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In brief

In this study, Wang et al. develop CD70-
targeted, induced pluripotent stem cell-
derived CAR-NK (70CAR-iNK) cell as an
approach for universal immune cell
therapy. Multi-gene-edited 70CAR-iNK
cells exhibit robust cytotoxicity against a
wide range of tumors and potently
eliminate recipient alloreactive T cells,
leading to their improved persistence.
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SUMMARY

Clinical application of autologous chimeric antigen receptor (CAR)-T cells is complicated by limited targeting
of cancer types, as well as the time-consuming and costly manufacturing process. We develop CD70-tar-
geted, induced pluripotent stem cell-derived CAR-natural killer (NK) (7OCAR-iNK) cells as an approach for
universal immune cell therapy. Besides the CD70-targeted CAR molecule, 70CAR-iNK cells are modified
with CD70 gene knockout, a high-affinity non-cleavable CD16 (hnCD16), and an interleukin (IL)-15 receptor
o/IL-15 fusion protein (IL15RF). Multi-gene-edited 70CAR-iNK cells exhibit robust cytotoxicity against a
wide range of tumors. In vivo xenograft models further demonstrate their potency in effectively targeting lym-
phoma and renal cancers. Furthermore, we find that recipient alloreactive T cells express high levels of CD70
and can be eliminated by 70CAR-iNK cells, leading to improved survival and persistence of iNK cells. With the
capability of tumor targeting and the potential to eliminate alloreactive T cells, 70CAR-iNK cells are potent

candidates for next-generation universal immune cell therapy.

INTRODUCTION

Adoptive cellular therapy has revolutionized the conventional
concept of cancer therapy as a “living drug.”" Notably, chimeric
antigen receptor (CAR)-based modification has markedly
enhanced the efficacy of immune therapy, offering a potentially
curative approach for previously incurable hematological malig-
nancies.”® However, despite the approval of seven CAR-T cell
products by the US Food and Drug Administration, their range
of indications remains limited, failing to adequately address the
needs of a substantial population of patients with cancer. Com-
pounded by the bespoke manufacturing process of autologous
CAR-T cells, this therapeutic approach is plagued with high
costs, inherent risk of manufacturing failure, and delays in acces-
sibility.*~® Therefore, we are aiming to develop the next genera-
tion of cellular products that exhibit broad applicability across a
spectrum of tumor types, while also being amenable to indus-
trial-scale production processes.

The immune checkpoint molecule CD70 has emerged as an
important target and is extensively expressed in both hemato-
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logical and solid tumors.”~® CD70-targeted therapies, including
antibody-drug conjugates, antibodies, and CAR-T cells, have
shown promising efficacy in treating acute myeloid leukemia
(AML), lymphoma, renal cell cancer (RCC), and others.® For
instance, cusatuzumab, an antibody developed against CD70,
achieves an 83% complete remission (CR)/CR with incomplete
blood count recovery (CRi) rate in treating AML/myelodysplastic
syndrome (MDS) when combined with azacitidine. CTX130
(CD70 CAR-T) demonstrates a 70% overall response rate in
cases of T cell lymphoma.”" ALLO-316 (CD70 CAR-T) shows
an 89% disease control rate in treating advanced or metastatic
RCCs."? In addition, natural killer (NK) cells potently clear wide-
spread tumors due to their intrinsic mechanisms.'®'* Clinical
data have demonstrated the potential of adoptive NK cell infu-
sion in treating AML/MDS, breast cancer, ovarian cancer, and
others."* However, the innate anti-tumor function of NK cells is
usually impaired by the reduction in NCR/NKG2D ligands
(NCR/NKG2DLs) on tumor cells, allowing cancer cells to escape.
Therefore, a combination of CD70-targeted and NK cell-based
cytotoxicity holds promise for broadening the coverage of
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cancer types to the greatest extent and could be effective in
treating heterogeneous cancers.

As cellular therapy gains momentum, the development of uni-
versal cellular products has become a popular area of research
in order to meet the needs of patients with reduced cost and im-
mediate availability. However, unwanted graft-versus-host dis-
ease (GVHD) and host-versus-graft activities are significant ob-
stacles in clinical applications, increasing the risk of toxicity
and limiting their anti-tumor activity. To minimize GVHD, deletion
of the o T cell receptor (TCR) is a common strategy for blocking
T cell alloreactivity. In contrast, NK cells lacking TCR are consid-
ered innate universal cellular products.’® To eliminate host im-
mune rejection, alemtuzumab (CD52 mAb) has primarily been
used to nonspecifically clear host lymphocytes in participants
of recent clinical trials, enabling the efficient proliferation of
adoptive immune cells with CD52 knockout (KO).'®"'” However,
this approach often results in severe immunosuppression,
greatly increasing the risk of fatal sepsis. Recently, an ingenious
concept of targeting activated immune cells has emerged to
suppress allogeneic rejection, with a lower risk of severe immu-
nosuppression.'® Mo et al. engineered T cells with a chimeric
4-1BB-specific alloimmune defense receptor (ADR) that effi-
ciently prevents the rejection of allogeneic T cells by specifically
clearing activated T cells.'® Similarly, CD70 is a marker restricted
to activated immune cells, involved in immune activation.’
Therefore, we propose that NK cells targeting CD70 may be a
promising candidate for reducing allogeneic rejection before
adopting universal cellular products.

Previously, we developed a platform for the robust differentia-
tion and expansion of human induced pluripotent stem cell
(iPSC)-derived NK (iNK) cells.?®*" Compared to NK cells isolated
from peripheral blood or umbilical cord blood, multi-gene modi-
fication is more feasibly introduced to iPSCs, and more homoge-
neous NK cells can be derived from iPSCs on a clinical scale.””
Using this platform, we developed multi-gene-modified iINK
cells, named 70CAR-iNK, for targeting multiple tumors. Besides,
high-affinity and non-cleavable CD16 (hnCD16) was introduced
into 70CAR-iNK cells to enhance antibody-dependent cellular
cytotoxicity (ADCC). Moreover, an interleukin (IL)-15 receptor
a/IL-15 fusion protein (IL15RF) was incorporated for superior
persistence of iINK cells without the need for exogenous cytokine
support, along with the KO of CD70 expression to prevent fratri-
cide. Their anti-tumor efficacy was tested in vitro through co-cul-
ture with multiple tumor cell lines and further in vivo experiments
using xenograft mice bearing human lymphomas and renal can-
cers. Additionally, we analyzed the dynamics of surface CD70
expression during the induction of alloreactive T (alloT) cells
and validated the potency of 70CAR-iNK cells in suppressing
allogeneic rejection activities.

RESULTS

CD70 is expressed on a broad spectrum of cancer cells

To gain preliminary insights of CD70 expression pattern on
different types of cancers, we conducted an analysis of the tran-
scriptome data obtained from The Cancer Genome Atlas data-
base. Among pan-tumors, a total of 14 different tumor types ex-
hibited significantly higher levels of CD70 expression compared
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with their adjacent normal tissues (Figure S1A). Among the 33
different cancer types represented, CD70 demonstrates notably
high expression levels in kidney renal clear cell carcinoma,
diffuse large B cell lymphoma (DLBCL), and mesothelioma
(Figure S1A).

Given the substantial progress of cellular therapy in hemato-
logical malignancies, we primarily focused on lymphoma and
further dissected the preference for CD70 expression in different
subtypes. Based on the transcriptome data from 55 lymphoma
cell lines accessed from the Human Protein Atlas database,
CD70 exhibits more extensive expression across multiple sub-
types of lymphoma than conventional lymphoma targets, such
as CD19, CD30, and ROR1 (Figure S1B). More specifically,
CD70 is highly expressed in mantle cell ymphoma, followed by
T cell non-Hodgkin lymphoma (Figure S1C). Interestingly, vi-
rus-infected lymphoma cells display significantly higher levels
of CD70 expression (Figure S1D). High CD70 expression has
been reported in relapsed/refractory DLBCL,?® which is associ-
ated with poor prognosis and can contribute to tumor immune
suppression.>*?®> Consistently, we observed that CD70 expres-
sion was associated with worse relapse-free survival in patients
with DLBCL (although without statistical significance) and renal
cell carcinoma (*p = 0.011, Figures S1E and S1F). We further
analyzed single-cell RNA sequencing databases of T cell lym-
phoma and renal cell carcinoma, revealing that tumor cells had
higher CD70 expression compared to total, CD103*, and
CD39*-infiltrating T cells (Figure S2). Overall, broad expression
of CD70 on multiple cancer cell types renders a wide application
range for CD70-targeted therapy.

CD70-KO has no impact on the function of NK cells or
the differentiation process of iPSCs

Due to the activation-induced pattern of CD70 molecules on im-
mune cells, fratricide is a concern in CD70-targeted immune
cellular products without further modification, leading to limited
persistence and efficacy.”® While CD70 deletion can prevent
the fratricide of CD70-targeted CAR-T cells and reduce exhaus-
tion levels,?” its impact on NK cells remains unknown. To explore
the feasibility of introducing CD70-KO in iNK cells, we assessed
its impact on iNK cell function and differentiation.

Using the CRISPR-Cas9 technology, we first knocked out CD70
on differentiated iNK and 19CAR-iNK cells (Figures S3A and S3B).
When expanding on artificial antigen-presenting cells (@APCs),
CD70-KO iNK cells and 19CAR-iNK cells displayed comparable
proliferation potential to their respective controls (Figure S3C).
When challenged by tumor cell lines, the surface CD107a expres-
sion level of CD70-KO iNK cells reached the similar expression
level as their unmodified controls (Figure S3D). Both the endoge-
nous (against CD19™ THP-1 cells) and CAR-mediated (against
CD19" Raji cells) cytotoxicity and IFN-y production remained un-
affected in CD70-KO iNK cells (Figures S3E and S3F). Further-
more, we performed tumor repetitive challenge assays, confirming
that the long-term cytotoxicity of iINK cells was not affected by
CD70-KO (Figure S3G).

Having excluded the adverse impact of CD70-KO on iNK func-
tion, we developed CD70-KO iPSCs to assess their feasibility of
NK cell differentiation (named as CD70~'~ iNK cells). The sche-
matic is summarized in Figure 1A. Human iPSCs with confirmed
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Figure 1. Human iPSCs with CD70-KO can differentiate into functional NK cells
(A) Overview of procedures to generate gene-edited iPSCs and derive NK cells from iPSCs.
(B) Comparison of sequence of CD70-KO clone (obtained by Sanger sequencing) with CD70-WT sequence by Basic Local Alignment Search Tool showing

frameshift mutations in both alleles.

(C) Flow cytometry analyses of stemness for CD70-KO iPSCs (marked with “SSEA4 and TRA-1-81").
(D) Flow cytometry analyses of proportion of hemogenic endothelium (marked with “CD34”) at EB stage, and CD34°"9" proportions were summarized in bar plot

(values are represented as means + SEM, n = 3 batches of iPSC differentiatio

n per group). ns, not significant using an unpaired t test.

(E) Flow cytometry analyses and bar plot of CD45* and CD56" proportion (values are represented as means + SEM, n = 3 batches of iPSC differentiation per

group). ns, not significant using an unpaired t test.

(legend continued on next page)
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CD70-KO maintained favorable stemness, with 2 99.68% SSEA*
TRA-181* population (Figures 1B and 1C). On day 8 of embryo
body (EB) formation, the hemogenic endothelium displayed a
normal ratio, with 29.22% + 2.60% CD34°9" proportion (Fig-
ure 1D). The proportion of CD56" cells reached as high as
92.60% =+ 1.85% on day 24 of NK cell differentiation (Figure 1E).
After expansion on aAPCs, CD70" iNK cells exhibited overall
similar profiles to unmodified controls, including the expression
of maturation marker (CD57), activation markers (CD16,
NKG2D, NKp30, NKp44, NKp46, DNAM-1, and FasL), inhibitory
markers (TIGIT, KIR, NKG2A, NKG2C, and CD94), and exhaus-
tion markers (PD1, TIM3, and LAG3) (Figures 1F and 1G).
Furthermore, the innate cytotoxicity of CD70~'~ iNKs was com-
parable to controls when challenged by THP-1 cells, Molm13
cells, or Caki-1 cells (Figure 1H). These results together sug-
gested that CD70-KO can be successfully introduced to iNK
cells without compromising the differentiation potential and
cytotoxic function.

Quadruple gene-edited hiPSCs can efficiently
differentiate into NK cells with stable transgene
expression and robust expansion

The limitations of cytotoxicity and persistence remain major bot-
tlenecks in boosting the efficacy of NK cell therapy, which dic-
tates the directions of developing multi-gene-engineered NK
cells.”® To expand the application of NK cell cytotoxicity to a
broader range of tumors, we adapted CD70-targeted CAR mo-
dalities to supplement innate NK anti-tumor function, along
with CD70-KO editing to reduce fratricide. Additionally, we intro-
duced hnCD16 to enhance the ADCC effect.?® Furthermore, to
address the limited persistence of NK cells, we integrated
IL15RF as a key element that is capable of supporting superior
proliferation and survival by augmenting mTOR signaling and
metabolism fitness.”**° The quadruple gene-editing modalities
are illustrated in Figure 2A.

Following the screening of clones with multi-gene editing, we
obtained an iPSC clone with favorable stemness and stable
expression of CD16, IL-15, and CD70-CAR molecules (Fig-
ure 2B). The successful deletion of CD70 was confirmed by
Sanger sequencing (Figure 2C). The entire differentiation pro-
cess incorporates EB formation, NK cell differentiation, and NK
cell expansion. Morphologically, 70CAR-iPSCs closely resem-
bled unmodified controls throughout the entire differentiation
process (Figure S4A). On day 8 of EB formation, we found that
approximately 48.07% =+ 6.00% of the components were
CD34P1sMt (Figure 2D). On day 24 of NK cell differentiation,
85.88% + 2.17% of cells exhibited an NK cell phenotype defined
as CD45"CD56" (Figure 2E). Compared with mock iNK cells,
70CAR-INK cells demonstrated stable expression of CD70
CAR, CD16, and IL-15 but lacked surface CD70 expression (Fig-
ure 2F). Similar to peripheral blood NK (PBNK) cells, iNK and
70CAR-INK cells consist of a homogeneous population of

Cell Reports Medicine

CD56" NK cells that co-express typical NK cell surface markers,
including NKp30, NKp44, NKp46, FASL, NKG2C, NKG2A, and
TIM3 (Figure S4B). To investigate the function of each genetic
modification, we also produced mock iNK cells (no genetic mod-
ifications) and backbone iNK cells (with hnCD16, IL15RF, and
CD70-KO, no CD70-CAR) (Figure S4C). CD70-unedited
70CAR-iINK cells were unable to be produced, likely due to
CD70 expression during the differentiation process that caused
fratricide. Therefore, we exploited alternative approaches to
confirm the fratricide potential during NK cell expansion. Mock
iNK cells were co-cultured with 70CAR-iNK cells, showing a sig-
nificant reduction of expansion and induction of apoptosis
(Figures 2G-2l). These results indicated that CD70-CAR-medi-
ated killing can happen between iNK cells and supported the ne-
cessity of including CD70-KO in 70CAR-iNK products. Indeed,
the in vitro expansion of 70CAR-iNK cells (with CD70-KO) was
as robust as that of mock iNK cells (Figure S4D). We also noted
that the iNK cells had heterogeneous expression of NKG2A. Us-
ing HLA-E-overexpressing target cells and NKG2A-KO iNK cells,
we confirmed that NKG2A is dispensable for the cytotoxic func-
tion of iNK cells generated by our platform (Figures S4E-S4H).

70CAR-iNK cells exhibit potent in vitro cytotoxicity
against multiple cancer types
CAR-NK cells possess both innate and CAR-mediated anti-tu-
mor functions. To assess the sensitivity of tumor cell lines to
CAR-NK cells, we initially profiled the surface expression of
NCR/NKG2DLs and CD70 on multiple tumor cell lines (Figure 3A).
These cell lines represented a spectrum of cancer types,
including lymphoma (Raji, MT-4, and Hut-78), myeloid leukemia
(THP-1, Molm13, and K562), myeloma (MM.1R), breast cancer
(JIMT-1), renal cancer (Caki-1), ovarian cancer (SKOV-3), colon
cancer (CACO-2), and cervical cancer (HeLa). All of them could
be categorized into three groups, including CD70"9"NCR/
NKG2DL"°", CD70"9"NCR/NKG2DL"®", and CD70"°“NCR/
NKG2DL"e",

70CAR-iNK cells exhibited a significant advantage of cytotox-
icity compared with backbone iNK cells against CD70M9"NCR/
NKG2DL"™" cells (Raji, MT-4, and MM.1R, Figure 3B). When
co-cultured with NCR/NKG2DL"" tumor cells, 70CAR-iNK cells
still demonstrated more potent cytolytic efficacy than backbone
iNK cells to varying extents (Figures 3C and 3D). Given the sub-
stantial progress of cellular products in lymphoma therapy, we
further evaluated the serial-killing and cytokine production po-
tential of 70CAR-iINK cells against different lymphoma subtypes.
Compared with controls, the remarkable cytotoxicity of 70CAR-
iNK cells occurred in the first round of co-culture with the Raji
and MT-4 cell lines (NCR/NKG2DL'"*") and was further amplified
after each round of rechallenges (Figures S5A and S5B). More-
over, although the Hut-78 cell line (NCR/NKG2DL"9") was sensi-
tive to backbone iNK and 70CAR-iNK cells, the advantages of
70CAR-INK cells were amplified as the rechallenge round

(F) Flow cytometry analyses of surface markers of activation, inhibition, and exhaustion of NK cells.

(G) Surface CD70 expression on mock iNK and CD70-KO (CD70~'~) iNK cells.

(H) Cytotoxicity of mock iNK and CD70~~ iNK cells co-cultured with THP-1, Molm13, and Caki-1 cells, respectively (values are represented as means = SEM,

n = 3 technical replicates per group).
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Figure 2. Quadruple-gene-edited 70CAR-
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accumulated (Figure S5C). Notably, 70CAR-iNK cells demon-
strated an overall higher production of cytotoxic cytokines dur-
ing tumor-lytic activities than backbone iNK cells (Figures S5D
and S5E). More specifically, when co-cultured with lymphoma
cells and Caki-1 cells, 70CAR-INK cells exhibited markedly
higher levels of IL-2 and IFN-y production than backbone iNK
cells, while a higher level of TNF-a was only noted during the
co-culture with Raji cells and Caki-1 cells (Figures S5D and S5E).

70CAR-iNK cells demonstrate enhanced ADCC function
and superior in vitro persistence

To test the potential of CAR-independent, ADCC-mediated cyto-
toxicity of 70CAR-INK cells, we first generated CD70-KO Raji
cells, which are able to evade CAR-mediated killing and
resemble antigen escape (Figure S6A). Given the low expression
of endogenous CD16 (Figure 1F), we engineered CAR-iNK cells
with hnCD16 to strengthen their ADCC function. Activation-
induced cleavage of endogenous CD16 was reported on
PBNK cells and was also observed in our unmodified iNK cells
after challenging with tumor cells or in combination with anti-
bodies (Figure S6B). In contrast, 70CAR-INK cells equipped
with hnCD16 maintained stable CD16 expression, irrespective
of PMA/ionomycin-induced activation or tumor challenges (Fig-

vector, and backbone iNK cells were engineered
with IL15RF and hnCD16.

(G and H) Mock iNK, backbone iNK, and CD70-KO
iNK cells were labeled with CFSE, and then incu-
bated with 70CAR-iNK cells, respectively. After 4
h, the mixtures were stained with propidium iodide
to differentiate fratricide-induced dead cells (n = 3
biological replicates). Values are represented as
means + SEM. ***p < 0.0001 using an unpaired t
test comparing “backbone iNK” versus “CD70~~
iNK” in both E:T ratios.

() Fold expansion of iNK cells on aAPCs
comparing mock iNK monoculture (“iNK”) to co-
culture of mock and 70CAR-INK cells (“INK +
70CAR-iNK”) (n 3 biological replicates).
**p < 0.01 using a paired t test.

Isotype
— Mock iNK
Backbone iNK
— 70CAR-iINK

o

o

iNK iNK +

70CAR-iNK

ure S6B). When combined with the CD20-targeted antibody rit-
uximab, 70CAR-iNK cells exhibited significantly higher levels of
CD107a than mock iNK cells, suggesting an enhanced ADCC
against CD70-KO Raji cells (Figure S6C). Consistently, using a
tumor cell repetitive challenge assay, we confirmed that the
addition of rituximab also increased the kiling potency of
70CAR-INK cells against CD70-KO Raji cells (Figures S6D and
S6E). These results have together indicated that hnCD16 can
enhance ADCC function as compared to the endogenous
CD16 of iNK cells.

Limited persistence significantly hampers the anti-tumor
function of iNK cells. In the absence of exogenous IL-2 support,
unmodified iNK cells displayed minimal expansion capability,
and their cell count decreased sharply within 3 days of
in vitro culture (Figure S6F). Comparatively, 70CAR-iNK cells
showed superior in vitro proliferation ability and prolonged sur-
vival times, even without exogenous IL-2 support (Figure S6F).
Flow cytometry analysis revealed a stable expression of
pSTAT3 and pSTAT5 in 70CAR-iNK cells, while the phosphor-
ylation levels in mock iNK cells appeared to be IL-15 depen-
dent (Figure S6G). IL15RF also improved the cytolytic activity
of iNK cells (Figures S6H and S6l), consistent with previous
reports.®
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Figure 3. 70CAR-iNK cells can potently eradicate a wide spectrum of hematological and solid tumor cell lines

(A) Heatmaps of the surface expression of CD70, NKG2D ligands, and NCR ligands on multiple tumor cell lines. The patterns of tumor cell lines were divided into
three groups. CD70M9"NCR/NKG2DL"Y cell lines include Raji (Burkitt lymphoma), MT-4 (T cell lymphoma), and MM.1R (multiple myeloma). CD70"9"NCR/
NKG2DL"" cell lines include THP-1 (acute monocytic leukemia), Caki-1 (renal cancer), Hut-78 (T cell lymphoma), SKOV-3 (ovarian cancer), Molm13 (acute
myeloid leukemia), and HeLa (cervical adenocarcinoma). CD70'°"NCR/NKG2DL"'9" cell lines include K562 (chronic myeloid leukemia), JIMT-1 (breast ductal
adenocarcinoma), and CACO-2 (colorectal adenocarcinoma).

(B-D) Backbone iNK and 70CAR-iNK cells were used as effectors at the indicated effector cell:target tumor cell (E:T) ratios in IncuCyte-based function assay with
CD70"9"NCR/NKG2DL"" tumor cells (B), CD70"9"NCR/NKG2DL"'9" tumor cells (C), and CD70°"NCR/NKG2DL"" tumor cells (D). Values are represented as
means + SEM, n = 3-4 technical replicates per group.

70CAR-iNK cells could potently control tumor anti-tumor activity in lymphoma and renal cancer xenograft
progression in vivo models. To build lymphoma xenograft models, we inoculated
Since the potency of 70CAR-iNK cells against different types of NOG mice with luciferase-expressing MT-4 cells (T cell lym-
tumor cells has been illustrated in vitro, we further evaluate their phoma) or Raji cells (B cell lymphoma) through the tail vein,
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followed by treatment of mock-iNK, backbone iNK, or 70CAR-
iNK cells (Figure 4). Then, tumor burden was monitored on a
weekly basis. Here, we validated that 70CAR-iNK cells demon-
strated anti-tumor potency in controlling the progression of
both types of lymphoma (MT-4: p < 0.0001; Raji: p < 0.01
compared with backbone) and prolonged their survival time
(MT-4: p < 0.01; Raji: p < 0.001 compared with backbone)
(Figures 4B-4E and 4G—4l). Notably, these two tumor cell lines
expressed minimal levels of NKG2DL (Figure 3A). Consequently,
only 70CAR-iNK but not mock or backbone iNK cells were able
to control the tumor growth and prolong the survival of tumor-
bearing animals (Figure 4), indicating the critical function of the
CD70-targeted CAR in iNK cells. All 3 batches of 70CAR-iNK
cells can eradicate established tumors, but differences in expan-
sion were observed between batches (Figures S7A-S7D), sug-
gesting that a rigorous evaluation of cytotoxicity and expanding
potency is required before selecting specific batches of cells for
further expansion and clinical application.

We also established a renal cancer xenograft model by intra-
peritoneally inoculating Caki-1 cells (Figure S7E), which were
treated by mock-, backbone-, or 70CAR-iNK cells. All types of
iNK cells were able to control tumor growth, consistent with
the results of in vitro cytotoxicity (Figures S7F, S7G, and 3C).
However, 70CAR-INK cells still exhibited an enhanced in vivo
persistence (Figure S7H), indicating that CAR-mediated activa-
tion might potentiate iNK cell survival on top of endogenous
cytotoxicity. In another set of assays, we further confirmed that
either intraperitoneal or intravenous injection of CD70-iNK cells
can effectively target Caki-1 tumors (Figures S7I-S7L).

70CAR-iNK cells could reduce the alloreactivity of alloT
cells

Allogeneic rejection is a major impediment that complicates uni-
versal NK cell therapy due to their shortened persistence in re-
cipients. Given that CD70 expression is detected on activated
immune cells,” we aimed to investigate the potential of sup-
pressing the function of alloT cells by treating them with
70CAR-iNK cells.

To delineate the dynamics of CD70 expression during the in-
duction of alloT cells, we incubated iNK cells with allogeneic pe-
ripheral blood mononuclear cells isolated from healthy donors
for approximately 2 weeks (Figure S8A). During this period, we
monitored the expansion of T cells and their surface expression
of CD70. A significant increase in the CD3* proportion and num-
ber was observed between day 5 and day 8 (Figures S8B and
S8C). Interestingly, on day 8, CD8" T cells demonstrated a higher
level of CD70 than CD8™ T cells (Figure S8D). Moreover, high
CD70 expression in T cells was associated with higher levels
of other activation markers including CD69, CD107a, CD137,
CD40 ligand, and CD25 (Figure S8E). Thereafter, the surface
expression of CD70 continued to rise on alloT cells during the in-
duction process (Figure S8F).

Having demonstrated that iNK cells can induce allogeneic
T cell responses, we next evaluated the capability of 70CAR-
iNK cells to suppress the function of alloT cells. We harvested
iNK-induced allogeneic T cells and evaluated their alloreactivity
against 70CAR or backbone iNK cells (Figure 5A). Notably, after
4 h of co-incubation, 70CAR-iNK cells can induce more potent
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cytotoxicity against alloT cells compared to backbone iNKs (Fig-
ure 5B). CD70* T cells were completely depleted by 70CAR-INK
cells, together with a reduction of multiple surface activation
markers on the T cell population, including CD137, CD69,
CD25, CD40 ligand, and CD107a (Figure 5C). The alloreactivity
was evaluated by the apoptosis status and quantification of
co-cultured iNK cells, revealing that 70CAR-iNK cells can reduce
allogeneic T cell function (Figure 5D). Next, to evaluate whether
resistance to allogeneic T cell function can lead to increased
in vivo persistence, we established an in vivo rejection model
by injecting allogeneic T cells intravenously into NOG mice, '° fol-
lowed by injection of backbone or 70CAR-iNK cells (Figures 5E
and S8G). In this model, the allogeneic T cells eliminated back-
bone iNK cells, while 70CAR-INK cells showed persistence
(Figures 5F and 5G), suggesting that the CD70-CAR is critical
for the resistance of iNK cells against allogeneic T cell rejection.

DISCUSSION

Universal cellular therapy has attracted significant attention due
to its broader accessibility by patients. Among immune cells, NK
cells are one of the most promising candidates for universal
products, given their favorable safety profiles and innate anti-tu-
mor functions.®* Furthermore, human iPSCs provide a promising
platform for multiplex gene editing and clone screening, serving
as an unlimited source for generating functional NK cells with
robust in vitro expansion capacities. Overall, our studies pro-
vided evidence that quadruple gene-edited, CD70-targeted,
iPSC-derived NK cells can effectively target both tumor cells
and allogeneic T cells, which simultaneously enable broad tumor
coverage, superior proliferative abilities, enhanced ADCC func-
tions, and resistance to allogeneic T cell rejection, with great po-
tential to overcome current limitations in cellular therapy.'®

We constructed 70CAR-iNK cells to enable both CAR-medi-
ated and NK cell endogenous cytotoxicity and enhance tumor
coverage. The feasibility of CD70-CAR is supported by favorable
outcomes of CD70-targeted clinical trials, including antibody-
drug conjugates, mono-antibodies, and CD70-targeted CAR-T
cells.’” Besides, the contribution of CD70/CD27 axis in modu-
lating the suppressive tumor microenvironment also supported
the importance of CD70-targeted therapy.® In our in vivo studies,
70CAR-iNK cells showed superior efficacy compared with back-
bone iNK cells against MT-4 and Raji (NKG2DL'") tumor
models. In the MT-4 model, 70CAR-INK also outperformed
backbone iNK cells in expansion. In the Caki model
(NKG2DL"9"), the therapeutic benefit of 70CAR-iNK cells over
backbone iNK is less significant, indicating that CAR-mediated
cytotoxicity is more critical in eradicating tumors with low
NKG2DL expression. More interestingly, the comparable anti-tu-
mor function and pharmacokinetics between intraperitoneal and
intravenous NK cell administrations suggested the ability of
70CAR-iNK cells to cross the peritoneal barriers, which would
indicate the translational potential against other CD70-express-
ing intraperitoneal tumors such as cervical squamous cell carci-
noma and mesothelioma (Figure S1A).

CD70 is upregulated on activated T cells and has been
revealed for its controversial roles in T cell activation and
exhaustion.”*®> As previously reported, CD70-KO can
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Figure 4. Adoptive transfer of 70CAR-iNK cells eradicated in vivo xenograft tumors

(A) Schematic diagram of in vivo anti-tumor functional evaluation of 70CAR-iNK cells using luciferase (Luc)-expressing MT-4 cells. NCG mice were inoculated
intravenously with 1x10° Luc-expressing MT-4 cells. Tumor-bearing mice were left untreated, or treated with mock iNK, backbone iNK, or 70CAR-iNK cells (n = 5
biological replicates per group).

(B and C) Bioluminescent images and quantification of bioluminescent intensity (BLI) through day 35. Values are represented as means + SEM. ***p < 0.0001
calculated by two-way ANOVA comparing 70CAR-iNK with the other 3 groups.

(D) Pharmacokinetics of 70CAR-iNK cells in MT-4 murine model. Values are represented as means + SEM.

(E) Kaplan-Meier curve representing the percent survival of the experimental groups. Significance of difference was determined by two-tailed log rank test
comparing 70CAR-iNK with the other 3 groups. “p < 0.05, **p < 0.01.

(F) Schematic diagram of in vivo anti-tumor functional evaluation of 70CAR-iNK cells using Luc-expressing Raji cells. NCG mice were inoculated intraperitoneally
with 2x10° Luc-expressing Raiji cells. Tumor-bearing mice were left untreated, or treated with mock iNK, backbone iNK, or 70CAR-iNK cells (n = 6 biological
replicates in each group).

(G and H) Bioluminescent images and quantification of BLI data through day 14. Values are represented as means + SEM. Statistical significance was calculated
on day 14 comparing 70CAR-iNK with the other 3 groups. *p < 0.05, *p < 0.01, ***p < 0.0001.

() Kaplan-Meier curve representing the percent survival of the experimental groups. Significance of difference was determined by log rank test (two-tailed)
comparing 70CAR-iNK with the other 3 groups. **p < 0.01, **p < 0.001.
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ameliorate the exhaustion patterns of CAR-T cells and
contribute to enhanced proliferation and cytotoxicity.***°
Regarding NK cells, Al Sayed et al. revealed that CD70 reverse
signaling can stimulate the killing function of NK cells,*®*” but
there has been little evidence about the direct impact of CD70-
KO on NK cells. Our study reveals that CD70-KO has no
adverse effects on iNK cell activation, proliferation, and cyto-
toxicity, providing evidence for an optimal choice to avoid frat-
ricide in CD70-targeted NK cell therapy. Moreover, the suc-
cessful derivation of NK cells from CD70-KO iPSCs provides
valuable insights for optimizing modification strategies for
CD70-targeted NK cell therapy. As CD70 expression is also
associated with T cell activation, one potential concern of
CD70-targeted therapy is the elimination of endogenous anti-
tumor T cells. We analyzed three independent single-cell data-
bases, revealing that tumor cells expressed higher levels of
CD70 compared to the infiltrating T cells. Therefore, we believe
that although the risk of compromising endogenous anti-tumor
response cannot be fully excluded, the anti-tumor potency of
CD70-targeted therapy might outweigh the effect of intratu-
moral T cell elimination.

Donor 2

(D) Left: FACS histogram plot of PI staining gated
on CD56" iNK cells after 6-h co-culture; right:
viable iNK cells at the end of co-culture (values are
represented as means + SEM, n = 3 technical
replicates per group from donor 1 and donor 2,
respectively). Error bars represent +SEM.
*p < 0.05, *p < 0.01 using an unpaired t test.

(E) Schematic diagram of the in vivo allogeneic
rejection model.

(F and G) Representative FACS plot and in vivo
persistence of backbone and 70CAR-iNK cells
(values are represented as means + SEM, n = 6
biological replicates per group). Error bars
represent +SEM. *p < 0.05, **p < 0.001,
****p < 0.0001 using an unpaired t test for each
time point.

B AlloT (70CAR-iNK-treated)
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Unwanted host-versus-graft reactions
are the primary obstacles to the clinical
application of universal cellular therapy,
greatly limiting its anti-tumor efficacy.'®
The limited persistence of therapeutic NK cells has been consid-
ered to be, at least partially, mediated by the rejection from recip-
ient T cells.®® Alemtuzumab (CD52 mAb) has been used to
nonspecifically eliminate host lymphocytes in clinical trials of
allogeneic cell therapy. Nevertheless, severe immunosuppres-
sion exposes patients to a high risk of fatal sepsis.’®'” An inge-
nious approach is to target the activated allogeneic immune cells
and suppress cellular rejection,'® such as ADR that recognized
the activation marker 4-1BB."® Here, using the same in vivo
model, we validated that 70CAR-iNK cells had prolonged persis-
tence in the presence of allogeneic T cells, indicating the poten-
tial of enhanced in vivo survival by suppressing the recipient
T cell rejection.

Relapse is a major barrier against effective cellular therapy. On
one hand, the challenge of antigen-negative relapse warrants
multi-targeting strategy.®® Notably, CD16 can be exploited as a
mediator of second target in the presence of antibodies. Consid-
ering the cleavable feature of CD16 during the activation of NK
cells, we engineered iPSCs with hnCD16. These iNK cells
demonstrated high CD16 stability as well as potent ADCC func-
tion when combined with antibodies, providing a feasible
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strategy of using the same 70CAR-iNK cells to target both CD70*
and CD70™ tumors and limit antigen escape. Intriguingly, the co-
activation of CAR and ADCC pathways did not significantly
improve the cytotoxic activity of iNK cells, and the underlying
mechanisms remain to be investigated in future studies. On the
other hand, the clinical efficacy of adoptive NK cell therapy
was also hindered by the finite potency of expansion and persis-
tence of NK cells. The introduction of membrane-bound IL-15RF
could render superior in vitro persistence to iNK cells, which will
also be important for ameliorating anti-tumor efficacy.

Overall, this “modification-differentiation” paradigm of iPSCs
is one of the most efficient strategies for developing multi-
gene-engineered immune cells. The nature of iPSCs makes it
feasible for the establishment of gene-engineered clone banks,
and our platform of NK cell differentiation enables the stable gen-
eration of therapeutic NK cells harboring these genetic modifica-
tions. While we are aware that emerging clinical challenges of
cellular therapy will guide further modifications of iNK cells, the
70CAR-iNK cells depicted in this study represent a successful
combination of CD70 targeting (tumor and allogeneic T cells)
with functional potentiation (IL15RF and hnCD16), incorporating
into the translatable iNK platform, allowing for further clinical
development.

Limitations of the study

A potential limitation of our study is that tumors used for xeno-
graft models are cell line derived, while patient-derived xenograft
model might be closer to the clinical scenarios. Another limitation
is the lack of an orthotopic or subcutaneous solid tumor model
due to inconsistent tumor engraftment of Caki-1 cells. Although
our study has several limitations, it provides strong evidence for
the potential of 70CAR-INK cells as cellular products with broad
applicability in tumor management, and preliminary evidence of
CD70-targeted therapy in clearing activated alloreactive cells of-
fers an approach for handling allorejection.
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The Cancer Genome Atlas
Human Protein Atlas
GEPIA database

Gene Expression Omnibus
Gene Expression Omnibus

https://portal.gdc.cancer.gov
https://www.proteinatlas.org
http://gepia.cancer-pku.cn/
GEO: GSE182861, GSE122703
GEO: GSE222703

Experimental models: Cell lines

Raji ATCC Cat#CCL-86

THP-1 ATCC Cat#TIB-202

HelLa ATCC Cat#CCL-2

K562 Mingzhoubio Cat#MZ-0102

MM.1R Mingzhoubio Cat#B240408

JIMT-1 Mingzhoubio Cat#MZ-0578

CACO-2 Mingzhoubio Cat#MZ-0039

SKOV-3 Mingzhoubio Cat#MZ-0169

Caki-1 Mingzhoubio Cat#B164110

MT-4 Procell Cat#CL-0655

Hut-78 Procell Cat#CL-0364

Molm13 Beyotime Cat#C6600

Human artificial antigen-presenting cells Hangzhou Qihan Biotech N/A

Human PBNK Shanghai Saily Biotechnology N/A

Human CBNK Hangzhou Primitive Biotechnology N/A

Human PBMC Shanghai Saily Biotechnology & N/A
Oricellbio Biotechnology

Experimental models: Organisms/strains

Mouse: NOD.Cg-Prkdc°@ Beijing Vital River Laboratory N/A

112rg"™"49/JicCrl (NOG) Animal Technology

Mouse: NOD/ShiLtJGpt-Prkdc®m260452 GemPharmatech N/A

112rg®™26€922/Gpt (NCG)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Oligonucleotides

CD70 targeted gRNA-1:
‘56-GCCCGCAGGACGCACCCATA-3’
CD70 targeted gRNA-2:
‘5-GGCCGGGTTCTAGAGTGCCA-3’
CD70 forward primer:
5-CGCTAGCGGAGGTGATCG-3
CD70 reverse primer:
5-AAGTGACTCGAGCGGCAG-3'

GenScript Biotech Corporation

GenScript Biotech Corporation

Beijing Tsingke Biotech

Beijing Tsingke Biotech

Custom order

Custom order

Custom order

Custom order

Recombinant DNA

HLA-E construct
Anti-CD70 scFv
Anti-CD19 scFv

This manuscript
This manuscript
This manuscript

N/A
N/A
N/A

Software and algorithms

Graphpad Prism version 9.0
FlowJo 10.0
Incucyte Base Software

Living Image software

Photon IMAGER™ OPTIMA

R version 4.2.1

Seurat package

Copykat

scDblFinder

Publicly available gene expression datasets
Manuscript source code

GraphPad software
FlowdJo, LLC
Sartorius

PerkinElmer

Biospace Lab

R Core Team 2017

Rahul Satija Lab

Nicholas E Navin Lab
Mark D Robinson Lab
Gene Expression Omnibus
Current publication

https://www.graphpad.com
https://www.flowjo.com/
https://www.sartorius.com/en/products/
live-cell-imaging-analysis/live-cell-
analysis-software

N/A

N/A

https://www.r-project.org
https://github.com/satijalab/seurat
https://github.com/navinlabcode/copykat
https://github.com/plger/scDblFinder
GSE182861, GSE122703, and GSE222703
https://doi.org/10.5281/zenodo.14233570

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and cell culture

Raji (ATCC, CCL-86), THP-1 (ATCC, TIB-202), and HeLa (ATCC, CCL-2) cells were obtained from the American Tissue Culture Collec-
tion. K562 (Mingzhoubio, MZ-0102), MM.1R (Mingzhoubio, B240408), JIMT-1 (Mingzhoubio, MZ-0578), CACO-2 (Mingzhoubio, MZ-
0039), SKOV-3 (Mingzhoubio, MZ-0169), and Caki-1 (Mingzhoubio, B164110) cells were obtained from Mingzhoubio. MT-4 (Procell,
CL-0655) and Hut-78 (Procell, CL-0364) cells were obtained from Procell. Molm13 (Beyotime, C6600) cells were purchased from Be-
yotime. Raji, THP-1, Molm13, K562, MM.1R, and MT-4 cells were cultured in RPMI-1640 (Gibco) supplemented with 10% fetal
bovine serum (FBS, Gibco). Additional 2-mercaptoethanol (Gibco) was added into THP-1 media at a final concentration of
0.05 mM. Furthermore, CACO-2 and Hela cells were maintained in MEM (Gibco) supplemented with 20% and 10% FBS, respec-
tively. SKOV-3 and Caki-1 cells were cultured in McCoy’s 5a (Gibco) with 10% FBS. JIMT-1 was cultured in DMEM (Gibco) with
10% FBS, and Hut-78 was cultured in IMDM (Gibco) with 20% FBS. All of these complete medium were supplemented with 1% peni-
cillin/streptomycin (Gibco). They were maintained at 37°C and 5% CO,. All cells were tested monthly via TransDetect PCR Myco-
plasma Detection Kit (Transgen Biotech) to ensure they were free of mycoplasma.

Mice

Female NOG mice (Vital River Laboratories, Beijing, China) or NCG mice (GemPharmatech, Jiangsu, China) at the age of 6-8 weeks
were used for each batch of in vivo studies. The husbandry and experimental procedures of mice were conducted strictly according
to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All experiments were reviewed and approved by
the Institutional Animal Care and Use Committee of QR Bio Technology Co., Ltd. (reference no. QDAE20220321001).
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METHOD DETAILS

Analysis of public database

The raw data of RNA-seq of pan-tumor and their adjacent normal tissues were downloaded from The Cancer Genome Atlas (TCGA,
https://portal.gdc.cancer.gov) database. The sequencing data were extracted as Transcripts Per Million (TPM) format, and trans-
formed with “logs(value + 1)” for further analyses. Comparison between cancer tissues and adjacent normal tissues were made
via Mann-Whitney U test. The groups with insufficient samples (<3) were excluded for comparison. Furthermore, the data of multiple
lymphoma cell lines were accessed from Human Protein Atlas (https://www.proteinatlas.org) database. Finally, the survival data of
lymphoma and renal cancer patients and their association with CD70 transcriptional level were accessed and analyzed via GEPIA
database (http://gepia.cancer-pku.cn/).*® The cutoff point was set as the median of CD70 expression within the respective patients’
cohort.

Transcriptome sequencing was accessed from three GEO datasets, including GSE182861 (cutaneous T cell lymphoma),*’
GSE122703 (cutaneous T cell lymphoma),*? GSE222703 (clear cell renal cancer).”® The sequencing libraries were analyzed using
the Illlumina HiSeq 2000 platform. The matrix files of each dataset were retrieved from GEO and imported via the Seurat package.
Cells that expressed fewer than 200 genes were filtered in each sample, as well as genes expressed in fewer than three cells.
The Louvain algorithm was employed to cluster the neighborhood graph of the cells in Seurat. The common gene markers
(CD3D, CD4, CD8A, FOXP3, LYZ) were utilized for manual annotation. To identify the tumor cell in T cells, two datasets
(GSE122703 and GSE222703) were obtained from download files, while GSE182861 was identified by Copykat package. The clus-
ters in GSE182861 were considered as the tumor cell if they meet two conditions. One condition is that more than 50% aneuploid cell
identified by Copykat and the other is that more than 50% cells derived from one patient.

Gene editing on cell lines

Tumor cell lines were engineered to stably express both luciferase and green fluorescent protein (GFP). CD70-KO Raji cells were
generated via use of the guide RNA targeting CD70 gene (‘5-GCCCGCAGGACGCACCCATA-3’), and the CD70-negative population
was sorted to high purity by flow cytometry for functional assays. K562 cell line was transduced with plasmid containing HLA-E
construct by piggyBac transposon system, and the HLA-E positive population of K562 cell was sorted and expanded for functional
assays.

Multi-gene editing on human iPSCs

The plasmid contained the sequences of IL15RF, hnCD16 and anti-CD70 CAR (Figure 2A). Specifically, the CAR molecule was con-
sisted of a CD8 leader, followed by CD70-targeting single-chain variable region, the CD8a hinge, CD8 transmembrane domain,
4-1BB costimulatory domain and CD3zeta chain. IL15RF and hnCD16 were constructed as previously described.***® To generate
mutiplex-gene-engineered iPSCs, Cas9 protein (Invitrogen) and CD70 targeted gRNA (‘5-GCCCGCAGGACGCACCCATA-3’) were
mixed and incubated for 15 min to form ribonucleoprotein, followed by an addition of the plasmid, piggyBac plasmid and iPSCs.
Transfection was performed using a Lonza electroporator. After transfection, PCR gel electrophoresis and fragment analyses
were performed to assess the efficiency of CD70 deletion on iPSCs. Then, iPSCs were stained with fluorescently conjugated anti-
bodies against IL-15 (Thermo Fisher), CD16 (BD Biosciences), and FITC-Labeled Human CD70 Protein (Acrobiosystems). iPSC in-
dividual clones was isolated using a SONY SH800S cell sorter. Thereafter, Sanger sequencing as well as fragment analyses were
utilized to validate the frameshift mutations in both alleles of CD70 gene, and flow cytometry analyses were used to confirm the stem-
ness and stability of transgene expression.

NK cell derivation and expansion from human iPSCs

Adopting previously used protocols, we established an NK cell production platform derived from hiPSCs which incorporates proced-
ures of embryoid body (EB) formation, NK cell differentiation and NK cell expansion (Figure 1A).*® Human iPSCs were cultured in
StemFit BasicO3 medium (AJINOMOTO, Basic03) supplemented with human bFGF, and surface markers including TRA-1-81 (BD
Biosciences) and SSEA-4 (BD Biosciences) were stained to determine their pluripotency. The derivation of NK cells from hiPSCs
has been previously described.*”*® Differentiated iNK cells were expanded by co-culturing with artificial antigen-presenting cells
(@APCs). The aAPCs were made by y-irradiated K562 cells expressing membrane-bound IL-21 and CD137 ligand. Expanded iNK
cells were harvested for experiments. Mock iNK cells were referred to as iPSC-derived NK cells without further genetic modification,
and backbone iNK cells were referred to as iPSC-derived NK cells with IL15RF and hnCD16 expression and CD70-KO.

Gene editing on iPSC derived NK cells

To preliminarily explore the function of CD70 on iNK cells, CD70 was directly knocked out on iNK cells via using the guide RNA tar-
geting CD70 gene (“GGTACACATCCAGGTGACGCTGG”) (Figure S3A). NKG2A-KO was performed on iNK cells and CBNK cells in
the same methods.
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iNK cell fratricide assays

Mock iNK cells, backbone iNK cells, and CD70”" iNK cells were stained with CellTrace CFSE (Invitrogen, C34554). And then un-
stained 70CAR-iNK cells were added as effectors to the co-culture system at an E:T ratio of 1:1 or 5:1. After 4-h co-culture, cells
were stained with propidium iodide (Thermo Fisher) to differentiate fratricide-induced dead cells.

Mixed lymphocyte reaction

To generate primed alloT cells, peripheral blood mononuclear cells (PBMCs, Sailybio, Shanghai, China and Oricellbio Biotechnology,
Jiangsu, China) from recipients were mixed with iNK cells at 1:1 ratio in KBM581 complete medium supplemented with 200 1U/mL
human recombinant IL-2 (Beijing Four Rings Biopharmaceutical Co., Ltd., Beijing, China). The medium was changed every 2-3 days.
Around 2 weeks later, T cells robustly expanded and were harvested for further analysis. The harvested cells were stained with CD3
(BD Biosciences), CD8 (BD Biosciences), CD56 (BD Biosciences) and CD70 (BD Biosciences) antibodies to validate the purity of
T cells. The purity of CD3* cells routinely exceeded 95% on day 14. Also, alloT cells were stained with CD70, CD25 (Biolegend),
CD107a (BD Biosciences), CD69 (BD Biosciences), CD137 (Biolegend), and CD40 ligand (Thermo Fisher) antibodies to reflect the
activation status. Furthermore, CFSE-labeled backbone iNK cells were co-cultured with alloT cells, and propidium iodide were added
to mixtures after 6 or 12 h. Specific cytotoxicity was calculated as (% specific death - % spontaneous death)/(1- % spontaneous
death) x100%.

Tumor cell line and iNK cell phenotyping

To detect the phenotype of tumor cell lines, we used the fluorescently conjugated antibodies. including CD70, MICA/B (Thermo
Fisher), ULBP1 (R&D Systems), ULBP2/5/6 (R&D Systems), ULBP3 (R&D Systems), B7H6 (Thermo Fisher), NKp44L (USBiological).
Meanwhile, fluorescently conjugated antibodies, including CD56, CD16 (BD Biosciences), CD57 (BD Biosciences), NKG2D (BD Bio-
sciences), NKp30 (Biolegend), NKp44 (BD Biosciences), NKp46 (BD Biosciences), DNAM1 (R&D Systems), FasL (BD Biosciences),
NKG2C (R&D Systems), NKG2A (Biolegend), CD158a (Beckman Coulter), CD158b (Beckman Coulter), CD158e (Beckman Coulter),
PD1 (Biolegend), TIM3 (Biolegend), LAG3 (Biolegend), TIGIT (Biolegend), CD94 (Thermo Fisher), pSTAT3 (BD Biosciences), and
pSTAT5 (BD Biosciences), were to analyze the phenotype of iNK cells.

To detect surface markers, cells were stained with antibodies at room temperature. After 20 min, stained cells were washed and re-
suspended in buffer (1% BSA in PBS). To detect intracellular phosphorylated proteins, cells were fixed using BD Phosflow Fix Buffer |
(BD Biosciences) and then incubated with BD Phosflow Perm Buffer Ill (BD Biosciences). Thereafter, cells were washed and stained
with Anti-Stat3 (pY705) or Anti-Stat5 (pY694) antibody. Flow cytometry was performed on CytoFLEX S flow cytometer (BD
Biosciences).

In vitro cytotoxicity assays
For flow cytometry-based cytotoxicity assay, live tumor cells were determined and calculated as propidium iodide™, CD56~. For
luciferase-based cytotoxicity assay, tumor cell lines were engineered to express luciferase and co-cultured with iNK cells at multiple
E:T ratios, and residual tumor cells were detected using luciferase assay. In brief, luciferin (Promega) was mixed with the co-culture
system, and protected from light for 10 min. The absorbance was detected using a Synergy LX (Biotek). Imaging-based cytotoxicity
assays were performed using GFP-expressing tumor cells and the Incucyte S3 system. All green fluorescence data were normalized
to the initial scan data. As for serial killing, an equivalent count of target cells were added to the mixtures at an interval of 24 h. Read-
outs of cell index were measured every 3—-4 h, and the plotted readouts of cell index were normalized to time point zero.
Activation status of NK cells during co-culture was detected by surface CD107a expression and cytokine release. After co-incu-
bation, mixture was stained with CD107a (BD Biosciences) antibody for around 4 h, followed by staining with CD56 and live/dead
staining. Finally, the percentage of CD107a positive NK cells was measured by flow cytometry. Besides, supernant of mixture
was collected for the analysis of cytokines via ELISA, including IL-2, IFN-y, TNF-a, and granzyme B.

Animal experiments
A mouse xenograft model of lymphoma was established by intravenous injection of 2x10° Raji cells or 1x 108 MT-4 cells labeled by
luciferase through the tail vein. Renal cancer model was built by intraperitoneally injection of 1x 10° Caki-1 cells. Mice were randomly
administered with mock iNK, backbone iNK, 70CAR-iNK cells or left untreated. After tumor inoculation, mice were left untreated or
injected with three doses of 5x 108 70CAR-iNK cells in 200 L 2% human serum albumin at day 0, day 3, and day 7. Tumor burden
was weekly monitored by bioluminescent imaging (BLI), and luminescent images were acquired and analyzed using the living imaging
software (PerkinElmer) or photon imager optima (Biospace Lab). Moreover, blood was weekly collected from mice tail vein, and pe-
ripheral NK cell counts was determined by flow cytometry using fluorescently labeled antibodies against CD45 and CD56.

To test the in vivo persistence of 70CAR-iNK in the presence of allogeneic T cells, we intravenously inoculated NOG murine with
1 x 10° T cells pre-activated with CD3/CD28 dynabeads (Thermo Fisher).'® On the next day, mice were left untreated or injected with
three doses of 5x 108 backbone iNK or 70CAR-INK cells at day 0, day 3, and day 7. Blood was weekly collected from mice tail vein,
and peripheral NK cell count was determined by flow cytometry using fluorescently labeled antibodies against CD45 and CD56.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed via Prism 9 (GraphPad software) or R software. Continuous variables were described as means +
standard error of mean (SEM), whereas categorical variables were described as percentages. Mann-Whitney U test or t test (two-
tailed, unpaired or paired as indicated) was used to compare continuous variables between two groups, while one-way ANOVA anal-
ysis was used for the comparison among multiple groups. Data grouped by two independent categorical variables were analyzed
using a two-way ANOVA. Survival was graphed as Kaplan-Meier curves, and the log rank test was used to determine statistical sig-
nificance. And p-values <0.05 were considered significant for all analyses. Specific methods of statistical analyses can be found in
corresponding figure legends.
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