reported that NK cells from B2m™" mice fail to kill B2m™"
normal cells, showing that they are self-tolerant (66). Inducible down-
regulation of MHC class I in conditional B2M knockout mice results
in NK cell tolerance without missing-self reactivity (67). It seems that
during the in vitro induction process of iNK cells from PSC, the loss of
B2M led to the absence of HLA-educating/licensing signals, which
might be the reason why B2M KO iNK cells did not fratricide since
they were born without the stimulation of self-HLA typical signals.

In conclusion, we offer a strategy for deriving homogeneous and
hypoimmunogenic CD19 CAR-iNK cells with robust anti-tumor
effects. Our study has significant implications for developing
universal and affordable CD19 CAR-NK cell therapy in treating
B-cell malignancies.
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