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Abstract

Natural killer (NK) cells, crucial players in the innate immune system, hold immense
potential for cancer immunotherapy due to their ability to target malignant cells without prior
antigen sensitization and their low risk of adverse effects such as graft-versus-host disease
(GvHD), cytokine release syndrome (CRS), and neurotoxicity. Despite these advantages,
challenges such as suboptimal gene-editing techniques, transgene silencing, and
cryopreservation-induced dysfunctions have hindered their clinical application. Here, I
addressed these hurdles by integrating innovative approaches: a one-step CRISPR-Cas9-
mediated gene knockout paired with therapeutic genes such as chimeric antigen receptor
(CAR) and interleukin (IL)-15 transgenesis, achieving simultaneously modified NK cell
populations. To counteract transgene silencing, histone deacetylase inhibitors (HDACis)
were employed, resulting in sustained CAR expression and enhanced anti-tumor efficacy
against multiple myeloma in vitro and in vivo. Furthermore, optimized cryopreservation
protocols implemented during the early expansion phase significantly improved NK cell
recovery, viability, and versatility for therapeutic applications. By integrating advanced
genetic engineering, epigenetic modulation, and optimized cryopreservation strategies, my
thesis establishes a scalable and durable foundation for effective NK cell-based

immunotherapies to treat a wide range of cancers.
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1.1 Natural Killer cells and NK cell receptors

1.1.1 Natural killer cells

Natural killer (NK) cells are essential players in the innate immune system, providing
a rapid and direct response to infected or malignant cells.! They serve as a primary line of
defense, utilizing two main strategies to combat infection and cancer. The first involves the
targeted killing of abnormal cells through direct lysis. Perforins and granzymes are involved
in this process by creating perforin-mediated membrane pores, facilitating granzyme cytosol
invasion, and activating cell death pathways.? The second strategy relies on the release of
pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-a), granulocyte-
macrophage colony-stimulating factor (GM-CSF), and interferon-y (IFN-y), inducing

3 These cytokines activate innate

inflammation at the site of infection or malignancy."
immune cells such as neutrophils and macrophages, which further activate T and B cells,

bridging the innate and adaptive immune responses. '+’

6br1ght and

NK cells are traditionally classified into two subsets in humans: CD5
CD569m, a distinction first characterized by Lanier et al. in the 1980s.%° CD56%™ NK cells,
which constitute approximately 90% of circulating NK cells in peripheral blood, are highly
cytotoxic due to their elevated levels of perforin and granzymes."'? In contrast, CD56 it
NK cells, though they are less cytotoxic, express abundant cytokine receptors such as
interleukin-2 receptor alpha chain (IL-2Ra) and IL-18R, priming them to respond robustly to
cytokine stimulation.!!" This responsiveness enables them to produce large quantities of

cytokines like TNF-a, GM-CSF, and IFN-y, thereby orchestrating broader immune

responses.'>!* Unlike CD56%™ NK cells, which account for the majority of circulating NK
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cells, CD56"€" NK cells are predominantly found in secondary lymphoid tissues, including
lymph nodes and tonsils.'* Additionally, evidence suggests that CD56€" NK cells can
differentiate into CD56%™ NK cells, indicating a developmental relationship between these
subsets.!> Advancements in single-cell analysis have further refined the understanding of NK
cell heterogeneity. In 2024, Rebuffet et al. employed high-dimensional single-cell techniques
to identify six prominent NK cell subsets in healthy human blood with distinct molecular and

functional profiles.!®

The functionality of NK cells hinges on a finely tuned interplay between activating
and inhibitory receptors.! This balance is crucial for preventing damage to healthy cells while
allowing for the elimination of infected and stressed ones. The recognition mechanisms of
NK cells rely heavily on inhibitory receptors, consistent with the “missing-self” hypothesis
to identify targets.!”!® NK cell inhibitory receptors widely recognize major histocompatibility
complex (MHC) class I molecules.'®2° Cells that downregulate MHC class I molecules, a
common evasion tactic of infected or malignant cells from T cells, are flagged for destruction
as activating signals overwhelm the absence of inhibitory signals.! This regulated
surveillance mechanism ensures NK cells can efficiently eliminate threats while preserving
the integrity of normal tissues expressing MHC class I, reinforcing their role as dynamic and

essential sentinels of immune defense (Figure 1.1).
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Figure 1.1 Activating and inhibitory receptor-mediated NK cell functional regulation.
The functional regulation of NK cells is determined by the balance between activating and
inhibitory receptor signals. When inhibitory signals from target cells are reduced, NK cells
activate their cytolytic functions. Healthy cells expressing MHC class I molecules provide
abundant inhibitory signals, preventing NK cell activation and maintaining immune tolerance.

1.1.2 Activating receptors

Natural cytotoxicity receptors (NCRs), such as NKp30, NKp44, and NKp46, are key
drivers of NK cell activation.?’*> These receptors, members of the immunoglobulin
superfamily, enable NK cells to recognize and attack stressed, infected, or cancerous cells by
detecting specific ligands.?! NKp46 and NKp44 are mostly found on NK cells, while NKp30
also appears on many types of T cells.”*>** NKp30 and NKp46 are present on resting and
activated NK cells, whereas NKp44 becomes expressed when NK cells are activated.?!?

Finding ligands that interact with NCRs has been challenging because of their varied
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recognition abilities, but some have been identified, like B7 homolog 6 (B7-H6), which binds
to NKp30 in stressed cells, and ecto-calreticulin, which serves as a ligand for NKp46 in cells
experiencing endoplasmic reticulum stress.?"*® Additionally, various viral and cellular factors
can affect how NCRs function. For instance, the nuclear protein HLA-B-associated transcript
3 (BAT3) can either suppress NCR expression or stimulate NKp30, depending on its
isoform.?!*” NCRs signal through adaptor proteins that contain immunoreceptor tyrosine-
based activation motifs (ITAMs). NKp30 and NKp46 use adaptors like FceR1-gamma
(FceR1-y) or CD3 zeta (CD3(), while NKp44 relies on DNAX-activating protein of 12 kDa
(DAP12), another ITAM-containing protein.?!?® When activated, ITAMs are phosphorylated,
and zeta-chain-associated protein kinase 70 (ZAP70) is recruited to initiate a signaling
cascade that involves molecules like the nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-xB) and the nuclear factor of activated T cells (NFAT), which promote

the expression of genes for NK cell activation.”®

Killer Cell Lectin-Like Receptor K1 (KLRK1, also known as NKG2D), a homodimer
C-type lectin-like receptor, plays a key role in activating NK cells and cytotoxic T cells.?!"?
As part of the CD94/NKG2 family, NKG2D recognizes stress-induced ligands like MHC
class I chain-related proteins A and B (MICA/B) and UL 16 binding proteins (ULBPs), which
are upregulated on infected or cancerous cells.?” NKG2D utilizes a distinct signaling pathway
via the adaptor molecule DNAX-activating protein 10 (DAP10), which contains a YxxM
motif instead of the ITAM motif used by other activating receptors.?®3%3! The YxxM motif
transmits signals through phosphoinositide 3-kinases (PI3-K) and Ca’’ influx.’*3? This

unique signaling pathway allows NKG2D to engage different downstream mechanisms

critical for immune responses against cancerous and stressed cells.
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Fc gamma receptor Illa (FcyRIIla, CD16), encoded by the FCGR3A gene, is pivotal in
mediating antibody-dependent cellular cytotoxicity (ADCC).?!** The constant domain of an
antibody on antibody-coated infected or tumor cells interacts with CD16.2!* CD16 signals
through the ITAM within its associated FceR1-y and CD3( chains, activating NK cells upon
recognizing antibody-coated target cells.*® Unique NK cells in CMV-seropositive donors
exhibit more extensive ADCC functionality than other NK cells.>* These NK cells lack the
expression of FceR1-y and instead exclusively utilize the CD3( chain as their primary
signaling molecule. The CD3( chain, with its three ITAMs, induces stronger signaling
pathways, whereas FceR1-y has only one ITAM motif, presumably explaining the superior
ADCC of FceR1-y-lacking NK cells.**® CD16a polymorphisms, such as the 158 V/F variant,
impact immunoglobulin G (IgG) binding affinity and ADCC efficacy.>” The 158V variant
exhibits superior IgG binding and enhanced ADCC, contributing to improved clinical

outcomes in targeted therapies using the CD20-targeting antibody, rituximab.*®

1.1.3 Inhibitory receptors

NK cells possess a wide array of innate receptors mediating cytotoxicity, raising
questions about how they distinguish between healthy and abnormal cells. Central to this
process is a signaling balance mechanism, where the synergistic interaction of multiple
receptors is required to initiate cytotoxicity while ensuring that NK cells do not attack healthy
cells.?!*” Inhibitory receptors, primarily through interactions with MHC class I molecules on
healthy cells, provide counterbalancing signals that override activation, preventing NK cells
from attacking normal tissues.?! This balance is crucial for maintaining self-tolerance and

avoiding autoimmunity.** Although many activating receptor ligands are upregulated in
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infected or cancerous cells, some can also be found in healthy cells, such as the ligand for
NKp44 expressed by normal human articular chondrocytes.*'*> However, the inhibitory
signals from MHC class I molecules ensure that NK cells remain tightly regulated, preventing

inappropriate cytotoxic responses even in the presence of activating ligands.?!

In humans, two main classes of inhibitory receptors control NK cell activity: the
killer-cell immunoglobulin-like receptors (KIRs, DL family) and the CD94-NKG2A
heterodimer.!*2° KIRs are transmembrane receptors with extracellular Ig-like domains that
recognize human leukocyte antigens (HLA)-A/B/C molecules on target cells, while NKG2A,
a single-pass type Il transmembrane receptor belonging to the C-type lectin family, binds to
HLA-E molecules.?** KIR and NKG2A transmit inhibitory signals via immunoreceptor
tyrosine-based inhibitory motifs (ITIMs) containing the conserved V/IXYxxL/V motif. 2%
ITIM-bearing receptors preferentially recruit the tyrosine phosphatases the Src homology
region 2 domain-containing phosphatase-1 (SHP-1) and SHP-2 in NK cells, with SHP-1
being the primary phosphatase involved in NK cell inhibition.”>* SHP-1 works by
dephosphorylating key signaling molecules involved in NK cell activation.*® Structurally,
SHP-1 contains two tandem Src homology 2 (SH2) domains, followed by a catalytic domain
and a C-terminal tail.*” SHP-1 is auto-inhibited by an interaction between its N-terminal SH2
and catalytic domains. When the SH2 domains of SHP-1 interact with the phosphorylated
tyrosines within the ITIMs, this interaction relieves SHP-1 from its auto-inhibited
conformation and activates catalytic activity.*”*® Activated SHP-1 leads to dephosphorylation

of ZAP70 and lymphocyte cell-specific protein-tyrosine kinase (LCK).*** This

dephosphorylation effectively silences the activation signals from NK cell receptors, ensuring
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that NK cells are regulated by cells expressing MHC class I molecules, thereby maintaining

immune homeostasis.”!

1.1.4 Cytokine receptors

The interaction between cytokines and NK cells is essential for triggering NK cell
activation and promoting an effective cytotoxic response.”? IL-2 and IL-15 are particularly
crucial for the activation, survival, and proliferation of NK cells.’>> These cytokines bind to
receptor complexes composed of two shared subunits, IL-2R and IL-2Ry, with each
cytokine utilizing a distinct additional subunit: IL-2Ra. for IL-2 and IL-15Ra. for IL-15.%%%4
Upon receptor engagement, intracellular signaling pathways are activated, including
phosphorylation of Janus kinase 1 (JAKI) (via IL-2Rp) and JAK3 (via IL-2RY), leading to
signal transducer and activator of transcription 5 (STATS) dimerization and activation of the
PI3-K-protein kinase B (PKB) and mitogen-activated protein kinase (MAPK) pathways.’*>*
These signals drive NK cell metabolism and the transcription of survival and proliferation
genes like B-cell leukemia/lymphoma 2 protein (BCL-2) and BCL-x.%> Additionally, 1L-2
and IL-15 are critical for enhancing NK cell cytotoxicity.’>>* Through IL-2 and IL-15

signaling, NK cells overexpress activating receptors such as NKG2D and NKp44, along with

perforin and granzymes, amplifying their ability to eliminate target cells effectively.>¢

In addition to IL-2 and IL-15, IL-12 and IL-18 are critical for enhancing NK cell
cytotoxic functions.’” IL-12, produced by macrophages and dendritic cells (DCs),
phosphorylates JAK2 and tyrosine kinase 2 (Tyk2), leading to the activation of STAT4
pathway, which is crucial for inducing IFN-y expression.’’® In contrast to JAK-STAT

signaling, IL-18 signaling involves an wunconventional pathway through myeloid
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differentiation primary response 88 (MyD88), which activates the interleukin-1 receptor-
associated kinase (IRAK) and tumor necrosis factor receptor-associated factor 6 (TRAF-6)
pathways, leading to NF-xB and MAPK activation.®®®? This transcriptional activation
promotes NK cell metabolism and proliferation more effectively than IL-2 alone.®* Notably,
IL-12 and IL-18 synergistically induce robust IFN-y production in NK cells compared to
either cytokine alone.>” IL-18 also enhances NK cell migration to tumor sites by upregulating
the C-C Chemokine Receptor 7 (CCR?7) receptor, facilitating their localization within

lymphoid tissues.**

TNF-a promotes NK cell proliferation and activation, especially by interacting with
TNF receptor 2 (TNFR2).%° The TNFa-TNFR2 signaling (TRAF1/2) axis enhances NK cell
metabolic activity by driving aerobic glycolysis, which fuels increased proliferation and
effector function.%® This signaling upregulates CD25 expression, making NK cells more
responsive to lower concentrations of IL-2. Additionally, IL-18 can upregulate TNFR2
expression on NK cells, increasing their sensitivity to TNF-o. When combined, IL-18 and
TNF-a synergistically enhance NK cell proliferation, metabolism, and activation.®>” This
combination promotes greater glucose uptake and nutrient transporter expression, optimizing

NK cell functionality.

Although therapies that stimulate NK cells with cytokines like IL-2, IL-15, IL-12, IL-
18, and TNF-a have shown promise in NK cell activation, their effectiveness is often
compromised by the immunosuppressive cytokine, transforming growth factor-beta (TGF-
B).6%6 TGF-B utilizes the suppressor of mothers against decapentaplegic (SMAD) signaling

pathway, an immunosuppressive gene regulator that limits NK cell proliferation and
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cytotoxicity by suppressing the mammalian target of rapamycin (mTOR) pathway.®®"° In the
presence of cytokines like IL-15, TGF-B blocks mTOR activity, reducing NK cell metabolic
activity, proliferation, and the expression of critical receptors.’®7%72 This suppression reduces
NK cell responses by downregulating granzyme B, leading to lowering their tumor-killing
capacity.”? Elevated TGF-B concentrations in the tumor microenvironment (TME) can
also convert NK cells to type 1 innate lymphoid cell (ILC1)-like cells, weakening their

antitumor functions.”>””?

1.2 NK cell immunotherapy

Adoptive cell therapies have emerged as highly effective strategies to harness the
immune system's natural ability to combat cancer.! Among the diverse immune cell types,
NK cells are particularly notable for their inherent capacity to recognize and eliminate tumor
cells without requiring prior antigen-specific sensitization.!”’® This unique capability is
regulated by a finely tuned balance of activating and inhibitory signals mediated through
receptors such as NKG2D, NCR, NKG2A, and KIR, which enable NK cells to target
malignant cells while sparing healthy tissues selectively.!*?!?® Unlike T cell-mediated
therapies, often associated with substantial risks of immune-related adverse effects, NK cell
therapies offer a safety profile.””-”® This is largely due to their intrinsic mechanisms for
distinguishing between malignant and non-malignant cells, significantly reducing the
likelihood of severe complications such as cytokine release syndrome (CRS) and
neurotoxicity, frequently observed in T cell-based treatments.”*° Moreover, NK cells can be
derived from healthy donors for use in allogeneic settings without causing graft-versus-host
disease (GvHD), a major challenge in the traditional allogeneic cell therapy.®®®! This feature

makes NK cells particularly well-suited for developing "off-the-shelf" products that are both
10
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scalable and readily accessible, addressing manufacturing constraints in personalized

medicine.®?

NK cells also have advantages with monoclonal antibodies, enhancing
therapeutic efficacy through ADCC.*® These properties, with their safety, scalability, and

ability to integrate with other immunotherapies, potentiate NK cells for effective cancer

treatment.

To understand cancer treatment outcomes, especially regarding solid tumors and
hematological malignancies such as acute myeloid leukemia (AML) and chronic lymphocytic
leukemia (CLL), it is essential to explore how clinical treatment outcomes are scientifically
measured. For solid tumors, the Response Evaluation Criteria in Solid Tumors (RECIST 1.1)
framework is commonly utilized.®* According to the RECIST 1.1 guidelines, a complete
response (CR) is defined as the total disappearance of all target lesions. Any pathological
lymph nodes must be measured at less than 10 mm. A partial response (PR) occurs when
there is at least a 30% reduction in the total diameters of target lesions, referencing the
baseline total. A diagnosis of progressive disease (PD) is made when there is at least a 20%
increase in the total diameters of target lesions, using the smallest sum recorded during the
study as the reference, which may include the baseline sum if that is the smallest. Additionally,
this 20% increase must be accompanied by an absolute rise of at least 5 mm, and the
emergence of one or more new lesions also signifies disease progression. Stable disease (SD)

is determined when there is insufficient shrinkage for PR or an increase for PD.*

In AML, based on European LeukemiaNet (ELN) recommendations, CR is defined
by <5% leukemic blasts in the bone marrow, hematologic recovery (neutrophils >1,000/uL,
platelets >100,000/uL), and no extramedullary disease. CR with incomplete hematologic

recovery (CRi) meets CR criteria but with persistent neutropenia (neutrophils <1,000/uL) or
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thrombocytopenia (platelets <100,000/uL). PR is established when bone marrow blasts are
reduced to 5 - 25% with a >50% decrease in pretreatment blast count. No Response indicates
a failure to meet the criteria for CR, CRi, PR, or PD.3* For CLL, the International Workshop
on Chronic Lymphocytic Leukemia (iwCLL) response criteria define CR as the resolution of
lymphadenopathy, hepatosplenomegaly, normalization of blood counts (lymphocytes <4 x
10°/L), and absence of disease in the bone marrow. PR in CLL requires a >50% decrease in
lymphocyte count, lymph node size, and spleen or liver size. PD is diagnosed with a >50%
increase in lymphocyte count or lymph node size over two months, new lymphadenopathy,
or worsening cytopenias. SD applies when CR, PR, or PD criteria are unmet.%® These
standardized response criteria provide critical benchmarks for evaluating therapeutic efficacy

and guiding treatment decisions.

Several clinical trials have demonstrated the therapeutic safety and potential of NK
cells across various malignancies. For example, patients with malignant lymphoma or
advanced and recurrent solid tumors received expanded allogeneic NK cells in a phase 1 trial
(NCT01212341).8¢ None of the patients showed GvHD with the highest planned dose, 3 *
107 cells/kg. Eight out of 17 patients showed SD, and 9 showed PD. In neuroblastoma,
combining an anti-GD2 antibody (m3F8) and haploidentical NK cells preactivated with IL-
2 led to a 29% overall response rate (ORR; CR + PR) (NCT00877110).8” Additionally, a
phase II study (NCT02843204) found that NK cells combined with pembrolizumab (anti-PD-
1 antibody) improved survival outcomes (ORR: 27.5%) for patients with advanced non-small
cell lung cancer (NSCLC).®® Trials in ovarian cancer (NCT00652899) and digestive cancers
(NCT00529035) further validated the safety profile of NK cell infusions. NK cell therapies

are also promising in treating hematologic malignancies. In a phase I trial (NCT01787474),

12
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patients received haploidentical expanded NK cells in multiply relapsed and refractory
AML.¥ The patients did not show any evidence of GVHD post-NK cell infusion. Seven out
of 12 patients showed CR (58.3%), and one-year ORR was 41.7%.%° Similarly, a study
(NCTO02481934) investigating autologous NK cell infusions in multiple myeloma treatment
alongside anti-myeloma agents, dexamethasone, lenalidomide, and bortezomib, reported
encouraging safety profiles and stable disease progression.”® These clinical applications

highlight the safety and effectiveness of NK cells in treating solid and liquid tumors.

1.2.1 NK cell sources

For generating NK cells for immunotherapy, NK cells can be derived from various
sources, including peripheral blood (PB), umbilical cord blood (UCB or CB), and induced
pluripotent stem cells (iPSCs).”!* Peripheral blood natural killer (PBNK) cells, sourced from
adult blood, consist of 90% mature cytotoxic CD56%™ CD16" NK cells, advancing tumor-
killing capabilities; however, due to the highly mature NK cell composition in PB, their
activities can be limited by donor variability. PBNK cells are easily obtainable from various
donors and potentiate unique NK cell phenotypes such as adoptive NK cells (NKG2C" and
FceR1-y" NK cells).”** In contrast, CBNK cells comprise approximately 25% of immune
cells in CB compared to 5 — 10% in PB, providing a more abundant source of NK cells. Most
CBNK cells exhibit NKG2A" NK cell phenotypes, providing attenuated cell
cytotoxicity.”*”*® With appropriate cell engineering, CBNK cells have potentially robust
cancer eradication without adverse effects.”” Generating NK cells from iPSCs has gained
attention due to their ability to produce homogeneous, clinically scalable NK cell populations.
This process involves a two-stage culture system, beginning with the differentiation of iPSCs

into hematopoietic progenitors (CD34" CD45") using stem cell factor (SCF), vascular
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endothelial growth factor (VEGF), and bone morphogenetic protein 4 (BMP4). followed by
further differentiation into NK cells in a medium containing SCF, Fms related tyrosine kinase

3 ligand (FLT3L), IL-3, IL-7, and IL-15.1%

1.2.2 Chimeric antigen receptor (CAR): CAR-T and CAR-NK cells

Recent advances in immunotherapy have led to the development of chimeric antigen
receptors (CARs), synthetic receptors engineered to improve therapeutic outcomes by
enabling immune cells to recognize and attack specific targets. CAR constructs are composed
of single-chain variable fragments (scFv) linked to a hinge region, intracellular signaling
domains, and costimulatory elements derived from potent signaling proteins such as CD3(,
FceR1-y, CD28, and 4-1BB.!"! This innovative design allows CAR-expressing immune cells
to activate upon recognizing target cells, triggering a robust immune response. A notable
breakthrough in this field was the development of CAR-T cells, first conceptualized in 1986
by Kuwana et al., who engineered murine T cells (EL4 cells) using the constant region of a
T cell receptor (TCR) and the variable region of an antibody.'** Engineered EL4 cells induced
a calcium influx upon the antigen exposure, laying the foundation for modern CAR-T cell
therapies.'%? Since then, in the early 1990s, the first generation of CAR structures, including
CD3( and FceR1-y without co-stimulatory domains, was tested in T cells.!®-1% In the late
1990s and early 2000s, co-stimulatory domains such as CD28 and 4-1BB were introduced in
CAR constructs (Figure 1.2).!93:1%-19% Nymerous preclinical and clinical studies have been
conducted using CAR-engineered T cells; currently, there are six FDA-approved CAR-T cell
treatments for various types of cancers, including lymphoma, leukemia, and multiple
myeloma.'” CAR-T cells significantly improved the clinical effectiveness of cell-based

immunotherapy and opened up a new era of adoptive cell therapy.
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Figure 1.2 Intracellular signaling domains of CAR and their origins. A CAR construct
contains an antigen-binding domain derived from an antibody and incorporates elements
derived from T-cell activating receptors, including CD3C, FceR1-y, 4-1BB, and CD28. This
design enables CARs to modulate immune cell functions upon binding to their target antigens;
SD, signaling domain; scFv, single-chain variable fragment.
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Despite their effectiveness, CAR-T cell therapies often have severe adverse effects
due to their “non-self” killing, mediated by foreign peptides, and low self-regulatory
machinery.!'%!!"! The most common toxicities include CRS, neurotoxicity, and GvHD, which
significantly impact patient survival and require careful management.””*! GvHD frequently
occurs following allogeneic hematopoietic stem cell transplantation (allo-HSCT), a
procedure that involves the transfer of stem cells from a donor to a recipient.?! Allo-HSCT is
particularly valuable in generating a graft-versus-leukemia (GvL) effect, which can be the
only curative option for patients with cancers that exhibit low levels of target antigens or are
unresponsive to traditional chemotherapy or radiotherapy.!'? However, the allogeneic nature
of the transplant introduces the risk of GvHD, where donor-derived T cells attack the
recipient’s tissues. CAR-T cell therapy administered post-allo-HSCT often involves the use
of allogeneic-HSCT-donor-derived T cells that are engineered to express CARs.®! While
these CAR-T cells offer promising outcomes for cancer treatment, they also pose a significant
risk of GVvHD.?' To prevent GVHD and enable the use of allogeneic CAR-T cells, T-cell
receptor alpha constant (TRAC) knockout was tested in a Phase 1 clinical trial of ALLO-715
for multiple myeloma and showed no GvHD in allogeneic CAR-T cell-received patients

(NCT04093596).!13

CRS and neurotoxicity present additional challenges associated with CAR-T cell
therapies.””®" These toxicities arise from the rapid activation of immune cells, resulting in an
overproduction of pro-inflammatory cytokines, particularly IL-1 and IL-6.""* Norelli et al.
demonstrated the critical involvement of monocytes in CAR-T cell-induced CRS using
humanized mouse models, identifying monocyte-derived IL-1 and IL-6 as key drivers of both

CRS and neurotoxicity.!'* Clinical studies have further emphasized these toxicities. Song et
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al. reported that CRS occurred in all patients (58/58) treated with anti-CD19 CAR-T cells,
with an impressive 93.1% (54/58) achieving complete remission by day 28.”7 CRS is
generally manageable with interventions like tocilizumab (IL-6 receptor blocker) and
corticosteroids. Tocilizumab proved ineffective in alleviating neurotoxicity symptoms. This
may result from the insufficient delivery across the blood-brain barrier.”*3%!!> Previously, to
mitigate neurotoxicity, the IL-1 receptor antagonist anakinra was tested and showed efficacy
in reducing neurotoxic symptoms.''® In addition, Parker et al. introduced a potential

17 Mural cells

mechanism for neurotoxicity following anti-CD19 CAR-T cell therapy.
maintain brain blood vessel integrity by directly interacting with large vessels and capillaries.
Notably, mural cells express CD19, which may contribute to anti-CD19 CAR-T cell-
mediated off-tumor targeting and mural cell death-induced blood-brain barrier leakage.!!’
Emerging strategies have been reported to diminish these toxicities while preserving the anti-
tumor efficacy of CAR-T cells. Optimized CAR designs, including modifications to enhance
tumor-specific targeting and minimize off-target effects, are currently under active

investigation. 1811

In contrast, CAR-engineered NK cells offer distinct advantages, including innate
activating receptors facilitating CAR-independent cytolysis and naturally abundant inhibitory
receptors targeting MHC class I molecules, which limit NK cell cytotoxicity against healthy
tissues.”” While this inhibitory pathway might reduce cancer-killing activity, it provides a
critical safety advantage in post-allogeneic CAR-NK cell transfer.!®2%7® The first clinical
trial involving CAR-NK cells, targeting B-lineage acute lymphoblastic leukemia (ALL) with
anti-CD19 CAR-NK cells, took place in 2009 (NCT00995137), though its result remains

unpublished. A groundbreaking development in CAR-NK cell therapy occurred between
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2017 and 2021 at the MD Anderson Cancer Center (NCT03056339),” where patients with
relapsed or refractory B-cell malignancies, such as non-Hodgkin lymphoma (NHL) or CLL,
received cord blood-derived anti-CD19 CAR-NK cells co-expressing IL-15 to enhance in
vivo persistence. This trial achieved a 37.8% CR rate after one year (low-grade NHL, 83.3%;
CLL, 50%; CLL-Richter’s transformation, 20%; diffuse large B cell lymphoma, 29.4%).%%-120
Remarkably, the therapy demonstrated an excellent safety profile, with no neurotoxicity or
GvHD cases, and only one patient experienced grade-1 CRS (1/37 patients).'?® Another
clinical trial data, published in January 2025, investigated iPSC-derived anti-CD19 CAR,
high-affinity CD16, and IL-15/15Ra fusion protein-expressing NK cells (FT596) for treating
refractory or relapsed B cell lymphoma patients (NCT04245722).!2! The trial included 86
patients, with 18 receiving FT596 alone and 68 receiving FT596 + rituximab. Among the
rituximab-treated group, the outcomes were 37% CR, 18% PR, and 34% PD. Grade 1 or 2
CRS was observed in 13% of patients, while no GvHD or neurotoxicity was reported.!?!
Although CAR-NK cells have yet to receive FDA approval, numerous ongoing clinical trials
are investigating their safety and efficacy against various antigens, including B cell
maturation antigen (BCMA), CD22, roundabout guidance receptor 1 (ROBO1), and human

epidermal growth factor receptor 2 (HER2), for targeting various cancers.'?

1.3 NK cell engineering using viral vectors

Viral vector-mediated transduction is a critical technique in genetic engineering. It is
widely utilized for its high efficiency in gene delivery and stable integration into the host
genome.'** Among the available options, lentiviral and retroviral vectors are particularly
favored for modifying immune cells due to their capability to enable long-term expression of

therapeutic genes, such as CARs and cytokines, by integrating transgenes into the cellular
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genome.'?*!25 While this method has been instrumental in the development of CAR-T cell
therapies, its application to NK cells presents unique challenges, as NK cells exhibit strong
intrinsic antiviral defenses and express low levels of receptors for common viral
glycoproteins, making them inherently resistant to conventional viral transduction
methods.'?%!28 Therefore, optimizing their efficiency in NK cells requires continuous
advancements in viral vector engineering, including improvements in pseudotyping strategies

and delivery techniques (Figure 1.3).

Among various viral vector production strategies, pseudotyping with the vesicular
stomatitis virus glycoprotein (VSV-G) is widely employed for lentiviral and retroviral vectors
due to its robust capacity to facilitate viral particle production and broad tropism across
multiple cell types.'?* VSV-G-pseudotyped vectors efficiently transduce various cells, such
as T cells, iPSCs, and common cell lines, through interaction with the low-density lipoprotein
receptor (LDL-R), a key entry receptor.'3%!33 This feature has made VSV-G the predominant
pseudotype for generating clinical-grade CAR-T cells, as it supports highly efficient gene
delivery.!** However, its application in NK cell engineering has been limited. Unlike T cells,
which highly express LDL-R upon activation, NK cells exhibit markedly low levels of this
receptor, leading to poor viral entry and reduced transduction efficiency. In a study by Bari
et al., NK cells activated with 500 U/mL IL-2 and 10 ng/mL IL-15 displayed only 33%
surface LDL-R expression, whereas 97% of activated T cells expressed high LDL-R levels.!?8

This stark contrast highlights a fundamental barrier in using VSV-G for NK cell modification,

necessitating alternative approaches.

Several strategies have been explored to overcome the LDL-R-related inefficiency of

VSV-G in NK cell transduction. One approach, evaluated by Gong et al., involves using
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statins, typically prescribed to lower cholesterol levels by increasing LDL-R expression on
endothelial cells.!** Testing five statins and non-statin compounds demonstrated that statin
treatment increased LDL-R expression on NK cells and improved the efficiency of VSV-G
pseudotyped viral vector transduction. In particular, rosuvastatin enhanced VSV-G lentiviral
transduction in NK cells by upregulating LDL-R expression up to three-fold.!** Another
approach to avoid LDL-R-mediated poor transduction is to use a different viral glycoprotein
that targets proteins commonly expressed in NK cells. Baboon endogenous retroviral
envelope glycoprotein (BaEV-G) targets amino acid transporters, alanine serine cysteine
transporter-1 (ASCT-1) and ASCT-2, which are well expressed in activated NK cells. 2813136
BaEV-G pseudotyped viral vectors demonstrated superior 98% transduction efficiency in NK
cells compared to 3% using VSV-G by Bari et al.!?® Despite the effectiveness of BaEV-G,
producing BaEV-G pseudotyped vectors is technically challenging.!*> To address this,
Girard-Gagnepain et al. developed two modified forms of BaEV-G: BaEV-TR, which
includes the murine leukemia virus (MLV)-G intracellular domain, and BaEVRIless, which
has a deletion of the fusion inhibitory R-peptide.'*> These modified glycoproteins improved
viral production and are currently the most commonly used envelope glycoprotein for NK

cell engineering.!37-13

In addition to overcoming low LDL-R expression, intrinsic antiviral defense mechanisms
pose another challenge to viral vector-mediated transduction in NK cells.!?1?” NK cells play
a critical role in controlling viral infections in the human body, which equips them with strong
intracellular antiviral defenses. These mechanisms can hinder the efficiency of viral vector
transduction. Sutlu et al. have identified the TANK-binding kinase 1/IkappaB kinase-epsilon

(TBK1/IKKg) pathway as a major obstacle in VSV-G-mediated transduction of NK cells.!
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This pathway is activated by pattern recognition receptor (PRR) recognition of foreign viral
genomes, leading to a type I interferon response.'*’ By inhibiting the TBK1/IKKe pathway
with a small molecule inhibitor, BX795, NK cell transduction was improved from 2.46% to
24%, indicating the importance of the TBK1/IKKe pathway in NK cell engineering.!?
Similarly, amlexanox and MRT67307, TBKI1/IKKe inhibitors, showed significantly

enhanced transduction efficiency in NK cells.'?’
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Figure 1.3 Challenges in NK cell engineering and novel strategies to enhance
transduction using viral vectors. NK cells are resistant to VSV-G pseudotyped viral vectors
due to low expression of LDL-R and robust antiviral defense mechanisms. To address these
challenges, novel strategies have been explored. Statins upregulated the expression of LDL-
R, improving susceptibility to VSV-G. Viral vector pseudotyping using BaEV-G, targeting
amino acid transporters, ASCT-1 and ASCT-2, enhanced NK cell transduction efficiency. The
TBK1/IKKe inhibitor BX795 suppressed NK cell antiviral responses, facilitating effective
NK cell engineering.
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1.4 NK cell expansion

NK cell expansion is a foundation of NK cell immunotherapy to generate sufficient
and highly functional NK cells for effective cancer treatment. Traditionally, NK cells are
expanded using NK cell-stimulating cytokines such as IL-2 and IL-15, which promote their
proliferation. Rham et al. explored the roles of IL-2 and IL-15 in NK cell expansion and
demonstrated a 3-fold increase in CD56%™ NK cells alongside an 18-fold expansion of
CD56€" NK cells.!*! Interestingly, further research by Rham et al. demonstrated that adding
IL-21 to IL-2 and IL-15 significantly enhanced expansion, resulting in a robust 40-fold
increase in NK cell numbers.'*! Leong et al. examined an alternative strategy.®® This strategy
focused on cytokine-induced memory-like (CIML) NK cells, which were developed using
IL-12, IL-15, and IL-18. These CIML NK cells showed enhanced proliferation and a superior
ability to target cancer cells.%® Additionally, CIML NK cells expressed higher levels of IL-
2Ra (CD25), allowing them to respond more effectively to IL-2 stimulation and leading to
stronger STATS activation. Post-stimulation, CIML NK cells produced robust levels of
cytokines such as IFN-y and TNF-a, further underscoring their therapeutic potential.®

Optimal cytokine combinations that maximize NK cell expansion are continuously under

investigation.!'*?

Feeder-cell-based systems have emerged as a preferred choice for achieving high NK
cell expansion rates, surpassing the limited yields of cytokine-only systems. Feeder cells,
such as the HLA-negative myeloid-derived K562 and lymphoblastoid (LCL) cell lines, are
selected for their ability to stimulate NK cells and are often genetically modified to improve
the NK cell expansion.'*»!* K562 cells engineered to express membrane-bound IL-15

(mbIL-15) and the co-stimulatory molecule 4-1BBL have demonstrated robust NK cell
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proliferation. NK cells cultured with these cells achieved a median recovery of 2030% after
one week, compared to 250% with control K562 cells.!**!% Over three weeks, the
combination of mbIL-15 and 4-1BBL resulted in a 1089-fold NK cell expansion.!*
Introducing membrane-bound IL-21 (mbIL-21) has further advanced NK cell research by
enabling even greater expansion and maintaining telomere integrity.!*® K562 cells modified
to express mbIL-21 alongside 4-1BBL achieved a 47,967-fold NK cell expansion over three
weeks. 46 Beyond K562 cells, EBV-transformed LCLs have also shown significant success.
Yang et al. compared K562 cells expressing mbIL-21 with LCL-721.221-mbIL-21 cells and
found significantly improved NK cell expansion using the modified LCL cell lines.!** While
these developments are promising, feeder-cell-based systems must meet strict regulatory
requirements, including irradiation of the transformed feeder cells, necessitating careful

consideration of their application in therapeutic contexts.

1.5 NK cell cryopreservation.

Conventional CAR-T cell therapies, which utilize autologous alpha-beta TCR-T cells,
require personalized manufacturing processes that depend on the patient’s immune cells.'*’
This individualized approach necessitates close coordination between patient care and
manufacturing, often resulting in delays that can worsen the patient's condition.'*’ In contrast,
allogeneic cell therapies using NK cells offer a more efficient alternative by enabling the
production of cryopreserved off-the-shelf NK cell products (Figure 1.4)."*® However,
preserving NK cells has been challenging due to their sensitivity to cryoinjury, which can
lead to reduced viability and impaired functionality post-thaw.'*® A study published in 2020

by Damodharan et al. indicated that post-thaw NK cells exhibited critical changes in cytokine

production and cytotoxic activity, limiting their clinical potential.'#’
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Recent studies by Berjis et al. focused on optimizing cryopreservation protocols to
improve NK cell viability and functionality post-thaw.'*® They identified cryopreservation-
induced apoptosis, primarily caused by granzyme B-mediated autolysis, as a major factor
contributing to NK cell damage. Post-cryopreservation, granzyme B leaked from cytotoxic
granules, initiating apoptosis and reducing the number of viable NK cells. To address this,
Berjis et al. employed a pre-treatment strategy using IL-15 and IL-18 before cryopreservation.
IL-18 induced degranulation in NK cells, promoting the release of intracellular granzyme B
before freezing. Additionally, IL-18 upregulated anti-apoptotic genes such as BCL2-like 1,
encoding the survival protein B-cell lymphoma-extra large (Bcl-xL), further protecting NK
cells against apoptosis. As a result, NK cells pre-treated with IL-15 and IL-18 showed nearly
100% recovery post-thaw while maintaining cytotoxic functionality in vitro and in vivo.'°

This approach enabled tumor control comparable to freshly expanded NK cells in xenograft

lymphoma models, demonstrating its potential for clinical application.
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Figure 1.4. Graphical summary of the CAR-NK cell immunotherapy process. Allogeneic
NK cell immunotherapy involves obtaining NK cells from a healthy donor’s immune cell
population. These cells are then stimulated and expanded using cytokines and feeder cells,
engineered with viral vectors to express CARs, and cryopreserved. Finally, the CAR-NK cells
are administered to cancer patients as a therapeutic treatment.
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1.6 CRISPR-Cas9-mediated genome editing in NK cells

The clustered regularly interspaced short palindromic repeats (CRISPR)-CRISPR-
associated protein 9 (Cas9) system revolutionized eukaryotic genome editing, with five
landmark papers published by researchers like George M Church, Feng Zhang, Jennifer
Doudna, Jin-Soo Kim, and J. Keith Joung in 2013."3!! This technology relies on three core
components: CRISPR RNA (crRNA), trans-activating CRISPR RNA (tracrRNA), and the
Cas9 nuclease. A guide RNA (gRNA) that combines the crRNA and the tracrRNA directs
Cas9 to a specific genomic site based on an approximately 20-bp crRNA sequence.
Recognition of the targeted site triggers Cas9 activity, inducing a DNA double-strand break
(DSB).!*® The DSB can be repaired via two main pathways: non-homologous end joining
(NHEJ) and homology-directed repair (HDR). NHEJ, an error-prone but rapid repair
mechanism, directly ligates the broken DNA ends without a homologous template, often
resulting in small insertions or deletions (indels) that lead to gene knockouts.'>” In contrast,
HDR is a high-fidelity process that requires a homologous DNA template for accurate repair,
allowing precise incorporation of exogenous DNA sequences at the targeted site.!*® Qi et al.
advanced the conventional CRISPR-Cas9 by developing a catalytically dead Cas9 (dCas9)
that binds DNA without inducing DSBs, enabling transcriptional interference by blocking
RNA polymerase activity.!*® Fusing dCas9 with transcriptional activators like VP64, which
allows targeted gene activation, further enhanced the system.!> Subsequent innovations,
including dCas9-based base editing and epigenetic engineering, expanded its utility for

precise and programmable genome modifications.'6%!16!

Among its groundbreaking applications, CRISPR-Cas9 has been used to address genetic

disorders such as sickle cell disease and P-thalassemia, both caused by mutations in the
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hemoglobin B-subunit gene.'®>!1%* Patients with these diseases suffer from sickle-shaped red
blood cells that carry less oxygen, traditionally treated through bone marrow transplantation,
a method limited by donor matching challenges.!®* A key breakthrough came in 2008 when
Sankaran et al. identified the BCLI11A4 gene as a critical suppressor of y-globin expression,
contributing to sickle cell pathology in B-globin mutated patients.!%> Building on this, Wu et
al. in 2019 successfully used CRISPR-Cas9 to knockout BCLI1A4 in CD34+ hematopoietic
stem and progenitor cells (HSPCs), resulting in a significant increase in y-globin expression
(47.6% in edited cells vs. 4.5% in unedited cells).!%* The therapeutic potential of this approach
lies in the ability of y-globins to pair with a-globin chains, forming fetal hemoglobin (HbF).
By decreasing the expression of the sickling-related BS-globin, the formation of HbF
effectively inhibits the polymerization of deoxygenated sickling hemoglobin (HbS), thereby
preventing red blood cell sickling and improving oxygen transport.!®® This innovation

culminated in the FDA approval of CASGEVY, the first CRISPR-Cas9 treatment, in 2023.'7

Despite its vast potential for various applications, the large size of the Cas9 gene
poses significant challenges for efficient expression, especially in NK cells.!®®1%? To address
these limitations, electroporation of Cas9-ribonucleoprotein (Cas9-RNP) complexes has
become the method of choice, enabling precise and transient gene editing with high
efficiency.'®®1%° This approach has facilitated key advancements in NK cell engineering for
therapeutic applications, including preventing fratricide, enhancing metabolic activity, and
improving immune checkpoint targeting. A notable example is the development of CD38
knockout (CD38%9) NK cells by Kararoudi et al.!”® In patients treated with daratumumab, a
monoclonal antibody targeting CD38, NK cells are often depleted due to fratricide. By

knocking out the CD38 gene, CD38%° NK cells evade self-recognition via daratumumab
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while enhancing their ability to target CD38" cancer cells. Hasan et al. applied a similar
strategy, knocking out T cell immunoreceptor with immunoglobulin and ITIM domain
(TIGIT) in NK cells to leverage TIGIT-targeting antibodies for improved therapeutic
outcomes.!”! Another promising target for CRISPR editing is CISH, a gene encoding the CIS
protein, which directly suppresses cell activity by inhibiting JAK1 and impairing STATS
signaling. CISH knockout (CISHX?) NK cells demonstrated robust expansion under a low
IL-15 concentration (1 ng/mL), achieving a more than 10-fold increase, whereas CIS-positive
cells failed to proliferate under the same conditions.!”> CISHX® cells also exhibited superior
cytotoxicity both in vitro and in vivo. Similarly, targeting NKG2A, an inhibitory receptor
frequently expressed in NK cells, has proven effective in enhancing NK cell cytotoxicity.!”?
NKG2A expression often enables the evasion of HLA-E-positive cancer cells. By knocking
out NKG2A, NK cells improved cytotoxic activity.!”* Although the use of Cas9 is limited due

to the requirement of electroporation, these Cas9-driven modifications collectively

underscore the potential of gene-edited NK cells for enhanced adoptive immunotherapy.

1.7 Viral particles loaded with CRISPR-Cas9

Virus-like particles (VLPs) are self-assembling, non-infectious nanostructures derived
from viral proteins that mimic the size and exterior shape of viruses but lack genetic material,
preventing them from replicating or causing disease.'” This makes them safe and highly
attractive for medical applications. VLPs are categorized into two main types: non-enveloped
and enveloped.'”® Non-enveloped VLPs are formed by assembling viral capsid proteins into
structured layers, varying from single to multiple layers, depending on the origin of the virus.
In contrast, enveloped VLPs acquire a lipid membrane from the host cell during budding,

incorporating viral glycoproteins onto their surface, which enhances their resemblance to live
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viruses. This structural diversity allows VLPs to effectively induce robust immune responses,
mimicking pathogen-associated molecular patterns (PAMPs), thereby enabling vaccine

development.!’®

Recently, VLPs have been increasingly recognized as powerful carriers for delivering
therapeutic proteins, nucleic acids, and small molecules.!””!” Their internal cavities allow
for the encapsulation of bioactive substances, while surface modifications enable precise
targeting of specific cells.!®" In 2019, Mangeot et al. introduced Nanoblades (NB), a retroviral
VLP-based platform for Cas9 delivery.!”® By conjugating Cas9 with the retroviral structural
protein Gag (Gag-Cas9), the complex co-localized at the producer cell membrane, enabling
Cas9 packaging into VLPs. These VLPs delivered Cas9 into target cells via viral
glycoprotein-mediated host receptor interactions.!” Including a protease-sensitive sequence
between Gag and Cas9 facilitated the precise release of Cas9 during viral maturation,
ensuring efficient localization of Cas9 to the nucleus.!’® Furthermore, a key component for
the Cas9 system, single-guide RNA (sgRNA), was introduced into the NB production
mixture.!”® This process enabled the loading of sgRNA onto Cas9, forming RNP complexes
for precise genome editing (Figure 1.5).!7® Since the first nanoblade discovery, Gutierrez-

Guerrero et al. generated a lentiviral nanoblade in 2021 and tested it in multiple cell types.'®!

Nanoblades have shown remarkable precision and efficiency in genome editing across
diverse experimental systems. For instance, targeting the empty spiracles homeobox 1
(EMX1) locus in iPSCs achieved an impressive 67% editing efficiency while maintaining
pluripotency. In mouse bone marrow cells, nanoblades reduced GFP expression by
approximately 75% without impairing differentiation potential.'”® They also demonstrated

versatility in delivering both Cas9-RNP and DNA templates for HDR, with DNA delivery
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optimized by loading templates onto the viral surface using polybrene, a charge-neutralizing
agent, enabling streamlined “all-in-one” HDR using single- or double-stranded DNA.!"®
Furthermore, recent studies have demonstrated that nanoblades allowed high-level genome
editing in murine and human organoids, achieving up to 75% gene knockout without causing
toxicity.'® Nanoblades were also coupled with HDR-containing adeno-associated virus
(AAV) vectors and integrase-deficient lentiviral vector genomes to enable site-directed
genetic insertion.!8! The most recent breakthrough was reported in 2024 by Hamilton et al.,
who used T cell-targeting lentiviral nanoblades to deliver CAR transgene-containing Cas9-
RNP viral particles in vivo, successfully generating TRAC gene-edited CAR-T cells directly
in vivo.'8® This breakthrough highlights the potential of nanoblades for precise and efficient

genome editing in multiple cell types.
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Figure 1.5 Production of VLPs containing Cas9-RNPs using lentiviral or retroviral
systems. Producer cells transfected with viral structural proteins (Gag-Pol) and envelope
glycoproteins naturally generate transgene-lacking VLPs. By incorporating a Gag-Cas9
fusion construct into the VLP production system, Cas9-containing VLPs are formed. These
Cas9-VLPs utilize the same infection mechanisms as conventional viral particles through
envelope glycoproteins, enabling efficient delivery of Cas9 to target cells. Upon delivery,
Cas9 induces DSBs at the targeted genomic location.
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1.8 Histone deacetylase inhibitors and immunotherapy

Epigenetic regulation, mediated by DNA methylation and histone modification
mechanisms, governs gene expression without altering the underlying genetic sequence.'®?
Among these regulatory processes, histone acetylation and deacetylation play a pivotal role
in chromatin remodeling and transcriptional regulation, controlled by histone
acetyltransferases (HATs) and histone deacetylases (HDACs).!8418¢ HATs function within
multi-protein complexes, such as CREB-binding protein (CBP)/p300 and general control
non-repressible 5-related N-acetyltransferases (GNAT), catalyzing the acetylation of histone
residues. This modification neutralizes the positive charge on histones, weakening histone-
DNA interactions and promoting a relaxed chromatin state conducive to transcriptional
activation.!®® HAT complexes often interact with transcriptional coactivators, ensuring the
precise regulation of gene expression.!®” Conversely, HDACs counteract this process by
catalyzing the removal of acetyl groups, increasing chromatin compaction, and inducing
transcriptional repression.'® HDACs are integral to the formation of nuclear repressive
complexes such as nucleosome remodeling and deacetylase (NuRD), switch-independent 3
(Sin3), and corepressor for element-1-silencing transcription factor (CoREST), which
contribute to gene silencing and chromatin remodeling.'®* This dynamic equilibrium between
HATs and HDACs extends beyond histones to non-histone proteins, including transcriptional
factors such as p53 and early region 2 binding factor (E2F), which are crucial for cell cycle

progression, differentiation, and apoptosis.'3%!%°

Due to their ability to modulate chromatin structure and gene expression, histone
deacetylase inhibitors (HDACis) have been explored in various therapeutic applications, with

one of the most compelling being cancer treatment, particularly in overcoming tumor

33



Dong-Hyeon Jo

resistance to radiotherapy.'®® A major challenge in radiotherapy is the ability of cancer cells
to repair radiation-induced DNA damage and sustain proliferation, a process in which
HDAC: play a pivotal role by regulating epigenetic mechanisms that influence DNA repair,
cell cycle progression, and apoptosis.!*® Poly(ADP-ribose) polymerase 1 (PARP1), a key
player in DNA repair, is not only upregulated by HDACs but also directly activated through
deacetylation by sirtuins (SIRT) such as SIRT1 and SIRT6, thereby enhancing tumor cell
survival following radiation-induced DNA damage."! Supporting this, Moertl et al.
demonstrated that HDAC inhibition downregulated PARP1, impairing DNA repair and
heightened radiosensitivity in tumor cells.'”> Besides strengthening DNA repair, HDACs
suppress apoptosis by downregulating pro-apoptotic proteins like Bax and Fas while
facilitating cell cycle progression by inhibiting critical regulators such as p21 and p53.151%
By counteracting these resistance mechanisms, HDACis induce chromatin relaxation, disrupt
DNA repair pathways, arrest cells in the radiation-sensitive G2/M phase, and amplify

apoptotic signaling, collectively enhancing the efficacy of radiotherapy.!*%!1%

Beyond radiosensitization, HDACis play a pivotal role in modulating antitumor immune
responses. HDAC:s influence the activity of NK cells and T-cell-based immunotherapies both
passively and actively.'**1”® HDACis promote the overexpression of stress ligands such as
MICA and MICB on tumor cells, increasing their susceptibility to immune-mediated
destruction by NKG2D-positive immune cells.!® Liu et al. demonstrated that panobinostat
treatment and HDAC4 knockdown in hepatocellular carcinoma (HCC) increased NKG2DL
expression, sensitizing HCC cells to NK cell-mediated lysis.!®” However, their direct effects
on NK cells are complex and sometimes contradictory. Broad-spectrum HDAC:s, such as

trichostatin A (TSA), valproic acid (VPA), and sodium butyrate (NaB), impaired NK cell
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viability and reduced effector functions, including IFN-y production and the expression of
activating receptors like NKG2D and NKp46.!9%1%° These inhibitory effects were linked to
HDACi-mediated modulation of STAT3 signaling, a critical pathway for NK cell receptor
expression, as highlighted by Ni et al.!”> HDACis also bolster the efficacy of T-cell therapies
by directly modulating tumor cells.!*® For instance, panobinostat and entinostat upregulated
phorbol-12-myristate-13-acetate-induced protein 1 (PMAIP1, also known as NOXA), a pro-
apoptotic member of the BCL2 family, sensitizing tumor cells to CD19 CAR T-cell-mediated
cytotoxicity without compromising cell viability. This finding was demonstrated by Yan et al.

in studies on Raji and Daudi cells.!*°

1.9 Histone deacetylase inhibitors in viral promoter activity

Cell and gene therapy has emerged as a transformative approach in cancer treatment,
leveraging viral vectors to deliver therapeutic genes.?’®?! Despite its potential, clinical
implementation has been hindered by suboptimal transgene expression, inefficiencies in viral
delivery, and challenges in maintaining the expression of therapeutic genes in engineered
immune cells.?*>?*> HDACis have demonstrated the ability to address these limitations by
augmenting the transcriptional activity of transgenes delivered through viral systems and
preserving transgene expression, including cytomegalovirus (CMV) and murine stem cell
virus (MSCV) promoters, adenoviral (Ad) and AAV systems, and immune cell engineering
strategies, offering a versatile solution to enhance the efficacy and durability of gene-based

therapies.200,20 1,204-207

A notable example is the HDAC inhibitor FK228, which markedly enhanced

adenoviral gene expression in tumor cells without inducing viral replication.’”! This
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highlights a mechanism centered on transcriptional enhancement rather than modifications
to viral delivery.?’! In prostate cancer cell lines (LNCaP, PC-346C, and TRAMP-C2)
transduced with adenoviral vector encoding Ad[CMV-GFP], FK228 not only amplified GFP
expression but also elevated transgene mRNA levels.?’! Similarly, VPA, an inhibitor targeting
HDACI and HDAC3, increased GFP expression in Ad[CMV-GFP]-transduced cells in a
promoter-specific manner.?’! While CMV promoters showed heightened activity, prostate-
specific PSMA enhancer and the TARP (PPT) promoters exhibited diminished expression
when treated with HDACis.?”! HDACis also demonstrated efficacy in enhancing transgene
expression from recombinant adeno-associated viruses (rAAV).2% For instance, FR901228
robustly increased CMV-GFP expression in glioma cell lines (U-251MGQG) transduced with
AAV2EGFP, with no observed changes in AAV genome copy numbers.?” Mechanistically,
this upregulation was linked to increased histone acetylation at the promoter, promoting an
open chromatin configuration conducive to higher transcriptional activity.?®® Moreover, in a
mouse model of human epidermal growth factor receptor 2 (HER2)-positive tumors, co-
administration of the HDAC inhibitor OSU-HDAC42 with a CMV promoter-driven DNA

vaccine elicited an enhanced antitumor response compared to the vaccine alone.?%®

Beyond viral vectors, HDACis showed promise in maintaining transgene expression
in TCR-engineered T cells.?* In adoptive cell therapies, a progressive decline in therapeutic
gene expression often causes poor treatment outcomes. Moore et al. demonstrated that
sodium butyrate, an HDAC inhibitor, preserved gene expression and functional longevity in
TCR-transduced T cells.?** Notably, these effects persisted under cytokine-deprived

conditions.?** These findings suggest that HDACis could sustain the therapeutic efficacy of
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engineered immune cells by mitigating epigenetic silencing and preserving transgene

expression (Figure 1.6).
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Figure 1.6 HDAC inhibitor (HDAC:i) effects on chromatin relaxation and application in
viral vector-mediated transgene delivery. (A) Chromatin structure is dynamically regulated
through epigenetic modifications, including histone acetylation and deacetylation. HDACis
block histone deacetylase activity, leading to chromatin relaxation and an open chromatin
structure. (B) Chromatin structure can contribute to transgene silencing in viral vector-
mediated transgene delivery. Treatment with HDACis mitigates this silencing, enabling
reactivation and, in some cases, overexpression of transgenes in recipient cells.
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1.10 Rationale and Research Objectives

NK cells hold great promise for cancer immunotherapy, yet their clinical translation
remains limited by challenges in CRISPR-Cas9 gene editing, suboptimal cryopreservation,
and transgene silencing. My thesis aims to overcome these hurdles and establish a foundation

for next-generation NK cell engineering.

To enhance CRISPR-Cas9 editing in NK cells, I will evaluate novel Cas9-RNP-
loaded retroviral particles. This innovative approach aims to simplify NK cell engineering,
overcoming the limitations imposed by the large size of the Cas9 protein. This study will be

the first to describe a novel and efficient approach using virus-like particles for Cas9 delivery

to NK cells.

Additionally, I will optimize cryopreservation protocols to improve NK cell viability
and clinical readiness. By investigating the impact of cryopreservation timing during early
proliferation, I aim to enhance post-thaw survival and functionality. Further, integrating
cryopreservation with genetic engineering strategies will maximize NK cell therapeutic

efficacy.

I will explore the application of HDAC:s to sustain long-term gene expression in NK
cells. HDACis have the potential to preserve transgene expression and maintain NK cell
cytotoxicity. In particular, I will evaluate anti-CD138 CAR-expressing NK cells for their
ability to target multiple myeloma, assessing whether HDACi-mediated CAR maintenance

enhances their therapeutic performance.

By integrating these strategies, my work aims to develop a scalable, clinically viable

NK cell platform with improved gene-editing efficiency, enhanced post-thaw NK cell use,
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and sustained transgene expression, ultimately advancing the field of engineering-based NK

cell immunotherapy.
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2.1 Abstract

NK cells are potent cytotoxic innate lymphocytes that can be used for cancer
immunotherapy. Since the balance of signals from activating and inhibitory receptors
determines the activity of NK cells, their anti-tumor activity can be potentiated by
overexpressing activating receptors or knocking out inhibitory receptors via genome
engineering, such as CAR transgenesis and CRISPR-Cas9-mediated gene -editing,
respectively. Here, we report the development of a one-step strategy for CRISPR-Cas9-
mediated gene knockout and CAR transgenesis in NK cells using retroviral particles. We
generated NK cells expressing anti-epidermal growth factor receptor (EGFR)-CAR with
simultaneous 7/GIT gene knockout using single transduction and evaluated the consequence
of the genetic modifications in vitro and in vivo. Taken together, our results demonstrate that
retroviral particle-mediated engineering provides a strategy readily applicable to

simultaneous genetic modifications of NK cells for efficient immunotherapy.

43



Dong-Hyeon Jo

2.2 Introduction

CAR is a hybrid antigen receptor composed of an extracellular antigen-binding
domain and intracellular signaling domains.?**!° Even though CAR-T therapies have shown
dramatic efficacy in treating B-cell malignancies, strong CAR-T cell responses against
tumors can drive the production of an overwhelming amount of cytokines, known as CRS.2!°
In addition, the threat of GvHD in allogeneic T cell infusions impedes the enthusiasm for an
off-the-shelf CAR-T immunotherapy. NK cells are an ideal cell type for CAR therapy without
causing severe GVHD or CRS.?!!"215 Unlike CAR-T cells, CAR-NK cells retain diverse
tumor-specific activating receptors, which decrease the likelihood of tumor -cell
immunoevasion through downregulation of the CAR target antigen.?'>?!® Furthermore, NK
cells spare healthy cells by using inhibitory receptors that recognize the MHC class 1.216:217
Recent publications have demonstrated that CAR-NK cells could be a highly effective anti-
tumor therapy in an allogeneic setting,!>2!8 thereby decreasing cost and increasing the

accessibility of CAR therapies. Therefore, these characteristics make CAR-NK cells one of

the most promising cell immunotherapies for cancer.

Many studies of cancer cells have shown that overexpression of EGFR is one of the
most common cancer-associated factors, making it one of the most frequently targeted
antigens in CAR therapy.?!® Activation of EGFR recruits a series of downstream signaling
pathways, such as phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) and
Ras/Raf/mitogen-activated protein kinase (MEK)/extracellular signal-regulated kinase
(ERK), responsible for mediating cell proliferation, apoptosis, angiogenesis, and
tumorigenesis.’?’ Specifically, EGFR levels are relatively high on triple-negative breast

cancer (TNBC) cells in 45%-70% of patients with poor prognoses.??!??* Moreover, EGFR
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mutations rarely occur in TNBC patients, which further promotes the testing of several
immunotherapies such as anti-EGFR monoclonal antibodies.?!*?**??* While EGFR is a
proven target for immunotherapy, balancing activity and toxicity remains a critical
consideration because of the EGFR expression on many healthy cells. Since NK cells can
dismiss healthy cells based on the missing self hypothesis,'%,?> EGFR-targeted CAR-NK

cells may have potential benefits over an EGFR-targeting CAR-T therapy.*-81:213

T cell immunoglobulin and immunoreceptor tyrosine-based inhibitory motif (ITIM)
domain (TIGIT) is a receptor of the Ig superfamily specifically expressed in immune cells
where it functions as a co-inhibitory receptor.??® TIGIT binds to two ligands, CD155 (PVR)
and CD112 (PVRL2), which are expressed on antigen-presenting cells, T cells, and a variety
of non-hematopoietic cell types, including tumor cells.??” TIGIT is a checkpoint receptor
expressed by both T cells and NK cells and was originally found to induce T cell exhaustion
in tumor microenvironments.?’***® Emerging studies have shown that the blockade of TIGIT
might be a promising complement to existing immunotherapies.’*>*** Blocking TIGIT
prevents NK cell exhaustion and elicits potent anti-tumor immunity.'®® Therefore, genetically
engineering NK cells for the overexpression of anti-EGFR-CAR and the knockout of TIGIT
can serve as a logical strategy for which CAR-NK cells can be designed to elicit potent anti-

tumor activity.

The CRISPR-Cas9 system has revolutionized biomedical research by providing a
powerful genome-editing tool.!*>?3! Nonetheless, engineering has been hindered in NK cells
due to the inefficient delivery of the large-sized CRISPR-Cas9 plasmid.!®'%° To overcome
this, delivery of Cas9-sgRNA complexes by electroporation has been established in NK

cells'®-215; however, electroporation of the Cas9-sgRNA complex requires a convoluted
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technique. Recently, delivering Cas9-sgRNA complexes using VLPs has shown efficient
genetic knockout in CD4*, CD8", CD34", and mouse bone marrow cells.!”®!®! Moreover, the
VLP system can induce transient Cas9-mediated recombination and reduce off-target eftects
from the constitutive expression of the Cas9-sgRNA. Such a gene knockout technology is
valuable for removing genes responsible for inhibitory signaling, thereby creating a robust
NK cell response in immunotherapy.?*> Although the overexpression of CAR molecules and
the knockout of inhibitory receptors seem promising to enhance NK cell recognition and
cytotoxicity, recurring genetic engineering in primary NK cells is challenging and
undesirable due to the limited window for genetic modification of primary NK cells. Here,
we took advantage of retroviral particles loaded with Cas9-sgRNA complexes to induce
efficient anti-EGFR-CAR transgenesis and 7/GIT gene knockout simultaneously in NK cells.
Retroviral particles efficiently delivered Cas9-sgRNA complexes along with the CAR
transgene, proving that this dual engineering technology can effectively support CAR-NK

cell immunotherapy.

2.3 Materials and Methods

2.3.1 Culture of human cell lines

TNBC cell lines, MDA-MB-231, and SUM149PT cells, and ER" breast cancer cell
line, MCF7 cells, were obtained from ATCC and cultured in DMEM/F12 media (319-075-
CL; Wisent) containing 10% heat-inactivated fetal bovine serum (HI-FBS) (12484028; Gibco)
and 100 U/mL Penicillin and 100 pg/mL Streptomycin (Pen/Strep) (SV30010; HyClone).
Raji cells were obtained from ATCC and cultured with RPMI-1640 medium (350-000-CL;

Wisent) containing 10% HI-FBS, 100 pg/mL Pen/Strep, 55 uM B-Mercaptoethanol
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(21985023; Gibco), and 20 mM HEPES (CA12001-708; VWR) (RP10 medium). Lenti-X
293T cells were purchased from Takara (632180) and cultured with 10% HI-FBS and 100
pug/mL Pen/Strep supplemented High-Glucose DMEM medium (319-005-CL; Wisent).
NK92 cells were cultured with RP10 medium supplemented with 200 U/mL human

recombinant IL-2 (NCI Preclinical Repository, USA).

2.3.2 Isolation and culture of human pNK cells

Healthy adult whole blood collection was approved by the Ottawa Health Science
Network Research Ethics Board (# 20200527-01H) and the University of Ottawa (# H-01-
21-6568). Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll (45001750;
Cytiva) gradient centrifugation. Briefly, 35 mL whole blood was layered gently over 15 mL
Ficoll and centrifuged at 1,250 x g, acceleration 1, and brake 0 at room temperature, followed
by pipette separation of the PBMC layer. CD56-positive primary NK cells were isolated by
negative magnetic selection using a MojoSort human NK cell isolation kit (480054;
Biolegend). Isolated pNK cells were immediately cultured with 1: 2 irradiated membrane-
bound IL-21 and 4-1BBL expressing K562 feeder cells (gifted from CYTOSEN) and 100
U/mL IL-2 based on the previously reported protocol for 5 days,'*¢ and the partially expanded
pNK cells were frozen at -80 °C with freezing medium containing 90% FBS and 10% DMSO

(BP231-100; FisherBioReagents).

2.3.3 Plasmid construction

BaEV-TR and BaEVRless sequences were previously published.'*> Codon-optimized
EcoRI-flanking BaEV-TR and BaEVRless were purchased from Thermo Fisher Scientific

(GeneArt) and digested with EcoRI (FD0274; Thermo Fisher Scientific). The fragment was
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cloned into an EcoRI-digested pMD2.G plasmid (gifted from Didier Trono; 12259; Addgene).
To generate a retroviral pMIG-anti-EGFR-CAR-mNeonGreen plasmid, the EcoRI-anti-
EGFR-CAR-mNeonGreen-Pacl fragment was amplified from the pSLQC5-anti-EGFR-
CAR-mNeonGreen plasmid and digested with EcoRI and Pacl (FD2204; Thermo Fisher
Scientific). The fragment was then cloned into an EcoRI and Pacl-treated pMIG plasmid
(gifted from William Hahn; 9044; Addgene). The anti-TIGIT sgRNA
(TCCTCCTGATCTGGGCCCAG) containing plasmid was generated using an Esp3l
(FD0454; Thermo Fisher Scientific) digested Superblade5 plasmid'’® (gifted from Philippe
Mangeot, Théophile Ohlmann & Emiliano Ricci; 134913; Addgene), based on the Zhang lab

Golden Gate cloning protocol.?*

2.3.4 BaEV pseudotyped lentiviral vector production

To produce lentiviral vectors, 1.5 x 10° Lenti-X 293T cells were plated per well on a
6-well plate in 2 mL Opti-MEM medium (31985070; Gibco) containing 5% HI-FBS and 100
png/mL Pen/Strep. The next day, the Lenti-X 293T cells were transfected using Lipofectamine
3000 (L3000015; Invitrogen). Briefly, 1,200 ng of transfer plasmids, pLenti-CMV-MCS-
GFP-SV-puro?** (for EGFP-NK92) (gifted from Paul Odgren; 73582; Addgene) or pSLQC5-
anti-EGFR-CAR-mNeonGreen (for CAR-NK92 cells) (gifted from National Research
Council of Canada), 1,200 ng of pSPAX2 (gifted from Didier Trono; 12260; Addgene), and
200ng of BaEV-TR were combined with Lipofectamine 3000 (6 puL P3000 and 7 uL
Lipofectamine 3000) in 500 pL serum-free Opti-MEM. 1 mL of media was removed from
each well and replaced with the Lipofectamine/plasmid mix. After 4 hours of incubation, all

medium was removed from each well and replaced with fresh, complete Opti-MEM medium.
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Without concentrating the lentiviral particles, viral supernatant was collected at 48 and 96

hours, filtered using a low protein-binding PES filter (83.1826; Sarstedt), and kept at -80 °C.

2.3.5 Cas9-RNP and transgene-loaded RP production

To produce Cas9-RNP retroviral particles, 1.2 x 10° Lenti-X 293T cells were plated
per well on a 6-well plate in 2 mL of serum-containing Opti-MEM medium. The next day,
the cells received 600 ng BIC-Gag-Cas9'’® (gifted from Philippe Mangeot, Théophile
Ohlmann & Emiliano Ricci; 119942; Addgene), 1,200 ng MLV-gag-pol (gifted from
Marceline Coté, University of Ottawa), 1,200 ng anti-EGFP sgRNA (BLADE-182)!7® (gifted
from Philippe Mangeot, Théophile Ohlmann & Emiliano Ricci; 134914; Addgene) or anti-
TIGIT sgRNA, 100 ng pMD2.G, and 100 ng BaEV-TR using Lipofectamine 3000 (6 pL
P3000 and 7 pL Lipofectamine 3000). To optimize the envelope combinations, a total of 200
ng envelope plasmids were used (200 ng for a single envelope or 100 ng + 100 ng for two
envelopes). For simultaneous CAR transgenesis and TIGIT knockout, 1,200 ng pMIG-anti-
EGFR-CAR-mNeouGreen was also added with additional Lipofectamine 3000 (7.7 pL
P3000 and 9 pL Lipofectamine 3000). After 4 hours of incubation, the transfection medium
was removed from each well and replaced with fresh, complete Opti-MEM medium. Without
concentrating the retroviral particles, the supernatant was collected at 48 hours, filtered using

a low protein-binding PES filter, and kept at -80 °C.

2.3.6 Flow virometry

For the mock control, 1.2 x 10% Lenti-X 293T cells were plated, and the Cas9-RNP
RP production procedure without plasmids was followed. 50 pL of the produced RP

supernatants and mock control were fixed with 50 uL 2% paraformaldehyde (PFA) for 25
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min at room temperature. Fixed particles (30 puL) were diluted with 1 x PBS (20012050;
Thermo Fisher Scientific) to obtain a 5 x 10 dilution. A total of 10 uL of each sample was
acquired using the Cytoflex (Beckman) with a violet SSC (VSSC) laser at the Flow Virometry
Core, University of Ottawa, and analyzed using Kaluza 2.1 Analysis software (Beckman
Coulter). For addressing viral particle sizes, analyzed data were further normalized using the
FCMPASS v4.1.6 software (National Cancer Institute) to create a new axis (nm).?**> The MFI
(VSSC) of various sizes of polystyrene beads (Thermo Fisher Scientific) and a previously
validated refractive index of MLV, 1.455, were applied to convert the VSSC signal from RPs

to a new axis (nm).

2.3.7 NK92 cell transduction

For the functional titer calculation, 5 x 10* NK92 cells were incubated on a 96-well
U-bottom plate with serially diluted RP supernatants, 4 ug/mL polybrene (TR-1003-G;
MilliporeSigma), and 200 U/mL IL-2. The cells were centrifuged for 30 min at 1500 x g,
32 °C, followed by a 3-day incubation at 37 °C and 5% CO». After 3 days of incubation,
transgene expression or protein reduction was acquired using the Attune NxT flow cytometer
(Thermo Fisher Scientific). A functional titer was calculated by using an equation from

Addgene (https://www.addgene.org/protocols/fluorescence-titering-assay/).

For NK92 transduction, NK92 cells were plated on a 96-well flat-bottom plate coated
with 20 pg/mL Retronectin (T100B, Takara), viral supernatant, 4 ng/mL polybrene, and 200
U/mL IL-2. The cells were spun down for 30 min at 1,500 % g and 32 °C. The cells were
incubated overnight at 37 °C and 5% CO». The next day, the viral supernatant was removed,

and the cells were resuspended in RP10 medium containing 200 U/mL IL-2. Post-
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transduction, GFP expression was observed using the Attune NxT flow cytometer (Thermo

Fisher Scientific) and ZOE fluorescent cell imager (Bio-Rad).

To obtain single-copy integrated EGFP-NK92 cells for the EGFP knockout study, less
than 10% of NK92 cells were transduced, and the EGFP" cells were sorted by the SH800

sorter (SONY) at the Flow core, University of Ottawa.

2.3.8 Human primary NK cell transduction

Five-day expanded and previously frozen pNK cells were thawed and rested
overnight in RP10 medium containing 100 U/mL IL-2. The next day, the pNK cells were
transduced in a 48-well flat-bottom plate coated with 20 ng/mL Retronectin, RP supernatant
(MOI 1 for 40% or MOI 2 for 60% transduction efficiencies), and 100 U/mL IL-2. The cells
were spun down at 1200 x g for 90 min at 32 °C and cultured overnight at 37 °C and 5% CO..
The next day, the cells were stimulated with irradiated feeder cells in a 1:5 ratio and 100
U/mL IL-2. The pNK cells were further expanded for 9 more days by replacing the culture
medium every 2 days without an additional feeder cell stimulation. Expanded NK cells were

used for phenotyping, functional assays, genomic analysis, and in vivo studies.

2.3.9 Flow cytometry and antibodies

The following monoclonal antibodies (Abs) were used: anti-TIGIT (PerCP-710; 46-
9500-42), anti-CTLA4 (FITC; 11-1529-42), anti-NKG2D (PerCP-710; 46-5878-42), anti-
CDI112 (PE; 12-1128-42), anti-CD155 (FITC; 11-1550-41) and Live/Dead Fixable Aqua
Dead Cell Stain (L34966) from Invitrogen; anti-CD56 (BV421; 318328), anti-NKG2A (APC;
375108), anti-KIR3DL1 (BV421; 312713), anti-CD107a (PE; 328608), and anti-EGFR (PE;
352904) from BioLegend; anti-CD56 (BV786; 564058), anti-IL18Ra (PE; 564675), anti-
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TIM3 (BV421; 565562), and anti-CD107a (APC; 560664) from BD Biosciences. An anti-
sdCAR antibody was generated at the National Research Council.!'® For surface antigen
staining, cells were washed once with 150uL of staining buffer (SB) (PBS containing 2% HI
FBS). The cells were then resuspended in 50 pL SB and incubated with fluorophore-
conjugated antibodies for 25 min at 4 °C. After the incubation, the cells were washed once
with 150 pL SB and fixed with 100 pL 2% PFA for 10 min at 4 °C. The PFA was washed
using 200 uL SB. The cells were resuspended in 200 pL SB. Data were acquired using the
Attune NxT flow cytometer (Thermo Fisher Scientific) and analyzed using Kaluza 2.1
Analysis software (Beckman Coulter). Intracellular staining of IFN-y was carried out using
an anti-IFN-y antibody (BV785; 502542; Biolegend) and a BD Cytofix/Cytoperm kit
(554714). Briefly, cells were fixed with 100 pL of BD Cytofix/Cytoperm buffer after the
surface staining procedure. The cells were washed once with 200 pL Wash Buffer (WB)
(554714) and resuspended in 50 uL. WB containing an IFN-y antibody. Intracellular staining
was performed for 25 min at 4 °C. The cells were then washed once with 200 pL SB. For the

data acquisition, the cells were resuspended in 200 pL SB.

2.3.10 NK cell functional assay

Approximately 3 x 10* target cells were plated on a 96-well U-bottom plate and rested
overnight at 37 °C and 5% CO.. The next day, 3 x 10* pNK cells were added to the target
cell-containing wells with an anti-CD107a antibody (1 pL) and 1 x brefeldin A (00-4506-51;
Invitrogen). After 4 hours of co-incubation, the cells were washed with SB and stained with
an anti-CD56 antibody and a live/dead fixable Aqua dye. Intracellular IFN-y was stained

according to the manufacturer’s protocol with an anti-IFNy antibody as previously described.

52



Dong-Hyeon Jo

2.3.11 Genomic analysis

Genomic DNA (gDNA) was isolated from expanded primary NK cells using a
Monarch Genomic DNA Purification Kit (T3010S) from New England Biolab (NEB). The
TIGIT fragment was amplified using a forward TIGIT primer (TIGIT-For)
(TCTTGTGGCTCACCCTATGC) and  reverse  TIGIT  primer  (TIGIT-Rev)
(AAGCTGGAGCAGGAATGAGC) from the prepared gDNA and analyzed by Sanger
sequencing. The sequencing files from TIGIT fragments were further analyzed by ICE
(Synthego) by comparing non-RP-treated controls with Cas9-RNP-RP-received cells.?*® For
integration analysis, a portion of the pMIG fragment was amplified using a pMIG forward
primer (pMIG-For) (TGACGAGTTCTGAACACCCG) and a pMIG reverse primer (pMIG-
Rev) (CAGTCAGACAGAGACAACAC). For targeted integration analysis, TIGIT-5’LTR
was amplified using the forward TIGIT primer and reverse 5’LTR primer (5’LTR-Rev)
(CAGCAAGAGGCTTTATTGGGAA). A bacterial library was generated by putting the
amplicons into a plasmid using a PCR cloning kit (E1202S; NEB). All PCR was performed
using a QS5 high-fidelity polymerase (NEB), and primers were annealed at 67 °C for 20 sec.
PCR amplicons were analyzed by Sanger sequencing. All sequencing data were obtained
from the Ottawa Hospital Research Institute (OHRI) DNA sequencing facility. Snapgene

(Dotmatics) was used to check the sequencing results.

2.3.12 In vivo tumor control

NOD.Cg-Prkdc® 112rg™Wil/SzJ (NSG) mice were used for the injection of TNBC
cancer xenografts and NK cell treatment studies. A breeding pair of NSG mice was purchased

from Jackson Laboratories, and the colony was maintained in the specific-pathogen-free
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animal facility at the University of Ottawa in agreement with the guidelines and regulations
of the Canadian Council on Animal Care. NSG female mice (8 to 14 weeks old) received 1 x
10° firefly luciferase-expressing MDA-MB-231 cells intraperitoneally, and the mice were
randomized to each group (n = 5/group). On days 3 and 5 post-target cell injection, the mice
received 1 x 10" GFP-pNK, CAR-pNK, or CAR-TIGITXO-pNK cells with 2000 U IL-2
intraperitoneally. Luciferase signal was measured once a week using an animal imaging
system, IVIS (PerkinElmer), and the data were analyzed using Aura software 3.2 (Spectral
Instruments Imaging). Mouse weight was measured once per week. Mice were sacrificed
based on the luminescence, movement ability, reactivity, and weight loss. All procedures
were approved by and conducted in accordance with the animal guidelines of the University

of Ottawa.

2.3.13 Statistical analysis and graph generation

The mean values were tested using two-way ANOVA by comparing cell means
regardless of rows and columns. For two-sample comparisons, the mean values were tested
by t-test using GraphPad Prism 9 (Dotmatics) (*p < 0.05, **p< 0.01, ***p < 0.001,
*#*%p<0.0001). Data represent mean + SD. All graphs were generated and analyzed using

GraphPad Prism 9.

2.4 Results

2.4.1 Efficient Cas9-sgRNA delivery to NK cells through BaEV-TR and
VSV-G envelope glycoprotein pseudotyped retroviral particles

We adopted the RP system, called Nanoblades, from an original report.!”® Production

of RPs requires plasmids coding for murine leukemia virus (MLV) structural proteins (Gag-
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Pol), viral envelope glycoprotein (G), gag-conjugated Cas9 (Gag-Cas9), and sgRNA. NK
cells were found refractory to transduction with vesicular stomatitis virus glycoprotein (VSV-
G, herein referred to as V) pseudotyped LVs because they lack the LDL-R.!?® Recently, BaEV
pseudotyped lentiviral vectors greatly enhanced the transduction of NK cells.!?%13¢ Two types
of synthetic BaEVs, non-syncytia-forming BaEV-TR (T) and syncytia-forming BaEVRless
(R), were previously applied for improving lentiviral vector production and transduction in
NK cells.!?®133136 Interestingly, a combination of V and R enhanced the packaging of Cas9
proteins in RPs compared to individual V or R pseudotyped RPs.!7#18! Thus, we reasoned
that efficient delivery of RPs to NK cells might also be achieved by optimizing the viral

envelope combinations.

To test this, Lenti-X 293T cells were transfected with plasmids encoding Gag-Pol,
Gag-Cas9, sgRNA, and various envelope glycoproteins (V, R, and T envelopes alone, along
with their combinations). RPs were harvested 48 hours post-transfection and used for
transducing NK cells. As a proof of concept, we decided to use an immortalized human NK
cell line (NK92) expressing EGFP (EGFP-NK92 cells) and perform knockout of EGFP using
RPs pseudotyped with V, R, T, V+ R, V+T, and R + T envelopes. We used a plasmid coding
for anti-EGFP-sgRNA, which was previously validated for effectively knocking out EGFP
in EGFP" mouse bone marrow cells.!”® EGFP-NK92 cells were transduced with various
preparations of RPs, and the efficiency of EGFP knockout was evaluated by flow cytometry

178,181 e observed that the

5 days post-transduction. Consistent with the previous paper,
efficiency of EGFP knockout was higher in V + R pseudotyped RPs (up to 45% EGFP
negative populations) compared to V alone (up to 8%) and R alone (up to 15%). Interestingly,

T alone showed similar EGFP knockout efficiency (up to 49%) to the V + R RPs. Furthermore,
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the efficiency was greatly improved using V + T, resulting in up to 78% EGFP loss by flow
cytometry (Figure 2.2 A, B). Therefore, this result suggests that RP-mediated Cas9-sgRNA-

RNP delivery is efficient in NK92 cells.

To investigate the differences in the knockout efficiency among RPs pseudotyped
with distinct envelope glycoproteins, we performed flow virometry to characterize and
quantify RPs.?7 To discern background signals, we included PBS and supernatant from cells
that received transfection reagents without plasmids (mock transfection). The supernatant
was 200-fold diluted, and 10 pL. was acquired by flow virometry. We identified
distinguishable particle populations from background noise and measured the total number
of particles in a gated area. Interestingly, although EGFP was slightly reduced in EGFP-NK92
cells transduced with V-pseudotyped RPs, we found that most particles were from the V-
pseudotyped RPs (= 121,000 RPs/gate). This inconsistency may be due to the lack of LDL-
R expression on NK cells, as previously described.!?® Although R and V + R-pseudotyped
RPs were found in a similar amount (= 52,000 RPs/gate), pseudotyping with the combination
of V and R enhanced the formation of a distinct population in the dot-plot. Notably, T-
pseudotyped RPs showed clear separation from background signals observed in PBS and
Mock controls. Moreover, the number of V + T-pseudotyped RPs (= 115,000 RPs/gate) was
increased compared to the T-pseudotyped RPs (= 85,000 RPs/gate). The number of T + R-
pseudotyped RPs was found to be the lowest (= 51,000 RPs/gate) (Figure 2.2 C). Overall,
the results from flow virometry were consistent with the knockout efficiencies in EGFP-

NK92 cells by RPs.
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Figure 2.2 VSV-G and BaEV-TR envelopes pseudotyped RPs efficiently targeted the
EGFP gene in EGFP-NK92 cells. (A) Representative flow cytometry of EGFP expression
in EGFP-NK92 cells transduced with RPs pseudotyped with various envelope glycoproteins.
(B) The EGFP knockout efficiency in EGFP-NK92 cells transduced by RPs pseudotyped with
various envelope glycoproteins (n = 3). (C) Flow virometry analysis of variously
pseudotyped RPs. The numbers indicate the total number of viral particles in the gated area.
NC, negative control; V, VSV-G; T, BaEV-TR; R, BaEVRIess; VSSC, violet side scatter.
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2.4.2 Cas9-sgRNA delivery to pNK cells using RPs efficiently abrogates TIGIT

expression

To test whether RP-mediated delivery of the Cas9-sgRNA-RNP is also effective in
human primary NK (pNK) cells, we decided to knock out TIGIT, an inhibitory receptor, using
a previously validated sgRNA targeting the first exon of the TIGIT gene (CCDS2980) in ex
vivo expanded human pNK cells.!®® pNK cells were enriched from human PBMCs and further
expanded by ex vivo co-culture with irradiated K562 feeder cells expressing membrane-
bound IL-21 and 4-1BBL.'¢ pNK cells were transduced with anti-7IGIT V + T pseudotyped
RPs, and TIGIT expression was evaluated by flow cytometry. Anti-EGFP RPs were used as
a negative control. NK cells transduced with anti-7/GIT RPs showed reduced TIGIT
expression almost to the basal levels based on TIGIT MFIs by flow cytometry (Figure 2.3
A). No abnormal expression of other NK cell surface receptors was observed, supporting that
RPs specifically targeted genes guided by the Cas9-loaded sgRNAs (Figure 2.3 B). To
further determine the number of RPs required for primary NK cell modification, we
performed volume-based transduction to correlate the number of RPs for each volume and
the knockout efficiency. We observed that 2.7 x 108 RPs modified ~89.02 % of the pNK cells
(Figure S1 A, B). Additionally, we calculated the size of anti-TIGIT RPs by flow virometry.
We normalized the data based on MFIs of violet side scatter signals from different-sized
polystyrene beads and the previously validated MLV refractive index (1.455) using

FCMPASS software.?*® The average size of the RPs was 120.7 nm =+ 9.8 nm (Figure S2).

Cas9-sgRNA induces targeted DSB, leading to error-prone NHEJ DNA repair and
creating indels at the target site.?*® To confirm gene editing caused by the Cas9-sgRNA-RNP

complex at the genomic level, we PCR-amplified the targeted genomic region from a pool of
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NK cells treated with RPs containing either anti-EGFP-sgRNA or anti-7/GIT-sgRNA and
analyzed the sequence of amplicons. As a non-treated control, amplicons from wild-type NK
cells were used. From the sequencing results, we confirmed gene mutations in the sgRNA-
targeted T/GIT locus (Figure 2.3 C). Additionally, we analyzed the sequenced 7/GIT PCR
fragments using Inference of CRISPR Edits (ICE; Synthego) to validate editing efficiencies
computationally.*® As expected, we found a series of indels and aberrant sequences from all
TIGITXO-pNK samples (Figure 2.3 D). On average, 89% of pNK cells were modified. Thus,
these results indicate that Cas9-loaded RPs can be used for efficient gene knockout in primary

NK cells.
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Figure 2.3 Anti-TIGIT RPs abrogated TIGIT expression in primary human NK cells.
(A) Representative MFI of TIGIT surface expression in human pNK cells transduced with
RPs targeting T/GIT (n = 3). Data represent mean = SD. (B) Representative histograms
depicting the expression of various surface receptors on pNK cells transduced by RPs. (C)
Sequences of the whole TIGIT PCR fragments from pNK cells treated with RPs. The arrow
indicates a mutation starting site analyzed by Sanger sequencing. (D) ICE analysis of
sequenced 7/GIT PCR fragments from three donors that received CRISPR-Cas9 and sgRNA-
loaded RPs. The upper chromatograms show sequencing results (Cas9-RNP-RP samples, top;
non-treated controls, bottom). The sequence signal plots show the discordant sequences
between the control (orange) and RP-received samples (green). The right bar graphs indicate
frequencies of indels. Eff, editing efficiency; ns, non-significant; ***p < 0.001.
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2.4.3 Cas9-RNP-loaded RPs can induce TIGIT gene knockout and anti-
EGFR-CAR transgenesis simultaneously

Since RPs efficiently delivered Cas9-sgRNA-RNP complexes into NK cells, we
reasoned that combining Cas9-RNP RPs with a transgene could induce transgenesis and
genetic knockout in NK cells simultaneously. We used a CAR structure containing an anti-
EGFR nanobody, a hinge, a CD28 transmembrane and intracellular domain, and a
CD3(¢ intracellular domain (Figure 2.4 A). This camelid nanobody-based anti-EGFR-CAR
has previously been shown to have strong activity in CAR-T cells but has not yet been tested
in NK cells.!!® Surface expression of the anti-EGFR-CAR was confirmed using a broadly
cross-reactive anti-nanobody to stain NK cells.'!'® To test the anti-tumor functionality of the
anti-EGFR CAR in NK cells, we generated NK92 cells expressing the CAR using BaEV-TR
pseudotyped lentiviral vectors, resulting in CAR expression in = 38% of NK92 cells (CAR-
NKO92 cells) (Figure 2.4 B). The CAR-NK92 cells were co-cultured with either the triple-
negative breast cancer cell line, MDA-MB-231 (EGFR"#"), or an estrogen receptor-positive
(ER™) breast cancer cell line. MCF7 (EGFR")?* (Figure S3 A), for 4 hours and analyzed
for expression of CD107a, a degranulation marker, by flow cytometry. CAR negative
(CAR™®) and CAR positive (CARP?) NK92 cells showed < 6% CD107a expression when
co-incubated with EGFR!®Y MCF7 cells, while robust CD107a expression (= 67.6%) was
observed only in CARP* NK92 cells when co-incubated with EGFRM#" MDA-MB-231 cells

(Figure 2.4 B).

To enhance the anti-tumor activity of the CAR, we simultaneously knocked out
TIGIT. Since Cas9-RNP RPs were established in the retroviral system, we cloned anti-

EGFR-CAR into the pMIG retroviral backbone. Lenti-X 293T cells were transfected with
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plasmids encoding Gag-Pol, Gag-Cas9, anti-TIGIT sgRNA, VSV-G, BaEV-TR, and anti-
EGFR-CAR to prepare V + T pseudotyped RPs (Figure 2.4 C). As controls, RPs targeting
only TIGIT or CAR were also prepared and used for NK cell modification. Notably, pNK
cells transduced with RPs simultaneously targeting 7/GIT and delivering a CAR gene showed

significantly reduced TIGIT and induced CAR expression post-transduction (Figure 2.4 D).
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Figure 2.4 Simultaneous 7/GIT gene knockout and CAR integration into an NK cell
genome by Cas9-RNP-loaded RPs. (A) Graphical summary depicting anti-EGFR CAR-
mediated NK cell functional activation. (B) Representative dot plots and bar graphs showing
the enhanced anti-tumor activity of CAR-NK92 cells against the EGFR™¢" triple-negative
breast cancer cell line MDA-MB-231. (C) Graphical summary illustrating the strategy by
which RPs engineer NK cells with anti-EGFR-CAR transgenesis and 7/GIT gene knockout.
(D) TIGIT, CAR, and GFP expression on primary NK cells from three different donors
transduced by RPs. ns, non-significant; ***p <0.001; ****p<0.0001.

2.4.4 TIGIT knockout does not improve human NK cell function in vitro
and in vivo

We next investigated whether TIGIT knockout in pNK cells enhances NK cell
degranulation. TIGIT recognizes CD112 and CD155 proteins and inhibits NK cells through

ITIM and immunoglobulin tail tyrosine (ITT)/ITT-like domains.??”** We first assessed the
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expression of TIGIT ligands, CD112 and CD155, on EGFR"&" TNBC cells (MDA-MB-231
and SUM149PT), EGFRY ER" breast cancer cells (MCF7), and EGFR"¢ B cell lymphoma
cells (Raji). All three breast cancer cell lines showed surface expression of CD112 and
CD155 (Figure S3 B). Neither CD112 nor CD155 was observed on EGFR"® Raji cells. To
investigate the effect of TIGIT knockout on anti-tumor activity, CAR-pNK and CAR-
TIGITXO-pNK cells were prepared from three different donors and co-cultured with various
target cells. After 4 hours of co-incubation, we measured CD107a and IFN-y expression in
GFP-positive (CARP®) and GFP-negative (CAR"®) cells (Figure 2.5 A). As expected,
CARP* cells showed higher CD107a and IFN-y expression than CAR"® cells when
stimulated with EGFR"e" target cells, MDA-MB-231 and SUM149PT, in all three donors.
CAR expression did not enhance NK cell effector function against EGFR'®" and EGFR™®
target cells, MCF-7 and Raji cells. Unexpectedly, we did not observe enhanced NK cell

function in TIGITX® CARP® cells compared to TIGIT?*® CARP*NK cells (Figure 2.5 B).

To further investigate whether TIGIT knockout might enhance the anti-tumor activity
of CAR-NK cells over an extended period that may not be apparent in our short-term in vitro
assessments, we proceeded to an in vivo model of human breast cancer. We first injected 1
105 EGFRM#" MDA-MB-231 cells expressing firefly luciferase (MDA-MB-231-Fluc)
intraperitoneally (i.p.) into immunocompromised NSG mice. Three days after post-tumor
engraftment, the mice received two doses of 1 x 107 engineered pNK cells, administered at a
two-day interval. Luciferase signals were measured weakly using IVIS to assess tumor
growth in vivo (Figure 2.5 C, D). Consistent with our in vitro data, CAR expression on pNK
cells significantly enhanced tumor control in both groups receiving CAR or CAR-TIGITX?

pNK cells. However, TIGIT knockout did not further improve tumor control in vivo (Figure
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2.5 E, F). These results indicate that TIGIT knockout in CAR-NK cells does not improve

anti-tumor activity against TNBC cells.
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Figure 2.5 TIGIT knockout failed to enhance the anti-tumor activity of human NK cell
function in vitro and in vivo. (A) Representative histograms show the gating strategy to
measure CD107a and IFN-y expression on NK cells based on CAR expression. (B) The
proportions of CD107a" and IFN-y" cells among the total NK cell population upon
stimulation with various target cells (n = 3). Expanded primary NK cells from three donors
were analyzed. Data represent mean + SD. (C) TIGIT, CAR, and GFP expression in the first
dose of NK cells. (D) Schematic of experimental procedures for evaluating the anti-tumor
activity of genetically modified pNK cells in vivo using a MDA-MB-231 intraperitoneal
xenograft mouse model (n = 5). (E) The tumor burden of each group was measured using
total bioluminescence values from control pNK, CAR-pNK, or CAR-TIGITXC-pNK cells. (F)
Bioluminescence images were acquired on days 2, 9, 16, 23, and 30 by IVIS. ns, non-
significant; ***p < 0.001; ****p<0.0001. L.P.: intraperitoneal injection.
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2.4.5 Cas9-RNP containing RPs allow site-specific CAR integration into the
NK cell genome

CRISPR-Cas9 genetic modification is mediated by a cellular DNA repair mechanism
caused by DSBs, which has been shown to insert a lentiviral genome at the DSB site when
combined with Cas9 and transgene-loaded lentiviral particles.>*! Thus, we assessed whether
site-specific CAR integration into the genome also occurred in our CAR-TIGITXC NK cells
(Figure 2.6 A). To investigate DSB-mediated genome insertion in NK cells, we extracted
genomic DNA from primary NK cells transduced with RPs and amplified the region
surrounding the sgRNA binding site using PCR (Set 1; TIGIT-For and TIGIT-Rev), as shown
in Figure 2.6 A. All DNA extracted from parental and transduced pNK cells showed the
presence of a 7/GIT amplicon in three different donors. To assess integrated viral genomes,
we amplified a portion of pMIG and pMIG-anti-EGFR-CAR from transduced NK cells using
pMIG-targeting primers (Set 2; pMIG-F and pMIG-R). This part of the transgene was found
in all NK cells modified with pMIG backbones. To determine whether anti-EGFR-CAR
specifically integrated into the anti-7/GIT sgRNA targeting site, we amplified gene fragments
using the TIGIT-specific primer and a 5’LTR-specific primer (Set 3; TIGIT-For and 5’LTR-
Rev). Notably, amplicons from PCR with TIGIT-For and 5’LTR-Rev primers were observed
only in the genomic DNA from the CAR-TIGITXO-pNK cells, suggesting targeted CAR
transgene insertion into the 7/GIT locus (Figure 2.6 B). The amplicons generated by primer
set 2 were more abundant than those from primer set 3, indicating that random CAR
integrations predominantly occurred. To further validate the site-specific CAR integration,
we cloned the PCR amplicons and Sanger-sequenced seven individual PCR clones. We

confirmed the presence of site-specific transgene insertions from all clones. Interestingly, due
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to the NHEJ-induced indels, various genomic modifications such as nucleotide deletion and
insertion were observed (Figure 2.6 C, D). Taken together, our RPs utilizing Cas9-RNP
against the 7/GIT locus enable simultaneous site-specific anti-EGFR-CAR integration in

primary NK cells.
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Figure 2.6 Site-specific CAR integration into an NK cell genome by Cas9-sgRNA RPs.
(A) Ilustrative concept of a site-specific CAR integration into the genome by Cas9-sgRNAs.
The bottom DNA indicates the genomic modification after engineering with Cas9-RNP
loaded RPs. Arrows indicate the locations and directions of primers for PCR. (B) PCR
amplicons from primer set 1, set 2, and set 3. Note that the amplicons from PCR with primer
set 3 indicate possible site-specific CAR integration into the 7/GIT locus. (C) Representative
Sanger sequencing results of three independent amplicons from PCR with primer set 3. (D)
Summary of various genomic events in seven independent amplicons from PCR with primer
set 3.
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2.5 Discussion

This work aimed to test whether the delivery of Cas9-sgRNA RNP complexes via RPs
is effective in knocking out genes in NK cells. This technology has been successful in
engineering mouse bone marrow cells, human T cells, and human B cells.!”®?*! but has not
yet been reported for NK cells, which are known to be more refractory to genetic modification
than other immune cells.'?® By adopting the retroviral particle system called Nanoblade, from
the original report,'’® we clearly demonstrated that RP-based technology is applicable to NK
cell engineering. We established a protocol by which not only Cas9-sgRNA RNP complexes
but also CAR transgene could be concurrently delivered to primary NK cells by RPs without
a convoluted virus precipitation process. The engineered NK cells clearly showed target gene
knockout and CAR expression, and were further used to investigate the outcome of the

genetic modification in the ex vivo and in vivo responses of the anti-tumor response.

BaEV-G allowed successful modifications in NK cells.!*>!8! BaEV binds amino acid
transporters, ASCT1 and ASCT2, which are highly expressed on activated NK cells,
facilitating the entry of BaEV pseudotyped vectors into NK cells.!?®!3¢ In the earlier report,
BaEVRless was used to pseudotype retroviral particles.?*»*** BaEVRless benefited the
production of BaEV pseudotyped viral vectors compared to the wild-type BaEV.!%
BaEVRless increased the titer of wviral particles in combination with VSV-G
pseudotyping.!”®18! Despite these reported advantages of the BaEVRless, we observed a
highly cytotoxic effect from syncytium formation among RP-producing Lenti-X 293T cells
post-transfection. Fusion-mediated producer cell death led us to test non-syncitium-forming
BaEV (BaEV-TR). Previously, the RD114 retroviral envelope was modified to contain a

transmembrane domain and R peptide from MLV, which benefited viral vector production.?**
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The same strategy was applied to BaEV and increased the scale of viral vector production
without inducing syncytia.'*> In this study, we tested whether the BaEV-TR benefits RP
production. In addition, we applied a novel flow virometry technique to characterize and
quantify RP particles. Since violet lasers are much stronger than blue lasers, violet laser-based
side scatter (SSC) calibration was used to measure small retroviral particles.?***¢ Our EGFP
knockout data reproduced the results previously reported using VSV-G and BaEVRless
pseudotyped Cas9-loaded RPs.!7%!8! Interestingly, we found that VSV-G and BaEV-TR RPs
were more abundantly produced compared to those RPs with VSV-G and BaEVRless
pseudotyping and showed the greatest knockout efficiency. RPs produced with BaEV-TR
alone could also form a clear retroviral particle population and induce EGFP knockout at high

efficiencies.

Although primary NK cells expanded from PBMCs can be an excellent source of NK
cells for CAR transduction, performing multiple rounds of genetic manipulation may not be
plausible due to the limitations of NK cell expansion. Therefore, a novel strategy, as we have
developed here, to simultaneously modify primary NK cells with CAR overexpression and
suppressive gene knockout would be desirable. We combined the RP delivery system and
successfully achieved anti-EGFR-CAR overexpression and TIGIT knockout in primary NK
cells using single transduction, leading to an innovative strategy to generate a large number
of gene-edited CAR-NK cells. A recent report showed a similar approach in T cells using
lentiviral particles.*! Our report is the first to demonstrate the double delivery of a CAR
construct and a Cas9-sgRNA-RNP complex to primary NK cells. In addition, we also showed
evidence of site-specific CAR transgene integration into the site targeted by the Cas9-sgRNA

RPs. Since the concern of random genomic integration of the CAR transgene is serious in
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engineering-based immunotherapy due to accidental oncogenesis, the site-specific
integration by RPs could greatly address this safety concern if used with an integrase-
deficient viral vector. It should also be possible to leverage endogenous genetic regulatory
machinery to drive gene expression of CARs or other transgenes utilizing this approach,
similar to what has been done with targeted CAR-knockin at the T cell receptor alpha chain

(TRAC) locus of human T cells.?*’

In earlier studies, titration of Cas9-loaded RPs was performed by conventional
western blot and enzyme-linked immunosorbent assay (ELISA).?*!'”® Moreover, obtaining
the functionality of the gene-targeting Cas9 protein requires the incorporation of sgRNAs.?*
Therefore, confirming the Cas9 proteins from the RPs does not ensure the quantity of sgRNA-
loaded Cas9 complexes, which are the functional RNP structures. Due to the concern of
empty Cas9 proteins, the functional RPs in this study were confirmed by reduced TIGIT
expression of post-transduction of NK cells by flow cytometry in combination with the
number of particles determined by flow virometry. For transgene and knockout
combinational modifications, CAR expression was the primary consideration in NK cells.
Therefore, the titer was mainly estimated based on the expression of GFP and CAR in NK

cells. Even though our method could assess the total number of RPs, advanced methods may

be required to quantify the number of empty RPs.

For the method development work performed here, we decided to knock out the
TIGIT gene in NK cells due to the robust tumor control previously observed in a TIGITKO
mouse model.?* TIGIT controls NK cell function by competing with CD226 and CD96.%?’
A previous study investigating this TIGIT blockade showed increased NK cell degranulation

and IFN-y production in targeting ovarian cancer cells.>>* Our results suggest that breast
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cancer cells do not enhance TIGITXC NK cell function in vitro and in vivo. In contrast to our
expectations and previous literature, we found that TIGITXC was not beneficial in further
improving the function of EGFR-targeting CAR-NK cells against both the triple-negative
and the ER-positive breast cancer cells in vitro and in vivo. While these results should not be
too broadly interpreted, TIGIT may not have a strong inhibitory effect on NK cell function
in the context of CAR-NK cells. Given the efficiency of our approach, it would be interesting
to combine multiple sgRNAs targeting NK-inhibitory receptors (including TIGIT) to assess

their combinatorial effect in the future.

In conclusion, CRISPR-Cas9 is a powerful tool for studying NK cell biology at the
genomic and proteomic levels. Here, we demonstrated that Cas9-sgRNA complex-loaded
RPs can greatly enhance Cas9 delivery into NK cells in a cost-effective and reproducible
manner. Furthermore, Cas9-sgRNA complex RPs loaded with transgenic cargo enabled
simultaneous genome editing in combination with possible transgene integration at a targeted

site, giving therapeutic potential.
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3.1 Abstract

NK cell therapy has demonstrated significant potential in cancer immunotherapy by
harnessing NK cells to target malignancies. CD138-targeting CAR-engineered NK cells offer
a promising therapeutic option for multiple myeloma (MM). However, sustaining CAR
expression on CAR-NK cells during ex vivo expansion poses a challenge to developing
effective immunotherapies. In this study, primary NK cells were isolated, cryopreserved, and
modified to express anti-CD138 CARs through retroviral transduction. HDAC:s, particularly
entinostat (ENT), were applied to enhance CAR expression stability in CAR-NK cells. Our
findings indicate that ENT treatment significantly improves and maintains CAR expression,
thereby enhancing the cytotoxic activity of CAR-NK cells against CD138-positive multiple
myeloma cells. ENT-treated CAR-NK cells exhibited prolonged CAR persistence and more
significant tumor reduction in an MM tumor-bearing mouse model, highlighting the
therapeutic potential of ENT-treated CAR-NK cells. This study provides the first evidence
that ENT can sustain CAR expression in CAR-NK cells in a promoter-dependent manner,
potentially enhancing anti-tumor efficacy in multiple myeloma and underscoring the possible

need for further clinical evaluation.
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3.2 Introduction

Allogeneic NK cell therapy holds promising potential in cancer immunotherapy by
utilizing NK cells from healthy donors to treat patients.?!1:>>2 These cells can be readily
expanded and stored for "off-the-shelf" use, making the therapy more scalable and
accessible.?!! NK cells can be engineered with CARs to enhance their cytotoxic
effects.!372°323% Ongoing research and clinical trials continue to demonstrate the potential of
allogeneic CAR-NK therapies, particularly in treating hematological malignancies, where
they have shown notable anti-tumor efficacy with a lower risk of complications like GVHD

and CRS, which are common in T cell-based therapies.'?*>

Multiple myeloma (MM) is a clonal plasma cell malignancy characterized by the
buildup of malignant plasma cells in the bone marrow, leading to complications such as bone
destruction, anemia, and renal impairment.?*® Despite advancements in treatments, including
proteasome inhibitors, immunomodulatory drugs, CD38-targeting monoclonal antibodies,
and more recently, BCMA-targeting CAR-T cells, MM remains largely incurable, with most
patients eventually experiencing relapse.”>’**® Targeting CDI138 (syndecan-1), a
transmembrane proteoglycan highly expressed in myeloma cells and certain epithelial cells,
has emerged as a therapeutic strategy, including using a drug-conjugated anti-CD138
antibody (BT026).>° Additionally, anti-CD138 CAR-T cells have shown promise in
preclinical studies, and a phase 1 clinical trial is underway for patients with relapsed and
refractory multiple myeloma (NCT03672318). In NK cell therapy, anti-CD138 CAR has been
tested in the NK immortalized cell line, NK92 cells.?*® Although on-target, off-tumor effects

remain a concern due to CD138 expression in normal tissues, ongoing optimization in these
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approaches could lead to significant advances in cell therapies for multiple myeloma,

potentially improving survival outcomes for this difficult-to-treat malignancy.?®!

Viral transduction-mediated gene delivery is a widely used technique in immune cell
engineering to introduce therapeutic genes, such as CARs, into T and NK cells.?*262
However, one challenge is the potential for transgene silencing after integration into the host
genome.?®> Gene expression is tightly regulated by histone acetylation, a process controlled
by HATs and HDACs.!® High levels of histone acetylation result in a more open chromatin
structure, improving the accessibility of RNA polymerases and facilitating gene
expression.'®® Recently, HDACi have increased histone acetylation, resulting in more relaxed
chromatin and enhanced promoter accessibility.'*®?** HDAC inhibitors like ENT and VPA
have shown promise in increasing transgene expression in cancer cell lines.?2%7 In T cells,
TCR engineered cells have demonstrated enhanced expression following HDACI
treatment.’’* While TCR-T cells have demonstrated HDACi-mediated transgene
overexpression, it is noteworthy that prior studies involving anti-CD19 CAR-T cells treated
with HDAC inhibitors, such as panobinostat and ENT, did not show enhanced CAR
expression.!?® This discrepancy may be linked to differences in promoter responsiveness to
HDAC:s, as demonstrated by a study on adenoviral vectors containing CMV and PPT

promoters.’®’ CMV promoter exhibited responsiveness to HDACis, resulting in GFP

overexpression, whereas the PPT promoter showed no such effect.

In this study, we investigated the anti-tumor activity of anti-CD138 CAR-engineered
NK cells against multiple myeloma, including the option for cryopreservation. After the CAR
transduction of NK cells, we observed a progressive decrease in CAR expression in CAR-

NK cells during ex vivo expansion. Notably, HDACi treatment restored CAR expression,

77



Dong-Hyeon Jo

thereby enhancing effector function both in vitro and in vivo. To our knowledge, this is the
first report to assess the impact of HDACi treatment on transgene overexpression in CAR-
NK cells in a promoter-dependent manner. Overall, this study highlights the potential of
HDACI, especially ENT, treatment to enhance the efficacy of CAR-NK cell therapy by

upregulating CAR expression.

3.3 Materials and Methods

3.3.1 Cancer cell line culture

Multiple myeloma cell lines, MM1.R and MML.S, as well as B cell lymphoma cell
lines, Ramos and Raji, were obtained from ATCC and cultured in RPMI-1640 medium (350-
000-CL; Wisent) supplemented with 10% HI-FBS (12484028; Gibco), 100 U/mL Penicillin
and 100 pg/mL Streptomycin (Pen/Strep) (SV30010; HyClone), 55 uM B-Mercaptoethanol
(21985023; Gibco), and 20 mM HEPES (CA12001-708; VWR) (hereafter called RP10
medium). MDA-MB-231 cells were also obtained from ATCC, while Lenti-X 293T cells
were purchased from Takara (632180), and both were cultured in high-glucose DMEM (319-
005-CL; Wisent) supplemented with 10% HI-FBS and 100 pg/mL Pen/Strep. NK92 cells
were cultured in RP10 medium supplemented with 200 U/mL human recombinant IL-2 (NCI
Preclinical Repository, USA). Two different MM 1.S-firefly luciferase (FLUC) cells, MM1.S-
FLUC-red fluorescent protein (RFP) and MM1.S-FLUC-blasticidin cells, were utilized for

in vivo experiments.
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3.3.2 Generation of master stocks of human primary NK cells

The Ottawa Health Science Network Research Ethics Board (#20200527-01H) and
the University of Ottawa (#H-01-21-6568) authorized the collection of whole blood from
healthy adults. Peripheral blood mononuclear cells (PBMCs) were extracted using Ficoll
(45001750; Cytiva) gradient centrifugation, and NK cells were isolated as previously
demonstrated.'3” The isolated primary NK (pNK) cells were immediately cultured with two
times the number of irradiated K562 feeder cells, which expressed membrane-bound IL-21
and 4-1BBL (a kind gift from CYTOSEN), along with 100 U/mL of IL-2 in RP-10 medium
for three days.?®> After three days, half of the medium was replaced with NKMACS medium
(130-114-429; Miltenyi Biotech), and the cells were expanded for 2 additional days. On day
5, an equal volume of NKMACS medium was added. By day 6, the partially expanded pNK
cells were frozen at -80 °C using a freezing medium containing 90% FBS and 10% DMSO

(BP231-100; FisherBioReagents).

3.3.3 Molecular Cloning

To generate a retroviral pMIG-Green fluorescent protein (GFP)-IL-15 plasmid,
EcoRI-GFP-IL-15-Pacl fragments were produced and digested with EcoRI (FD0274;
Thermo Fisher Scientific) and Pacl (FD2204; Thermo Fisher Scientific). The resulting
fragment was cloned into an EcoRI- and Pacl-treated pMIG plasmid (gifted by William Hahn;
9044; Addgene). To create the pMIG-GFP-IL-15-EFS-CAR construct, the FMC63-28Z CAR
plasmid was obtained from Addgene (#135991, deposited by Scott McComb;
http://n2t.net/addgene:135991; RRID: Addgene 135991).2° The anti-CD138 single-chain

variable fragment (scFv) gene fragment, purchased from GeneArt String (Thermo Fisher
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Scientific), was cloned into the FMC63-28Z CAR by replacing FMC63 with anti-CD138
scFv using Bpil-Golden Gate cloning, as described in previous studies (FD1014; Thermo
Fisher Scientific).?%® The entire construct, including the EFS promoter and the anti-CD138
CAR, was amplified by PCR and cloned into the pMIG-GFP-IL-15 plasmid using Pacl and
Sall (FD0644; Thermo Fisher Scientific) restriction sites. For the generation of different
promoter-containing CAR constructs, the CMV promoter was extracted from the pLenti-
CMV-GFP-SV40-puro plasmid using CMV-F
(AGTCGTACCGGTCGTTACATAACTTACGGTAA) and CMV-R
(AACATCGGATCCCGCGTCACGACACAGCTCTGCTTATATAGACCT) primers and the
MSCV  promoter (MSCV-F: AGTCGTACCGGTAATGAAAGACCCCACCTGTA and
MSCV-R: AACATCGGATCCCGCGTCACGACACGGCGCGCCGAGTGAGGGGTT)
was transferred from the pMIG-GFP-IL-15 plasmid to a QC5-EFS-anti-EGFR CAR-IL-15
construct by replacing the EFS promoter using BshTI and BamHI. To generate CD138-
positive Ramos cells, the SV40-puro from the pLenti-CMV-GFP-SV40-puro plasmid was
replaced with an EFS-multiple cloning site (MCS) using Mlul (FD0564; Thermo Fisher
Scientific) and Eco911 (FD0394; Thermo Fisher Scientific). The EFS-MCS fragment was
purchased from Thermo Fisher Scientific (GeneArt String). The CD138 fragment (GeneArt
String, Thermo Fisher Scientific) was then inserted into the pLenti-CMV-GFP-EFS-MCS
plasmid using Bsp1191 (FDO0124; Thermo Fisher Scientific) and Nhel (FD0974; Thermo
Fisher Scientific). PCR was performed using Platinum™ SuperFi™ PCR Master Mix
(12358050; Thermo Fisher Scientific). All cloning was confirmed by sequencing conducted
at the Ottawa Hospital Research Institute (OHRI) DNA sequencing facility, and sequencing

results were analyzed using SnapGene (Dotmatics).
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3.3.4 Retroviral and lentiviral vector production

To produce retroviral vectors, we followed a previously published method with slight
modifications.'*” A total of 1.2 x 10¢ Lenti-X 293T cells were plated per well on a 6-well
plate (83.3920, Sarstedt) in 2 mL of serum-containing Opti-MEM medium (51985091,
Gibco). The next day, the cells were transfected with 1,200 ng of retroviral transgene plasmids,
1,200 ng of MLV-gag-pol, 500 ng of pMD2.G (deposited by Didier Trono, Addgene #12259;
http://n2t.net/addgene:12259; RRID: Addgene 12259), and 100 ng of BaEV-TR!* using
Lipofectamine 3000 (L3000015, Invitrogen) (6 uL P3000 and 7 pL Lipofectamine 3000).
After a 4-hour incubation, the medium was completely removed and replaced with 2 mL of
fresh Opti-MEM medium. The first viral supernatant was collected the day after, followed by
a fresh medium replacement for the second harvest on day 2. Viral supernatants were filtered
using a low protein-binding PES filter (83.1826, Sarstedt) and stored at -80 °C. To produce
lentiviral vectors and the functional titer calculation, we followed the method previously

published.'?’

3.3.5 Primary NK cell transduction and expansion

Cryopreserved primary NK (pNK) cells of master stocks were thawed and rested
overnight in a DMEM/F-12 + supplement (DS) medium,?®’ containing 10% HI-FBS and 100
U/mL IL-2. The following day, the pNK cells were transduced in a flat-bottom plate pre-
coated with 20 pg/mL Retronectin (T100B, Takara Bio). Viral supernatant and 100 U/mL IL-
2 were added to the plate. The cells were centrifuged at 1,000 x g for 30 minutes at 32 °C
and cultured overnight at 37 °C and 5% CO2. The next day, the engineered pNK cells were

stimulated with irradiated feeder cells at a 1:5 ratio and 100 U/mL IL-2. The pNK cells were
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then expanded by replacing the culture medium every 2 to 3 days with fresh DS medium
containing 100 U/mL IL-2. For experiments involving HDACis, NKMACS medium

containing 10% HI-FBS and gentamicin (10 pg/mL, 15710-064, Gibco) was used.

3.3.6 Immunostaining

Antibody-based cell immunostaining was performed as previously described!*” with
the following antibodies, reagents, and beads. Data were analyzed by Kaluza Analysis 2.1
(Beckman Coulter) and Flowjo v10.8.1 (BD Life Sciences). Jackson ImmunoResearch
Laboratories Inc: anti-human Fab(ab’)2 (109-605-006, AF647), anti-Alpaca’s VHH (128-
605-230, AF647). Invitrogen™ : NKp46 (53-3359-42, AF488), CTLA4 (11-1529-42, FITC),
NKp30 (12-3379-42, PE), NKG2D (46-5878-42, PerCP-eFluor710), CD16 (46-0118-42,
PerCP-eFluor710), IgGlk (46-4714-82, PerCP-eFluor710), LAG3 (56-2239-41, APC),
CD38 (67-0389-42, SB702). BD Biosciences: CD57 (560844, PE). Biolegend: 1gG2k
(400506, FITC), KIR2DL2/3 (312604, FITC), NKp44 (325108, PE), NKG2C (375003, PE),
murine CD45 (110708, PE), IgGlk (400112, PE), TNF-a (557068, PE) CD138 (356514,
PE/Cyanine7), IgG1k (400125, PE/Cyanine7), CD107a (328620, APC), NKG2A (375108,
APC), KIR3DL1 (312716, APC), IgGlk (400120, APC), IFN-y (502548, APC/Fire710),
CD56 (318328, BV421), CD3 (317332, BV510), CD138 (356520, BV605), IgG1k (562652,
BV605), human CD45 (304048, BV785), IFN-y (502542, BV785). LIVE/DEADTM Fixable
Viability dyes: Yellow (L.34959, Invitrogen), Aqua (LL.34957, Invitrogen), Near-IR (L34976,
Invitrogen), Green (L23101, Invitrogen). UltraComp eBeadsTM Plus Compensation Beads

(01-3333-42, Invitrogen).
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3.3.7 Puromycin staining

Puromycin staining was performed based on the previously published paper.2%
Briefly, NK cells were plated on a 48-well plate (83.3923, Sarstedt) with or without 100 mM
2-Deoxy-D-Glucose (2DG) (D8375-5G, MilliporeSigma) and 1 uM oligomycin (O4876-
SMG, MilliporeSigma) for 45 minutes at 37 °C. Then, the cells received 10 pg/ml puromycin
(450-162-XL, Wisent) and incubated for 45 minutes at 37 °C. The cells were washed with
ice-cold PBS and stained with a live-dead dye and an anti-puromycin antibody (381508,
AF647, Biolegend). A Cyto-FastTM Fix/Perm Buffer Set (426803, Biolegend) was used for

the intracellular puromycin staining by following the manufacturer's instructions.

3.3.8 In vitro CD107a, IFN-y and TNF-a assays

For CD107a, IFN-y, and TNF-a assays, effector and target cells were plated at a 1:1
ratio on a 96-well plate, with an anti-CD107a antibody (if required) added to each well. The
plate was incubated at 37 °C and 5% CO2. After 1 hour of incubation, brefeldin A (00-4506-
51; Invitrogen) was added to the culture. NK cells and target cells were co-incubated for an
additional 3 hours. Following the incubation, the cells were washed with PBS (10010049,
Gibco) containing 2% HI-FBS and stained with appropriate antibodies for flow cytometric

analysis.

3.3.9 In vitro killing assay

For short-term killing assay, target cells were labeled with cell-trace violet (CTV) dye
(C34571, Invitrogen™) according to the manufacturer's instructions. The CTV-labeled target

cells were then co-cultured with NK cells for 4 hours at varying eftector-to-target cell ratios.
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The percentage of dead cells within the CTV-positive target cell population was subsequently

analyzed by flow cytometry.

For long-term killing assays, FLUC-expressing target cells were used based on the
previously published studies.?*® Primary NK cells were co-cultured overnight with FLUC-
expressing target cells at varying effector-to-target ratios in a 96-well assay plate (31113,
Labselect). Following incubation, D-Luciferin (122799-5, Revvity) was added to the wells
to reach a final 150 pg/mL concentration. Luminescence was measured using the Synergy
H1 Multi-Mode Plate Reader (Biotek) to assess the cytotoxic activity of the pNK cells against
the target cells. Cytotoxicity was calculated based on the equation below. (Lum:

Luminescence)

LumTarget+NK cells

( - LumTarget alone _jmmedium

) X 100

3.3.10 Histone deacetylase inhibitor treatment

Entinostat (A8171-5.1, Labclinics), Valproic acid (P4543-10G, MilliporeSigma), and
RGFP966 (16917-1, Cayman Chemical) were obtained from commercial sources. For short-
term exposure and dosage evaluation, overnight-rested pNK cells were transduced with
CAR-IL-15 retroviral vectors at an MOI of 3, following the standard pNK cell transduction
protocol. The transduced cells were stimulated and expanded for 5 days (TD + 5). After 5
days, the modified NK cells were cryopreserved at -80 °C using a freezing medium. The
engineered and cryopreserved NK cells were later thawed and rested overnight for HDACi
titration. The resting NK cells were treated with varying concentrations of HDACis (as
indicated in the figures), incubated for 2 days, and then immunostained to validate transgene

expression.

84



Dong-Hyeon Jo

For long-term exposure, pNK cells were transduced, stimulated, and expanded for 5
days. Afterward, the cells were divided into two groups: cultured in an HDACi-containing
medium and a DMSO-containing (non-treated, NT) medium. The medium was refreshed
every 2 to 3 days. Prior to in vitro and in vivo experiments, ENT-treated cells were washed

once with NKMACS medium.

3.3.11 In vivo tumor control experiments

A breeding pair of NSG mice was acquired from Jackson Laboratories, and the colony
was housed in the specific pathogen-free animal facility at the University of Ottawa, adhering
to Canadian Council on Animal Care guidelines. Male NSG mice (8 to 12 weeks old) received
2.5 x 106 MML.S cells expressing firefly luciferase intravenously. The mice were then
assigned to groups (n = 5/group treated with NK cells or n =2 or 3 for a PBS control). Three
or seven days post-injection of the target cells, the mice were administered 1 x 107 pNK cells
intravenously (for the HDACis study, twice at six-day intervals). The luciferase signal was
monitored using the IVIS® Spectrum (Perkin Elmer) and Newton animal imaging system
(VILBER; in the middle of this project, Newton was purchased). Blood samples were
collected from the saphenous vein. All procedures were approved by and conducted in

compliance with the animal care guidelines of the University of Ottawa.

3.3.12 Statistical analysis

The mean values for multiple factors were analyzed using two-way ANOVA,
comparing the means of the groups. A t-test was used for two-factor comparisons to evaluate

the mean values performed in GraphPad Prism 9 (Dotmatics). Statistical significance was
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defined as p < 0.05. Data are presented as mean £+ SD, and all graphs were generated and

analyzed using GraphPad Prism 9.

3.4 Results

3.4.1 NK cells from a cryopreserved master stock are expandable ex vivo
and suitable for CAR engineering

Traditional NK cell engineering involves a continuous process of NK cell isolation,
expansion, engineering, and further expansion, where the efficiency of NK cell expansion
and engineering is highly donor-dependent. To streamline this process and minimize
redundant NK cell isolations, we hypothesized that cryopreserving NK cells at the early
stages of expansion could improve NK cell readiness for CAR-NK cell production. pNK cells
from three donors were expanded using irradiated K562 cells expressing 4-1BBL and mblL-
21 in the presence of IL-2.2% After 6 days of expansion, master stocks were prepared by
cryopreserving NK cells in FBS containing 10% DMSO. After 2 days of cryopreservation, a
vial was thawed, and the pNK cells were further expanded (Figure 3.2 A). Their expansion
rates were slightly lower than those of pNK cells without cryopreservation. pNK cells that
had not been frozen achieved an average 1,609-fold expansion over 12 days. pNK cells from
the frozen master stock showed a transient delay in expansion but eventually reached similar
growth rates to those of unfrozen pNK cells, achieving an average 846-fold expansion (D6 +
6). Although the total expansion was 1.9-fold lower after 12 days, the expansion rates at two-
day intervals following cryopreservation were comparable (Figure 3.2 B). Phenotypes of the

expanded cells were similar and showed high purity (Figure 3.2 C, Figure S4).
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To explore the potential for engineering pNK cells from the master stock, we
generated a lentiviral vector encoding 4-1BB and CD3( signaling-based CAR and human IL-
15. We thawed pNK cells that had been cryopreserved for one week or three months in a DS
medium?% containing 100 U/mL IL-2 and rested them overnight to remove damaged cells.
The following day, 5 x 10* pNK cells were transduced with lentiviral vectors at an MOI of 2.
After overnight transduction, the viral supernatant was replaced with fresh medium
containing 2.5 x 10° (5x) irradiated feeder cells (Figure 3.2 D). The medium was changed
every two days. Fold-expansion and CAR expression were assessed five days post-
transduction (TD + 5) and up to 12 days (TD + 12). pNK expansion from cells cryopreserved
for either one week or three months was comparable for both unmodified and CAR-
engineered pNK cells (Figure 3.2 E). CAR expression in CAR-transduced NK cells
decreased similarly over time in NK cells cryopreserved for one week or three months when
measured on TD + 5 and TD + 12 (Figure 3.2 F). Taken together, primary NK cells from a
cryopreserved master stock are expandable ex vivo and are suitable for engineering via viral

transduction.
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Figure. 3.2 Cryopreserved master stock NK cells can be expanded and engineered for
CAR therapy. (A) Schematic diagram showing the expansion of cryopreserved NK cells. (B)
NK cell expansion folds measured at two-day intervals (n=3 donors’ NK cells) (C) NK cell
purity analysis from expanded NK cells (n=3 donors’ NK cells). (D) Timeline for NK cell
engineering and expansion. (E) Expansion folds in UT and CAR engineered NK cells. (n=2
donors’ NK cells with triplicate transduction) (F) CAR expression on days 5 and 12 after the
transduction (TD + 5 and TD + 12). (n=2 donors’ NK cells with triplicate transduction); UT:
Untransduced, Cryo: Cryopreserved NK cells.

3.4.2 Anti-CD138 CAR enhances NK cell function in vitro; however, CAR

expression decreases during expansion ex vivo

To enhance the ability of expanded NK cells to kill multiple myeloma cells, we
designed an anti-CD138 CAR using a Bpil-based type II restriction enzyme cloning
approach.?%® This CAR construct includes a CDS8 hinge, a CD28 transmembrane domain, and
CD28-CD3( intracellular signaling domains in a lentiviral vector. The anti-CD138-CAR
sequence was integrated into the retroviral vector pMIG-GFP-IL-15 to generate a retroviral
CAR transgene plasmid (Figure 3.3 A). This transfer was done due to the use of the GFP-IL-
15 backbone. NK92 cells were transduced with retroviral vectors containing GFP-IL-15 and
GFP-IL-15-CAR (CAR-IL-15) constructs, and surface CAR expression was assessed using
an anti-human Fab(ab’)2 antibody.?’® NK92 cells transduced with GFP-IL-15 showed 71%
GFP expression with minimal background anti-Fab(ab’)2 signals, whereas CAR-IL-15-
NKO92 cells displayed 69% GFP expression and over 50% CAR-positive populations (Figure

3.3 B).

To assess NK cell functionality and cytotoxicity, GFP-IL-15-NK92 and CAR-IL-15-
NK92 cells were co-cultured with CD138-positive multiple myeloma cell lines (MM1.R and

MM1.S) and CD138-negative cell lines (Ramos and MDA-MB-231) (Figure S5 A). CD138-
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positive targets, MMI1.R and MMI1.S, induced an average of 67% and 48% CDI107a
expression and 34% and 17% IFN-y production in CAR-IL-15-NK92 cells, respectively,
compared to 28% and 21% CD107a and 7% and 3% IFN-y in UT-NK92 cells. In contrast,
negative controls (Ramos, MDA-MB-231) or NK cells alone did not enhance NK cell
responses in CAR-IL-15-NK92 cells beyond those seen in UT-NK92 cells (Figure 3.3 C, D).
CAR-IL-15-NK92 cells demonstrated enhanced cytotoxicity against MM1.R and MM1.S
compared to the GFP-IL-15-NK92 cells, while cytotoxicity against Ramos and MDA-MB-

231 cells was limited, regardless of CAR expression (Figure 3.3 E).

To evaluate the functionality of the anti-CD138 CAR in expanded pNK cells derived
from cryopreserved stocks, we thawed frozen pNK cells, genetically modified the pNK cells
with retroviral vectors encoding either GFP-IL-15 or CAR-IL-15, and expanded them for 5
days. All three CAR-IL-15-pNK cell cultures exhibited positive staining for CAR, while
GFP-IL-15-pNK and UT-pNK cells showed no CAR signals. Both GFP-IL-15 and CAR-IL-
15-pNK cells exhibited GFP-positive signals (Figure S5 B). Next, we assessed the anti-tumor
activity of CAR-IL-15-pNK cells. pNK cell cytotoxicity was evaluated against CD138-
positive MM1.S cells and CD138-negative Raji cells. Notably, CAR-IL-15-pNK cells from
two donors exhibited significantly higher cytotoxicity against CD138-positive MM1.S but
not CD138-negative Raji cells (Figure 3.3 F). To address CAR specificity, we generated
Ramos cells expressing CD138 (Ramos-CD138). Ramos-CD138 cells induced stronger
CD107a and IFN-y signals than Ramos cells (Figure S5 C). We also evaluated the in vivo
cytotoxicity of CAR-IL-15-pNK cells by injecting 2.5 x 10®* MM1.S cells into NSG mice,
followed three days later by 1 x 107 pNK cells (Figure 3.3 G). In line with our in vitro

findings, CAR-IL-15-pNK cells demonstrated significantly enhanced eradication of multiple
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myeloma cells compared to GFP-IL-15-pNK and UT-pNK controls (Figure 3.3 H). Although
our anti-CD138 CAR construct improved the anti-tumor function in vivo, we also observed
a marked decline in CAR expression during ex vivo expansion, with expression dropping
from 51% (average, avg) on TD + 5 to 15% (avg) on TD + 12, leading to the limited use of

CAR-pNK cells within a short expansion time (Figure 3.3 I).
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Figure. 3.3 Functionality and CAR expression of anti-CD138-CAR engineered NK cells.
(A) Design of the anti-CD138 CAR construct. (B) GFP and CAR expression in engineered
NK92 cells. (C) The CD107a and IFN-y-expression patterns in modified NK92 cells co-
cultured with CD138-positive target MM 1.R and CD138-negative target MDA-MB-231 cells.
(D) CD107a and IFN-y expression in NK92 cells with or without target cells. (E) NK92 cell
killing assay with CD138-positive and negative target cells (F) Killing assay using
engineered pNK cells with MM1.S (CD138-positive, CD138"%) and Raji (CD138-negative,
CD138M¢?) cells. (n = 2 donors’ NK cells) (G) Injected NK cell GFP and CAR expression,
and timeline of the performed the in vivo experiment. (H) /n vivo imaging. Signal intensity
indicate firefly luciferase-expressing MM1.S cells. (I) CAR expression in NK cells on TD +
5and TD + 12 (n = 3 cryopreserved donors’ NK cells).

3.4.3 Histone deacetylase inhibitors enhance GFP and CAR expression in
NK cells in a dose- and promoter-dependent manner

To explore whether this CAR downmodulation can be overcome by adding small-
molecule inhibitors targeting epigenetic machinery, we employed HDACi. Specifically, we
chose to use Entinostat (ENT, an HDAC class I and IV inhibitor),?”! Valproic Acid (VPA, an
HDAC class I and IIa inhibitor),?’”> and RGFP966 (RGFP, an HDAC 3 inhibitor)?”* since ENT
and VPA previously showed improved transgene regulations.?®>?%” For consistency, we
cryopreserved anti-CD138 CAR-expressing pNK cells on TD + 5, then thawed, rested
overnight, and cultured them with HDAC inhibitors for 2 days. Remarkably, all HDAC
inhibitors significantly increased the GFP™ CAR" populations in a dose-dependent manner.
Without HDAC inhibitors, the GFP" CAR" NK cell population averaged 31.6%. However,
this population increased to 60.6% with ENT, 57.1% with VPA, and 57.9% with RGFP966
at the highest concentrations tested without significant toxicity (Figure 3.4 A, Figure S6).
When the MFI of CAR and GFP was assessed, CAR expression generally improved with
HDAC: treatment; however, the treatment had a stronger effect on GFP expression (Figure
3.4 B). Given that GFP and CAR expression were controlled by two distinct promoters in the
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GFP-CAR-IL-15 construct, we hypothesized differential effects of HDAC inhibitors on these
promoters. Since all three HDAC inhibitors produced similar effects in NK cells, we

primarily used ENT in subsequent experiments.

To determine if ENT exerts different effects on various promoters, we generated
lentiviral vectors containing an unrelated anti-EGFR CAR construct!!® driven by three
distinct promoters: The MSCV promoter, EF1a small (EFS) promoter, and CMV promoter.
Since the MSCV and CMV promoters have shown improved expression after HDACi
treatment,’°>2% we anticipated that ENT in NK cells would significantly enhance MSCV and
CMYV promoter activities. Consistent with our hypothesis, ENT significantly boosted CAR
expression driven by both the MSCV and CMV promoters but had a minimal effect on the
EFS promoter. Interestingly, after ENT treatment, CAR expression driven by the CMV
promoter exhibited a higher MFI than the EFS promoter despite lower baseline expression in
the absence of ENT (Figure 3.4 C). Notably, we observed enhanced CAR expression in the
treatment of ENT, even though the CAR expression is under the EFS promoter in our
retroviral CAR construct. Currently, we reason that the leaky upstream MSCV promoter
influences the downstream EFS promoter, as reported.?’**”> To determine whether the
increased GFP" CAR" population resulted from enhanced protein translation, we treated NK
cells with puromycin and measured puromycin signals using flow cytometry as a surrogate
marker for actively translating polypeptides.?®® Puromycin staining revealed that ENT
reduced protein translation in pNK cells (Figure 3.4 D). Despite reduced translation, GFP
expression was still higher in the presence of ENT, indicating that ENT-mediated transgene

overexpression is not linked to general protein synthesis in NK cells (Figure 3.4 E). Taken
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together, histone deacetylase inhibitors enhance CAR expression in NK cells in a promoter-

specific manner.
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Figure. 3.4 Enhanced CAR expression in NK cells by treating with histone deacetylase
inhibitors. (A) Effects of different concentrations of HDACi in GFP* CAR" population. (n
=2 donors’ NK cells) (B) CAR and GFP MFIs in HDACi-treated pNK cells. (n = 2 donors’
NK cells) (C) ENT 300 nM and 500 nM-treated MSCV, EFS, and CMV-CAR-engineered
pNK cells. (n = 1 donor’s NK cells, triplicate transductions) (D) Puromycin-based NK cell
translation capacity confirmation. Puromycin staining was performed with or without
metabolic inhibitors, 2DG, and oligomycin. (n = 1 donor’s NK cells) (E) GFP expression in
the cells tested for the puromycin staining; ENT: Entinostat, VPA: Valproic acid, RGFP:
RGFP966, MSCV: Murine stem cell virus promoter, EFS: EF1-a small promoter, CMV:
Cytomegalovirus promoter, 2DG: 2-Deoxy-D-glucose.

3.4.4 Entinostat treatment reduces NK cell degranulation but does not
affect CAR-mediated NK cell functionality

We evaluated the kinetics of CAR expression following ENT removal and resting NK
cells overnight. The GFP* CAR" population was maintained after resting with reduced CAR
MFIs (Figure 3.5 A). We further tested the resting effect for five days. GFP™ CAR"
populations continued to decline following ENT withdrawal. Nonetheless, pNK cells
maintained higher CAR expression 5 days post-ENT removal than DMSO-treated CAR-pNK
cells (Figure 3.5 B). To assess the functionality of ENT-treated CAR-IL-15-pNK cells against
multiple myeloma cells, we treated cryopreserved NK cells with 500 nM ENT. Considering
previous observations of a slight reduction in overall MFIs following overnight resting, we
also compared degranulation with that of NK cells rested overnight. Treatment with 500 nM
ENT significantly reduced degranulation in response to CD138-negative Ramos cells and
NK cells alone. In contrast, CD107a expression remained mostly intact when targeting
CD138-positive MM1.S cells. Notably, allowing NK cells to rest overnight partially restored
their function against Ramos cells but slightly diminished degranulation against MM1.S cells.

(Figure 3.5 C). The slight reduction in degranulation may be attributed to the modest
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decrease in CAR MFIs post-resting. Therefore, our data suggest that CAR-mediated

cytotoxicity remains functional despite ENT treatment.

Next, we evaluated NK cell survival following 500 nM ENT treatment. Given that
GFP is linked to IL-15 via the P2A sequence under the MSCV promoter, we hypothesized
that ENT-treated NK cells with increased GFP expression would demonstrate improved
survival without IL-2. NK cells were cultured with 500 nM ENT for two days, after which
IL-2 and ENT were withdrawn. As hypothesized, non-treated NK cells experienced
substantial cell death with 78% mortality after four days without IL-2. In contrast, ENT-
treated GFP overexpressing NK cells exhibited enhanced survival, with only 39.4% cell death
in vitro (Figure 3.5 D). Altogether, our data demonstrate that ENT treatment enhances

transgene expression without compromising CAR-mediated NK cell degranulation.
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Figure. 3.5 CAR maintenance, degranulation, and survival of ENT-treated NK cells in
vitro. (A) GFP" CAR" population and CAR MFI analysis after overnight resting. (n = 2
donors” NK cells treated with ENT 500 nM) (B) GFP" CAR" population maintenance
analysis for 5 days following ENT removal. (n = 2 donors’ ENT 500 nM-treated NK cells)
(C) CD107a assay using ENT 500 nM-treated NK cells. (n =2 donors’ NK cells) (D) NK cell
survival without IL-2. NK cells were treated with IL-2, with or without ENT 500 nM; IL-2
and ENT were then withdrawn to assess their survival. (n=2 donors’ NK cells)

3.45 ENT treatment of CAR-pNK cells during expansion ex vivo
upregulates CAR expression and improves target cell lysis.

To assess the possible application of ENT during NK cell expansion, we transduced
NK cells and expanded CAR-IL-15-pNK cells for 5 days (TD + 5), followed by treatment
with either 300 nM or 500 nM ENT for 7 days (TD + 12). The 300 nM and 500 nM were
selected due to the CAR maintenance from the HDACi dosage assay. Without ENT, the GFP*
CAR" NK cell population steadily decreased; however, this population was better maintained
in the 300 nM and 500 nM ENT treatment groups (Figure 3.6 A). NK cells treated with 500
nM ENT exhibited reduced expansion, while those treated with 300 nM ENT continued to

proliferate (17.97-fold for 300 nM vs. 7.64-fold for 500 nM) (Figure 3.6 B).

To confirm NK cell cytotoxicity following long ENT treatment, we incubated both
unmodified and CAR-modified NK cells treated with or without 300 nM ENT. Subsequently,
1 x 10° NK cells were co-incubated overnight with 1 x 10° MM 1.S-FLUC cells at a 1:10 ratio.
The results showed that CAR-expressing NK cells significantly outperformed unmodified
NK cells in eradicating MM1.S cells. Interestingly, Donors 1 and 2, used in this experiment,
exhibited comparable cytotoxicity levels without CAR but differed when CAR expression
was present. To explore this further, we assessed CAR expression levels in both donors.
Donor 1 demonstrated 59% CAR positivity, whereas Donor 2 exhibited 45%, confirming that
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the enhanced cytotoxicity was predominantly driven by CAR expression (Figure 3.6 C). By
assessing unmodified NK cells, we verified that this enhanced cytotoxicity was not attributed
to ENT treatment. DMSO- or ENT-treated unmodified NK cells were co-incubated with the
general NK cell target K562 cells. ENT treatment slightly reduced NK cell cytotoxicity and
cytokine production, further supporting that CAR expression is the primary factor of ENT-

treated NK cell cytotoxicity (Figure 3.6 D, E).

The reduced NK cell proliferation in the presence of ENT during expansion limits its
applicability. To overcome this limitation, we assessed whether ENT could increase the GFP*
CAR" population in NK cells after TD + 12 days. The DMSO-treated TD + 12 NK cells were
treated with 500 nM ENT (brief treatment, bENT) for two days. Notably, this brief ENT
treatment upregulated CAR expression, resulting in high CAR expression (Figure 3.6 F). We
also validated whether the ENT treatment changes NK cell phenotypes. ENT-treated NK cells
showed reduced expression of activating receptors, including NKp30, NKp44, NKp46, and

NKG2D (Figure S7).
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Figure 3.6 The CAR and NK cell phenotypes and functionalities after long-term ENT
treatment. (A) CAR expression analysis during ex vivo expansion following CAR
transduction in the presence of ENT (n = 2 donors’ NK cells). (B) NK cell expansion for
seven days with ENT. (n =4, 2 donors’ NK cells with or without engineering). NK cells were
transduced, stimulated, and expanded for five days (TD + 5). The modified NK cells were
then cultured with or without ENT. (C) Comparison of NK cell cytotoxicity between ENT
300 nM-treated CAR-NK cells and UT-NK cells in vitro. (n = 2 donors’ NK cells) (D)
Cytokine production analysis in DMSO or ENT 300 nM-treated UT-NK cells. (n =2 donors’
NK cells) (E) Target cell killing activity of the UT-NK cells. (n = 2 donors’ NK cells) (F)
DMSO-treated TD + 12 NK cells were treated with 500 nM ENT for two days (brief
stimulation, bENT). NK cells showed improved GFP" CAR" populations (n=2 donors’ NK
cells).

3.4.6 ENT-treated CAR-overexpressing pNK cells show enhanced anti-
myeloma activity in vitro and in vivo

To evaluate whether ENT-treated NK cells could improve in vivo tumor elimination,
we transduced and expanded CAR-pNK cells for 5 days, followed by further expansion with
300 nM ENT for 7 days. A bENT group was also included, where CAR-pNK cells were
exposed to 500 nM ENT for 3 days after TD + 9 to assess whether short-term treatment could
improve tumor control in vivo. In the in vivo model, 2.5 x 10° MM1.S-FLUC cells were
injected intravenously into mice. Based on prior in vivo experiments demonstrating that
CAR-pNK cells effectively eliminated tumor burdens developed for 3 days, we delayed the
first NK cell dose to 7 days post-tumor injection to induce higher tumor burdens. On the day
of NK cell injection (TD + 12), the GFP™ CAR" populations were 17%, 44%, and 49% for
the DMSO control, 300 nM ENT, and 500 nM bENT groups, respectively (Figure 3.7 A).
Before in vivo injection, the cytotoxicity of ENT-treated pNKs was tested in vitro. ENT-
treated CAR-IL-15-pNK cells demonstrated superior in vitro cytotoxicity against MM1.S

cells compared to the DMSO-treated pNK cells (Figure 3.7 B). After the first dose, the
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remaining NK cells were further expanded for 6 more days with 300 nM ENT or without
ENT, followed by another brief stimulation with 500 nM ENT. The second dose of CAR-
pNK cells was administered to the mice 6 days after the first injection (TD + 18) (Figure 3.7
C). After long-term expansion, ENT treatment showed significantly higher GFP™ CAR" NK
cell populations (21%, 58%, and 46% for DMSO, 300nM ENT, and 500nM bENT,
respectively) (Figure 3.7 A). In vivo imaging data demonstrated that the 300 nM and 500 nM
bENT-treated NK cells provided superior tumor control compared to the DMSO-treated NK

cells (Figure 3.7 D, E).

Peripheral blood analysis from ENT-treated mice indicated improved NK cell survival.
GFP expression in NK cells suggested that ENT treatment temporarily increased GFP-IL-15
gene expression, contributing to short-term NK cell persistence and enhanced tumor control
in vivo (Figure 3.7 F, G). After 29 days of tumor engraftment, mice were euthanized, and
tumor burdens in the bone marrow and spleen were analyzed. Consistent with luminescence
data, the percentage of multiple myeloma was significantly lower in mice that received 300
nM or brief-500 nM ENT-treated NK cells (Figure 3.7 H). In conclusion, CAR-IL-15-pNK
cells treated with ENT during ex vivo expansion demonstrated enhanced CAR and IL-15

expression, resulting in superior anti-myeloma activity in vivo.

103



B

Dong-Hyeon Jo

ENT bENT e DMSOm ENT300nM &4 bENT500nM
DMSO  350nM  500nM
1 n T n <0.001 <0.001
; | 100
1st R~ ‘ _I | ‘ | . <0.001
m+2[if] [ [ ] 0.001 ;
all | 17%! | 44%'  49% z
Bl 17%] _ 44%|  49% Sl w
2nd !J } 1 i FI’ % 40+ <0.001 <0.001
TD + 18 |- i 1 Y et | = —_—
| 21%! " 58% _ 46% 201 o -
C CAR o ‘ Target:lMMl.S
1st dose 2nd dose
2.5M I .
MML.S-FLUC Tmaging " I{J?(I‘;I ) Imaging on maging E <0.001
(i.v) iV v e DMSO oo
<U.
vyy v v 2x10° w ENT300nM g
DO D6 D7 D12 D13 bENT500nM °
1.5%108— 0.38
D 3 009 %8
PBS DMSO ENT300nM bENT500nM L 1%108 = 0.36 0.67
. ol 0.98 >099 — —
S _ -
D6 5x107- 0.98 0.99 >0.99 A
0 \ T T T
D12 D6 D12 D19 D28
e DMSO
4 o " ENT300nM 0001 12500 <0.001
404 4 bENT500nM <0.00 <0.001
D19 ﬁ h&‘AG 100002 <0.001 046 to000q - o=
0.91 % 7500 § 35 3 % —
“‘ = T3 20 1_004 -!% %% o 5000_:9 ; %%
A £ - . U
D28 ) Bﬁ\‘.ﬁb_‘ k '& gﬁ—‘n Bﬁ o 2500 *
0 T T * T T T T T T O T T T T T T T T T
S SN o@d S B L A R SR X
H ENT bENT e DMSO m ENT300nM & bENT500nM
PBS DMSO 300nM 500nM <0.001
A — T 1 — 100— 012 0.05
; ° g0 n 095
34% Sl 0 [ o
i: 40 %
3 20 ? -
% =
My 0 T T
BM Spleen

104



Dong-Hyeon Jo

Figure. 3.7 Anti-tumor activity of CAR-NK cells treated with ENT in vitro and in vivo.
(A) GFP and CAR expression in NK cells used for in vivo injection. (n = 1 donor’s NK cells)
(B) In vitro cytotoxicity assay of the expanded NK cells. Cytotoxicity was assessed on the
day of the NK cell injection. (C) Schematic diagram of the in vivo experiment. (D) Newton
imaging. The brighter colors (blue to red) indicate stronger luminescence signals from
MMI1.S-FLUC cells. Marked mice were exposed for 30 seconds and not included in the
statistical analysis. Other mice received 2 minutes of exposure. Red numbers indicate the
analysis scale for the 2-minute exposed mice. (n = 5 mice for NK cell treatments and n = 2
mice for PBS control). (E) Analysis of total flux from each mouse. (F) Percentages of human
CD45-positive populations in the blood on days 10, 16, and 22 post-MM1.S-FLUC cell
injection. (G) GFP MFIs from the hCD45-positive cells. (H) Multiple myeloma tumor burden
on day 29 in bone marrow (BM) and spleen (SP).; FLUC: Firefly luciferase, bENT 500nM:
three days ENT 500nM treated NK cells, BM: Bone marrow. The days in Figures D to H
indicate the timeline post-MM1.S-FLUC cell injection.
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3.5 Discussion

MM is characterized by the uncontrolled proliferation of highly differentiated
malignant plasma cells.?>® The clonal diversity and differentiation of these plasma cells
contribute to high relapse rates in MM patients treated with antibody- or proteasome
inhibitor-based therapies.>®® This study investigated CAR-NK cells targeting CD138, a
marker highly expressed in multiple myeloma cells.?®! While anti-CD138 CAR-NK cells
effectively eradicated target myeloma cells in vitro, CAR surface expression on NK cells
declined over time during ex vivo NK cell expansion, limiting their therapeutic efficacy. To
overcome the progressive loss of CAR expression, we assessed the feasibility of using
cryopreserved NK cells engineered with an anti-CD138 CAR, combined with HDAC:s,

thereby improving treatment outcomes for multiple myeloma.

One critical component in NK cell research is the expansion process, which can be
influenced by factors such as blood donors, irradiated feeder cells, and NK cell isolation
methods.!**27® The importance of the NK cell expansion becomes more significant when NK
cells are engineered, for example, with CAR transgenes, as shown in this study. In this
research, we tested the feasibility of using primary NK cells cryopreserved at early
stimulation stages for engineering and subsequently expanding them after a freeze/thaw cycle.
We observed that NK cells generally reached the exponential growth phase around 5 days
after the first feeder cell stimulation. Cryopreserving NK cells at this stage consistently
yielded high survival rates after thawing. Additionally, NK cells, thawed after being stored at
-80°C for three months, still exhibited successful CAR engineering and robust expansion

with feeder cell stimulation post-transduction. This cryopreservation strategy provides
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flexibility in CAR-NK cell preparation for preclinical experiments and presents a potential

advantage for the clinical application of off-the-shelf CAR-NK cell immunotherapy.

Due to the frontline intracellular epigenetic modification pathways, foreign
transgenes are prone to gene silencing in various cell types.?®® In particular, CAR
downmodulation during ex vivo expansion impacts the efficacy of NK cell-mediated
immunotherapy. Our study aimed to boost transient CAR expression during ex vivo expansion
to support long-term expansion and a multi-dosing strategy. To address this issue of CAR
downregulation, we decided to test HDAC inhibitors, which are epigenetic modifiers due to
the previously reported papers showing HDACi-induced transgene overexpression.??4207
Remarkably, HDACi treatment was able to restore transgene expression, sustaining CAR
expression during ex vivo expansion. This sustained expression allowed for more effective
and durable CAR-NK cell function, significantly reducing CAR downregulation.
Furthermore, HDACi can be applied during the final two days of the ex vivo expansion phase
to restore CAR expression. Typically, NK cell expansion is limited to 2-3 weeks, as CAR
expression diminishes beyond this period. However, brief treatment of CAR-NK cells with
HDAC: at the end of expansion may extend this duration to 4-5 weeks, addressing a critical
bottleneck in CAR-NK cell production. This extended expansion strategy will improve the

availability of CAR-NK cells for repeated dosing, enhancing their off-the-shelf potential for

more effective therapeutic outcomes and relapse prevention.

In investigating the promoter-specific effects of ENT, we observed that ENT-
mediated CAR overexpression driven by the MSCV and CMV promoters in the lentiviral
vector system was significantly higher than the effect in the EFS promoter, highlighting the

differential regulation of transgene expression in NK cells based on promoter selection. This
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promoter effect brings an interesting question. The recent advancements in CAR-NK cell
generation, such as targeted gene insertion via AAV vectors, which is considered superior to
lentiviral systems for CAR expression, often utilize the MND promoter (myeloproliferative
sarcoma virus enhancer, negative control region deleted, dI587rev primer-binding site
substituted promoter) in NK cells.?”” Given that our data indicate varied CAR expression and
differential responses to epigenetic inhibitors across different promoters in NK cells, it would
be worthwhile to investigate whether the MND promoter can achieve high CAR expression

in NK cells with a lentiviral system and respond to HDAC:i.

In conclusion, our study demonstrated that applying HDAC inhibitors, especially
ENT, could effectively upregulate the CAR transgene in a promoter-specific manner. It
showed sustained CAR and IL-15 transgene expression in NK cells during ex vivo expansion.
In the presence of ENT, CAR expression remained stable, allowing for prolonged expansion
and supporting the feasibility of multi-dosing CAR-NK cells. This combinational approach
of CAR-NK cells with ENT offers significant therapeutic potential for advancing off-the-

shelf CAR-NK cell immunotherapy.

108



Dong-Hyeon Jo

Chapter 4: CD38 Knockout Using CRISPR-Cas9-
Loaded Retroviral Particles Reduces
Daratumumab-Mediated NK Cell Fratricide,
Leading to Improved Multiple Myeloma Clearance

Chapter 4 related authors:
Dong-Hyeon Jo'* and Seung-Hwan Lee'~

"Department of Biochemistry, Microbiology, and Immunology, Faculty of Medicine,
University of Ottawa, Ottawa, ON, Canada.

’The University of Ottawa Centre for Infection, Immunity, and Inflammation, Ottawa, ON,
Canada.

Chapter history:

This is an ongoing project.

Acknowledgement:

Alissa Visram kindly provided daratumumab for this project. Figures were generated using
Biorender.com.

109



Dong-Hyeon Jo

Multiple myeloma
N P Y

Anti-CD38 Ab,
Daratumumab

L —
GFP-IL-15 transgene &

/ Cas9-RNP (CD38sgRNA)
CD16 -loaded RP CD38K0

CD38*-pNK cell -GFP-IL-15-pNK cell

V Reduced NK-NK fratricide and
specific cytotoxicity against multiple myeloma

V IL-15-mediated improved
NK cell survival and expansion

Figure 4.1 Graphical abstract for Chapter 4

110



Dong-Hyeon Jo

4.1 Abstract

Treating multiple myeloma continues to be challenging due to the clonal diversity of
highly differentiated B-cell populations, which leads to heterogeneous phenotypic profiles
and therapeutic resistance. Despite this complexity, CD38 is consistently expressed in
multiple myeloma, making it a vital therapeutic target. Among the CD38-targeting agents,
the monoclonal antibody daratumumab has emerged as one of the most effective treatments;
however, daratumumab frequently depletes natural killer (NK) cells due to CD38 expression
on NK cells. To enhance the combinatorial use of NK cells with daratumumab, previous
studies utilized CD38 knockout (CD38X°) via electroporation, demonstrating improved NK
cell functionality and reduced fratricide. Building on the previous findings, in this study, we
explore an alternative approach using CRISPR-Cas9-loaded retroviral particles to generate
CD38XO NK cells. Our method successfully knocked out CD38, reducing NK cell fratricide
while enhancing multiple myeloma clearance. Additionally, we simultaneously engineered
NK cells to express GFP-IL-15 while removing CD38 to promote their survival and
expansion in vivo. Our findings support that Cas9-loaded-retroviral particle-mediated NK
cell engineering provides a novel strategy to generate CD38%° NK cells and a combinational

therapy using daratumumab and NK cells.
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4.2 Introduction

Multiple myeloma is a clonal plasma cell malignancy characterized by uncontrolled
proliferation within the bone marrow, leading to excessive immunoglobulin production and
subsequent complications such as osteolytic bone lesions, renal failure, and anemia.?*® The
pathogenesis of multiple myeloma is driven by a combination of genetic and epigenetic
alterations, including chromosomal translocations such as t(4;14), t(11;14), and t(14;16), as
well as mutations in key oncogenic pathways including rat sarcoma (RAS)/ mitogen-
activated protein kinase (MAPK), nuclear factor kappa B (NF-«B), and tumor protein p53
(TP53).27827 These aberrations promote tumor growth, survival, and immune evasion by
altering transcriptional programs, cell signalings, and metabolic pathways. The tumor
microenvironment also plays a critical role in multiple myeloma progression, with bone
marrow stromal cells (BMSCs), regulatory T cells (Tregs), and myeloid-derived suppressor
cells (MDSCs) fostering immune suppression and therapy resistance.?®® Furthermore,
alterations in metabolic reprogramming, particularly in glycolysis and oxidative
phosphorylation, contribute to myeloma cell adaptation and drug resistance, underscoring the

need for novel therapeutic strategies.?®!

CD38, a type II transmembrane glycoprotein, and ectoenzyme, is highly expressed in
malignant plasma cells and plays a crucial role in multiple myeloma pathophysiology.?*>
CD38 catalyzes the conversion of nicotinamide adenine dinucleotide (NAD+) into cyclic
ADP-ribose (cADPR) and ADP-ribose (ADPR), regulating calcium signaling, cell
metabolism, and immune function.?®* Overexpression of CD38 in multiple myeloma has been
linked to disease progression, immune escape, and metabolic reprogramming; therefore,

targeting CD38 has been a compelling strategy.?®*?%5 Daratumumab, a human IgGlk anti-
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CD38 monoclonal antibody, has demonstrated efficacy in multiple myeloma treatment.
Daratumumab induces multiple killing mechanisms, including direct apoptosis, ADCC,
antibody-dependent cellular phagocytosis (ADCP), and complement-dependent cytotoxicity
(CDC).2%28 Dye to its therapeutic effect, daratumumab was granted accelerated approval by

the FDA in 2015 for patients who received three prior treatments.?%’

While daratumumab effectively eliminates multiple myeloma cells, daratumumab
treatment is associated with the depletion of CD38-expressing immune cells, particularly NK
cells.!”” NK cells are crucial for innate immune surveillance and tumor control, exerting
cytotoxic effects through perforin/granzyme secretion and cytokine-mediated immune
modulation.?!*32%7 Importantly, NK cells mediate ADCC, a key mechanism for daratumumab
efficacy, by engaging CD16 (FcyRlIlla) to recognize and kill antibody-bound target cells.
However, clinical trials such as GEN501 and SIRIUS have reported significant depletion of
NK cells following daratumumab treatment due to the CD38-mediated NK cell fratricide.?*"-
292 This loss of NK cells may contribute to reduced long-term efficacy of daratumumab by
impairing innate immune responses. Strategies to mitigate NK cell depletion include genetic
engineering approaches such as CD38X0 to prevent fratricide.!’?°? Preclinical studies have
demonstrated that CD38%° NK cells retain cytotoxic function while resisting daratumumab-

induced depletion, offering a promising strategy to enhance the therapeutic potential of an

NK cell and daratumumab combinational immunotherapy.

CRISPR-Cas9 genome editing has revolutionized the field of immune cell
engineering, enabling precise gene modifications to enhance therapeutic efficacy.!*® The
CRISPR-Cas9 system introduces targeted DSBs at specific genomic loci, which are repaired

via NHEJ or HDR, allowing for targeted gene disruption or insertion. Electroporation of Cas9
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RNPs is a commonly used method for CD38%°

NK cell generation; however, it requires
significant optimization to improve NK cell viability.!®17° Alternative strategies, such as
VLPs, have been developed for efficient genome editing with minimal cytotoxicity.
Retroviral-based VLP-containing Cas9-RNP have demonstrated high efficiency in NK cell

engineering, specifically TIGITXC NK cells, and allowed simultaneous engineering to

generate CAR and TIGITX® NK cells using a single-step modification.'*’

In this study, we applied Cas9-loaded retroviral particles to generate CD38%° NK
cells and assessed their cytotoxicity and fratricide with daratumumab. Additionally, we
introduced GFP-IL-15 transgenesis to enhance NK cell persistence in vivo. Our findings
demonstrate that CD38%° NK cells resist daratumumab-induced depletion while maintaining
anti-myeloma cytotoxicity. This approach provides a novel strategy to generate CD38%° NK

cells for multiple myeloma treatment with daratumumab.

4.3 Materials and Methods

4.3.1 Cancer cell line culture

Multiple myeloma cell lines, U266, MM1.R, and MM1.S, were obtained from ATCC
and cultured in RPMI-1640 medium (350-000-CL; Wisent) supplemented with 10% HI-FBS
(12484028; Gibco), 100 U/mL Penicillin and 100 pg/mL Streptomycin (Pen/Strep)
(SV30010; HyClone), 55 uM B-Mercaptoethanol (21985023; Gibco), and 20 mM HEPES
(CA12001-708; VWR) (RP10 medium). Lenti-X 293T cells were purchased from Takara
(632180) and were cultured in high-glucose DMEM (319-005-CL; Wisent) supplemented

with 10% HI-FBS and 100 pg/mL Pen/Strep.

114



Dong-Hyeon Jo

4.3.2 Generation of master stocks of human primary NK cells

Chapter 3 focused on the cryopreservation process of primary NK (pNK) cells derived
from peripheral blood. Initially, these cells were cultured for 3 days in an RP-10 medium
containing 100 U/mL of IL-2 alongside irradiated K562 feeder cells at a 1:2 ratio. CYTOSEN
generously provided the feeder cells. Following this initial phase, half of the culture medium
was replaced with NKMACS medium (130-114-429; Miltenyi Biotech), enabling further
expansion for an additional 2 days. Between days 5 and 6, the partially expanded pNK cells
were cryopreserved at -80 °C using a freezing solution (90% FBS and 10% DMSO; BP231-

100; FisherBioReagents).

4.3.3 Retroviral and lentiviral vector production

To produce Cas9-RNP retroviral particles, we slightly modified the previously
published protocol.'*” In summary, we plated 1.2 x 10° Lenti-X 293T cells per well in a 6-
well plate using 2 mL of serum-containing Opti-MEM media. The next day, cells were
transfected with 7 pL of Lipofectamine 3000 along with 900 ng of BIC-Gag-Cas9, 1,200 ng
of MLV-gag-pol, 1,200 ng of either anti-EGFP'*’ or anti-CD38 sgRNA plasmid
(AGTGTATGGGATGCTTTCAA),*** 500 ng of pMD2.G, and 100 ng of BaEV-TR. For
simultaneous engineering, we co-transfected 1,200 ng of the retroviral transgene plasmid
(pMIG-GFP or pMIG-GFP-IL-15; detailed in the previous chapter) with an additional 9 uLL
of Lipofectamine 3000. After four hours, we replaced the medium with fresh serum-
containing Opti-MEM. Supernatants were collected at 24 hours, and fresh medium was added.

A second collection was done at 48 hours, combining both harvests. The viral supernatant
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was filtered through a low protein-binding PES filter and stored at -80 °C. Virus titration was

performed as previously described.'?’

4.3.4 Primary NK cell transduction and expansion

Cryopreserved pNK cells from master stocks were thawed and rested overnight in
NKMACS medium with 10% HI-FBS, and 100 U/mL IL-2, and NK cell modification was
performed as previously described in Chapter 3. Briefly, thawed pNK cells were modified on
a retronectin-coated 48-well flat-bottom with the viral particle supernatant overnight. Then,
the cells were cultured by replacing the medium with a fresh NKMACS medium every 2 to

3 days.

4.3.5 Immunostaining

Antibody-based cell immunostaining was performed as previously described'*” with
the following antibodies, reagents, and beads. Data were analyzed by Kaluza Analysis 2.1
(Beckman Coulter). CD38 (67-0389-42, SB702) CD16 (360728, BV605) NKG2D (46-5878-
42, PerCP-eFluor710) CD56 (318328, BV421) hCD45 (304048, BV785) mCD45.1 (110708,
PE) NKG2A (375108, APC) CD3 (317332, BV510) CXCR4 (12-9991-81, PE) Fixable
Yellow (L34959, Invitrogen) Fixable Near-IR (L34976, Invitrogen). UltraComp eBeadsTM

Plus Compensation Beads (01-3333-42, Invitrogen).

4.3.6 In vitro apoptosis assay

To assess daratumumab-mediated NK cell apoptosis, a commercially available PE
Annexin V apoptosis assay kit was used (640934, Biolegend). NK cells were co-cultured with

or without 1 pg/mL daratumumab for 3 hours. The cells were washed twice with Staining
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Buffer (SB, PBS + 2% HI-FBS) and then resuspended in 50 pL Annexin V Binding Buffer
containing 1 pL of PE-conjugated Annexin V and 0.25 uL 7-AAD. The cells were incubated
for 15 min at room temperature. 200 uL Annexin V Binding Buffer was added, and data were

directly acquired using Attune Flow Cytometry (Thermo Fisher Scientific).

4.3.7 In vitro Killing assay

Target cells were labeled with cell-trace violet (CTV) dye (C34571, Invitrogen™)
according to the manufacturer's instructions. The CTV-labeled target cells were then co-
cultured with NK cells at a 1:2 ratio for four hours with or without 1 pg/mL daratumumab.
The cells were stained with 7-AAD, and the percentage of 7-AAD-positive cells within the

CTV-positive target cell population was subsequently analyzed by flow cytometry.

4.3.8 In vivo NK cell survival experiments

A breeding pair of NSG mice was acquired and maintained as previously described. '’
The NSG mice (8 to 12 weeks old) received 5 x 10° NK cells intravenously. If necessary,
2000 U of IL-2 was administered with the NK cells. On the day of NK cell injection,
daratumumab-control mice received 8 mg/kg of daratumumab intraperitoneally (n = 2 or
3/group). Seven days after the injection of the NK cells, the mice were euthanized, and their
organs were harvested. Blood samples were collected from the tail vein and diluted in SB (2%
HI-FBS in PBS) containing 2 mM ethylenediaminetetraacetic acid (EDTA). All procedures
were approved by and conducted following the animal care guidelines of the University of

Ottawa.
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4.3.9 Statistical analysis

The mean values for multiple factors were analyzed using two-way ANOVA,
comparing the means of the groups. A t-test was used for two-factor comparisons to evaluate
the mean values performed in GraphPad Prism 9 (Dotmatics). Data are presented as mean =+
SD, and all graphs were generated and analyzed using GraphPad Prism 9 (*p < 0.05, **p<

0.01, ***p < 0.001, ****p<0.0001).

4.4 Results

4.4.1 CRISPR-Cas9-loaded retroviral particles successfully abrogate CD38

expression in NK cells.

Previous studies have indicated that CD38 expression in NK cells is a key driver in
their susceptibility to daratumumab-induced fratricide.!’>?°? To investigate this further, we
employed CRISPR-Cas9 gene editing using Cas9-RNP-loaded RPs targeting the CD38 gene
with a 20 bp single-guide RNA (sgRNA) containing AGTGTATGGGATGCTTTCAA > We
produced Cas9-RNP-RPs using Lenti-X 293T cells via conventional plasmid transfection.
These RPs were harvested and tested on NK cells from three independent donors, which had
been cryopreserved at an early expansion phase. Cas9-RNP-loaded RPs successfully
generated an average of 42% CD38-negative NK cell populations, whereas the negative
control (EGFP-targeting sgRNA) did not affect CD38 expression (Figure 4.2 A). Post-
modification phenotypic analysis confirmed a significant reduction in CD38 protein

expression without altering other membrane proteins (Figure 4.2 B).

While we previously utilized flow virometry to quantify viral particle production, its

reliance on specialized instrumentation limits its accessibility. To standardize NK cell
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engineering using RPs, we implemented a simultaneous engineering strategy and titrated
produced RPs based on transgene expression.'*’” By calculating transduction units and testing

MOIs of 1, 3, and 5, we observed a dose-dependent increase in CD38X©

and GFP expression.
We achieved 83% GFP-positive NK cells with 46% CD38X° efficiency using an MOI of 5
RPs (Figure 4.2 C). To further increase the CD38-negative NK cell population, we
introduced a CD38-negative selection step using a CD38-targeting biotin-conjugated

antibody coupled with streptavidin magnetic beads. This additional step increased the

proportion of CD38-negative NK cells from 49% to 88% (Figure 4.2 D).
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Figure 4.2 Efficient CD38 knockout in NK cells using Cas9-RNP-loaded retroviral
particles and electroporation. (A) Flow cytometry analysis of CD38 expression in NK cells
from three independent donors following EGFPX© and CD38X°. (B) NK cell phenotyping
post-engineering (C) Dose-dependent CD38XC and GFP expression in simultaneously
engineered NK cells (D) CD38-negative selection using a biotin-conjugated anti-CD38
antibody and streptavidin magnetic beads increased the proportion of CD38-negative NK
cells. Data represent mean values + SD; *p < 0.05; **p < 0.01; ***p <0.001; ****p<0.0001.
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4.4.2 CD38%? improves NK cell cytotoxicity against multiple myeloma
while reducing NK cell fratricide

To assess whether CD38%° enhances NK cell-mediated cytotoxicity in the presence
of daratumumab, we first characterized CD38 expression in multiple myeloma cell lines,
including U266, MM1.S, and MM 1.R. Consistent with previous findings, U266 cells lacked
CD38 expression, whereas MM1.S and MMI.R exhibited CD38-positive populations
(Figure 4.3 A).2*?% We used these cell lines to evaluate CD38%° NK cell cytotoxicity with
daratumumab. Notably, compared to CD38-positive NK cells, CD38%° NK cells
demonstrated enhanced cytolytic activity against CD38-positive MM1.S and MM1.R cells
(24% versus 41% and 38% versus 46%) but showed no improvement in cytotoxicity against
CD38-negative U266 cells (10% versus 8%). Without daratumumab, NK cells, whether
CD38%° or unmodified, exhibited no significant differences in cytotoxicity against any of the
multiple myeloma cell lines tested (Figure 4.3 B). These results indicate that CD38X°

enhances daratumumab-mediated targeting of CD38-positive multiple myeloma cells.

We next examined whether daratumumab induces NK cell death in vitro. We
incubated NK cells with 1 pg/mL daratumumab for three hours. An Annexin V-based
apoptosis assay revealed a significant increase in apoptotic NK cells from 4% to 58%
following daratumumab treatment, confirming NK cell fratricide. Notably, CD38%° NK cell
apoptosis averaged 24% with daratumumab, suggesting that CD38X° protects NK cells from
daratumumab-induced fratricide (Figure 4.3 C). This finding aligns with the ADCC
mechanism, where daratumumab targets CD38-expressing cells, including NK cells. Without
CD38 expression, NK cells resist fratricide while maintaining their cytotoxic function against

CD38-positive multiple myeloma cells.
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Figure 4.3 CD38XC enhances daratumumab-mediated NK cell cytotoxicity while
preventing NK cell fratricide. (A) CD38 expression in the target multiple myeloma cells.
(B) Cytotoxicity assay comparing CD38%° and wild-type NK cells against multiple myeloma
cell lines (U266, MM1.S, and MM1.R) with or without daratumumab. (C) Annexin V-based
apoptosis assay assessing daratumumab-induced NK cell fratricide. Data are presented as
mean £ SD; Dara, daratumumab. ns, non-significant; *p < 0.05; **p < 0.01; ****p<0.0001.

4.4.3 CD38%? NK cells improve NK cell survival in the presence of
daratumumab, while IL-15 engineering facilitates NK cell expansion in vivo.

To evaluate whether CD38X° enhances NK cell survival in vivo in the presence of
daratumumab, we first generated CD38%° NK cells and injected both CD38-positive and
CD38%9 NK cells into NSG mice intravenously (Figure 4.4 A). The mice also received 8
mg/kg daratumumab intraperitoneally on the same day. After 7 days, spleens were harvested,
and human CD45-positive populations were analyzed by flow cytometry. Consistent with our
in vitro findings, CD38%° NK cells demonstrated improved survival in the presence of
daratumumab. Without CD38%° and with daratumumab, human CD45-positive populations
were observed at 0.05% and 0.15%, whereas with CD38%0, these values increased to 0.72%
and 2.38%. Without daratumumab, CD38%° NK cells exhibited 2.36% and 1.66% (n = 2
mice/group) (Figure 4.4 B). Despite the improvements, overall NK cell survival remained
poor with the 2000 U IL-2 support. This raised concerns about whether CD38X° alone is
sufficient to enhance NK cell persistence in vivo, highlighting the need for additional

engineering.

Given the previous success of IL-15-engineered NK cells in improving survival, we
further investigated IL-15-mediated NK cell survival and expansion in vivo.>!* To assess this,
we intravenously injected GFP-IL-15-expressing NK cells and monitored GFP-positive
populations in the blood collected via the tail vein. 2 uL of blood was diluted in SB containing
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EDTA and analyzed directly using flow cytometry (Figure 4.4 C). As hypothesized, GFP-
IL-15-expressing NK cells demonstrated enhanced NK cell persistence and promoted
significant expansion over time. Fourteen days post-injection, GFP" cells constituted 0.17%
of the blood population, dramatically increasing to 11.02% by day 50, indicating a sustained

and potent IL-15-driven NK cell expansion in vivo (Figure 4.4 D).
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Figure 4.4 CD38X° and IL-15 enhance NK cell survival in vivo. (A) Injected NK cell
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Graphical summary of the performed in vivo NK cell tracking experiment. (D) GFP-IL-15
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modified NK cells. Data represent mean + SD; Dara, daratumumab.
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4.4.4 Simultaneous engineering of NK cells with GFP-IL-15 and CD38°
significantly reduces NK cell fratricide and enhances NK cell expansion in
vivo.

Since both CD38 knockout and IL-15 transgenesis are favorable modifications, we
opted to achieve both genetic edits through a single transduction approach, as previously
demonstrated.!3” We generated GFP-IL-15- and anti-CD38 Cas9-RNP-loaded RPs and
transduced NK cells. NK cells that received only GFP-IL-15 exhibited 98% GFP expression
and 9% CD38-negative phenotype. In contrast, NK cells that received GFP-IL-15 and CD38-
targeting Cas9-RNP demonstrated 96% GFP expression and a significantly higher 64%
CD38-negative population (Figure 4.5 A). These findings confirm the successful

simultaneous engineering of NK cells for CD38 knockout and IL-15 transgenesis.

To evaluate the in vivo persistence of CD38%° and GFP-IL-15 NK cells, as well as
their resistance to daratumumab-induced fratricide, we intravenously injected GFP-IL-15 and
CD38%9 GFP-IL-15-NK cells, followed by intraperitoneal administration of daratumumab (8
mg/kg). Seven days post-injection, spleens were harvested for analysis. As expected, GFP-
IL-15 significantly enhanced NK cell populations compared to the previous experiments
lacking IL-15. CD38X° substantially improved NK cell survival in the presence of
daratumumab (w/o CD38X°, <1%; with CD38X°, 12%) (Figure 4.5 B). We further analyzed
whether the hCDA45-positive cells are CD3-negative CDS56-positive NK cells. Flow
cytometric analysis of murine CD45.1-negative and human CD45-positive populations
confirmed the presence of CD56-positive and CD3-negative NK cells expressing GFP,
demonstrating that CD38%° NK cells effectively survived and GFP-IL-15 significantly

enhanced NK cell numbers (Figure 4.5 C).
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Figure 4.5 Simultaneous engineering of NK cells with GFP-IL-15 and CD38X? enhances
survival and expansion. (A) Flow cytometry analysis showing successful co-engineering of
NK cells with GFP-IL-15 and CD38X°. (B) In vivo survival of engineered NK cells following
intravenous injection and daratumumab treatment. CD38%° improved NK cell survival in the
presence of daratumumab. (C) The human CD45-positive immune cell population that
survived. CD3, CD56, and GFP signals were used to phenotype the cells; Dara, daratumumab.
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4.5 Discussion

Daratumumab, a monoclonal antibody targeting CD38, has revolutionized multiple
myeloma treatment since its accelerated FDA approval in 2015.2% Its potent anti-CD38
activity facilitates the elimination of multiple myeloma cells through ADCC, ADCP, and
CDC.%6-288 However, a major limitation of daratumumab therapy is the significant depletion
of NK cells, as CD38 is also expressed on NK cells, leading to their rapid fratricidal loss and
subsequent impairment of ADCC.2? To address this challenge, CD38%° NK cells have been
developed, preserving NK cell viability while maintaining their cytotoxic function against
multiple myeloma cells.!”® Studies have demonstrated that CD38% reduced daratumumab-
induced fratricide. CD38X° also enhanced persistence, expansion, and metabolic fitness in
NK cells.'”® By mitigating NK cell depletion and optimizing NK cell effector functions,
CD38KO NK cells represent a viable approach to overcoming the current limitations of

daratumumab-based multiple myeloma therapy.?®?

Despite the therapeutic benefits of CD38%° NK cells, their generation has relied
predominantly on the electroporation-mediated delivery of Cas9-RNP, a method known to
compromise NK cell viability due to the associated electrical stress. %17 While optimization
of electroporation has improved knockout efficiency and cell survival, the technique remains
challenging to implement broadly in NK cell engineering.'®®!'® To overcome these
limitations, we previously demonstrated a novel Cas9-RNP delivery system using retroviral
particles, which successfully mediated TIGIT knockout in NK cells.”*” In this study, we

applied Cas9-RNP-loaded retroviral particles to generate CD38K©

NK cells, demonstrating
that this method is a highly effective alternative to electroporation. Post-transduction analysis

confirmed that CD38%° NK cells reduced daratumumab-mediated fratricide and improved
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functionality against multiple myeloma, validating the feasibility of this system. Furthermore,
we implemented a simultaneous engineering strategy to enhance NK cell modification,
survival, and expansion. By generating GFP- and anti-CD38-Cas9-RNP-loaded retroviral
particles, we successfully produced CD38%°® GFP-positive NK cells. Additionally, by
incorporating an IL-15 transgene alongside CD38%°, we generated CD38%° GFP-IL-15-
expressing NK cells, which exhibited enhanced in vivo proliferation and persistence. This
streamlined approach significantly simplified the conventional multi-step process required
for CRISPR-Cas9 knockout and transgenesis, offering an efficient and scalable strategy for

NK cell engineering.

Our findings demonstrated that CD38%° NK cells exhibited improved survival and
resistance to fratricide in the presence of daratumumab, while IL-15 transgenesis further
enhanced their persistence and expansion in vivo. To maximize therapeutic efficacy,
combining CD38%° NK cells with anti-CD138 CAR may be ideal for therapeutic engineering.
This dual-targeting strategy could potentiate multiple myeloma clearance by leveraging both
CD138-directed cytotoxicity and the ADCC mediated by daratumumab. Additionally, the
incorporation of HDAC:s, such as ENT, could further enhance anti-CD138 CAR expression
and sustain IL-15 transgene expression, thereby optimizing the cytotoxic potential of CD38%°
anti-CD138 CAR-NK cells. This multi-strategic NK cell engineering is expected to exhibit
stabilized transgene expression, increased CAR-mediated cytotoxicity, and improved ADCC
in combination with daratumumab, ultimately leading to more robust multiple myeloma

eradication. Future studies should explore the synergistic potential of this combinational

approach to maximize therapeutic outcomes.
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While CD38%° NK cells offer a promising strategy for improving daratumumab
efficacy, another compelling alternative involves FceRI-y-negative NK cells, known as g-NK
(gamma-negative NK) cells.>* This subset naturally exhibits a CD38-low or CD38-negative
phenotype, rendering them resistant to daratumumab-induced fratricide while displaying
superior ADCC activity.>> In human samples, g-NK cells are commonly found in human
cytomegalovirus (HCMV)-seropositive donors, but their therapeutic applicability remains
constrained by donor variability and limited ex vivo expansion following the current protocols
for primary NK cells.* However, recent advancements in NK cell expansion techniques have
enabled the robust proliferation of g-NK cells, demonstrating potent multiple myeloma
clearance with daratumumab.® Given their low CD38 expression, g-NK cells represent an
intriguing alternative to CD38%° NK cells for combination therapies. Future research should
investigate the efficacy of anti-CD138 CAR-engineered g-NK cells with daratumumab as a

potential strategy for optimizing multiple treatments.

In conclusion, our study highlighted the effectiveness of CD38%° NK cells generated
via Cas9-RNP-loaded retroviral particles in mitigating daratumumab-mediated fratricide and
enhancing multiple myeloma clearance. By integrating CD38%° with IL-15 transgenesis, we
achieved robust NK cell survival and expansion even in daratumumab-treated conditions.
This combinational engineering approach lays the foundation for future investigations into
CAR-NK therapies and will be critical in refining the engineered NK cell-based

immunotherapies for treating multiple myeloma patients.
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Chapter S: Discussion and Future Directions

Figures were generated using Biorender.com.
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5.1 NK cell engineering and immunotherapy

NK cells are vital components of the innate immune system, serving as frontline
defenders in the surveillance and elimination of stressed or abnormal cells.! Their functional
strategies comprise two key mechanisms: direct cytolysis of target cells and the secretion of
pro-inflammatory cytokines, including TNF-a, GM-CSF, and IFN-y.!**® These cytokines
amplify immune responses by recruiting and activating neutrophils, macrophages, and
dendritic cells, fostering communication between innate and adaptive immunity.!*7 A
balance between activating and inhibitory receptors orchestrates the precise effector
functions of NK cells, enabling selective targeting of stressed or malignant cells while sparing
healthy tissue.!” This regulation is essential for maintaining immune tolerance and preventing

autoimmunity.

NK cells have emerged as promising agents in cancer immunotherapy, driven by their
innate capacity to recognize and eliminate malignant cells without prior antigen sensitization
and with minimal off-target effects.!’® Unlike T cell-based therapies, NK cell immunotherapy
is associated with a significantly lower risk of GvHD, CRS, and neurotoxicity, complications
frequently observed in CAR-T cell treatments.”®! This favorable safety profile stems from
NK cells' intrinsic regulatory mechanisms, which mitigate the risk of excessive inflammatory
responses and immune-mediated tissue  damage.’>  Additionally, the low
immunopathogenicity of NK cells allows for their use from allogeneic donors, paving the
way for scalable "off-the-shelf" therapies that enhance accessibility and streamline

production.
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Despite their immense therapeutic potential, the clinical deployment of NK cells is
hindered by biological and technical challenges that constrain their efficacy. Compared to T
cells, NK cells often exhibit inconsistent expansion ex vivo, and gene editing efficiency
remains variable, posing obstacles to large-scale manufacturing and reproducible therapeutic
outcomes.”*!26-128297 Moreover, NK cells are particularly vulnerable to cryo-damage,
resulting in diminished viability and function post-thaw, complicating the development of
reliable "off-the-shelf" products.'* Although CRISPR-Cas9 technology offers exciting
possibilities for genetic enhancement, low transfection rates and inconsistent Cas9 expression
frequently impede successful gene modification in NK cells.!%®!%° Transgene silencing over
time further undermines the durability and persistent functions of engineered NK cells,

restricting their long-term effectiveness in clinical settings.

To mitigate these challenges, I investigated optimized cryopreservation protocols for
NK cells during early proliferation, the utilization of CRISPR/Cas9-loaded retroviral
particles to enhance genome editing in NK cells, and the application of HDAC:s to sustain
transgene expression in CAR-NK cells. Collectively, my thesis advanced the workflow for
NK cell generation and gene editing and extended the functional longevity of NK cells. These
advancements represent a significant step toward more effective and durable NK cell

immunotherapies, ultimately contributing to the next generation of cancer treatment options.

5.2 NK cell expansion, cryopreservation, and population diversity

The growing interest in NK cells for clinical application is largely driven by their
potential for allogeneic NK cell transfer.®? In cancer patients, the immune system is often

severely weakened, resulting in immune cells that are less effective at combating tumors.'4’
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This weakened state limits the efficacy of immunotherapy when relying on the patient’s
immune cells.'*” As a result, NK cells sourced from unrelated healthy donors become
particularly valuable, providing a robust and reliable alternative.®> One major advantage of
this approach is the ability to cryopreserve selected and expanded NK cells as a master stock,
facilitating their uniform use across multiple patients. Although cryopreserving fully
expanded NK cells has traditionally posed significant difficulties, recent advancements, such
as mitigating granzyme B-mediated cryo-damage with IL-15 and IL-18, have dramatically
improved NK cell survival following cryopreservation, leading to enhanced preclinical

outcomes. 48130

While most research emphasized cryopreserving fully expanded NK cells, I
investigated the potential for cryopreservation during the early proliferation phase. By closely
analyzing NK cell expansion dynamics, I identified an optimal window for cryopreservation
at 5 to 7 days post-expansion. This occurs during the exponential growth phase when
proliferation potential peaks. NK cells preserved at this stage were successfully recovered,
remaining viable for subsequent viral vector modifications. This approach streamlines NK
cell expansion by mitigating the risk of delays associated with expansion failures from
uncharacterized donor-derived NK cells. Consequently, this method provides a reliable

master stock of selected NK cells that can be utilized for future clinical and research purposes.

Despite the improvement of cryopreservation, NK cell therapy has predominantly
utilized a single type of approach (IL-2 with feeder cells) for NK cell expansion, which often
leads to the expansion of a homogeneous NK cell population, presumably characterized by
FceRI-y-positive NK cells (Figure 5.1 A and B). Since human blood contains diverse NK

cell subsets, this simplified expansion strategy may not fully utilize the therapeutic potential
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of diverse NK cell subsets for immunotherapy. To address this, I explored various expansion
strategies, including creating hypoxic and acidic culture environments using glucose
oxidase/catalase (GOX/CAT) systems and using HLA-E-positive feeder cells to stimulate
NKG2C-positive NK cells selectively.?’®?% Although data from these approaches are still
under investigation, preliminary results have revealed the expansion of NK cells with
promising phenotypes, such as tumor-infiltrating (CD11b negative) and NKG2C" CD57" NK
cells, compared to the conventionally expanded CD11b" NKG2C™ CD57" NK cells (Figure
5.1 C and D).!#+300:3% Continued investigation into these novel NK cell expansion protocols
with various culture conditions will be critical for developing advanced therapies

incorporating diverse NK cell subsets.
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Figure 5.1 Post-NK cell expansion phenotypes using various culture conditions. (A)
FceR1-y-negative and positive NK cell representative phenotype. (B) NK cell expansion
often leads to the preferential proliferation of specific subsets, such as FceR1y-positive NK
cells. (C) Glucose oxidase/catalase (GOX/CAT)-mediated cultural hypoxic condition
expanded a novel subset of NK cells. (D) A preferential culture strategy for CD57 and
NKG2C-positive NK cells successfully expanded a novel subset of NK cells.

5.3 CRISPR-Cas9-loaded retroviral particles for NK cell

engineering

CRISPR/Cas9 technology has significantly advanced cell engineering by enabling
precise gene editing through targeted DNA DSBs. Guided by RNA, the Cas9 protein can

induce gene knockout via NHEJ or facilitate precise transgene insertion through HDR.!>
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15TWhile viral vectors have traditionally been used for CRISPR-Cas9 delivery, the application
in NK cells is limited by due to the poor Cas9 expression.!'¢%1% Alternatively, electroporation
of Cas9-RNP has emerged as a preferred approach, overcoming these challenges and enabling

effective gene knockouts in NK cells.

Despite this, the application of CRISPR-Cas9 in NK cells remains relatively
underexplored compared to its use in T cells. For example, while CRISPR screening in T
cells is well-documented, comprehensive and large-scale CRISPR-Cas9 screens have never
been conducted on NK cells.’*? This gap likely stems from the limitations of conventional
CRISPR-Cas9 methods, which rely heavily on viral vector delivery and often result in
suboptimal expression in NK cells. To address this, I introduced a novel strategy employing
CRISPR-Cas9-loaded retroviral particles to deliver RNP complexes into NK cells. This
approach demonstrated high delivery efficiency and successfully achieved TIGIT and CD38

knockout, reinforcing the feasibility of viral particle-based RNP delivery in NK cells.

However, while effective sgRNAs were identified for TIGIT and CD38,
inconsistencies between genomic mutations and protein depletion remain challenging. This
discrepancy likely reflects the variability in DNA repair and randomly inserted or deleted
DNA following Cas9-induced DSB. As CRISPR-Cas9-loaded retroviral particle technology
is relatively new, first developed in 2019, with applications in NK cells emerging in 2023,
comprehensive sgRNA pools designed for efficient protein depletion are still lacking.
Moving forward, collaborative efforts to identify and share validated sgRNA sequences will
be crucial in advancing CRISPR-Cas9-based NK cell engineering and ensuring reproducible

results across laboratories.
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To further refine viral particle-mediated protein delivery, I employed flow virometry,
a specialized form of flow cytometry optimized for analyzing nanometer-scale small particles,
to address questions regarding retroviral particle production during Cas9-loaded retroviral
particle studies. Similar to conventional flow cytometry, flow virometry uses laser-based
detection to measure scattered and emitted light from particles, permitting the analysis of
nano-sized particles.>*® This technique allows for analyzing viral supernatants, quantifying
the number and size of Cas9-loaded particles with high precision. These measurements
successfully indicated particle sizes of approximately 120 nm, aligning with the known size
of retroviruses and thereby confirming the accuracy of flow virometry in detecting and

characterizing viral particles.

A significant advantage of flow virometry lies in its potential to directly measure Cas9
protein presence within viral particles without viral particle destruction. By conjugating
fluorochromes such as GFP to Cas9 proteins, I could load the fluorescently tagged complexes
into viral particles and detect Cas9-GFP through flow virometry (Figure 5.2). This non-
destructive approach eliminates the need for traditional viral disruption or fixation methods,
which often compromise particle integrity.’**3% As a result, flow virometry offers a
streamlined and highly sensitive method for validating proteins within viral particles,
presenting a valuable tool for advancing viral vector research and optimizing CRISPR-Cas9
delivery systems for NK cell engineering. Future research should emphasize the importance

of flow virometry-based viral particle analysis.
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Figure 5.2 Flow virometry-based detection of Cas9 in viral particles. Flow virometry is
a novel technique that enables fluorescent protein detection, benefiting the detection of
engineered viral particles, such as Cas9-loaded retroviral particles. By conjugating a
fluorescent protein (GFP) to Cas9, flow virometry allows the detection of Cas9 in VLPs
without disrupting their native structure. VSSH: violet-side scatter-height

5.4 Histone deacetylase inhibitors in NK cell engineering and

transgene expression

HDAC:s have recently gained attention in cancer treatment. Traditionally, HDACis
have been combined with radiotherapy due to the HDAC involvement in DNA repair, and
inhibitors can prevent the repair mechanism in the damaged cancer cells upon radiation
treatment.'” In addition, HDACis showed improvement in CAR-T cell therapy for their
ability to enhance target cell sensitivity to immune-mediated killing. HDACis, by increasing
NOXA signaling, heighten susceptibility to granzyme-mediated apoptosis in target cancer
cells.!” In addition, HDACis upregulate the ligands for NK cell activating receptor NKG2D,
such as MICA/B and ULBPs, potentially increasing target cell sensitivity to NK cell-
mediated cytotoxicity.!”” Therefore, HDACis can be an attractive therapeutic agent in cancer

treatment.
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Intriguingly, HDACis have been shown to improve the transcriptional ability of viral
transgenes.?0%201:204-207 To address the possible use of HDACis in NK cell engineering, 1
tested HDACis in CAR- and IL-15-engineered NK cells. Although engineered CAR-NK cells
experienced a decline in transgene expression over time, HDACis preserved CAR and IL-15
expression and efficiently eradicated target cells in vitro and in vivo. Importantly, the effects
of HDAC:s on transgene expression were promoter-dependent. Among the tested promoters,
EFS, commonly used in clinical trials, showed the lowest expression in the presence of
HDAC:s, while the virus-driven CMV and MSCV promoters exhibited robust transgene
overexpression with HDACis, following previous findings that viral promoters were more
regulated than endogenous promoters.’®> The CMV promoter, in particular, showed
remarkable upregulation in response to HDACis, presenting opportunities for transient
overexpression of genes that might otherwise pose risks, such as those causing severe CRS,

but essential for immune activation, allowing for controlled short-term expression.

Due to the improved transgene expression in NK cells achieved through HDACis and
promoter engineering, there is a unique opportunity to combine these methods with CRISPR-
Cas9 and HDAC:s. The major challenge for transgene encoding Cas9 delivery in NK cells
lies in the size of the Cas9 gene, which results in size-mediated poor Cas9 expression in NK
cells.'%31%? Traditionally, Cas9 proteins have been tested with the EFS promoter.*’*% This
finding suggests that switching the EFS promoter to the CMV and MSCV promoter may
transiently increase Cas9 expression in NK cells with HDAC:s. This strategy may address
the conventional challenges related to large CRISPR-Cas9 proteins and allow for efficient

Cas9-based genome screening in NK cells.
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The optimization of transgene expression through HDACis and promoter engineering
also presents possible new research strategies, particularly for expressing complex or large
transgenes, such as dual CAR constructs and synNotch receptors. Traditionally, increasing
the size of viral transgenes has reduced gene expression, mirroring the challenges
encountered with CRISPR-Cas9 delivery in NK cells.’*?!® However, the findings
demonstrated in this thesis suggest that leveraging HDACis, in combination with MSCV and
CMYV promoter-driven constructs, may overcome these limitations. This could enable the
testing and implementation of large genes in NK cells, broadening the scope of next-

generation NK cell immunotherapies (Figure 5.3).

A particularly exciting prospect is the application of synNotch receptors, synthetic
proteins that have been extensively studied in T cells but remain largely underexplored in NK
cells.’!%311 SynNotch receptors contain transcriptional activators, such as Gal4/VP64,
released upon target antigen engagement, triggering downstream expression of genes from
responder promoters.>!! Given the large size and complexity of synNotch systems, which
have been major barriers to their application in NK cells. Engineering NK cells with MSCV
and CMV-driven synNotch, in combination with HDACis, can be a promising area for further

investigation. This approach could unlock novel avenues for NK cell therapies.
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Figure 5.3 Future directions for NK cell engineering using MSCV and CMV promoters
and HDACI. NK cell engineering has traditionally been limited by poor transgene expression.
The MSCV and CMV promoter significantly enhances transgene expression in NK cells with
HDAC:I. This advancement would be particularly valuable for experiments involving large
transgenes, such as CRISPR-Cas9, SynNotch, and double/triple CAR constructs.
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Final Chapter: Concluding Remarks with Graphical
Synopsis

Figures were generated using Biorender.com.
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NK cells are potent innate immune effectors with intrinsic self-regulatory
mechanisms and tumor-killing capabilities, making them attractive candidates for allogeneic
immunotherapy.!*! Clinical studies, such as those from MD Anderson Cancer Center and
FT596 trials, have shown promising results, with CR rates of 37.8% and 37%, respectively,
and minimal adverse effects.”®!2%1?! Despite their potential, the genetic modification of NK
cells has long been challenging.'?%!?® The introduction of BaEV-G in 2014 and its application
to NK cells in 2019 have markedly accelerated the development of CAR- and cytokine-
engineered NK cells.!?®13% Nevertheless, key hurdles remain in cryopreservation, CRISPR-

Cas9-mediated genome editing, and long-lasting transgene expression.

The most significant achievement in my thesis is establishing an NK cell
cryopreservation method to overcome common laboratory challenges.!*’ By cryopreserving
NK cells early in the expansion, I successfully generated a master stock and eliminated the
need for repeated NK cell isolations and stimulations. These cryopreserved NK cells were
effectively re-expanded with only a brief delay. These cells remained suitable for CAR
engineering and maintained consistent expansion even with genetic modification. By
developing a methodology for NK cell cryo-master stock generation, my thesis established a

more efficient and reproducible platform for future preclinical and clinical studies.

While CRISPR-Cas9 has been transformative in T cell research, its potential in NK
cells remains largely under-evaluated.’*31%313 My thesis introduced Cas9-RNP-loaded
retroviral particles as a novel gene-editing strategy for NK cells, demonstrating high-
efficiency knockouts of TIGIT and CD38. This system also enabled simultaneous CAR and
cytokine gene editing in a single step, an advancement over traditional multi-step

modifications in NK cells. My thesis is the first to establish the feasibility of Cas9-RNP-
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retroviral particle technology in NK cells, paving the way for advanced future CRISPR-Cas9

engineering research for NK cell-based cancer immunotherapy (Figure 6.1).
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Figure 6.1 Graphical summary of Chapters 2 and 4. Simultaneous engineering of
natural Killer cells using CRISPR-Cas9- and transgene-loaded retroviral particles.
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To overcome limitations in transgene expression, | investigated HDACis to sustain
CAR expression in NK cells. While previous studies suggested that HDACis could improve
transgene expression, their effects in NK cell engineering remained underexplored. 200-201:204-
208 T focused on testing ENT in anti-CD138 CAR NK cells and demonstrated significantly
sustained CAR expression without compromising viability. This ENT-mediated CAR
overexpression was promoter-dependent, increasing MSCV- and CMV-driven CARs but not
EFS-driven CARs. This enhanced CAR expression led to better clearance of multiple

myeloma in vitro and in vivo (Figure 6.2).

Conventional issue Promoter-dependent response to ENT

]
A 4
@7 M B

A ”4 >

“ \ Anti D138 =) - 9
i CAR ~N

5
y 4

Low-CAR l R

ENT-mediated

CAR expression

TD+3 TD+5 Tl_:lt—'+7 TO+9TD+12 overexpression
. Low-CAR
=~ Entinostat 4 TN
(HDACI) ¢ 3 0,
4 =, y f
4 i e 3 o
] Multiple myeloma

High-CAR High-CAR
¢ y

- ®
e g

T v 4 2, s oo "o : y
LA * e

- b LS4 o wn Ll awm

® ° - 4
T T T g T i i . 5

TD+3 TD+5 TD+7 TD+9 TD+12 g L 4 > \_./'

Dong-Hyeon Jos thesis Target cell killing

CAR expression

Figure 6.2 Graphical summary of Chapter 3: Entinostat, a histone deacetylase inhibitor,
enhances CAR-NK cell anti-tumor activity by sustaining CAR expression.
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In conclusion, my thesis lays a strong foundation for future studies, demonstrating
that integrating multiple genetic modification strategies can enhance the effectiveness of NK
cell therapies and improve preclinical outcomes. By addressing key challenges in
cryopreservation, CRISPR-Cas9 engineering, and long-lasting transgene expression, my
thesis contributes to the rapidly evolving field of engineering-based NK cell immunotherapy

and developing next-generation cancer treatments using NK cells.
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Figure S1 The number of RPs for human primary NK cell TIGIT knockout. (A)
Representative dot-plot to gate RPs (B) Volume-based TIGIT knockout in NK cells and the
number of particles in each volume.
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Figure S2 Size of RPs. RPs were calculated by FCMPASS based on polystyrene standard
beads and the MLV refractive index, 1.455. X-Med; Median, X-Stdev (SD); Standard

deviation, X-Min; Minimum, X-Max, Maximum.
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Figure S3 Determination of EGFR and TIGIT ligand expression (CD112 and CD155)
on various cancer cell lines. (A) Surface EGFR expression on B cell lymphoma, estrogen
receptor-positive, and triple-negative breast cancer cell lines. (B) Surface expression of
TIGIT ligands CD112 and CD155 on the cancer cell lines.
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Figure S4 NK cell population markers in continuously expanded and early
cryopreserved-expanded NK cells. Human primary NK cells were expanded over a period
of 12 days. Cryopreservation was performed on day six of the expansion process. NK cells
from three different donors (n=3) were used for analysis.
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Figure S5 CD138 expression in target cells and CAR functionality in pNK cells. (A)
CD138 expression in the target cells used in this study was confirmed by flow cytometry. (B)
GFP and CAR expression in modified pNK cells. (n=3 cryopreserved donors’ NK cells) (C)
CAR activity confirmation using CD138-expressing Ramos cells.
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Figure S6 HDAC: toxicity. HDACi toxicity was assessed using flow cytometry, with dead
cells identified within gated areas. Cells were exposed to various concentrations of inhibitors
for two days. The concentrations tested were as follows: ENT: 0 uM, 0.1 uM, 0.3 uM, 0.5
uM, and 1 pM; VPA: 0 mM, 0.1 mM, 0.3 mM, 0.5 mM, and 1 mM; RGFP966: 0 uM, 2.5

uM, 5 uM, 10 uM, and 20 pM.
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Figure S7 Phenotypes of ENT-treated NK cells. NK cells were modified and expanded for
five days (TD + 5), followed by further expansion for an additional seven days, either with
or without 300 nM ENT. On TD + 9, DMSO-treated NK cells were divided into two
conditions: DMSO or 500 nM ENT (bENT500nM). On TD + 12, NK cells were phenotyped

by immunostaining.
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