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RESUMEN

Introduccion

El mieloma multiple (MM) es una neoplasia de células B caracterizada por la proliferacién clonal
de células plasmaticas anormales (CP) que se acumulan principalmente en la médula 6sea (MO).
El MM representa el 10-15% de los tumores hematolégicos y el 1.8% de todos los tipos de cancer.
A pesar de los avances significativos en el desarrollo de terapias para MM en las ultimas décadas,
sigue siendo una enfermedad incurable. Por tanto, persiste la necesidad urgente de desarrollar
nuevos farmacos y terapias con mecanismos de accion innovadores que puedan superar la
profunda inmunosupresion asociada al tumor, especialmente en pacientes con MM en recaida

o refractario (MMRR).

A pesar de su impacto revolucionario en el tratamiento de pacientes hemato-oncolégicos, la
terapia con células CAR T estd asociada a toxicidades significativas, procesos de fabricacion
complejos, largos y costosos, con un control subéptimo de la enfermedad a largo plazo en un
numero importante de pacientes. Las células CAR NK representan una alternativa prometedora
a las CART, ofreciendo mayor seguridad, una produccidn mas sencilla y eficiente, a menor coste.
Ademads, la posibilidad de ser aplicadas en un contexto alogénico mejora el acceso a una mayor
cantidad de pacientes. No obstante, los estudios preclinicos y los primeros ensayos clinicos han
puesto de manifiesto algunos obstdculos de la inmunoterapia CAR NK, como son una limitada
persistencia y eficacia, lo que podria afectar a las respuestas clinicas en los pacientes. La
presencia de puntos de control inhibitorios inmunes y sefiales solubles en el microambiente
tumoral (TME) inmunosupresor, que es especialmente relevante en fases de progresion del MM,
pueden ser responsables de esta reduccidn en la respuesta terapéutica. Mas especificamente, el
eje HLA-E/NKG2A, asi como la sefializacion del factor supresor TGF-B, representan dos de estos
mecanismos dominantes de resistencia a la terapia CAR NK en este tumor, que podrian ser
abordados para mejorar potencialmente la eficacia de esta terapia en MMRR. Asimismo, el
desarrollo de estrategias para aumentar la persistencia de las células CAR NK, como la
modulacién del controlador de la proliferacion celular BLIMP1, puede representar una
herramienta prometedora para prolongar su persistencia in vivo y, por lo tanto, mejorar

aumentar su eficacia frente a MM.

Para superar estas limitaciones, la edicidn gendmica utilizando el sistema CRISPR/Cas9 ha
surgido como una tecnologia versatil para eliminar la expresién de genes involucrados en la
resistencia a la terapia CAR NK, y constituye una herramienta potencialmente seguray eficaz que
permite abordar de manera directa y simultanea los diferentes obstaculos a los que se enfrenta

la terapia CAR NK y generar productos inmunoterapéuticos mas eficientes para MMRR.
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Objetivos

El objetivo principal de esta tesis es la aplicacién de la herramienta de edicién gendmica
CRISPR/Cas9 para mejorar la eficacia terapéutica de células CAR NK derivadas de sangre de
cordén umbilical (CB) contra el MM. Especificamente, nuestro objetivo es generar nuevos
productos CAR NK editados mediante la interrupcién combinada de KLRC1 (que codifica para la
proteina NKG2A) y TGFBR2, o la eliminacion de PRDM1 (que codifica para BLIMP1) para
aumentar la eficacia y la persistencia de estos efectores, respectivamente. Ademads, proponemos
una estrategia de edicion génica multiple que combine estas dianas simultdneamente para
generar un producto CAR NK de nueva generacion, con una actividad antitumoral optimizada

contra MM.

Resultados

Nuestros resultados demuestran que la interrupcién combinada de KLRC1 y TGFBR2 en células
CAR CB-NK expandidas in vitro es factible y reduce eficazmente la expresién de los receptores
NKG2A y TGF-BRII sin afectar ni la expresién de la molécula CAR ni la proporcion de células CAR
NK citotoxicas CD16*. El doble knock-out (KO) disminuye transitoriamente la viabilidad, aunque
se restaura con el tiempo en cultivo. La interrupcién de KLRC1 y TGFBR2 mejora el potencial
citotdxico de las células CAR NK contra MM vy les confiere resistencia a la inhibicién mediada por
TGF-B in vitro. Ademas, los estudios in vivo demuestran que las células CAR NK doble KO tienen
mayor capacidad para controlar el crecimiento tumoral que las células no editadas. A pesar de
no inducir cambios importantes en el inmunofenotipo o en el perfil de expresidon génica,
resultados preliminares sugieren que la interrupcion de KLRC1 y TGFBR2 aumenta la sefalizacion
intracelular integrada y la expresidn de granzima B, lo que podria justificar, en parte, el mayor
potencial antitumoral de estos efectores. Sin embargo, la interrupcion génica combinada reduce
la capacidad de expansién in vitro de las células CAR NK, que podria estar relacionada con una
mayor cantidad de dafio por dobles roturas en el ADN. Esta respuesta celular puede
comprometer la obtencién de dosis clinicas del producto y limitar la persistencia a largo plazo y

la eficacia antitumoral, como demostramos en nuestro modelo in vivo de MM.

La eliminacién de PRDM1 en los efectores CAR NK incrementa su potencial de expansion in vitro,
confiriéndoles una mayor capacidad proliferativa y retrasando la induccién de senescencia en
estas células, sin afectar la viabilidad de los cultivos. Es importante sefialar que la ventaja
proliferativa es limitada en el tiempo, lo que podria reducir el riesgo de oncogénesis. La
interrupcidon de PRDM1 induce multiples cambios inmunofenotipicos y transcriptdomicos en las
células, lo que confirma el papel de BLIMP1 como un importante regulador no solo del ciclo

celular, sino también de multiples vias adicionales. En general, las células PRDM1 KO CAR NK
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presentan un perfil mas inmaduro y proliferativo, con una mayor expresion de receptor a de IL-
2 (IL-2Ra) y un aumento de receptores y ligandos que podrian favorecer su migracién a los
drganos linfaticos secundarios. Estos efectores editados también presentan cambios en la
expresion de receptores NK activadores e inhibidores, mayor expresién del CAR y sobreexpresion
de algunos genes asociados con la sefalizacion de IFN-y y TNF-a. Sin embargo, a pesar de estos
cambios, mantienen su actividad citolitica y su capacidad de secrecidn de citoquinas y proteinas
citotoxicas contra lineas celulares de MM. Por lo tanto, la interrupcién de PRDM1 mediante
CRIPSR/Cas9 parece ser un enfoque eficiente y seguro para aumentar la persistencia de las

células CAR NK sin comprometer su capacidad antitumoral.

Finalmente, generamos un producto CAR NK triple KO para combinar las ventajas de la
interrupcion de KLRC1, TGFBR2 y PRDM1 en un abordaje simultdneo. La nucleofeccién en un
solo paso (o “one-shot”) de las tres sgRNAs en las células CAR NK mostrd una interrupcion génica
eficiente y una reduccién de la expresion de estas proteinas, pero no logré mejorar su expansion
in vitro, que se podria asociar a una reducciéon importante de la viabilidad celular y una alta
acumulacién de dafio en el ADN. El disefo de una estrategia de nucleofeccién secuencial en dos
pasos superd esta limitacion, permitiendo la generacion de efectores triple KO con altas
eficiencias de ediciéon y un mayor potencial de expansidn. La edicién génica multiple utilizando
estas sgRNAs especificas en combinacidon con la nucleasa HiFi, no mostrd eventos de edicidn
fuera de la diana en los loci predichos, ni indujo la generacién de reordenamientos
cromosOmicos detectables o aneuploidias. Las células CAR NK triple KO muestran el mismo
potencial proliferativo que las células PRDM1 KO y tienen una menor induccién de senescencia
comparado con las células sin editar. Su inmunofenotipo y perfil de expresion génica son muy
similares a los de las células PRDM1 KO, pero estos cambios no comprometen su actividad
antitumoral. Los efectores triple KO son tan citotdxicos como los doble KO contra lineas celulares
de MM e incluso contra CP primarias de pacientes de MM in vitro. Sin embargo, cuando se
ensayaron in vivo, las células CAR NK triple KO superaron a los efectores doble KO tanto en
términos de persistencia como de eficacia, ya que fueron capaces de eliminar completamente

las células de MM y curar al 40% de los animales.

Conclusiones

La interferencia combinada de los ejes NKG2A/HLA-E y TGF-B mediante la edicidn génica
CRISPR/Cas9 mejora la eficacia de las células CAR NK contra MM in vitro e in vivo y supera la
inhibicion mediada por TGF-B, sin alterar la expresién de CAR o la proporcién de células

citotdxicas, activando senales intracelulares que desencadenan las respuestas citoliticas. Sin
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embargo, la interrupcién simultanea de estos dos genes limita la capacidad de expansion de las

células CAR NK.

La eliminacién de PRDM1 representa un enfoque potencialmente seguro y eficiente para
aumentar la capacidad de expansién de las células CAR NK sin comprometer su eficacia

antitumoral contra MM.

Una estrategia integradora que combina las aproximaciones anteriores permite generar un
producto CAR NK multi-editado de nueva generacidn, que presenta un mayor potencial de
expansion, persistencia y capacidad antitumoral contra MM, con minimo riesgo de generar
eventos de edicion fuera de la diana, grandes alteraciones estructurales cromosémicas o inducir

oncogénesis en los animales tratados.
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Introduction

Multiple myeloma (MM) is a B-cell malignancy characterized by the clonal proliferation of
abnormal plasma cells (PC) that accumulate predominantly in the bone marrow (BM). It accounts
for 10-15% of hematologic tumors and 1.8% of all cancers. Despite significant advancements in
MM therapies over recent decades, it remains an incurable disease. This underscores the critical
need to develop novel drugs and therapies with distinct mechanisms of action that can overcome
the severe tumor-associated immunosuppression, especially for relapsed or refractory MM

(RRMM) patients.

Despite its groundbreaking impact in the treatment of hemato-oncologic patients, CAR T cell
therapy is associated with significant toxicities, complex and long manufacturing processes, high
costs, and a suboptimal long-term disease control in a significant number of patients. In contrast,
CAR NK cells have emerged as a promising alternative, offering improved safety, easier
production and better cost-effectiveness. In addition, the possibility of being applied in an
allogeneic setting enhances accessibility for a broader range of patients. Nevertheless, preclinical
studies and early clinical trials have highlighted challenges with CAR NK immunotherapy,
including limited persistence and efficacy, which could impact clinical outcomes in the patients.
The presence of inhibitory immune checkpoints and soluble factors in the immunosuppressive
tumor microenvironment (TME), especially remarkable at progression in MM, may be
responsible of the reduced therapy responses. More precisely, HLA-E/NKG2A axis as well as TGF-
B signaling represent two of these dominant mechanisms of CAR NK resistance in this tumor,
which could be targeted to potentially improve the efficacy of CAR NKimmunotherapy in RRMM.
Furthermore, strategies to augment the short lifespan of these effectors, such as targeting
BLIMP1 cell proliferation controller, depict a promising tool to prolong their in vivo persistence

and, hence, enhance their antitumor potential.

To overcome these limitations, CRISPR/Cas9 genome editing has emerged as a flexible
technology to disrupt the expression of genes involved in CAR therapy resistances, offering a
potentially safe and effective tool to directly and simultaneously address different CAR NK

challenges and generate more efficient immunotherapeutic products for RRMM.
Objectives

The main objective of this thesis is the application of CRISPR/Cas9 genome editing tool to
improve the therapeutic efficacy of cord blood (CB)-derived a-BCMA CAR NK cells against MM.
Specifically, we aim to generate new gene-edited CAR NK products by the combined disruption

of KLRC1 (encoding for NKG2A) and TGFBR2 or the knock-out of PRDM1 (encoding for BLIMP1)
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to increase CAR NK cytolytic capacity and persistence, respectively. In addition, we propose a
multiplex gene editing strategy combining these targets simultaneously to generate a next-

generation triple-edited CAR NK product with optimized antitumor activity against MM.
Results

Our results demonstrate that combined disruption of KLRC1 and TGFBR2 in in vitro expanded
CAR CB-NK cells is feasible and efficiently reduces the surface expression of NKG2A and TGF-BRII
receptors without affecting CAR expression, or the proportion of cytotoxic CD16" CAR NK cells.
Double knock-out (KO) transiently decreases viability but it is later restored. KLRC1 and TGFBR2
disruption improves CAR NK cytotoxic potential against MM and renders CAR NK cells resistant
to TGF-B-mediated inhibition in vitro. Additionally, in vivo studies demonstrate that double KO
CAR NK cells have increased ability to control tumor growth than non-edited counterparts.
Despite not inducing important changes in NK cell immunophenotype or gene expression profile,
preliminary results demonstrate that KLRC1 and TGFBR2 disruption augment intracellular kinase
integrated signaling and granzyme B production, which could partially explain the higher
antitumor potential of these double KO effectors. However, combined gene disruption lessens
CAR NK expansion capacity in vitro, which could be related to a higher double-strand break (DSB)
DNA damage. This cellular response may compromise clinical dose achievement and limit long-

term persistence and antitumor efficacy, as was demonstrated in our in vivo MM model.

PRDM1 ablation in CAR NK effectors resulted in an enhanced in vitro expansion potential of these
cells, conferring them with a higher proliferation capacity and delaying NK senescence induction
without affecting viability of cell cultures. Importantly, proliferative advantage is limited over
time, which reduce potential oncogenic risks. Disruption of PRDMI1 induced multiple
immunophenotypic and transcriptomic changes, confirming the role of BLIMP1 as a master
regulator not only of cell cycle but also of other multiple pathways. In general, PRDM1 KO CAR
NK cells showed a more immature and proliferative profile with increased IL-2 receptor a (IL-
2Ra) expression and upregulation of receptors and ligands that may favor their migration to
secondary lymph organs. These cells also showed changes in the expression of activating and
inhibitory NK cell receptors, higher CAR expression and overexpression of some genes associated
with IFN-y and TNF-a. However, besides these changes, they maintain their antitumoractivity
and their cytokine and cytolytic protein secretion against MM cell lines. Therefore, PRDM1
disruption seems to be an efficient and safe approach to boost CAR NK cell persistence without

compromising antitumor capacity.
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Finally, we generated a triple KO CAR NK product to combine the benefits of disrupting KLRC1,
TGFBR2 and PRDM1 in a simultaneous approach. One-shot nucleofection of the three sgRNAs in
CAR NK cells showed efficient gene disruption and reduced protein expression but failed to
potentiate CAR NK in vitro expansion, which could be attributed to a prominent reduction of cell
viability and high DNA damage accumulation in the cells. A two-step sequential nucleofection
approach overpassed this shortcoming allowing the generation of triple KO effectors with high
editing efficiencies and improved expansion potential. Multiplex gene editing using specific
sgRNAs in combination with HiFi nuclease did not show off-target editing events in predicted loci
or induced the generation of detectable chromosomal rearrangements or aneuploidies. Triple
KO CAR NK cells show the same proliferative potential as PRDM1 KO counterparts and both
populations exhibit decreased senescence induction compared to non-edited cells.
Immunophenotype and gene expression profile of triple KO CAR NK cells is highly similar to
PRDM1 KO cells but, importantly, additional gene ablation does not compromise CAR NK cell
antitumor potential. Triple KO effectors are as cytotoxic as double KO against MM cell lines and
even primary PC from MM patients in vitro. However, when analyzed in vivo, triple KO CAR NK
cells outperform double KO effectors in terms of both persistence and efficacy, being able to

even completely eliminate MM cells and cure 40% of the animals.
Conclusions

Combined targeting of NKG2A/HLA-E and TGF-B axes using CRISPR/Cas9 genome editing
improves CAR NK efficacy against MM in vitro and in vivo and overcomes TGF-B mediated
inhibition without altering CAR expression or the percentage of CD16" CAR NK cells but activating
intracellular signaling mediating killing responses. However, double gene disruption impairs cell

expansion capacity.
PRDM1 ablation represents a potentially safe and efficient approach to increase CAR NK

expansion ability without compromising their antitumor capacity against MM.

An integrative approach combining these two strategies results in a next-generation multi-edited
CAR NK product with increased expansion potential, persistence and high antitumor efficacy
against MM, with low risk of producing potential off-target editing events, large chromosomal

structural alterations or inducing oncogenesis in mice.
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1. Multiple Myeloma

1.1. Definition and general aspects

Multiple myeloma (MM) is a clonal B cell malignancy characterized by the aberrant proliferation
and accumulation of malignant plasma cells (PC) mainly in the bone marrow (BM). These tumor
plasma cells produce high amounts of a monoclonal immunoglobulin (Ig), usually 1gG (50-60% of
patients) or IgA type (30%), which is also known as M protein or monoclonal component?
(Figure 1). In most MM subjects, a complete Ig is secreted. However, around 15-20% of patients
have light-chain MM, which is characterized by secretion of k or A light chains (LC) instead of a
complete Ig. Free light chains (FLC) are smaller in size and can be released in urine, which is
known as Bence-Jones proteinuria®>*. Around 2-3% of the cases course a non-secretory MM, in
which any monoclonal component can be detected in blood or in urine®. Although in most of
the patients a specific monoclonal Ig or FLC is secreted, it has been also reported the existence
of biclonal MM (3-6% of the cases) in which two different monoclonal components can be

detected®.

Clinical manifestations of MM are hypercalcemia, renal failure, bone lesions, anemia, and
recurrent infections derived from a severe immunosuppression in the BMY?. Therefore, this
tumor was termed “multiple myeloma” referring to a malignancy that has bone marrow origin
(“myeloma”) and affects different parts of the axial skeleton (“multiple”) such as the vertebral

column, ribs, pelvis, and skull, among others’.

Usually, MM develops from a premalignant status known as monoclonal gammopathy of
undetermined significance (MGUS) or from an asymptomatic or smoldering MM (sMM)*&, In late
stages of the disease, MM plasma cells can become independent from bone marrow niches and
exert to the bloodstream progressing to plasma cell leukemia (PCL) which is characterized by the

presence of > 5% of circulating plasma cells™®.
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Healthy plasma cells

Figure 1. Malignant MM plasma cells secrete monoclonal immunoglobulins. BM: bone marrow; Abs:
antibodies; MM: multiple myeloma; Ig: immunoglobulin. Adapted from © 2024 Terese Winslow LLC.
Created with BioRender.com.

1.2. Epidemiology

MM is the second most common hematological malignancy after non-Hodgkin lymphoma and
represents 10-15% of hematological cancer cases'®'. According to the Global American Cancer
Society and the National Cancer Institute, MM age standardized incidence rate is 1.8 per
100,000. About 35,780 new MM cases will be diagnosed in 2024, representing 1.8% of all new
cancer cases in US''3. In Spain, the Asociacién Espafiola Contra el Cancer registered around

3500 newly diagnosed patients in 20234,

Median age at diagnosis for MM is 69 years. Most of the patients are diagnosed over the age of
65 years (32.2% are diagnosed at 65-74 years, 24.1% at 75-84 years and 8.5% at >85 years).
Around 32% of patients are between 45-64 years old and only 3.1% of patients are diagnosed
before 44.

The 5-year relative survival for MM patients, calculated between 2014-2020, is 61.6%. Age-
standardized mortality is 1.1 per 100,000. Approximately 12,540 deaths, which correspond to
2% of all cancer deaths in the US, are expected to occur because of this disease. In Spain, 1,970

deaths were recorded in 2023. Median Age at death is 76 years old%2,

MM is slightly more common in men than women (8.7 vs 5.9 age-adjusted incidence rates for

)11,12

males and females, respectively . Regarding ethnicities, it has been reported a higher

incidence in African-American people compared to Caucasians!>1¢
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1.3. Etiology

No direct causal etiology has been defined for MM. However, environmental factors,
autoimmune and inflammatory conditions, and hereditary factors have been associated with the

development of this disease®.

1517 engine exhausts!®, hair

Direct exposure to chemicals such as pesticides used in farming
dyes'®, and organic solvents like benzene and toluene? have been reported as risk factors for
MGUS and MM development. However, these evidences are still controversial. Other studies

have associated exposure to radiation doses higher than 4Gy with MM appearance?*,

25-29

Obesity has also been correlated with an increased MM incidence although other studies

have discarded that it negatively impacts on patient outcomes3%31,

Other risk factors such as autoimmune diseases3*33

and chronic antigen stimulation produced by
viruses such as Hepatitis B (HBV)34, Hepatitis C (HCV), and Human Immunodeficiency Virus
(HIV)*®, have been described for MGUS and MM development. In fact, recent studies in our group
demonstrated that by eradicating HCV infection, some MM patients can be controlled or even
cured®®. In line with this, 33% of sporadic MGUS patients produce monoclonal Igs that specifically
bind to lysolipids from Gaucher’s disease, suggesting that chronic stimulation by this kind of

lipids also plays a significant role in MM appearance®”3,

Finally, although MM is considered a sporadic disease, some studies have observed familial
aggregation of MM and MGUS, with increased MM risk among individuals with a family history
of plasma cell disorders. Some genome-wide association studies (GWAS) have identified

germline variations and polymorphisms in more than 20 risk loci for MM39-43,
1.4. Physiopathogenesis

Normal PCs originate from hematopoietic progenitor stem cells (HSPCs), which undergo several
rounds of differentiation in the bone marrow and secondary lymphoid organs to immature B
cells and eventually to PC. When exposed to an antigen, VDJ rearrangements take place in
immature B cells generating a diverse primary Ig repertoire. B cells with an IgH-IgL complex (B
cell receptor; BCR) on the surface migrate to secondary lymphoid organs where they undergo
processes such as affinity maturation, somatic hypermutation, and class-switch recombination
to produce highly specific and avid antibodies. In the germinal center, B cells eventually can

differentiate into mature antibody-producer cells*.

Clonal MM PCs derive from post-germinal center (GC) B cells. Double-strand DNA breaks in the

Ig loci are required during class-switch recombination and somatic hypermutation, and if they
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are not properly repaired, they can induce off-target mutations and rearrangements that provide
cells with a growth advantage, leading to the oncogenic transformation of B cells into clonal and

malignant PC (Figure 2)>1044,

As it was aforementioned, MM usually progresses from an MGUS state. During the early stages
of the disease and MGUS onset, primary cytogenetic events occur in post-GC B cells. These
primary events comprise either hyperdiploidy of the odd-numbered chromosomes 3,5, 7, 9, 11,
15, 19 and 21 or translocations involving the IgH locus on chromosome 14 such as t(4;14),
t(11;14), t(6;14), t(8;14), t(14;16) and t(14;20) which lead to overexpression of NSD2/FGFR3,
CCDN1, CCDN3, MYC, MAF and MAFB, respectively?>1%164445 Trans|ocations involving the IgL
locus leading MYC dysregulation have also been reported in 10% of MM patients and are

associated with poor prognosis?®.

Secondary genetic events such as copy number abnormalities, DNA hypomethylation, and
acquired mutations appear in later stages of the disease and are associated with MGUS
progression to symptomatic MM and even PCL. They confer a competitive advantage on
malignant PC in the bone marrow niche and at final stages, they can provide tumor PC the ability
to migrate out of the BM niche thus developing a PCL. Principal secondary events include losses
of chromosomes 13q, 1p32 or 17p, gains of 1g21, MYC-associated translocations and somatic
mutations that generally affect driver genes such as MYC, TP53, BRAF, KRAS, NRAS and DIS3 and,
consequently alter key MM signaling pathways like RAS-MAPK, nuclear factor-kB (NF-kB) and
PI3K-AKT210.164446 point mutations in DNA repair genes like ATR, ATM, and ZFHX4 have also been
reported in 15% of MM patients*’. Epigenetic changes such as DNA hypomethylation (i.e. P16,
MGMT, DAPK, E-cadherin, CDKN, and INK family genes), post-translational modifications (histone
methylation or acetylation) or altered mi-RNA expression are also frequent during MM

evolution 16,44,48,49
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Figure 2. Clonal evolution of MM plasma cells. During initial stages of the disease and MGUS onset,
primary cytogenetic events occur in post-germinal center B cells that provide them with a clonal
advantage. As disease progresses, secondary genetic events appear and accumulate in MM plasma cells,
leading to a competition selection for bone marrow niche. MGUS: monoclonal gammopathy of unknown
significance; IGH: immunoglobulin heavy chain locus. Obtained from Kumar et al. Nat Rev Dis Primers,
20172

Although genetic modifications are necessary for MM pathogenesis and influence in MM disease
progression and therapy response, other factors such as the BM microenvironment play an

important role in MM development, aggressiveness and drug resistance (Figure 3).

MM PCs interact with BM mesenchymal stromal cells (MSCs) within the BM niche through
adhesion molecules such as VCAM/VLA-4, MUC-1/ICAM and CD40/CD40L, among others. These
interactions promote secretion of interleukin (IL)-6, IL-10, IL-8, TNFa (tumor necrosis factor a)
and IGF-1 (insulin like growth factor 1) that support the continuous adhesion, growth and
proliferation of MM PCs. In response to IL-6, MM PCs secrete VEGF (vascular endothelial growth
factor) and bFGF (basic fibroblast growth factor) which bind to their receptors in MSCs and
restimulate IL-6 production. These growth factors also interact with their receptors in BM
endothelial cells, promoting tumor angiogenesis and autocrine and paracrine loops that enhance
MM PC survival. Moreover, MSCs secrete other factors such as SDF-1 (stromal cell-derived factor
1, also known as CXCL12) that binds to CXCR4 receptor in MM promoting their migration to the
BM niche and exosomes containing proteins and miRNAs that promote MM cell proliferation and

possibly mediate drug resistance®48>0,
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MM PCs also interfere with osteoclastic activity. Under physiological conditions, bone formation
is regulated by RANK (receptor activator for NFkB)-RANKL (RANK ligand)-OPG (osteoprotegerin)
pathway that controls osteogenic activity of MSC-derived osteoblasts and osteolytic activity of
osteoclasts. However, this balance is altered during MM progression. Interactions between MM
PCs and MSCs via VLA-4/VCAM impair OPG/RANK binding and induce secretion of several ILs and
activating factors such as MIP1a (macrophage inflammatory protein 1 a or CCL3) and MIP1 (or
CCL4) by PCs. These chemokines are responsible for increased RANKL release in the BM niche
leading to osteoclast activation and inhibition of osteoblast differentiation. Higher osteoclast
activity promotes the secretion of IL-6, IGF-1 and TGF-B (transforming growth factor B) which
sustains this aberrant loop. Because of interaction with MM PCs, MSCs acquire epigenetic
alterations (mainly affecting RUNX2) that stimulate their proliferation and impair osteoblast
differentiation. Malignant PCs also secret DKK1 (Dickkopf-related protein 1) and FRP2 (Frizzled-
related protein 2) which are inhibitors of WNT signaling pathway that suppress osteoblast
activity. Sclerostin produced by both osteocytes and MM PCs inhibits bone formation by altering
interactions between bone morphogenetic proteins to their ligands. In summary, these
disbalanced interactions within the BM microenvironment lead to an excessive activation of
bone-resorbing osteoclasts and inhibition of bone-repairing osteoblasts resulting in
hypercalcemia, bone pain, and even bone fractures which are hallmark symptoms of MM

pathogenesis1®16:50-52,

Within the BM niche, there is also a disbalance in the immune environment, especially
associated with progression stages. High levels of IL-6, VEGF, and TGF-B promote expansion of
immunosuppressive CD4* Tregs, tumor-associated macrophages (TAMs), and myeloid-derived
suppressor cells (MDSCs). Inhibitory signals from MM PCs (increased HLA-I and HLA-E

354 impaired antigen processing®?, increased expression of PD-L1 and CD80/86°%>7)

expression
together with these immune-repressor cells inhibit cytotoxic activity of CD8* T and NK cells. As a
result, they create a pro-tumoral environment for the MM cells and a hostile context forimmune
effectors, reducing the efficacy of immunotherapy treatments as it will be described in more
detail later'®1®>1, Remarkably, as disease progresses malignant PCs become more proliferative,
being less dependent on inflammation factors such as IL-6 and TGF- and downregulate critical

pathways of IFN-y (interferon y) and TNF-a (tumor necrosis factor a) signaling, to avoid

immunosurveillance®.

In late stages of the disease, tumor microenvironment (TME) becomes hypoxic and, as a
response, MM PCs reduce expression of CXCR4 receptor and lose interactions with MSCs. This

favors the egression of MM cells to the bloodstream causing extramedullary disease (EMD)*°.
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In conclusion, combined cytogenetic and genetic alterations together with cell-cell interactions

in the BM niche, determine MM onset, pathogenesis, progression, and even therapy resistances.
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Figure 3. Interactions in the BM niche during MM development. PC: plasma cell; BM: bone marrow; MM:
multiple myeloma; BM MSC: bone marrow mesenchymal stromal cell; VEGF: vascular endothelial growth
factor; bFGF: basic fibroblast growth factor; SDF-1: stromal cell-derived factor 1; TGF-B: transforming
growth factor B; TAM: tumor-associated macrophage; MDSC: myeloid-derived suppressor cell; Treg:
regulatory T cells; NK: natural killer; TNF-a: tumor necrosis factor a; IL: interleukin; CXCR4: CXC chemokine
receptor 4; VCAM: vascular cell adhesion protein; MUC-1: mucin 1; IL-6R: IL-6 receptor; IGF-1: insulin-like
growth factor 1; IGF-1R: insulin-like growth factor 1 receptor; CD40L: CD40 ligand; VLA-4: very late antigen-
4; ICAM: intercellular adhesion molecule 1; DKK1: Dickkopf-related protein 1; FRP2: Frizzled-related
protein 2; MP1-a: macrophage inflammatory protein 1 a RANK: receptor activator for nuclear factor k B;
RANKL: RANK ligand; OPG: osteoprotegerin. Adapted from Palumbo and Anderson, N Engl J Med, 20112,
Created with BioRender.com.
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1.5. Clinical manifestations

The main MM clinical symptoms are known as CRAB which stands for hypercalcemia, renal
failure, anemia, and bone lesions, and are considered MM-defining events (MDE) during
diagnosis®. These clinical manifestations are mainly due to the accumulation of MM PCs in BM

and other tissues and the high release of the monoclonal Igs.

Hypercalcemia (>11 mg/dL) and bone disease (bone pain and pathological fractures) are a
consequence of the enhanced osteoclast activity and bone resorption enhanced by MM PCs and
MSCs®. Lytic lesions can be detected by imaging and are present in >80% of MM patients at

diagnosis being more prevalent during stages of relapse®’.

Renal failure (creatinine clearance <40 mL/min or serum creatinine >2 mg/dL) appears in up to
40% of MM patients due to hypercalcemia and the accumulation of Ig LC secreted by MM cells.
Accumulation of calcium precipitates decreases glomerular filtration rates and aggregation of
LCs forms urinary casts in the glomeruli and renal tubes causing LC cast nephropathy (LCCN).

Additionally, the use of nephrotoxic medications usually complicates MM renal failure®6263,

Normocytic and normochromic anemia characterized by low levels of hemoglobin (>2 g/dL lower
than limit of normal levels) is another hallmark MM symptom affecting 70-85% of MM patients.
It results from a BM replacement by MM PCs and an increase in MIP1la (CCL3) secretion that
suppress HSPCs. Decreased erythropoietin (EPO) production due to renal impairment also

contributes to anemia development16465,

Although not considered as a MDE, most of MM patients (75%) at diagnosis have impaired
immune responses to viral and bacterial infections caused by T cell dysfunction and changes in
B cell compartment and lack of one or more Igs (immunoparesia)'®®. Of note, infection risk is
increased due to secondary neutropenia induced by typical MM treatments such as bortezomib
(BTZ), melphalan, and stem cell transplant®”%8, Moreover, recurrent infections are the main cause

of MM deaths®°.

Finally, EMD is a very aggressive form of MM in which tumoral PCs become independent from
the BM and invade other organs. Plasmacytomas can appear in virtually any area of any tissue
in the body. At diagnosis, EMD incidence is low (0.5-5%) and MM PCs are usually localized in skin.
However, EMD is reported in 3-15% of MM patients who relapse and usually involves the liver,

kidneys, lymph nodes, central nervous system (CNS), breast, pleura, or pericardium”®’,
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1.6. Diagnosis, patient classification and prognosis

As MM clinical symptoms are similar to other illnesses, this disease and its premalignant stages
are usually discovered by chance in routine blood and urine tests, including hemogram,
biochemistry and protein studies. When the results of these tests suggest a possible MM case,
imaging studies (whole-body positron emission and computed tomography (PET-CT) or magnetic
resonance imaging (MRI)) are performed to identify possible bone lesions and BM aspirates are
extracted for their study. BM analysis includes cytogenetics for the detection of translocations,
trisomies and deletions and flow cytometry analysis for determination of malignant PC1167275,
MM PCs are commonly immunophenotypically defined as CD138* CD38* CD19", similar to normal
PCs, but with aberrant expression of CD56, CD117 (favorable prognosis) and/or CD81 (poor

prognosis) and loss of CD45 expression’®7°,

In most cases MM is preceded by a MGUS premalignant state that is clinically diagnosed by
serum M protein concentration <3 g/dL, abnormal free LC ratio (<0.26 or >1.65), and the
presence of <10% clonal PCs in the BM. MGUS occurs in 5% of the individuals over the age of 50
and incidence increases with age. Approximately 1% of the patients per year with MGUS will

progress to MM.

As MGUS progresses along the pathway to MM it usually passes through a sSMM state which is
defined as higher serum M protein concentration (>3 g/dL) and BM clonal plasmacytosis (10-
60% PCs) but in the absence of MDE. During the first 5 years following diagnosis, the risk of
progression to active MM is about 10% per year, although the Ig subtype, the percentage of BM

PCs, or the presence of certain cytogenetic abnormalities can accelerate progression to

M M8,10,16,80,81

Since 2014, active MM diagnosis requires the presence of at least one MDE in addition to
evidence of 210% clonal PC infiltration in BM or a biopsy-proven plasmacytoma. MDE consist of
any of the CRAB symptoms or the presence of any of these three biomarkers: 260% of clonal PC
in BM, serum free LC ratio 2100, or more than one focal lesion (>5mm) on MRI (commonly known

as SLiM criteria)®74,
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Disorder Disease definition and criteria
Requires all the following:
e Serum monoclonal protein (non-IgM type) <3 g/dL

MGUS e Clonal bone marrow PC <10%
e Absence of MDE such as CRAB and SLiM
Requires all the following:
SMM e Serum monoclonal protein >3 g/dL or urinary monoclonal protein >500

mg/24h and/or clonal bone marrow PC 10-60%.
e Absence of MDE such as CRAB and SLiM
Requires both of the following:
e Clonal bone marrow PC 210% or biopsy-proven plasmacytoma.
MM e Any or more of the following MDE:
o Evidence of any of CRAB symptoms
o Evidence of any of the SLiM biomarkers
Requires both of the following:
PCL o Meets diagnostic criteria for MM
e Presence of 25% circulating PC

Table 1. International myeloma working group diagnostic criteria for multiple myeloma and related
plasma cell disorders. MGUS: monoclonal gammopathy of undetermined significance; sMM: smoldering
MM; MM: multiple myeloma; PCL: plasma cell leukemia; PC: plasma cell; MDE: myeloma defining events;
CRAB: hypercalcemia, renal insufficiency, anemia and bone lesions; SLiM: 260% of clonal PC in bone
marrow, serum free light chain ratio 2100 and more than one focal lesion (>5mm) on magnetic resonance
imaging. Table adapted from Rajkumar, Am J Hematol. 20241.

In 2005, the International Staging System (ISS) was proposed to stratify MM patients at diagnosis
and estimate their prognosis considering serum albumin and serum B2-microglobulin (B2M)
levels. However, ten years later, a revision of the ISS (R-ISS) was proposed including LDH values
and high-risk cytogenetics to the prior classification. Following this system, patients are stratified

into 3 different groups (Table 2)*1%%2,

R-ISS stage Characteristics
Requires all the following:
e Serum albumin 3.5 g/dL
| e Serum B2-microglobulin <3.5 mg/L
e No high-risk cytogenetics
e Normal serum LDH levels
1] No fitting stage | or lll criteria

Requires both of the following:
e Serum B2-microglobulin >5.5 mg/L
e High-risk cytogenetics [t(4;14), t(14;16) or del(17p)] or
elevated LDH levels

Table 2. R-ISS staging system for MM patients. ISS: international staging system; LDH: lactate
dehydrogenase. Data from Palumbo et al. J Clin Oncol. 2015%.

In 2022, a new revision of this R-ISS staging was proposed, the R2-ISS, including two other

cytogenetic risk features and better classifying intermediate-risk patients. This system
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punctuates patients based on the presence of certain risk factors and, depending on the score,
they are classified into 4 groups. Median overall survival (OS) and progression-free survival (PFS)

are estimated for each group (Table 3)1108384

Risk Factor Score

: 0s PFS
ISS-111 1.5 R2-ISS Stage (risk) Score (months) (months)
D ITSl-I7I i I (low) 0 Not reached 68
t?4(-14F))) 1 Il (intermediate-low) 0.5-1 109.2 45.5
High LDH 1 lll (intermediate-high) | 1.5-2.5 68.5 30.2
g+ 0.5 IV (high) 3-5 37.9 19.9

Table 3. R2-ISS staging system for MM patients. ISS: international staging system; LDH: lactate
dehydrogenase; OS: overall survival; PFS: progression-free survival. Data from D’Agostino et al. J Clin Oncol.
20228,

1.7. Treatments for newly diagnosed MM patients

Currently, front-line treatments for newly diagnosed MM (NDMM) patients are based on

autologous stem cell transplant (ASCT) eligibility.

Patients are considered for ASCT based on their physical conditions, age, and comorbidities.
Eligible patients receive 3-4 cycles of induction therapy prior to stem cell collection. Commonly
used induction therapies are: VRd (BTZ + lenalidomide + dexamethasone), Dara-VRd
(daratumumab + VRd), Dara-VTd (daratumumab + BTZ + thalidomide + dexamethasone) or Isa-
VRd (isatuximab + VRd). Following ASCT, a lenalidomide maintenance therapy is administered.
Eventually, tandem ASCT and BTZ as maintenance regimen can be considered in high-risk

patients2.

Non-eligible patients are treated with different combinations of 3 or 4 drugs including
immunomodulatory drugs (IMiDs), proteasome inhibitors, monoclonal antibodies (mAbs; i.e.

daratumumab and isatuximab), alkylating agents, and/or corticoids’2.
1.7.1. Immunomodulatory drugs (IMiDs)

The first IMiD used for MM treatment was thalidomide although new analogues with less
neurotoxic adverse effects have been developed such as lenalidomide and pomalidomide, and
more recently CELMoDs (Cereblon modulators) like avadomide, iberdomide, and mezigdomide,
which are being tested in clinical trials. IMiDs mainly target cereblon, a member of the E3
ubiquitin ligase complexes, mediating proteasome degradation of IKZF1 (lkaros) and IKZF3
(Aiolos) transcription factors, which are essential for PC differentiation and development.

Moreover, IMiDs induce anti-inflammatory and anti-angiogenic effects which compromise tumor
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development and boost T cell proliferation and NK cell antitumor activity®®>®3. However, some
adverse effects such as thromboembolism, teratogenicity, neutropenia, and infections have been

described for IMiDs®*.
1.7.2. Proteasome inhibitors

Correct proteasome activity is crucial in MM cells as the high production of Igs requires an
efficient protein turnover in these cells to maintain their homeostasis. Proteasome inhibitors
target proteasome B5 subunit and induce accumulation of poly-ubiquitinated or misfolded
proteins which cause endoplasmic reticulum (ER) stress and induce apoptosis, preferentially on
MM cells. The main proteasome inhibitor used for MM treatment is BTZ together with
carfilzomib and ixazomib as second-generation drugs. New drugs such as oprozomib, delanzomib
and marizomib are under study®’. Additionally, BTZ has immunomodulatory effects that
promote immune cell activation. This drug downregulates HLA-1 and HLA-E expression®®
whereas increases natural killer group 2 (NKG2) member D ligands (NKG2D-L)* and other ligands
that sensitize MM cells to NK-mediated killing®®'® and upregulate expression of activating
receptors in NK cells that boost their cytotoxic activity®>°*. However, high doses of BTZ promote
T cell apoptosis and diminish proinflammatory cytokine secretion and costimulatory molecule
expression on T cells!®1%, The use of proteasome inhibitors is associated with toxicities such as
neuropathy, neutropenia and thrombocytopenia, cardiovascular events, Herpes virus

reactivation and infections®*>104105,

1.7.3. Alkylating agents

Melphalan, cyclophosphamide and bendamustin are alkylating agents that interfere in base
repair during transcription and replication and therefore impair tumor cell survival. Although
cyclophosphamide and bendamustin are less toxic than melphalan, they still have severe adverse
effects. Therefore, they are usually used in a low-dose and short-term regimen as bridging
between different treatment lines or as first-line treatment in combination with other drugs for
ASCT non-eligible patients. High doses of alkylating agents can be used also as pre-ASCT
conditioning regimen. More recently, melflufen (melphalan flufenamide), a peptide-drug
conjugate that targets aminopeptidases and rapidly releases alkylating agents into tumor cells,
has been recently approved by the FDA for the treatment of relapsed/refractory MM patients

(RRMM), resulting more efficient and safer than melphalan treatment%6-1%,
1.7.4. Glucocorticoids

Prednisone and dexamethasone are steroid hormones that have been used to treat MM for over

50 years. They bind to glucocorticoid receptors and modulate gene expression repressing
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important factors for MM pathogenesis. The final effect is the promotion of a broad anti-
inflammatory and immunosuppressive activity. However, due to the multiple signaling pathways
modulated by these hormones in whole body tissues, high doses of glucocorticoids can generate

severe toxicities thus they should be applied in a low dose in combination with other therapies!®*-

111

1.8. Treatments for relapsed/refractory MM patients

RRMM include patients who have not achieved at least a minimal response to first-line treatment
within treatment (primary refractory), those that achieve a minimal but non-durable response
within 60 days after last treatment administration (refractory), and those that having shown
objective responses (at least achieving a partial response) to treatments, again show signals of

MM progression after 60 days from last treatment (relapsed)**?.

Depending on whether they are resistant or sensitive to first-line treatments such as
lenalidomide, BTZ and/or daratumumab, patients are treated with new triplet or quadruplet
drug combinations. These combinations comprise some of the first-line treatments (BTZ,
lenalidomide, thalidomide and dexamethasone) and other IMiDs (pomalidomide), proteasome
inhibitors (carfilzomib or ixazomib), glucocorticoids and alkylating agents (cyclophosphamide or
melflufen) with or without a-CD38 mAbs (isatuximab or daratumumab). Other drugs such as
Selinexor and novel immunotherapies targeting BCMA and GPRC5D (BCMA-targeting chimeric
antigen receptor (CAR) T therapies and GPRC5D- or BCMA- bispecific Abs (BiAb)), which will be
later described, have been approved by the FDA (U.S. Food and Drug Admistration) for the

treatment of RRMM!0112114 (Figyre 4),
1.8.1. Selinexor

This drug is an inhibitor of exportin 1 (XPO1) that blocks nuclear exports and thus retains tumor
suppressor proteins which control cell cycle and avoids translation of mRNA oncogenes.
Furthermore, Selinexor also downregulates expression of HLA-E on malignant B cells and
upregulates NK-activating ligands in MM cell surface thus enhancing NK cell antitumor activity.
Importantly, Selinexor has shown better performance when used in combination with
dexamethasone and/or BTZ. However, major drawbacks of this therapy are their side effects

ranging from gastrointestinal and neurological effects, neutropenia, and infections!*11>117,
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1.8.2. Non FDA-approved drug treatments for RRMM

Although they are not yet approved by the FDA for treatment of MM, other drugs such as B-cell
lymphoma 2 (BCL-2) and histone deacetylase (HDAC) inhibitors have been used in clinical trials

for RRMM treatments.

Venetoclax is a BCL-2 inhibitor used in patients that express high levels of BCL-2 or that harbor
t(11;14). CANOVA trial (NCT03539744) and BELLINI trial showed enhanced PFS in RRMM patients
treated with Venetoclax in combination with dexamethasone and dexamethasone + BTZ,

respectively, but reported diverse cytopenias and gastrointestinal side effects!812°,

Panobinostat is an HDAC inhibitor that has been used in combination with other drugs like
proteasome inhibitors, IMiDs or steroids, showing good efficacy results (PANORAMAL trial;
NCT01023308) but was withdrawn by FDA in 2022 due to lack of complete post-approval clinical
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Figure 4. Current FDA-approved medications for treatment of newly diagnosed MM (NDMM) and
relapsed/refractory MM (RRMM) patients. Ide-cel: Idecabtagene vicleucel; Cilta-cel: ciltacabtagene
autoleucel. Data obtained from the International Myeloma Foundation, 2024, Created with
BioRender.com.
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1.9. Treatment response

Some studies have demonstrated good clinical responses to first-line MM patients. CASSIOPEIA
study showed 73% of complete response (CR) in patients treated with Dara-VTd and ASCT
without reaching PFS after 35.4-month follow-up'?®. Moreover, ASCT non-eligible patients
treated with Dara-VMP (daratumumab + BTZ + melphalan + prednisone) in the ALCYONE study
showed a median PFS of 32.9 months'?*. However, it has been reported that OS in triple- or quad-
refractory patients is 9.2 months and in penta-refractory (refractory to a-CD38 Abs, 2
proteasome inhibitors, and 2 IMiDs) is 5.6 months, without taking into account last updates from

CAR T and BiAbs responses’?>.

Despite the broad therapy armamentarium that is available for treatment of MM patients, the
typical course of MM is characterized by periods of remission and relapses with increasingly
shorter response periods and an increased number of rescue treatments (Figure 5). Therefore,

there is an urgent medical need to find new therapeutic strategies against MM.

3m
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NDMM i
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Time

Figure 5. Clinical evolution of MM. After each treatment regimen, remission and response times are
shorter. MGUS: monoclonal gammopathy of uncertain significance; NDMM: newly diagnosed MM;
RRMM: relapsed/refractory MM.
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2. Immunotherapy in MM

Over the last decades, the use of monoclonal antibodies and adoptive cell immunotherapies has
revolutionized the treatment of both hematologic and solid tumors. In the context of MM,
different immunotherapy products such as mAbs, CAR T, and BiAbs have been already approved
by FDAM4, as previously mentioned. Additionally, numerous other approaches and targets

against MM cells are currently under study.
2.1. Key immunotherapy targets in MM

One of the main challenges in immunotherapy is selecting targets that are specifically expressed
in tumor cells but not in other healthy cells or tissues, to minimize on-target off-tumor toxicities

(Figure 6).
2.1.1. BCMA (B-cell maturation antigen)

BCMA, also known as CD269 or TNFRSF17, is one of the most exploited targets in MM. This
protein is a type Il transmembrane glycoprotein that belongs to the TNF-receptor superfamily.
BCMA limited expression profile makes it an interesting target as it is mainly present in mature
B cells, plasmablasts, and PCs, with increased expression in malignant plasma cells along tumor

progression??,

BCMA binds to B-cell activation factor (BAFF), which is mainly expressed by dendritic cells (DCs),
neutrophils, and monocytes and, with higher affinity, to A proliferation-inducing ligand (APRIL),
present in monocytes and tumor cells. When BCMA binds to its ligands, it triggers the activation
of PI3K/AKT and MAPK/ERK signaling pathways which promote MM cell adhesion to stromal
cells, proliferation, and survival of MM cells. Besides, it also induces expression of anti-apoptotic
and immunosuppressive proteins such as PD-L1 and TGF-f3 which contribute to the maintenance
of an immunosuppressive TME in MM?7-132, Remarkably, it has been demonstrated that APRIL

and BAFF levels are increased in serum from MM patients compared to healthy donors (HD)**.

Despite showing an almost specific expression distribution, BCMA is also expressed in neurons
and astrocytes in basal ganglia which may lead to neurological side effects can appear when

targeting this antigen®®3,

It is important to note that BCMA is susceptible to y-secretase-mediated shedding, thus
increasing levels of soluble BCMA (sBCMA), which has been observed in BM from MM
patients'**. The presence of sSBCMA can block the interaction of BCMA-targeted therapies with
malignant PC, thus constituting a therapy-resistance mechanism. To solve this problem and

restore therapeutic efficacy, y-secretase inhibitors have been developed®®.
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2.1.2. GPRC5D (G-protein-coupled receptor class C group 5 member D)

GPRC5D is one of the 7-transmembrane proteins of the G protein-coupled receptor family. This
protein is highly expressed on MM cells and correlates with high-risk myeloma markers.
Although GPRC5D is suggested to play an important role in tumor proliferation, its function

remains unknown. Contrary to BCMA, this protein is unlikely to undergo shedding®3®1%’.

Besides on MM cells, this antigen is expressed in keratinized tissues and hair follicles®®,
Consequently, GPRC5D BiAbs have shown on-target off-tumor toxicities in nails and skin in more
than 60% of MM patients’®13% Nonetheless, it is worth noting that preclinical trials using

GPRC5D-CAR T cells in mice and monkeys have not reported alopecia®®.
2.1.3. CD38

CD38 is a type Il transmembrane protein within the ADP-ribosyl cyclase family. It is widely
expressed on most hematopoietic cells including myeloid cells and B, T, and NK cells. The catalytic
products of this ectoenzyme promote calcium release and adenosine (ADO) secretion thus
enhancing MM immunosuppressive TME#142_ CD38 interaction with CD31 or hyaluronic acid

also mediates cell migration and adhesion*3,

As expected, due to the broad expression in the immune system, on-target off-tumor toxicities
such as reduction in B and T cell numbers or NK cell fratricide, have been described for the use

of mAbs against CD38144145,

Although daratumumab and isatuximab are first-line treatments for MM patients and have
demonstrated great efficacy, the expression of CD38 can be downregulated due to selective
pressure after CD38-targeting treatments, therefore limiting the subsequent use of these

immunotherapeutic products'4¢.

2.1.4. SLAMF7 (Signaling lymphocytic activation molecule family member 7)

Targeted therapies against SLAMF7 have been developed for the treatment of MM. This
glycoprotein receptor, as well known as CD319 or CS-1, can be found on the surface of
lymphocytes, and mature DCs but also in both healthy and malignant PC. SLAMF7 is a homophilic
receptor that interacts with itself either by binding SLAMF molecules in other cells or by binding

its soluble form. When activated, this receptor boosts PC proliferation4-14°,

However, some therapy resistances have been described for this target. For example, both
receptor and soluble forms of SLAMF7 are downregulated by IMiDs. This inhibits tumor

progression but masks surface target thus impairing efficacy of SLAMF7-targeted therapies!32. In
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addition, fratricide effects have been described for SLAMF-directed immunotherapies as this

molecule is expressed in both NK and T cells'*%11,

2.1.5. Other targets under research

Although not yet approved by medical authorities, there are other targets that are being

explored in both a preclinical and clinical setting.

For example, CD138, also known as syndecan-1, is a lineage marker of PC and is highly expressed
by MM cells>2. This protein plays an important role in cell adhesion as it binds to many different
integrins and extracellular matrix proteins®3. CD138 can also bind APRIL promoting tumor
growth®. However, it is also expressed in liver, bladder, and gastrointestinal tract cells!* leading
to possible toxicities and, as well as BCMA, it can be shed from MM cells in advanced stages of

153,156,157

the disease reducing targeted immunotherapy responses.

Ligands for the NKG2D receptor are of special interest not only for MM but also many different
solid and hematologic tumors. There are 8 different known NKG2D-L: MHC class | chain-related
proteins A and B (MICA, MICB) and the unique long 16 binding proteins (ULBP) 1 to 6. These
ligands are usually induced by cellular stress, DNA-damage, viral infections, inflammation, and

chemotherapy!®®162

. Moreover, malignant transformation also induces expression of these
ligands in more than 85% of tumor cells, in which MM cells are included>*%*1%*, When these
ligands bind to the NKG2D activating receptor, which is expressed in NK cells, CD8* T cells, y6 T
cells and NKT cells'®, NKG2D/DAP10 complex activates PI3K/AKT and Grb2/Vavl signaling
pathways triggering a cytotoxic response®%, Within the drawbacks of NKG2D ligand-targeted
therapies it is worth mentioning the potential off-tumor effects as these ligands are expressed in
the gastrointestinal epithelium!®’. Besides, MICA, MICB and ULBP2 can be shed from cell surface
by A disintegrin and metalloproteases (ADAM10 and ADAM17), ERp5 (Endoplasmic reticulum
protein 5), and matrix metalloproteases (MMP9 and MMP14) increasing the levels of soluble
ligands that impair NKG2D-mediated NK and T cell cytotoxic activity'®?. Importantly, it has been
demonstrated that the efficacy of a-NKG2D-L CAR T cells is not interrupted by supraphysiological

levels of soluble MICA (sMICA)?8,

Another appealing target for MM immunotherapy is Fc receptor-homolog 5 (FcRH5 or CD307),
an orphan receptor that is expressed in B cells along different development stages, including
memory B cells and PC and it has been reported to augment cell proliferation. FCRH5 is
upregulated in MM cells from patients with 1921 gain and it is associated with high-risk MM,

Possible toxicities that have been suggested may affect skin, eyes and gastrointestinal tract'’%71,
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CD19, a member of the Ig superfamily, is a BCR co-receptor molecule that, similarly to FCRHS5, is
expressed in the B cell lineage. However, its expression is diminished in late stages such as PC
being only expressed in MM stem-like cells!’>”3, As a consequence, CD19-targeted therapies
have not shown efficacy as monotherapy although they seem to synergize with other BCMA-

targeted therapies and ASCT + melphalan treatments’417¢,

Finally, CD44v6 (CD44 variant domain 6) has also been proposed as a potential MM target. This
protein is a spliced isoform of the CD44 protein that promotes cell migration and tumor cell
survival in response to different interactions with extracellular proteins and growth factors such
as VEGF and HGF (hepatocyte growth factor)}’’17°, This aberrant protein is expressed in different
tumors, including MM*9181 However, it is also expressed in keratinocytes. Of note, although side
toxicities affecting skin have been reported for CD44v6-target therapies'®?, this has not been
observed with CD44v6 CAR T cells'®. A unique feature of this target is that some macrophages
and monocytes which are associated with cytokine release syndrome (CRS) also express CD44v6
and, therefore, CD44v6-targeted products may potentially reduce the severity of this side

eﬁ:e Ct184,185
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Figure 6. Main antigens used for MM-targeted immunotherapy. Immunotherapy strategies that are
under development or have been approved by medical agencies against each target are indicated. BCMA:
B-cell maturation antigen; SLAMF7: signaling lymphocyte activation molecule family member 7; CD44v6;
CD44 variant domain 6; GPRC5D: G protein-coupled receptor class C group 5 member D; NKG2D-L: ligands
for the natural killer group 2 member D receptor; FcRH5: Fc receptor-homolog 5; mAb: monoclonal
antibody; ADC: antibody-drug conjugate; BiAb: bispecific Ab; CAR T: chimeric antigen receptor T cells; ide-
cel: idecabtagene vicleucel; cilta-cel: ciltacabtagene autoleucel. Created with BioRender.com.
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2.2. Monoclonal antibodies (mAbs)

mAbs are recombinant proteins engineered to specifically recognize antigens expressed on
tumor cells. There are different mechanisms by which mAbs exert their antitumor response:
antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent cellular phagocytosis

(ADCP), complement-dependent cytotoxicity (CDC), and direct tumor killing¢ .

Up to date, only daratumumab, isatuximab, and elotuzumab are mAbs approved by medical
agencies for the treatment of MM although there are others such as siltuximab (a-IL-6), SEA-

BCMA (a-BCMA) and the HexaBody-CD38 are being tested in clinical trials'8187,
2.2.1. Daratumumab

Daratumumab is a human a-CD38 IgG1k mAb. It was the first mAb to be approved by FDA as a
first-line treatment in combination with other drug treatments. It is also included in RRMM
treatment regimens, where it has been shown to improve OS and PFS when combined with other

drugs compared to drug-only regimens®18:189,

Apart from the classical killing mechanisms described above, daratumumab also modulates TME.
It decreases ADO production and, consequently, reduces CD38" Tregs, Bregs, and MDSCs at the

same time as increases T cell proliferation4%1%,

As it has been mentioned before, CD38 expression can be downregulated after treatment with
daratumumab. Although expression can be recovered in 3-6 months after treatment, some CD38"
clones may persist, therefore acquiring resistance to this treatment®l. Another limitation of
daratumumab is that it induces NK fratricide as CD38 is highly expressed on NK cells.
Consequently, NK cell numbers decrease, and remaining ones become exhausted impairing
ADCC responses. Some groups have proposed the use of CD38 KO NK cells in combination with

daratumumab to increase the efficacy of the therapy®%%3,

Regarding daratumumab-associated toxicities, anemia, neutropenia, lymphopenia,

thrombocytopenia, pneumonia, and diarrhea have been reported*®18°,
2.2.2. lIsatuximab

Isatuximab is a chimeric IgG1 mAb also targeting CD38. It was first approved by medical agencies
for the treatment of RRMM patients in combination with other drugs, also improving efficacy of
drug-only combinations!®1%, Remarkably, results from the IMROZ clinical trial (NCT03319667),
led to the recent FDA approval for its use as first-line treatment in combination with BTZ,

lenalidomide and dexamethasone for patients who are not eligible for ASCT*%4,
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Within the adverse effects associated with isatuximab treatment is worth mentioning infusion

reactions, respiratory infections, and HVB reactivation'*%’,

2.2.3. Elotuzumab

Elotuzumab is a a-SLAMF7 humanized IgG1k mAb approved by the regulatory authorities for the
treatment of RRMM. It has demonstrated greater efficacy compared to treatment regimens that
rely solely on drug medications!¥®2%°, |mportantly, few adverse effects have been reported for

elotuzumab including anemia, neutropenia, and respiratory infections?®.

In addition to classical mAbs action mechanisms, elotuzumab can also impair MM cell adhesion
to BM MSCs?°1202 However, in the same trend as a-CD38 antibodies, elotuzumab produces NK

cell fratricide as its target is also expressed on this immune subset?%,

2.3. Antibody-drug conjugates (ADCs)

ADCs are recombinant mAbs that are conjugated to small cytotoxic molecules such as DNA
damaging agents, topoisomerase | inhibitors, RNA polymerase Il inhibitors, or tubulin inhibitors.
When they bind to their specific target, they are endocytosed and release the toxin inside the

target cell after lysosomal cleavage®6:2%4,

Belantamab mafodotin is the only ADC approved for the treatment of RRMM. Other promising
ADCs such as AMG 224 and CC-99712 (a-BCMA) or TAK-573 (a-CD38) are being tested in clinical
trials. On the contrary, some other ADCs such as lorvotuzumab mertansine (a-CD56), MEDI2228
(a-BCMA), DFRF4539A (a-FcRH5), and azintuxizumab vedotin (a-SLAMF7) were discarded

because of their low efficacy and high toxicity?®.

2.3.1. Belantamab mafodotin

This ADC is a humanized a-BCMA mAb conjugated to mafodotin, a microtubule polymerization
blocker. It was approved by FDA in 2020 for RRMM treatment after showing promising results in
DREAMM-2 clinical trial?°#?°, However, the subsequent Phase Il trial (DREAMM-3) showed no
efficacy improvements in PFS leading to a provisional withdrawal of this ADC?%’. Recently, FDA
and the European Medicines Agency (EMA) have accepted a review for further reapproval of this
therapy based on the clinical outcomes of DREAMM-7 and DREAMM-8 clinical trials. In Spain,
belantamab mafodotin is still being used and its efficacy is still being tested in different clinical

trials?%,

Regarding toxicities, keratopathies, especially irreversible ocular toxicities and blurred vision, as

well as anemia and thrombocytopenia were described in DREAMM-2 study?®*.
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2.4. Bispecific T-cell engagers (BiTEs) and bispecific antibodies (BiAbs)

BiTEs and BiAbs are recombinant molecules designed to favor the interaction between immune
and tumor cells. BiTEs consist of two different single chain variable fragments (scFvs) linked
together, with one scFv typically targeting CD3 on T cells and the other targeting a tumor-
associated antigen. This design enhances immune synapse formation between T cells and
malignant cells, thereby promoting T cell activation and tumor elimination. BiAbs are
recombinant antibodies with two epitope-binding sites and one common Fc region. One binding
site can recognize CD3, allowing the BiAb to function similarly to a BiTE, or it may target a
different antigen, acting solely as a mAb. As BiAbs contain an Fc region, they trigger antibody-

dependent killing mechanisms (Figure 7)2%°21°,

Up to date, three different BiAbs have been approved for the treatment of RRMM patients,
targeting CD3 and GPRC5D or BCMA!!4, Other BiAbs targeting these molecules or other targets,

such as FcRH5 (cevostamab)?1212 or CD38, as well as some BiTEs are still under study?®.

BiAb BiTE
T cell MM cell m
T cell
Tumor ‘ﬂ/
antigen

MM cell
FcR
Other
immune
effectors

Figure 7. Bispecific antibodies (BiAb) vs bispecific T-cell engagers (BiTE). MM: multiple myeloma; FcR: Fc
receptor. Adapted from Rampotas et al. Ther Adv Hematol. 20212%, Created with Biorender.com.

2.4.1. Teclistamab

Teclistamab is a humanized IgG4 BiAb targeting BCMA and CD3. It improves T-cell mediated
cytotoxicity against MM cells both in vitro and in vivo and is not inhibited by sSBCMA?'3, First
clinical trials (MajesTEC-1) have demonstrated efficacy of this BiAb with some toxicities such as

neutropenia, thrombocytopenia, neurotoxicity, and CRS*'4.
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2.4.2. Elranatamab

Elranatamab is another humanized IgG2a BiAb targeting both BCMA and CD3. It was recently
approved in 2023 after the good results of MagnetisMM-3 clinical trial. Although some toxicities
such as anemia, neutropenia, infections and CRS have been found, they can be reduced by

sequential administration of lower doses?®.
2.4.3. Talquetamab

Talquetamab, a humanized BiAb that targets GPRC5D and CD3, was also approved in 2023 by
medical authorities. Preclinical studies have shown that it augments T cell-mediated cytotoxicity
against MM cells and fosters T cell proliferation. However, its efficacy may be hindered by the
presence of BM MSCs and Tregs'3®%1®, MonumenTAL-1 clinical trial demonstrated the efficacy of
this BiAb in RRMM patients with some adverse effects such as neutropenia and skin-related

toxicities. Nowadays, it is being tested in combination with daratumumab and teclistamab®3®2%,
2.5. CAR T immunotherapy

Despite the promising results of the aforementioned immunotherapeutic approaches for MM,
their efficacy relies on the activity of patients’ immune cells which are usually repressed in an
immunosuppressive TME. In this context, cell adoptive therapies using chimeric antigen
receptors (CAR) have revolutionized the treatment of cancer patients, especially with B-cell
lymphoproliferative hematological malignancies. CAR immunotherapy consists on the ex vivo
modification of immune effector cells to express CAR molecules on their surface and their
following activation and expansion to be later administered to the patient. Inside the patients,

activated CAR cells target cancer cells and exert their antitumor response (Figure 8).
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Figure 8. Vein-to-vein process of autologous chimeric antigen receptor (CAR) T cell therapy. Obtained
from BioRender.com repository.

CAR molecules are recombinant proteins designed to target tumor cells and trigger an activating
response in the effector cell. They contain a recognition region consisting of either a scFv from a
mAb that recognized a tumor antigen or a fragment of an endogenous receptor whose ligand is
expressed on tumor cells. Then, a hinge region and a transmembrane domain connect the
recognition region with the signaling intracytoplasmic domain. Depending on the structure of
the signaling endodomain, CAR molecules are classified into 5 groups as described in Figure 9.
First-generation CAR molecules only contain the CD3 signaling chain from the T-cell receptor
(TCR) while second- and third-generation additionally contain one or two costimulatory domains,
respectively. Most common costimulatory domains used for CAR design are extracted from 4-
1BB, CD28, 0X40, CD27, CD40 and ICOS, among others. Fourth-generation CARs, also called
“armored” CARs, are second-generation molecules that also include a bicistronic transgene for
the expression of a cytokine expression inductor or a cytokine. Recently, the new fifth-generation
has emerged incorporating a signaling domain of a cytokine receptor (usually IL-2) to activate

JAK/STAT pathway?!8-220,
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Figure 9. Schematic representation of the different CAR generations. scFv: single chain variable fragment;
NFAT: nuclear factor of activated T-cells; IL-2RB: interleukin 2 B receptor; JAK: Janus kinase; STAT: signal
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In terms of the immune effector cells used in CAR adoptive cell therapies, T cells were the

pioneering effectors to be used as CAR hosts. However, not only T cells are good candidates and

other immune cells such as NK, iNKT, yo T cells, macrophages, and DCs have been efficiently

modified to express CAR sequences (Figure 10)?%L.
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Figure 10. CAR immune effector cells against tumors in preclinical and clinical studies. GVHD: graft versus
host disease; CRS: cytokine release syndrome; ICANS: immune effector cell-associated neurotoxicity
syndrome; DC: dendritic cell; CAR: chimeric antigen receptor; MHC: major histocompatibility complex;
TCR: T cell receptor. Adapted from Daher and Rezvani, Cancer Discov. 2021221, Created with Biorender.com.
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The first CAR Timmunotherapy to be approved by the FDA was tisagenlecleucel, a CAR T product
targeting CD19, for the treatment of children and young adults with relapsed or refractory B cell
acute leukemia (B-ALL)?%2223, Since this landmark in the CAR T immunotherapy field in 2017, a
total of 6 products have been globally approved by medical authorities, all of them targeting
CD19 or BCMA??4, Additionally, Chinese medicine agency has authorized two other CAR T, also
targeting the same antigens and in Spain, ARI-0001 aCD19 CAR T product (Vermicabtagene
autoleucel) was authorized under the “hospital exemption” approval pathway by the Spanish
Agency of Medicines and Medical Devices (AEMPS). These revolutionary achievements have
paved the way for the development of new CAR T therapies, not only for hematological
malignancies, but also for solid tumors such as glioblastoma, in which promising clinical

outcomes have been reported?*:2%,

Regarding MM, there are two medically authorized a-BCMA CAR products for the treatment of
RRMM patients: idecabtagene vicleucel (ide-cel) and ciltacabtagene autoleucel (cilta-cel)'**,
Early and long-term efficacies as well as safety of the already approved and other CAR T
immunotherapies are currently being tested in around 220 clinical trials. Among the specificities
that are being explored besides BCMA, GPRC5D, SLAMF7, CD38, FcRH5, NKG2D-L, and CD138

are the main targets®’.

2.5.1. Idecabtagene vicleucel (ide-cel) and ciltacabtagene autoleucel (cilta-cel)

Ide-cel contains a a-BCMA scFv as CAR recognition region. This CAR T product was approved in
2021 by FDA and later by EMA after the pivotal KarMMa-1 trial outcomes, being indicated for
the treatment of RRMM patients after 24 lines of therapy including an immunomodulatory
agent, a proteasome inhibitor, and an a-CD38 mAb. Recently, the Phase Ill KarMMa-3 trial
reported 71% of responses and a median PFS of 13.3 months being quite superior to the 4.4
obtained for patients treated with drug regimens. Grade 3 and 4 toxicities were observed in 93%
of patients, mainly CRS and immune effector cell-associated neurotoxicity (ICANS)?*?, Based on

these results, this CAR T therapy was approved for RRMM after 22 prior lines of treatment.

In 2022, regulatory authorities gave green light for the use of cilta-cel in RRMM patients who
had undergone 4 or more treatment regimens including a proteasome inhibitor, an
immunomodulatory agent, and an a-CD38 mAb. This decision was based on the results from
CARTITUDE-1 clinical trial which reported 89% OS and 77% 12-month progression-free rates?%,
Although this product also targets BCMA, recognition region of cilta-cel CAR molecule consists
of two VHH antibody fragments, differently to ide-del. More recent results from Phase Il trial

CARTITUDE-4 revealed an 84.6% OS with a 37.1% CR. Although 76.1% of patients showed
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adverse therapy-related effects, only 4.5% suffered severe neurotoxicity and just 1.1% severe
CRS%0. After these promising results, the use of cilta-cel was extended to RRMM who have
received at least one prior line of therapy, including a proteasome inhibitor and an

immunomodulatory agent.
2.5.2. CART therapy resistances and limitations

Despite showing promising efficacy in clinical trials, no plateaus have been observed in the
survival curves of patients treated with a-BCMA CAR T therapies, and relapses still occur?3l. The
lack of stability in the responses might be caused by CAR effector-dependent and tumor-

dependent resistances.

CAR structure constitutes a key point in the design and development of CAR T therapies. Most
scFv used to generate CAR molecules are derived from mice or are not fully human. As a
consequence, the patient’s immune system can secrete human anti-mouse antibodies and
trigger an immunological response against CAR T cells, limiting their expansion and
compromising the efficacy of subsequent treatment doses. To reduce the scFv immunogenicity,
recognition sequences can be substituted by fully human scFv or a natural receptor or ligand that
binds the target cells. Another solution that has been implemented is the use of a

lymphodepleting conditioning treatment before CAR T cell infusion?®2,

Another important limitation of CAR T cells is their exhaustion. This is a reversible state in which
T cells highly express inhibitory receptors (i.e. PD-1, TIM-3, LAG-3, TIGIT, and CTLA-4) and show
impaired functional responses. This phenotype has been observed in most of the non-responder
patients treated with CAR T cells. CAR structure is also implicated in T cell exhaustion. For
example, some scFv, when overexpressed on membrane, can aggregate resulting in a tonic
signaling that triggers T cell exhaustion. Moreover, CD28 costimulatory domain has been
described to induce T cell exhaustion compared to other domains such as 4-1BB or ICOS?332%,
Therefore, adequate selection of each of the CAR elements is important to overcome CAR T cell

resistances.

Regarding tumor-dependent resistances, antigen escape is one of the most relevant ones. Many
tumors can downregulate the expression of the CAR-target antigen as a response to the
treatment (i.e. CD38) or clones that do not express the specific antigen can appear, having
greater fitting after treatment and therefore a selective advantage. In order to solve these
limitations, the expression of two CAR molecules with different specificities (dual-CARs) has been
proposed. Another strategy is changing the specificities of the CAR T cells depending on the

antigens expressed on the tumor cell*®%37, Antigen cleavage is another shortcoming related to
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antigen loss. In the context of MM, some targets such as BCMA can be shed from cell surface by
proteases, as it was mentioned before. This leads to the release of sSBCMA that can bind CAR T
cells thus impairing their cytotoxic activity. As a possible solution, the use of y-secretase

inhibitors has been proposed to avoid BCMA cleavage®®®.

Another tumor-derived therapy resistance is the TME. Most tumors, including MM, create an
immunosuppressed environment that not only affects the immune cells of the patient but also
can restrain the efficacy of adoptive cell therapies. The release of cytokines such as TGF-f or IL-
10, the expression of inhibitory ligands (i.e. PD-1L) and the presence of immunosuppressive cells
impair T cell functionality and expansion and can induce T cell exhaustion which, in the end,
compromise CAR T cell therapy. Strategies targeting TME or gene editing of CAR T cells have been

proposed to enhance the efficacy of CAR T cells?18234235.238

Besides therapy resistances, there are other relevant limitations of CAR T therapies. The major
one is treatment-derived toxicities such as CRS, ICANS and on-target off-tumor toxicities. Almost
all patients treated with CAR T cells develop CRS which causes fever, and in severe cases,
hypotension, hypoxia and/or organ dysfunction although these symptoms are normally
controlled by treatment with a-IL-6R mAb. ICANS is also a frequent adverse effect in patients
who have experienced CRS and can cause confusion, motor skills impairment or dysphasia but,
in severe cases, it can produce seizures, cerebral oedema, or even coma?*. Prolonged
cytopenia?*® and hemophagocytic lymphohistiocytosis?*! are also relevant adverse effects after
CAR T treatment. These therapy-related complications prolong hospitalization and increase

healthcare costs.

Manufacturing costs and times are also important limitations of CAR T immunotherapy. Most
patients have a high tumor burden, which may contaminate final autologous CAR T products,
and have impaired T effector cells due to the previous treatment regimens and TME-mediated
immunosuppression?*?. This results in a high rate of product failure and prolongs manufacturing
times. In most cases, rapid MM progression does not allow such long manufacturing time.
Although allogeneic CAR T cells from HD have been proposed to obtain “off-the-shelf’, universal
and efficient CAR T products, they can generate graft-versus-host-disease (GvHD) or host
immune rejections. As possible solutions, gene editing strategies, the use of non-af3 Tcellsor T
cells derived from umbilical cord blood (CB) or iPSC banks, and conditioning lymphodepletions

have been proposed?*.
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In this scenario, there is an emerging need to find alternative CAR effectors to improve their
persistence and efficacy, avoiding severe toxicities, immunosuppression and antigen loss

consequences.

3. CAR NK immunotherapy in MM

CAR NK cells have emerged as strong and safer candidates due to their singular biological
properties that outperform CAR T cells. Among them, it is worth mentioning their low toxicity
and the possibility of being used in both an autologous and allogeneic context without previous
engineering, because its response is not HLA-restricted. Moreover, their killing mechanisms
through innate receptors guarantee CAR NK cell efficacy even if the CAR target is downregulated,

overcoming some of the CAR T cell resistances.
3.1. Native properties of NK cells over T cells for CAR immunotherapy

NK cells are innate cytotoxic lymphocytes that represent 5-15% of total lymphocytes in
peripheral blood (PB). They originate from an NK cell precursor in BM that differentiates along 6
maturation stages in BM and primary lymph organs. During the final stages of maturation in
secondary lymph organs, NK cells acquire a CD56€" and highly proliferative phenotype.
Differentiation involves transcriptional and epigenetic changes in the receptor profile towards a
more cytotoxic one in which receptors such as CD56, CD62L, NKG2A, CCR7, and CXCR3 are
downregulated while expression of activating receptors like CD16 and NKG2D, as well as perforin,
granzymes and KIRs (killer-cell immunoglobulin-like receptors), is increased. These CD56%™
CD16"&" NK cells preferentially circulate into the bloodstream accounting for 90-95% of
circulating NK cells (Figure 11)%**. Of note, cytotoxic CD56%™ CD16°&" NK cells, when activated
ex vivo, can upregulate CD56 expression but do not resemble the “traditional” regulatory
functions of the CD56"8" CD16™ subset?. In addition to the CD56°8" CD16™ and CD56%™
CD16""&" classical NK cell populations, a new CD56° CD16"€" NKp46* NK cell population has been
identified which usually represents a minor proportion of circulating NK cells but is upregulated

during viral infections?%®,
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Figure 11. Schematic representation of NK cell differentiation and maturation. Adapted from Cichocki et

al. Front Immunol. 2013%**. Created with BioRender.com.

3.1.1. Germ-line NK cell receptors that mediate CAR-independent killing

The main function of NK cells is to identify and quickly eliminate abnormal, stressed, virally

infected, or senescent cells as well as to control tumor and metastatic cells?*”2*%, NK cells can

eliminate target cells through ADCC, the secretion of granzymes and perforin that mediate direct

cytotoxic killing, or by engaging death receptors such as TRAIL or FasL, which trigger apoptotic

responses in target cells. Additionally, NK cells secrete immunomodulatory cytokines such as

TNF-a and IFN-y. They act in a similar way to CD8* T cells but without needing prior antigen

sensitization?**2%° (Figure 12).

induction

Granzymes
Perforin

Figure 12. NK cell responses against target cells. ADCC: Antibody-dependent cell-mediated cytotoxicity;
mAb: monoclonal antibody; IFN-y: interferon y; TNF-a: tumor necrosis factor a; TRAIL: TNF-related
apoptosis-inducing ligand; TRAIL-R; TRAIL receptor; FasL: Fas Ligand. Created with BioRender.com.
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NK function is mainly modulated by KIRs. These receptors are encoded by 15 different gene loci
with allelic variants resulting in a high polymorphic family with a great diversity of receptors.
Most KIRs contain ITIM motifs on their cytoplasmic tail which trigger inhibitory responses by
recruiting phosphatases although a small proportion of KIRs do not have ITIM motifs and interact
with DAP12 (which contains ITAM motifs) instead, thus inducing activating responses in NK
cells?*°, KIRs recognize human leukocyte antigen (HLA), also known as major histocompatibility
complex (MHC). During their maturation, NK cells are educated or “licensed” to recognize HLA
class | molecules in the own healthy cells through their KIR receptors. When NK cells encounter
cells that do not express or have downregulated HLA-I, which is the case of altered and tumor
cells, they are recognized as “non-self’ or “missing-self’ cells and lack of KIR binding triggers a
killing response. Apart from HLA-I recognition, NK cell function can be also induced by the
recognition of specific ligands in stressed or damaged cells (including tumor cells) that bind other

NK cell activating receptors (“induced-self’ mechanism)?*2°2_ (Figure 13).
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killing response killing response
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Figure 13. NK-mediated killing responses based on KIR and activating receptor recognition. KIR: killer-
cell immunoglobulin-like receptor; HLA-I: human leukocyte antigen class |. Created with BioRender.com

However, regulation of NK cell immune responses is not as simple as this and requires the
integration of different signals. In the end, the final NK cell function will depend on the balance
between activating and inhibitory signals generated by KIRs and several other surface germ-line

receptors®° (Figure 14).

NKG2 receptor family plays a central role in NK cell modulation. These are C-type lectin-like
receptors expressed on NK and cytotoxic T cells. Depending on the ITIM or ITAM motifs that each
member contains, they are classified into activating (NKG2C, NKG2D and NKG2E) or inhibitory
(NKG2A and NKG2B) receptors. They form heterodimers with CD94 with the exception of NKG2D
which is a homodimer. As it was previously described, NKG2D recognizes MICA/B and ULBP1-6
ligands in stressed or malignant cells and signaling transduction is mediated by interaction with

DAP10. NKG2A, NKG2B, NKG2C, and NKG2E, on the contrary, recognize the non-classical HLA-I
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molecule HLA-E with different affinities. NKG2A signaling plays a dominant role in inhibiting NK

cell response and will be described in more detail later?>%2>3,

Natural cytotoxicity receptors (NCR) comprise NKp30, NKp44, and NKp46 proteins. They belong
to the Ig superfamily and contain intracellular ITAM motifs thus triggering activating signals in
NK cells when bind to their multiple ligands. Additionally, signaling transduction is mediated by
the intracellular interaction of NCRs with FceRly and CD3{ (NKp30 and NKp46) and DAP12
(NKp44)>0.254,

CD16, also known as Fc y receptor Il (FcyRIll), is expressed under two isoforms: A and B. CD16A
is highly expressed on mature and activated NK cells and interacts with CD3Z and FceRly. On the
contrary, isoform B is expressed on neutrophils. CD16A can recognize Fc domains of IgG1 and
IgG3 and, when binding, induces an activating response in NK cells that promotes ADCC
responses and cytokine secretion to mediate target killing. Importantly, CD16 expression in NK

cell is regulated by ADAM17 shedding?%%>,

Another important activating and adhesion receptor is DNAM-1 (CD226). This receptor interacts
with Nectin-2 (CD112) and poliovirus receptor (PVR, CD155) competing with CD96 and TIGIT. Its
tyrosine and asparagine-based motif in the cytoplasmic domain is responsible for triggering

activating signals that induce both cytotoxicity and cytokine secretion in NK cells?>%2%,

NK cell function is also regulated by inhibitory receptors such as TIGIT, CD96, KLRG1, TIM-3, and

PD-1, which are also expressed on T cells and other immune subsets.

TIGIT (T cell immunoreceptor with Ig and ITIM domains) and CD96 (TACTILE) are homology-
shared receptors that bind PVR and Nectin-2 (similarly to DNAM-1) but exert an inhibitory
response in NK cells. Tumor-infiltrating NK cells showed enhanced TIGIT expression suggesting

that this receptor plays an important role in tumor immunosuppression?>”-2%8,

TIM-3 (T cell immunoglobulin and mucin-domain containing-3) is an inhibitory receptor from the
TIM family. When binding to its ligands, galectin-9 and CEACAM-1, it interacts with BAT3
regulating NK cell immune response. Importantly, TIM-3 expression in NK cells is considered a
prognostic factor in solid tumors and has been related with impaired IFN-y and granzyme

production?>%2>9,

KLRG1 (Killer cell lectin-like receptor G1) is an ITIM-containing inhibitory receptor that binds to
E-, N- and R-cadherin. After binding it impairs AKT phosphorylation leading to proliferative
dysfunction in NK cells. Expression of this receptor has been associated to final maturation and

even senescent stages of effector cells®®°,
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Finally, PD-1 (Programmed death 1) receptor also mediates inhibitory responses, especially in
the cancer context as tumor cells usually express PD-1 ligands (PD-L1 and PD-L2). PD-1 is one of
the main inhibitory checkpoint of T cell activity although its role in NK cells has not been

262 35 well

completely elucidated?®'. However, induction of PD-1 expression in expanded NK cells
as trogocytosis-mediated PD-1 acquisition?®® in the presence of tumor cells have been described,

suggesting that PD-1 plays relevant regulatory roles in the tumor context.
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Figure 14. Major endogenous inhibitory and activating NK receptors and their ligands that modulate NK
cell responses. PD-L1: programmed cell death ligand 1; HLA: human leukocyte antigen; NCR: natural
cytotoxicity receptors; NKG2D: natural killer group 2 member D; NKG2D-L: NKG2D ligands; MICA/B: major
histocompatibility complex class | chain-related protein A/B; ULBP: unique long 16 binding protein; KIR:
killer-cell immunoglobulin-like receptor; DAP10/12: DAP10: DNAX-activating protein 10/12; DNAM-1:
DNAX accessory molecule-1; TIM-3: T cell immunoglobulin domain and mucin domain-3; NKG2A: natural
killer group 2 member A; TIGIT: T cell immunoreceptor with Ig and ITIM domain; PD-1: programmed cell
death 1; ITIM: immunoreceptor tyrosine-based inhibitory motif; ITAM: immunoreceptor tyrosine-based
activation motif; Tyr- and Asn- based motif: tyrosine- and asparagine-based motif. Modified from Valeri et
al. Front Immunol. 2022242, Created with BioRender.com

NK cells per se have great antitumor potential which synergizes with the expression of CAR
molecules that redirect NK cells towards tumors. These native receptors potentially guarantee
tumor killing even in a “tumor escape” context characterized by CAR antigen downregulation or

loss, thus remarking a great advantage over CAR T cells, whose activity is limited to CAR signaling.

Importantly, another relevant feature of CAR NK cells over CAR T effectors is that on-target off-
tumor toxicities using CAR NK cells are minimal®®*, probably due to the short half-life of
circulating CAR NK cell effectors (approximately 2 weeks) and KIR inhibiting mechanisms that
control CAR NK cell killing. This avoids the need of introducing suicide genes to control CAR NK

response and proliferation?422%,
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3.1.2. Safer cytokine-release profile with low probability of producing severe adverse effects

Contrary to CAR T cells that mainly release IL-6, IL-8, and IL-1B cytokines upon activation that
usually unleash severe CRS in patients, CAR NK cells exert their function through IFN-y, GM-CSF,
TNF-a, and IL-3 secretion, reducing the probability of generating a CRS. Additionally, the short in
vivo lifespan of CAR NK cell effectors may contribute to this advantage over CAR T cells.
Moreover, clinical studies have not yet reported ICANS in CAR NK treated patients?**%>2, On the
other hand, CAR NK cells have high expression of chemokine receptors and usually release
chemokines such as CCL2, CCL3, CCL4, CCL5, and CXCL1 that promote NK and other immune

effector trafficking to tumor niches*®%’.

3.1.3. “Off-the-shelf” product from different NK cell sources

CAR NK cells can be generated from multiple primary NK sources such as PB, CB, or placenta?®®

or can be derived from undifferentiated progenitors like HSPCs, human embryonic stem cells
(hESC), or induced pluripotent stem cells (iPSC). Additionally, there are NK cell lines which can

also be used for CAR NK adoptive immunotherapy (Figure 15).
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Figure 15. NK cell sources for CAR NK cell adoptive immunotherapy. PB: peripheral blood; p: placental;
CB: cord blood; HSPC: hematopoietic stem progenitor cell; hESC: human embryonic stem cells; iPSC:
induced pluripotent stem cell; CAR: chimeric antigen receptor. Created with BioRender.com.
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Most of CAR NK cell products are applied in an allogeneic context due to the low probability of
NK cells to produce GvHD, as they lack TCR. This facilitates the preparation and manufacturing
of “off-the-shelf’ products which supposes a great advantage over the expensive and length

procedures to obtain autologous CAR T cells?>%269,

The majority of CAR NK cell preclinical and clinical studies have used NK cells derived from PB
and CB. Although circulating PB-NK cells only represent 5-15% of total blood lymphocytes, PB
mononuclear cells (PBMCs) from large blood samples (i.e. apheresis and buffy coats) can be
expanded using artificial antigen presenting cells (aAPCs) and/or cytokines promoting NK cell
activation and proliferation thus obtaining clinical doses of NK cell effectors. Activated PB-NK
cells have a potent cytotoxic and heterogenous profile with high expression of activating
receptors like CD16, DNAM-1, NKG2D, and NCRs as well as TRAIL death-inducing ligand. However,
they also present a mature phenotype with high expression of CD57 and KIRs and are highly
refractory to lentiviral vector transduction due to NK-antiviral mechanisms that limit CAR
transference. Additionally, it has been reported that long PB-NK cultures drive telomere

shortening which may compromise CAR NK cell persistence®’*273.

NK cells derived from CB samples represent an alternative to PB-NK cells with some advantages,
such as better lentiviral transduction efficiencies and lower GvHD risk because of the lower
percentage of T cells in CB samples compared to PB, which reduces the probability of T
contamination in final products. Moreover, CB-NK cells can be cryopreserved which facilitates
the creation of cell banks that allow rapid therapy preparation and even creation of multiple
doses from the same donor?’>?’4, Although resting CB-NK cells have an immature phenotype

6272,274—276' when

with lower KIR expression and less activating receptors such as DNAM-1 or CD1
activated in vitro with aAPCs and/or cytokines, they have similar killing capacity as PB-NK
cells?72274275.277 NMoreover, CB-NK cells express higher levels of CXCR4 which facilitates their
migration to BM, thus enhancing efficacy against BM-resident tumors?’#?’>. Of note, NKG2A
immune checkpoint is highly expressed on resting CB-NK cells which may impair their

functionality within the TME as will be later described?’#276.278,

NK cell lines can be also used for CAR immunotherapy. Although different cell lines are being
investigated, NK-92 cell line, immortalized from an NK lymphoma donor, is the only NK cell line
approved by FDA for clinical purposes. Despite presenting some clear advantages over primary
NK cell sources, such as homogeneity, easy genetic modification, and unlimited culture
expansion, irradiation of NK-92 cells is necessary prior infusion to avoid tumorigenesis and, as a

consequence, its cytotoxic potential and persistence in vivo are diminished?4>27%27¢,
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Finally, other emerging sources for CAR NK manufacturing are in vitro differentiated NK (iNK)
cells from CD34* HSPCs, hESCs or iPSCs. Among the advantages of using these NK sources, it is
worth mentioning the homogeneity of the final product, the easy genetic manipulation, and the
possibility of generating unlimited doses from the same donor. However, the manufacturing
process is significantly longer compared to CB- or PB-NK cells and requires specialized expertise.
Moreover, the final iNK cells express a reduced variety of NK cell killing receptors, are
immunogenic and, in the case of iNKs derived from hESCs or iPSCs, potentially harbor a high risk
of malignant transformation?*>272276 Nevertheless, up to date, no teratoma appearance has

been observed in current iNK clinical trials (NCT05182073, NCT04555811)?%7:27%,
3.2. CAR NK cells targeting MM in preclinical studies and clinical trials

Numerous preclinical studies have demonstrated the great efficacy of CAR NK cell effectors

obtained from different sources for cancer treatment, especially in hemato-oncologic patients.

In the context of MM, different CAR NK approaches have been proposed with promising efficacy
results. The first strategies were developed using NK-92 cell line targeting CS-1%°! and CD138%°,
However, although these studies showed both in vitro and in vivo efficacy, as it was
aforementioned, these targets are not specific from malignant MM PCs which leads to off-tumor
toxicities and NK cell fratricide (CS-1) and, as a consequence, difficult their clinical application.
With a similar potential fratricide effect, a few years later, a-CD38 CAR NK-92 cells also
demonstrated antitumor activity against MM?81, NK-92 cells expressing a CAR directed to the
gold-standard BCMA antigen have shown as well preclinical anti-MM efficacy alone®? or in
combination with other genetic modifications (TRAIL overexpression) and drug therapies®®.
Moreover, the easy genetic manipulation of this cell line has facilitated the development of
therapeutic strategies combining two different CAR specificities within the same cell effector.
Examples of these include dual CAR NK-92 targeting BCMA and CD19?%4, CD138 and CD19%%, and
BCMA and NKG2D-L*¢,

Primary CAR NK cells derived from PB, CB, and iPSCs have also been designed against MM, some
of them including genetic modifications to improve their antitumor responses or surpass certain
therapy-related limitations. For example, the expression of a CAR targeting BCMA has
demonstrated enhanced cytolytic activity of PB-NK cells against MM cell lines?®’. Some groups
have gone further and have developed more sophisticated a-BCMA CAR PB-NK cell products
incorporating CXCR4, which enhances NK migration towards BM?%, or an inducible IL-15
expression cassette to potentiate CAR NK proliferation and killing potential?®. Our laboratory has

also engineered BCMA-targeting PB-NK cells (unpublished results?*°) and NKG2D CAR PB-NK cells
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targeting NKG2D-L with demonstrated efficacy against MM both in vivo and in vitro*®*. Another
target that has been explored for CAR PB-NK immunotherapy against MM is CD38. To avoid CAR-
derived fratricide effects, Edri et al. eliminated the expression of endogenous CD38 in PB-NK cells
carrying an a-CD38 CAR%!. A similar strategy has been used in preliminary experiments in CAR
CB-derived NK cells by Brophy et al.?*?> and Duggal et al.?*3, who also included a simultaneous
CISH knock-out (KO) to enhance CAR NK cell persistence. Although many different CB-NK
immunotherapies have been evaluated against different hematological tumors, regarding CB-
derived effectors targeting MM, no other preclinical studies have been reported yet. However,
our group has developed both a-BCMA and a-NKG2D-L CAR CB-NK cells that show encouraging
efficacy results against MM (unpublished results?°). With respect to CAR NK cells derived from
iPSCs, O’Neal et al.®* have reported in vivo antitumor efficacy against MM of a-BCMA CAR iNK
cells. Moreover, two other innovative iNK products have been already developed, FT555%%° and
FT5762%, carrying CAR molecules targeting GPRC5D and BCMA, respectively. Both CAR iNK cells
contain additional genetic modifications including the addition of a non-cleavable CD16 receptor
to enhance ADCC, CD38 knock-out to avoid NK fratricide when used in combination with
daratumumab and the addition of a membrane-bound IL-15/IL-15R fusion protein to boost CAR

iNK cell persistence and function. Noteworthy, FT576 is currently being tested in clinical studies.

When moving to the clinic, there are a total of 85 clinical trials testing CAR NK cells efficacy and
safety, most of them in early Phases (I and Il) and targeting hematologic malignancies. Among
them, only 9 are focused on MM treatment (Table 4) with only released preclinical supporting

data from FT576 iNK product.
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Product NCT NK source Phase Study Status
start
a-BCMA CAR NK NCT05652530 Unknown I 2022 Recruiting
a-BCMA CAR NK NCT06045091 Unknown I 2023 Recruiting
a-BCMA CAR NK NCT06242249 Unknown I/1 2024 Not yet recruiting
a-BCMA CAR NK +
Fludarabine + NCT05008536 CB I 2021 Unknown
cytoxan
ACT-001 CAR
NK ;‘fgéif;g’w NCT06594211 | Unknown N/A 2024 Not yet recruiting
bispecific CAR NK)
a-BCMA CAR NK NCT03940833 NK-92 1/11 2019 Active, not recruiting
NKG2D CAR NK NCT06379451 Unknown I 2024 Not yet recruiting
FTSZiéalll?(():MA NCT05182073 iPSCs I 2021 Active, not recruiting
LUCAR-BES (a- NCT05498545 Unkown | 2022 Not yet recruiting

BCMA CAR NK)

Table 4. Current clinical trials testing CAR NK cells for the treatment of MM. CB: cord blood; iPSCs:
induced pluripotent stem cells. Data obtained from Clinicaltrial.gov. database.

Regarding hematological tumors in general, only 6 clinical trials have reported preliminary
efficacy and safety results, one of them testing FT576 for MM treatment (NCT05182073). The
first trial using CAR NK cells was reported for the treatment of CD19* malignancies by Rezvani’s
group (NCT03056339), who tested the safety and efficacy of a a-CD19 CAR CB-NK product which
was additionally engineered to express ectopic IL-15 and an iCas9 safety switch. The first
reported results showed complete responses (CR) in 7 of 11 patients and CAR NK persistence in
some patients was observed after 12 months?®’. A most recent update from 37 patients showed
68% and 32% of 1-year overall response (OR) and PFS rates. Despite these improvable efficacy
parameters, the most encouraging outcome was the absence of notable toxicities such as CRS,
neurotoxicity or GvHD??. The lack of therapy-derived toxicities was also reported in the other
five studies confirming the safety of these immune effectors over CAR T therapies. However,
regarding efficacy, these trials, including the one testing FT576 product, have demonstrated
disappointing results?’2293% highlighting the urgent need for new strategies to enhance CAR

NK cell efficacy.
3.3. Combinatorial strategies to overcome CAR NK limitations

With the aim of improving CAR NK cell efficacy the use of small inhibitors (i.e. GSK3)3°? or
receptor agonists such as 2B4, 4-1BB, and SLAMF7%*> which activate CAR NK cell function has
been proposed. Moreover, both IMiDs and HDAC inhibitors, despite targeting tumor cells, are
able to induce expression of activating receptors in NK cells and, consequently, boost CAR NK

activity®®2. In the same line, the use of mAbs such as daratumumab in combination with CAR NK

52



INTRODUCTION

cells can enhance ADCC responses (NCT05182073). In a similar way to its application in CAR T
therapy, another strategy to facilitate CAR NK-tumor interactions and thereby potentiate NK
killing, is the use of bispecific killer cell engagers (BiKEs) or BiAbs such as NKG2DxBCMAY* and
CD16xBCMA3® for MM, or NKG2DxErbB23% and CD16xIL13Ra23% for breast cancer and glioma,
respectively. Additionally, NK cell redirection towards the tumor niche has been also achieved by

the engineering of a-BCMA-CAR NK cells to express CXCR4 receptor?,

However, although those strategies can enhance CAR NK cell activity, the final efficacy outcome
remains constrained by several critical factors, including fratricide induction, the
immunomodulatory checkpoints in NK cells and the surrounding immunosuppressive TME that
limit NK cell function, as well as the reduced in vivo persistence of the effector cells which

compromise long-term tumor control?*?,

3.3.1. Avoiding NK fratricide

Ex vivo expansion of CAR NK cells can be difficult due to an NK cell fratricide effect by which NK
cells recognize receptors or ligands on their siblings and kill themselves in response. This
undesired effect can be provoked by the manufacturing protocol per se. One of the main killing
mechanisms of NK cells is apoptosis induction through FasL signaling. However, cytokine or
feeder-cell stimulation protocols implying IL-2, IL-15 and IL-21 stimulation can upregulate the
expression of Fas receptor that, when binds to NK-expressed FasL, trigger an apoptosis response
in the effector cells, decreasing final effector cell numbers. Moreover, as it will be later described,
FasL expressed within the TME can decrease CAR NK efficacy. Some other studies have associated
cytokine stimulation as well as trogocytosis of tumor cells with increased expression of NKG2D-
L in NK cells which could be recognized by endogenous NKG2D receptor. Thus, special care in cell

expansion protocols should be taken into account when manufacturing CAR NK effectors?*2.

On the other hand, CAR-related fratricide is of special relevance for CAR NK cell design. The use
of CAR molecules targeting antigens that are also expressed on the effector cells could trigger
fratricide responses that reduce CAR NK cell numbers and therefore, its antitumor efficacy and
manufacturing yield. In the context of MM, this happens with CAR NK products targeting CD38
and CS-1. To solve this problem, genome editing has been proposed to eliminate expression of
CD38 in CAR NK cells targeting MM cell lines?***%3, as has been previously mentioned, and acute
myeloid leukemia (AML)3° and expression of CD703%” in CAR NK cells against other hematological
malignancies. Besides, CAR-targeted antigen expression can be transferred from tumor cells to
CAR NK cells through trogocytosis resulting in lower tumor density antigen as well as CAR NK

fratricide. To overcome this limitation, Rezvani’s group has proposed the generation of dual CAR
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NK cells expressing an activating CAR against the tumor antigen and an inhibitory CAR (containing
ITIM intracellular domains) targeting an NK-self antigen (such as CS-1) to counteract the killing

response against CAR NK cells that had acquired the tumor antigen3®,
3.3.2. Counteracting NK cell checkpoint inhibitors

As has been described before, in physiological conditions, NK cell activity is highly controlled by
inhibitory receptors, also known as checkpoint receptors, that counteract the activating signals
to avoid toxicity against healthy cells. However, a high expression of these inhibitory receptors in
CAR NK cells decreases their antitumor activity. In this context, strategies based on the use of
blocking mAbs or genome editing of specific receptors have been proposed to boost both NK

and CAR NK adoptive cell therapies (Figure 16).

KIRs are the principal inhibitors of NK cell activity. Notably, KIR expression is upregulated on NK
cells from MM patients and impairs antitumor capacity of these effector cells within the tumor

399 A monoclonal antibody against KIR2D, known as IPH2101 or lirilumab, was proposed to

niche
be used in combination with lenalidomide or daratumumab to enhance their antitumor response
of patient endogenous NK cells against MM and other hematologic tumors. Although preclinical

310,311

in vitro studies showed promising results , only objective clinical responses were observed

in patients when used in combination with lenalidomide but not as monotherapy3!23%,
Importantly, NK cells isolated from patients treated with this mAb, showed less degranulation
and cytokine production probably due to trogocytosis-mediated KIRD2 loss in NK cells or a lack
of NK cell licensing produced by sustained KIR inhibition3!>31®, The potential use of IPH2101 or

other mAbs targeting KIRs in combination with adoptive NK cell transfer, remains to be

investigated.

PD-1/PD-1L immune checkpoint has also been targeted to improve NK cell functionality. In an
autologous context, pidilizumab (CT-011), a mAb targeting PD-1, boosted NK activity against MM
cells synergizing with lenalidomide treatment which reduces PD-L1 expression in tumor cells3',
However, when pembrolizumab, another a-PD-1 mAb, was tested in clinical trials against MM,
controversial outcomes were reported. Some studies demonstrated the efficacy of this antibody,
but others reported lack of long-term responses and high therapy-related adverse effects318-32°,
When applied in a CAR NK cell context, although PD-1 expression is low in ex vivo expanded NK
effectors®?!, Yang et al. have reported preliminary results supporting the use of an a-PD-L1 mAb
in combination with dual aBCMA/aGRPC5D CAR NK cell to better target MM322, Of note, a Phase
Il clinical trial is already underway combining CAR NK with pembrolizumab (NCT04847466),

although it is currently indicated for the treatment of solid tumors. Additionally, CRISPR/Cas9
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genome editing also represents a useful tool to address this target as Pomeroy et al. described

for NK cell effectors3%.

In MM, expression of TIGIT ligands (PVR and Nectin-2) is increased after BTZ treatment which
impairs NK cell activity. Liu et al. demonstrated that TIGIT blockade could enhance NK cell activity
against MM cells, in an autologous context3?4. In a similar trend, this strategy has been followed
in other tumors3?>32®, Regarding adoptive NK or CAR NK therapies, it has also been reported a

327

higher antitumor efficacy of NK cells using mAbs>*’ or after disrupting TIGIT expression in NK

328-330

effectors by CRISPR/Cas9 genome editing , although these strategies have not been yet

applied in MM.

Despite not yet combined with CAR immunotherapy, the use of mAbs that block TIM-3 has also
demonstrated efficacy in increasing NK cell anti-MM efficacy®*! as well as CRISPR/Cas9 genome
editing has proven to be a feasible tool to eliminate TIM-3 expression and increase NK cell

efficacy against glioma cells®*2.,

Apart from those inhibitory receptors, HLA-E/NKG2A is a dominant immune checkpoint in cancer,

including MM, and constitutes one of the major breaks in CAR NK effector cell activity.

Figure 16. Proposed strategies to avoid immunocheckpoint-mediated inhibitory signals in adoptive NK
cellular therapy. PD-L1: programmed cell death ligand 1; PD-1: programmed cell death 1; TIM-3: T cell
immunoglobulin domain and mucin domain-3; mAb: monoclonal antibody; HLA: human leukocyte
antigen; NKG2A: natural killer group 2 member A; TIGIT: T cell immunoreceptor with Ig and ITIM domain;
KIR: killer-cell immunoglobulin-like receptor. Created with BioRender.com
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3.3.2.1. NKG2A/HLA-E axis

HLA (or MHC) class | molecules comprise two different groups of molecules: la and Ib. HLA class
la molecules are highly polymorphic molecules that allow selection of T cell repertoire and
mediate antigen-specific T cell responses. On the contrary, class Ib comprise the low polymorphic
proteins HLA-E, -F, -G, MICA, and MICB molecules and CD1 antigens333. HLA-E gene consists of 8
exons and is located in the MHC complex on the chromosome 6. HLA-E molecules are less diverse
than HLA class la counterparts but, although two dominant alleles represent 99% of the total
frequency with one single nucleotide variation, recent studies have reported the existence of up

to 256 HLA-E encoding for 110 HLA-E proteins®34, which challenges its low polymorphism.

HLA-E is nearly structurally identical to HLA class la molecules requiring binding to an invariant
B2M and specific peptides for stable surface expression33*. However, peptides binding to HLA-E
are limited, in contrast to the wide variety of peptides that interact with HLA class la. Most of
them are derived from intracellular proteins or pathogens, amino acid residues 3-11 from other
HLA molecules (A, B, C, and G) or Hsp60. These peptides are generated in the cytosol by
proteasome degradation and require the correct functionality of a transporter associated with

antigen processing (TAP). Moreover, peptide sequence influences the binding affinity to HLA-E33*>

337

HLA-E is expressed at low levels in almost all nucleated healthy cells, except for placenta
trophoblasts and ductal epithelial cells in the testis and epididymis and some immune cells,
which express high levels of this protein, thus suggesting the importance of this molecule for
immune tolerance. However, under pathological conditions, such as autoimmune diseases, stem
cell transplantation or cancer, HLA-E protein expression can be highly upregulated and impairs
the correct functionality of NK and CD8* T lymphocytes. Related to cancer, high levels of HLA-E
have been described in different solid and hematologic tumors, including MM. In some of these

cases, its expression is correlated with a worse prognosis'©0:337,338,

Regarding MM, a preliminary study by Lagana et al. demonstrated increased HLA-E mRNA
expression in PC from newly diagnosed MM patients which correlated with a lower PFS33 and,
in the same trend, Yang et al. reported a high correlation between HLA-E expression and
advanced ISS stages and high-risk cytogenetics®3. Recently, HLA-E protein expression was also
confirmed in PC from MGUS and MM patients®®. Moreover, our group has analyzed the
expression of HLA-E protein in PC from MM patients, finding higher expression of this protein in
pathologic PC compared to normal PC within the same patient, especially at progression

(unpublished results®*?).
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HLA-E expression can be modulated by different drugs used for the treatment of MM patients.
For example, BTZ treatment impairs proteasome degradation, which not only alters the protein
metabolism of MM cells but also reduces the amount of stabilizing HLA-E-binding peptides and,
therefore, compromises stable HLA-E expression®®. Although it has not been described in MM,
the treatment with IMiDs such as pomalidomide has been shown to reduce the expression of
HLA-E in AML cells**? and Selinexor has been reported to reproduce the same effect in B
lymphoma cells®. Other drugs used to treat other tumors, such as selenite or cyclin-dependent

kinase (CDK) inhibitors (dinaciclib) can also downmodulate HLA-E expression in tumor cells343344,

On the contrary, it has been reported that IFN-y, a cytokine found in high levels in MM
patients®?®, induces HLA-E expression in MM via JAK/STAT1 signaling®*®3%” and other tumor
cells3¥3%0 As a consequence, IFN-y activating agents such as IMiDs (pomalidomide and
lenalidomide), as well as panobinostat can enhance HLA-E expression in MM cells3%,
Importantly, combined treatment of proteasome inhibitors (BTZ or carfilzomib) with IMiDs
decreased HLA-E expression, suggesting a dominant effect of proteasome inhibitors over IFN-y-
inducing agents and, adding a rationale to the combination drug regimens3*°. Another dominant
regulator that has been described for HLA-E and is related with JAK/STAT1 signaling is CREB1
(cAMP responsive element binding protein 1). This transcription factor directly binds to HLA-E
promoter and also induces STAT1 and IRF9, enhancing HLA-E expression through both direct and
indirect mechanisms. Inhibition of this protein reduced the expression of HLA-E in MM cells even

in the presence of IFN-y stimulation®*°3>*,

HLA-E binds to the NKG2 family members A, B, C, and E, but does not interact with KIRs.
Importantly, it binds with much higher affinity to NKG2A (inhibitory receptor) than to NKG2C and

NKG2E (activating receptors), mainly triggering an inhibitory response33>338352,

NKG2A protein is encoded by KLRC1 gene, which consists of 7 exons and localizes in chromosome
12. NKG2A is expressed on NK cells, invariant NKT, activated CD8* T cells, and y& T cells and
constitutes an important immune checkpoint inhibitor that modulates immune responses.
NKG2A forms heterodimers with CD94 protein, which lacks intracellular signaling domains. On
the contrary, NKG2A intracellular domain contains ITIM domains that, upon HLA-E binding, get
phosphorylated and recruit SHP1 and SHP2 phosphatases, which dephosphorylate and
inactivate proteins such as SYK (spleen tyrosine kinase), Vavl, ZAP70 (zeta-chain-associated
protein kinase 70), Fyn, and LCK (lymphocyte-specific protein tyrosine kinase) impairing the
formation of immune synapsis with target cells and, as a consequence, reducing NK and T cell
activity®33° (Figure 17). Additionally, besides controlling NK cell responses, NKG2A plays an

important role in NK cell licensing alongside with KIRs and it has been reported in murine models
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that long-term suppression of NKG2A may result in deficient NK cell cytotoxicity and IFN-y

production3®,

The interaction of HLA-E and NKG2A is modulated depending on the peptides loaded on HLA-E.
For example, HLA-G peptides induce a stronger inhibition in NK cells than HLA-A, B and C, while
Hsp60 peptides impair NKG2A binding to HLA-E3*7.

Between 20-50% of circulating NK cells express NKG2A, being increased in the CD56°€" NK cell
population compared to CD56%™ subset. It has been reported that some drugs such as dasatinib,
used for CML treatment, can inhibit GATA-3 transcription factor thus reducing NKG2A expression.
On the contrary, some cytokines used in NK cell expansion methods (i.e. IL-21 and IL-15) can
upregulate NKG2A expression, highlighting the importance of this modulation axis in adoptive
NK cell therapies, including CAR immunotherapy. Other cytokines such as IL-10 and TGF-3, which
are usually present within the TME, also increase NKG2A expression in NK cells. Of note, NKG2A
expression has been found to be upregulated in tumor-infiltrating NK cells from different types
of solid and hematologic tumors and correlates with a poor prognosis®*%*33, Moreover, in the
context of MM, preliminary results from our lab indicate that BM NK cells from RRMM patients
had increased NKG2A expression compared to patients at diagnosis or with MGUS (unpublished

results®*).
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Figure 17. NKG2A/HLA-E signaling pathway and modulation. IFN-y: interferon y; CREB1: cAMP responsive
element binding protein 1; HLA: human leukocyte antigen; MM: multiple myeloma; NKG2A: NK group 2
member A; BCMA: B cell maturation antigen; CAR: chimeric antigen receptor; ITIM: immunoreceptor
tyrosine-based inhibitory motif; ITAM: immunoreceptor tyrosine-based activation motif; SHP: Src
homology region 2 domain-containing phosphatase; LCK: lymphocyte-specific protein tyrosine kinase;
SYK: spleen tyrosine kinase; ZAP70: Zeta-chain-associated protein kinase 70; IL: interleukin; TGF-B:
transforming growth factor B. Created with BioRender.com.

Due to the high expression of both HLA-E in tumors and NKG2A in tumor-infiltrating and ex vivo
expanded NK cells, many groups have focused their research on the development of strategies
targeting this pathway with the goal of potentiating NK antitumor responses in both an

autologous and allogeneic context (Figure 18).
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The combination of chemotherapeutic drugs that reduce HLA-E expression, as was described
above, has been proposed to indirectly target HLA-E in tumor cells. Additionally, direct targeting
using a-HLA-E mAbs has shown efficacy in vitro in reducing HLA-E-mediated NK inhibition and
fostering NK-mediated ADCC*3. However, most of the strategies are focused on the NKG2A

receptor.

Preclinical studies have demonstrated that the use of a-NKG2A mAbs such as Z199 (mouse anti-
human Ab) or monalizumab (humanized IgG4 Ab) increases NK cell antitumor efficacy against

different solid and hematologic tumor cells24>348349,358-361

. Regarding MM, Mahaweni et al.
suggested that Z199 mAb did not provide cytotoxic improvement to ex vivo expanded NK cells,
despite expressing high levels of NKG2A3®2. However, another study from the same year
published by Tognarelli et al. demonstrated opposite results supporting the use of Z199 mAb to
potentiate cell immunotherapy against MM3¢, In accordance with this, our group has also
demonstrated the efficacy of both Z199 and BMS-986315 a-NKG2A mAbs in enhancing CAR NK

antitumor potential (unpublished results®*).

Other strategies are focused on reducing NKG2A surface expression in NK cells. For example,
Kamiya et al. designed a protein expression blocker (PEBL) for NKG2A using fragments from Z199
and ER-retention domains. This PEBL efficiently retained NKG2A protein in the ER, resulting in a
lower surface expression and an increased NK cytotoxicity against HLA-E* tumors, even with
higher efficacy than a-NKG2A antibodies**°. Using a different approach, Figuereido et al.
demonstrated that NKG2A silencing with siRNAs enhanced NK cell cytotoxicity against B

lymphoblastoid cells3®3

. With the emergence of CRISPR genome editing technology, some groups
have disrupted KLRC1 expression in PB-NK cells to improve their antitumor potential against
hematologic malignancies, including MM347:364366 and solid tumors®®”’. When considering CAR
NK cell effectors, there are controversies about the functional effects of knocking-out NKG2A.
Some authors have reported that elimination of NKG2A expression in CAR NK-923% and CAR
iNK3¢° cells do not improve their antitumoral potential against melanoma and B-ALL, respectively.
On the contrary, a recent study from Bexte et al. with CAR PB-NK cells has demonstrated that
KLRC1 KO in a-CD33 CAR NK cells increases killing potential against primary AML cells and cell

lines, compared to wild-type CAR NK effectors. These results were confirmed in an

immunodeficient xenograft mouse model of AML37°,

Despite all those preclinical studies, up to date, only the use of monalizumab as monotherapy or
in combination with other blocking antibodies or chemotherapy has been tested in clinical trials.
Most of these studies have been focused on solid tumors. As monotherapy, monalizumab

showed short-term disease control against gynecologic malignancies®’! but failed to achieve
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expected responses in head and neck squamous cell cancer (HNSCC) (1.7 months PFS)372,
Therefore, monalizumab efficacy has been tested in combination with other mAbs against
HNSCC achieving PFS that ranged from 4.5 to 6.9 months, depending on the mAb regimen. Some
adverse effects that were found in these patients were dermatitis acneiform, dry skin, pruritus,
rash, asthenia, mucosal inflammation, and infusion-related reactions®’>37%, Another study in
non-small cell lung cancer (NSCLC) patients showed a beneficial effect of using monalizumab in
combination with durvalumab (PFS 15.1 months) but also some adverse effects such as cough,
dyspnea, pneumonitis, and pruritus were observed®’®. Monalizumab has been also combined
with trastuzumab for the treatment of HER2* breast tumors but no objective responses were
achieved®’®. Regarding hematologic tumors, first short-term results from a Phase | trial using
monalizumab after ASCT in patients with AML, myelodysplastic syndrome (MDS), lymphoma,
chronic lymphocytic leukemia (CLL), and myelofibrosis revealed CR in 13 out of 15 patients, with

no side effects®”’.

These results suggest that monalizumab monotherapy is not able to restore NK and T cell effector
cytotoxicity, especially in solid tumors, but can show great utility when combined with adoptive
cell therapies such as ASCT or CAR immunotherapy. Although no clinical studies have been
reported in the context of MM, preclinical results demonstrate the importance of addressing

NKG2A/HLA-E axis to boost CAR NK efficacy against malignant PC.
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Figure 18. Therapeutical strategies targeting NKG2A/HLA-E signaling. HLA: human leukocyte antigen;
MM: multiple myeloma; NKG2A: NK group 2 member A; ITIM: immunoreceptor tyrosine-based inhibitory
motif; mAbs: monoclonal antibodies; PEBL: protein expression blocker; siRNA: small interfering RNA.
Created with BioRender.com.

3.3.3. Overcoming immunosuppressive TME

Tumor microenvironment is another key factor that not only diminishes the antitumor capacity
of patient’s immune effectors favoring tumor evasion, but also compromises the cytotoxic
efficacy of adoptive CAR NK and CAR T therapies. While the presence of an immunosuppressive
TME is one of the hallmarks for tumor development in both solid and hematologic tumors, in
MM there is a notorious immunosuppression that is especially associated with disease

progression.

As previously mentioned, MM cells express high levels of surface proteins (HLA class |, HLA-E,
PD-L1, and CD80/86) that interact with immune checkpoint inhibitors which are upregulated in
NK and T cells from MM patients (KIR, NKG2A, PD-1, CTLA-4, TIGIT, TIM-3), impairing their

functionality. In addition to these cell-cell interactions, high levels of IL-6, IL-10, TGF-B, INF-y
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together with other inhibitory factors such as sMICA, ADO, and indoleamine-pyrrole 2,3-
dioxygenase (IDO) have been found in MM patients>®34>378 These inhibitory molecules diminish
cytotoxic responses of immune cells as well as recruit other immune cells that contribute to

immunosuppression®?2”° (Figure 19).

For example, IL-6, produced by MM PC, BM MSC as well as MDSCs not only enhances tumor
proliferation but also diminishes NK cell function®*3® and inhibits DC differentiation, which
consequently reduces T cell stimulation®®!. MM PCs along with recruited M2-polarized TAMs and
Tregs secrete IL-10 which hampers effector T cell proliferation and inhibits production of IFN-y in
NK cells, impairing their antitumor capacity®>3%2. Moreover IL-10 also induces NKG2A expression
in NK cells®%353, These cells also secrete TGF-B which reduces NK and T cell function, as will be
described later in more detail. High levels of IFN-y induce PD-L1 and HLA-E expression in MM
plasma cells thus contributing to NK and T cell inhibition and/or exhaustion3*¢34738 |n addition,
ADO release from MM cells, which is mediated by CD38 ectoenzyme, also limits NK and cytotoxic
T cells®37938438 On the other hand, IDO activity converts tryptophan into kynurenine. Excessive
IDO levels in MM reduce tryptophan availability leading to cell cycle arrest and apoptosis of T
cells, which require this amino acid for survival. Kynurenine also impairs interactions between
DCs and T and NK cells#:38 DO can also downregulate NCR and NKG2D expression in NK cells
thus reducing their killing capacity®>%3%. Apart from these molecules, high levels of sMICA, which
is correlated with a poor prognosis in MM, neutralize NKG2D receptor function diminishing NK

378,389

efficacy

MM cells and BM MSCs secrete chemokines that promote M2 polarization of macrophages and
factors such as type | IFN, APRIL, and ADO, that together with IDO activity, induce Treg activation
and recruitment into the tumor niche®®?’°. Moreover, BTZ treatment promotes TAMs
accumulation in BM from MM patients3%°. TAMs, Tregs, and MDSC secrete factors that promote
angiogenesis and tumor growth but, at the same time, release IL-10, TGF-B, and ADO
contributing to NK and T cell inhibition®%37°, Importantly, several studies have correlated high
levels of M2 macrophages with poor prognosis and worse response to chemotherapy and
ASCT3913%3 Besides, an increased proportion of Tregs is associated with shorter PFS in MM

patients3®4,

Altogether, the TME is characterized by multiple interactions mediated by cell-cell contacts and
secretion of soluble factors that support MM progression and immune evasion. These
interactions create an immunosuppressive niche that can reduce the efficacy of adoptive CAR

immunotherapy.
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Figure 19. Immunosuppressive signals from TME in MM. DC: dendritic cell; TGF-B: transforming growth
factor-B; IL: interleukin; ADO: adenosine; CTLA-4: cytotoxic T-lymphocyte antigen 4; PD-1: programmed
cell death 1; TNF-a: tumor necrosis factor a; NKG2A/D: N natural killer group 2 member A/D; DNAM-1:
DNAX accessory molecule-1; NCR: natural cytotoxicity receptors; M2 TAM: M2-polarized tumor-associated
macrophages; Treg: regulatory T cell; MDSC: myeloid derived suppressor cells; VEGF: vascular endothelial
growth factor; IDO: indoleamine-pyrrole 2,3-dioxygenase; MM: multiple myeloma; BM MSC: bone marrow
mesenquimal stromal cell; MICA: major histocompatibility complex class | chain-related protein A; sSMICA:
soluble MICA; ADAM: A disintegrin and metallopeptidase; PD-1L: programmed cell death ligand 1; HLA:
human leukocyte antigen. Created with BioRender.com.

Different strategies have been proposed to enhance antitumor activity of effector cells by directly
targeting TME immunosuppressor cells. For example, concerning MM, the use of JAK1/2
inhibitors (ruxolitinib) or CSF1R receptor blocking mAbs in a preclinical setting has demonstrated
efficacy in reducing M2 polarization and decreasing TAMs survival and proliferation39>3%, The
use of the inhibitor FL118 was found to inhibit multiple antiapoptotic proteins from the inhibitor
of apoptosis (IAP) family (Survivin, XIAP, clAP2) and from the BCL-2 family (MCL-1) while inducing
the expression of pro-apoptotic proteins such as BAX and BIM in BM MSCs thus inhibiting BM
MSC-mediated resistance to CAR T therapies®**’. Moreover, Tregs in MM can potentially be
targeted with a-CD38 CAR effectors, which not only recognize MM cells but also CD38* Tregs>%.
Using a similar strategy, a-CD25 CAR NK cells may have the same effect against Tregs, although

they have not yet been applied in MM3%. Other strategies proposed for solid tumors that could
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potentially be translated to MM, focus on preventing the release of soluble factors to the TME.
For example, specific mAbs targeting the MICA a3 domain have shown to inhibit the shedding of

this ligand from tumor cells boosting NK cell-mediated cytotoxicity*®.

Nevertheless, many other groups have focused their research on strategies that directly target
TGF-B signaling pathway, as it represents one of the major immunosuppressive agents in the TME

not only in MM but also in other tumors.
3.3.3.1. TGF-B signaling

The soluble factor TGF-B (transforming growth factor B) belongs to a cytokine family comprised
of 33 members that, besides TGF-B isoforms, include other cytokines such as bone
morphogenetic proteins (BMPs), growth and differentiation factors (GDFs), activins, inhibins, and
nodal and anti-Miillerian hormone (AMH)*1, There are three different isoforms of TGF-B (1, 2,
and 3) that are encoded by three different genes (TGFB1, TGFB2, and TGFB3) and share between
71-79% identity®®>. The three TGF-B isoforms play essential functions during embryonic

development, wound healing, and adult tissue and immune homeostasis*,

During TGF-B biosynthesis, initial TGF-f monomers contain a signal peptide, a latency-associated
peptide (LAP), and the mature TGF-B protein. During post-translational processing in the ER and
Golgi, signal peptide is removed and mature TGF-B monomers dimerize through disulfide bonds.
Additionally, LAP is cleaved but still remains associated with de TGF-B dimer forming the latent
TGF-B complex (LTC) that is secreted by the cell. After secretion, LTC interacts with extracellular
proteins that anchor LTC to cell surface or to ECM. In order to become a mature cytokine that
triggers signal transduction, LTC needs to be activated by removal of LAP. This process is
modulated by pH, reactive oxygen species, integrins, trombospondin-1, and MMP. After

processing, active TGF-B homodimers can bind to their cognate receptors®®.

There are also different receptors that recognize with different specificities the members of TGF-
B family. The three TGF-B isoforms bind with different affinities to TGF-B receptors I, Il, and 1l
which are codified by TGFBR1, TGFBR2, and TGFBR3 genes, located in different chromosomes (9,
3, and 1, respectively). Moreover, TGF-B can also be recognized by activin receptor-like kinase
(ALK)-1, which is expressed on endothelial cells. Importantly, TGF-BRII and Ill only bind to TGF-
isoforms while TGF-BRI (also known as ALK-5) shows a more promiscuous binding profile and

recognizes other ligands of the family*°%.

TGF-BRI and Il are enzyme-linked receptors with Ser/Thr kinase and Tyr kinase activity while TGF-
BRI lacks signaling motifs and acts as a coreceptor that further enhances recognition by the

other two receptors. TGF-B1 and TGF-B3 bind to TGF-BRII homodimers with high affinity. In
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contrast, TGF-B2 shows higher affinity for TGF-BRIIl receptor. TGF-B binding promotes
heterotetramerization of TGF-BRI/Il. Canonical TGF-B signaling is mediated via SMAD2/3
signaling. Upon the formation of the heterotetrameric complex, TGF-BRIl phosphorylates TGF-
BRI which recruits and activates SMAD2/3. However, apart from the SMAD-dependent pathway,
non-canonical pathways can trigger ERK, JAK/STAT3, RHO GTPase, p38, INK, NF-kB, and PI3K/AKT
signaling. As a result of this great variety of signaling cascades, TGF-B modulates a wide diversity
of processes that modulate survival, growth, differentiation, movement, metabolism, and

immune responses®°>4% (Figure 20).
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Figure 20. Canonical and non-canonical TGF-$ signaling pathways. ECM: extracellular matrix, LTC: latent
TGF-B complex; TGF-B: transforming growth factor B; TGF-BR: TGF-B receptor; ERK: extracellular signal-
regulated kinase; JAK: Janus kinase; STAT: signal transducer and activator of transcription; TRAF: TNF
receptor associated factor; TAK1: Transforming growth factor B-activated kinase 1; JNK: c-Jun N-terminal
kinase; NFkB: nuclear factor-«kB; PI3K: Phosphoinositide 3-kinase. Created with BioRender.com.
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In physiological conditions, many different cell types secrete TGF-B and/or express their
receptors. However, during pathological processes, TGF-B dysregulation may contribute to
developmental defects, aberrant wound healing, fibrotic and inflammatory diseases, as well as

tumor progression*®,

In the context of MM, TGF-B is highly secreted by MM PCs and triggers IL-6 and VEGF secretion
by BM MSCs, thus promoting tumor growth and angiogenesis. Moreover, TGF-B/SMAD signaling
can regulate the expression of the proteasome subunit PSMB5, which is associated with
resistance to proteasome inhibitors*®*. This soluble factor also stimulates Treg and MDSC
differentiation and activation, which in turn, secrete more TGF-B and other cytokines that exert
inhibitory control over other antitumor immune cells. Besides, TGF-B can also promote M2

macrophage polarization!0/16:>1,403,404

TGF-B also regulates immune cell activity in the MM TME and suppresses immunosurveillance
by directly targeting T, NK, and DC effector cells. For example, TGF- downregulates MHC class Il
molecules in DCs impairing antigen presentation. Moreover, TGF- suppresses expression of T-
BET and GATA-3 transcription factors which are essential for Th1/Th2 differentiation. On the
other hand, secretion of cytolytic factors, FasL, and IFN-y by CD8" T cells is diminished in response

to TGF-B/SMAD signaling. Additionally, TGF-B may induce T cell exhaustion*%34%4,

Regarding NK cells, increased TGF-P levels affect the cytolytic potential of tumor surrounding NK
cells in different ways. TGF- downregulates T-BET expression in NK cells in a SMAD3-dependent
manner and therefore inhibits CD16-induced INF-y production*®. Moreover, granzyme A and B
as well as perforin expression were also downregulated by the same mechanism, impairing

405,406

cytotoxic activity of NK cells . It has also been reported that TGF-f downregulates NK cell

activating receptors such as CD16, NKG2D, DNAM-1, and NKp30%%¢-4%9 Additionally, some studies
have reported that TGF- alters NK cell metabolism affecting glycolysis and phosphorylation*10411

(Figure 21).
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Figure 21. Immunomodulatory effects of TGF-B signaling in NK cells. TGF-BR: transforming growth factor
B receptor; ADCC: antibody-dependent cell-mediated cytotoxicity; NKG2D: natural killer group 2 member
D; DNAM-1: DNAX accessory molecule-1; IFN-y: interferon y. Created with BioRender.com.

Due to the high relevance of this axis in tumor progression and immune surveillance, many
strategies have been designed to directly target both TGF-f3 and their receptors in cancer patients
(Figure 22). For example, antisense RNAs alone or in tumor vaccines targeting TGF-B mRNA
(Trabedersen and belangenpumatucel-L) or mRNAs encoding for proteins implicated in TGF-
processing (gemogenocatucel-T), have been proposed for the treatment of different solid tumors
with promising clinical outcomes. Similarly, other mAbs (SRK-181; PIIO-1 and Abituzumab) and
inhibitors (cilengitide) targeting the LTC and the proteins that mediate its processing, prevent
TGF-B activation and are being investigated against solid cancers. Different antibodies
(Fresolimumab and NIS793) and ligand traps (AVID200) targeting the active form of TGF-B are
able to inhibit ligand-receptor interactions and are being tested in clinical trials**>#!2, Related to
ligand traps, a new generation of bifunctional antibody-ligand traps recognizing both TGF-p and
PD-L1 (bintrafusp alfa and BR102) are being tested against solid tumors in a clinical and
preclinical setting and have inspired the development of CAR T cells secreting PD-1/TGF- traps

to enhance CAR T efficacy against CD19* cell lines?03412413,

On the other hand, other groups have focused on targeting TGF-B receptors. With that aim,
different small kinase inhibitors such as vactosertib and galunisertib have been proposed for
both solid and hematologic tumors*®*#!2, Notably, Vactosertib has been tested in a Phase Ib
clinical trial in combination with pomalidomide in RRMM patients. Preliminary results showed
objective responses in 75% of patients and 6-month PFS in 82%. Adverse effects were

manageable although one patient died from a grade 4 hepatotoxicity**. Other TGF-BRI inhibitors
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that have shown preclinical efficacy in restoring osteoblast differentiation in MM are SB-431542

and Ki26894%".

Those approaches have been mainly designed to directly inhibit tumor growth and potentiate
patients’ immunosurveillance. However, regarding NK cells, reported results from Shaim et al.
are of special relevance. These authors remark that the use of TGF-BR inhibitors (galunisertib
and LY2109761) efficiently increases HD NK cell cytotoxicity against glioblastoma cells preventing
TGF-B-mediated inhibition but, importantly, fails to re-activate inhibited tumor-infiltrating NK
cells*®, Moreover, a recent publication from the same group reported that TGF-B-mediated
inhibition of NK cells from AML patients was also persistent due to a deep epigenetic
reprogramming triggered by BATF, which is one of the targets of the TGF-B/SMAD pathway*'’.
These results highlight the importance of developing NK and CAR NK adoptive cell therapies to
treat both solid and hematologic cancer patients. On the other hand, it has been reported that

8 which indicates

ex vivo expanded PB- and CB-NK cells are also susceptible to TGF-B inhibition*!
that combinatorial strategies directly targeting TGF- signaling are necessary, not only to restore

patient’s immune cell activity, but also to boost the efficacy of adoptive NK immunotherapy.

In this context, Otegbeye et al. have demonstrated that the use of the TGF-B receptor inhibitor
LY2157299 mitigates the TGF-B-mediated impairment of ex vivo expanded HD NK cells and
increases their antitumor potential against AML and colon cancer cell lines**°. Shaim et al. also
demonstrated that the use of galunisertib or cilengitide (which targets af integrins necessary for
LTC processing) potentiates NK cell killing against glioblastoma cell lines both in vivo and in
vitro*®. Using another approach applied in CAR T#2%421 Bollard’s group has expressed a dominant
negative TGF-f receptor Il (DNR) in CB-NK by retroviral transduction. These DNRs are mutant
receptors that lack kinase domain but bind with high affinity to TGF-B, thus acting as anchored
ligand traps that impair TGF-B binding to the wild-type receptors. DNR-expressing CB-NK cells
were phenotypically similar to non-transduced peers. However, in the presence of TGF-B, they
maintained perforin and IFN-y secretion as well as NKG2D and DNAM-1 expression and showed
increased efficacy against glioblastoma and medulloblastoma*?423, A similar strategy was

424

followed by Yang et al. in NK-92 cells against lung cancer cells using nucleofection** and, more

recently, by Thangaraj et al. in iNK cells for hepatocellular carcinoma treatment using the

Piggybac transposon system*%,

As CRISPR editing technology emerged, different groups have efficiently disrupted TGFBR2 in NK
cells to be used against both solid and hematologic tumors. Naeimi et al. were the pioneers in
disrupting this receptor in PB-NK cells using CRISPR/Cas9 which conferred resistance to TGF-B-

mediated inhibition of cytotoxicity against a medulloblastoma cell line*?®. Rezvani’s group,
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besides demonstrating the efficacy of galunisertib in combination with PB-NK cell infusion for
the treatment of glioblastoma and AML, also targeted TGF- pathway by disrupting TGFBR2 in
PB-NK cells. Of note, knock-out of TGFBR2 increased antitumor efficacy of NK cells in vivo and
even outperformed TGF-BRII inhibition by galunisertib®'®4Y’, Zhang et al. have also efficiently
eliminated TGF-BRIl expression in PB-NK cells through the development of a highly efficient
version of AsCas12 enzyme. TGFBR2 KO NK cells did not show SMAD phosphorylation in response
to TGF-B treatment and their cytotoxic potential against ovarian tumor spheroids was not

427 Moreover, preliminary results from Gerew

diminished in the presence of this soluble factor
et al. also demonstrated the feasibility of knocking-out TGFBR2 in combination with CISH in iNK
cells to generate an allogeneic NK product with higher efficacy against ovarian cell line models
and less susceptibility to IL-15 exhaustion and TGF-B inhibition*?. In the CAR NK immunotherapy
field, up to date, only two groups have eliminated TGFBR2 expression by CRISPR/Cas9 in CAR NK
effectors. Guo et al. eliminated this receptor in a-CD19 CAR PB-NK cells showing preliminary data
of function improvement*?® and Thangaraj et al. have recently demonstrated that TGFBR2 KO in
two different CAR iNK effectors increased their persistence as well as their antitumor efficacy in

vivo in hepatocellular carcinoma xenograft mouse models*®,
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Figure 22. Therapeutical strategies targeting TGF-B signaling pathway. TGF-B: transforming growth factor
B; asRNA: antisense RNA; mAbs: monoclonal antibodies; ECM: extracellular matrix; LTC: latent TGF-
complex. Created with BioRender.com.

3.3.4. Improving NK cell in vivo persistence

Another major limitation that compromises long-term efficacy of CAR NK cell effectors is their
short lifespan. Although this low persistence avoids the generation of uncontrolled immune
responses and reduces the possibility of oncogenesis, it also diminishes antitumor efficacy.
Better clinical responses have been correlated with higher in vivo persistence of NK and CAR NK

after adoptive transfer?98439,

One of the main reasons behind the reduced persistence of CAR NK cell effectors is T cell
allorejection. Although allogeneic NK cells do not produce GvHD, the host immune system can
recognize exogenous CAR NK cells. The creation of universal cell banks with HLA-typed CAR NK
products may facilitate the election of haploidentical CAR NK cells to mitigate host allorejection.
The first approaches to increase NK persistence proposed multiple cell injections, but the NK cell
numbers in circulation were even lower after second infusion®*!. To reduce allorejection,
Hoerster et al. have introduced two genetic modifications in PB-NK cells. First, they knocked-out

B2M gene to eliminate expression of HLA-I in NK cells thus not being recognized by alloreactive
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T cells. Second, to avoid NK cell fratricide by “missing-self’ recognition, they introduced a single-
chain HLA-E molecule that binds to NKG2A receptor. These modifications overcame CD8* T cell
alloreactivity while maintaining NK cell killing potential against AML cell lines**2. Noteworthy,
Century Therapeutics has implemented these modifications in a multi-engineered a-CD19 CAR
iNK product (CNTY-101), which is being tested in a clinical trial (NCT05336409), along with the
disruption of CITA (class Il major histocompatibility complex transactivator) to further

circumvent CD4" allorejection®33434,

Another explanation for the reduced in vivo persistence of CAR NK cells is the lack of cytokine
support. Most ex vivo NK cell expansion protocols rely on a continuous administration of non-
physiological doses of interleukins which efficiently contribute to cell activation. However, NK
cells can become “cytokine-dependent”, limiting their survival in vivo after cytokine

withdrawal*®

. In this context, the combined IL-2 systemic administration together with
allogeneic NK cells was firstly proposed to sustain NK cells in vivo, but this cytokine also activated
endogenous Tregs that counteracted NK cell activation®*®. Moreover, systemic IL-2
administration showed severe toxicities such as capillary leak syndrome*¥7438, As an alternative,
the use of engineered IL-15 agonists such as ALT-803%*° and NKTR-255% has been considered to
potentiate NK cell activity. Despite no clinical outcomes have yet been reported in combination
with NK cell adoptive therapy, some studies have found cytokine-related toxicities such a CRS or

! and non-human primates*?,

neutropenia after systemic IL-15 administration in humans*
respectively. In situ IL-15 secretion has been tested by engineering CAR NK cells to avoid
undesired effects of systemic administration. For example, Liu et al. developed an a-CD19 CAR
CB-NK product with autocrine secretion of IL-15. This NK cell product showed high cytotoxicity
in vitro** and enhanced persistence in a Phase I/Il clinical trial, without systemic IL-15 increase
in patients®®’. In a similar trend, other armored CAR NK cell products have been developed
against solid and hematologic tumors?°444445 Importantly, one of these CAR NK products has
shown systemic toxicity in an AML mouse model***. Going one step beyond, Soldierer et al.
engineered a-CD19 CAR PB-NK cells with an IL-15/IL-15Ra fusion protein, which increased CAR
NK antitumor capacity and persistence in vivo, compared to IL-15 secreting CAR NK cells**®. This
construction has been included in multi-edited CAR iNK cells against MM (FT576)%”° and B cell

malignancies (FT596)%,

Cytokine support of NK cells with IL-2 or IL-15, besides inducing cell activation, can also trigger
NK cell exhaustion through the activation of suppressors of cytokine signaling (SOCS). SOCS
family comprises SOCS1-7 members as well as CIS (cytokine-inducible SH2-contianing protein;

encoded by CISH gene). These proteins are upregulated in response to cytokine signaling and act
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as negative feedback regulators by impairing JAK/STAT cytokine cascades*”#%8, Naeimi et al.
showed preliminary results of increased antitumor efficacy of PB-NK cells after deletion of SOCS3
by CRISPR/Cas9**°. However, the most exploited SOCS member is CIS. Many different groups
have successfully eliminated CISH expression in PB-NK, iNK and NK cell lines alone or in
combination with other genes (TGFBR2, TIPE2, or B2M) resulting in higher sensitivity to IL-15-
mediated activation, improved metabolic fitness, longer in vivo persistence and enhanced
antitumor capacity against different solid and hematologic cancer models*?4°0455 Qthers have
taken a step further by disrupting this gene in CAR NK effectors derived from PB, CB, and iPSCs***
458 Among them, it is worth mentioning the combined strategy followed by Daher et al. in which
the ablation of CISH in a-CD19 CAR CB-NK effectors synergized with the effects of autocrine
secretion of IL-15%8, There are other cytokine-induced modulators that can decrease sensitivity

of NK cells to IL-induced expansion. In this sense, BLIMP1 constitutes a promising target to

improve NK cell persistence, as will be described later.

Independently of cytokine support, ex vivo activated and expanded PB-NK cells can eventually
become unresponsive to stimulation and undergo senescence after 15 weeks of continuous in
vitro proliferation®®. Regarding CAR CB-NK effectors, Liu et al. also showed a decrease in NK fold

43 In the clinical use,

expansion after 3 weeks of in vitro culture using IL-15 armored CARs
although a-CD19 CAR CB-NK effectors demonstrated increased persistence, their detection in PB
by flow cytometry was limited to the first three weeks after therapy infusion, despite IL-15
autocrine support and previous lymphodepletion?”’. This suggests that NK, and consequently
CAR NK, effectors are short-lived cells and may undergo senescence induction, likely influenced
by the expansion methods?*2. In this setting, some groups have proposed ectopic expression of
hTERT (human telomerase reverse transcriptase) in NK cells to improve their expansion capacity
and persistence and therefore, increase their therapeutic potential, as it has been described for
CAR T cells*®. For example, a pioneer study from Campana’s lab demonstrated that
overexpression of hTERT in both NK and CAR NK from PB could restore replicative potential up
to one year maintaining their cytotoxic potential although these cells still required continued
stimulation and were not capable of growing autonomously in an immunodeficient mouse
model*®. More recently, Streltsova et al. corroborated that hTERT ectopic expression in PB-NK
cells boosted their expansion capacity and lifespan without completely immortalizing the cells.
These promising studies support the use of this strategy to enhance NK cell proliferative

potential®®?,

Finally, another strategy to improve NK cell persistence is to induce a memory-like phenotype by

a brief cytokine priming with IL-12, IL-15, and IL-18 that induces epigenetic reprogramming and
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phenotype changes in NK cells that are transferred to the progeny. These cytokine-induced
memory-like NK (CIML NK) effectors secrete more INF-y and have decreased KIR, thus acquiring
more cytotoxic potential. Moreover, they have increased proliferative capacity and higher
expression of CD25 (IL-2Ra) and nutrient transporters being more responsive to IL-2 stimulation
and showing enhanced metabolic activity that favors their in vivo persistence. Many preclinical
and clinical studies are evaluating the efficacy and safety of this approach against both
hematological and solid tumors and even designing combinatorial strategies to increase clinical
outcomes, including CAR molecules?*%%%2, Regarding MM, up to date, there is one ongoing clinical

trial testing CIML NK cells in combination with an a-CD38 antibody recruiting molecule in RRMM

patients*®3,
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Figure 23. Summary of strategies proposed to increase CAR NK cell efficacy, persistence, and tumor
homing, as well as to reduce CAR-mediated fratricide and inhibitory signals from immunomodulatory
checkpoint inhibitors and from the immunosuppressive TME. PEBL: protein expression blocker; siRNA:
silencing RNA; mAbs: monoclonal antibodies, IL-15: interleukin 15; IL-15R: IL-15 receptor; CAR: chimeric
antigen receptor; CIML NK: cytokine-induced memory-like NK cells; BiKEs: bispecific NK engagers; HDAC:
histone deacetylase; IMiDs: immunomodulatory drugs; Treg: regulatory T cells; M2 TAM: M2-polarized
tumor-associated macrophages; HLA: human leukocyte antigen; TCR: T cell receptor; hTERT: human
telomerase reverse transcriptase. Created with BioRender.com.

74



INTRODUCTION

3.3.4.1. The master transcriptional regulator BLIMP1

BLIMP1 (B-lymphocyte-induced maturation protein 1), also known as PRDI-BF1 (positive
regulatory domain 1 binding factor 1) is a transcription factor encoded by PRDMI1 gene,
comprising 7 exons and located in chromosome 6. BLIMP1 binds DNA target through five Zn
domains at the C-terminus of the protein. When binding to DNA, BLIMP1 recruits chromatin-
modifying factors such as TLE1 (Transducin-like enhancer protein 1) and histone deacetylases
through a proline-rich region at the N terminal side of the protein, enabling chromatin

modifications to repress target gene transcription®®4,

There are two main isoforms of the protein encoded by two different promoters: a full-length
protein (BLIMP1-a) and a truncated form that lacks exons 1-3 (BLIMP1-B). Despite BLIMP1-f is
the predominant expressed form in primary NK cells, this isoform has reduced repressive ability
compared to BLIMP1-a, due the lack of the PR domain and N terminal domain>¢¢ (Figure 24).
Moreover, another isoform (BLIMP1-aA6), a splice variant of BLIMP1-a with an intermediate

molecular weight, has been identified in primary NK cells*®®,

A. Promoter a Promoter B

B.
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BLIMP1-B Bl rolro B 7 finger x5 [l cior

Figure 24. Schematic representation of PRDM1 gene (A) and main BLIMP1 protein isoforms (B). N-ter:
acidic N-terminal domain; Pro: Proline-rich domain; C-ter: C-terminal domain. Adapted from Nadeau et al.
Front Immunol. 2022%4. Created with BioRender.com.

BLIMP1 is expressed in a wide variety of cells and constitutes a master regulator during
embryonic development and terminal differentiation of numerous cell lineages, including
immune cells. The role of BLIMP1 is essential for terminal differentiation and mAb secretion in
plasma cells, whereas in T cells this transcription factor regulates terminal functional
differentiation and modulates cytokine gene expression and T cell homeostasis. Moreover,

BLIMP1 has also been described as participating in DC maturation#64467,

Regarding NK cells, Kallies et al. studied the role of BLIMP1 mouse homolog (Blimp1) in NK cell
development and maturation using different transgenic mouse models and in vitro assays. They

described that Blimp-1 was dependent on IL-15 stimulation and T-bet expression and regulated
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NK cell homeostasis by promoting cell differentiation and maturation while restricting

proliferation, without having direct control over NK cell cytotoxicity capacity®®’.

At the same time, Smith et al. were the first to provide a functional description of BLIMP1 in
human NK cells. BLIMP1 expression was preferentially expressed in the CD569™CD16* population
after cytokine stimulation (i.e. IL-2, IL-12, and IL-18). Chromatin immunoprecipitation (ChiIP)
experiments revealed that BLIMP1 binds to target-gene promoters in a cell type-specific manner,
regulating transcriptional network differently compared to other cell types. They demonstrated
that BLIMP1 binds to INFG and TNF regulatory sequences in NK cells and negatively controls the
production of these cytokines in response to NK cell activation. However, this transcription factor
does not have a significant role in regulating perforin-mediated direct cytotoxicity*®®. More
recent preliminary results from another group revealed that PRDM1 targets different genes that
restrict NK cell activation as well as other genes important for NK development and

homeostasis*®.

On the other hand, PRDM1 has been described as a tumor suppressor gene that is usually
inactivated in NK cell malignancies by a combination of monoallelic deletions and
hypermethylation. Moreover, non-functional and truncation mutations in PRDM1 have been
observed in different NK cell lines**®*’%, In vitro studies from Kiiclik et al. and Karube et al.
demonstrated that reconstitution of PRDM1 in PRDM1-null NK cell lines led to cell-cycle arrest,
increased apoptosis, and a strong negative selection in culture, especially when IL-2
concentration was limited*®®4’°, Additionally, PRDM1 overexpression was associated with lower
expression of MYC, TNFa, and 4-1BBL and upregulation of some negative regulators of the cell
cycle. On the contrary, knock down of PRDM1 expression in primary PB-NK cells conferred a
growth advantage on the cells. Moreover, PRDM1 mRNA levels inversely correlated with MYC
expression in activated PB-NK cells*®. Dong et al. recently confirmed that BLIMP1, besides
controlling multiple regulation pathways, also represses genes associated with cell cycle and
proliferation such as MYC and MYB in PB-NK cells. As a consequence, PRDM1 elimination in PB-
NK cells reduced apoptosis and conferred increased proliferative potential on the cells, which
could be maintained in culture up to 3 months upon cytokine stimulation. Altogether, these
studies corroborate that BLIMP1 represses NK cell proliferation and the loss of PRDM1
expression is associated with malignant transformation. However, no studies have demonstrated

that PRDM1 acts as a tumor-driver gene in NK cell malighances*’2.

Another BLIMP1-targeted gene of special relevance for ex vivo expansion of NK cells is CD25 (IL-
2Ra). Apart from the multiple roles attributed to BLIMP1 in NK cell homeostasis, BLIMP1 seems

to act in a similar way to SOCS. It has been reported that in vitro stimulation of PB-NK cells
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increased CD25 expression during the first two weeks of expansion, progressively decreasing
after that point through BLIMP1-mediated repression. Indeed, malignant NK cells which harbor
genetic or epigenetic alterations that inactivate PRDM1 expression, express high levels of CD25,

being more responsive to low IL-2 doses*’3.

All reported studies in which PRDM1 was knocked-out in NK cells are focused on understanding
the roles of this gene in NK cell homeostasis, differentiation, and malignant transformation.
However, it may also represent a potential target to improve the persistence of CAR NK cells as
it has been described in CAR T cells, in which PRDM1 ablation promoted the expansion of less
differentiated “memory-like” CAR T in vivo thus enhancing both persistence and therapeutic

efficacy in different tumor models without increasing the risk of oncogenesis transformation
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Figure 25. Biological BLIMP1 functions in mature NK cells. IL-2: interleukin 2; IL-2R: IL-2 receptor; TNF-a:
tumor necrosis factor a; IFN-y: interferon y. Created with BioRender.com.

4. CRISPR/Cas9 genome editing in NK cells

4.1. CRISPR/Cas9 technology

CRISPR/Cas was originally discovered as an adaptative immune defense mechanism in Bacteria
and Archaea to eliminate foreign nucleic acids from viruses or plasmids*’®477, This system
consists of the clustered regularly interspaced short palindromic repeats (CRISPR) loci, which are
composed of short (30-40 bp) repetitive sequences separated by a series of palindromic repeats
(25-35 bp each), and the CRISPR-associated (Cas) nucleases genes. CRISPR/Cas defense

comprises two different steps. First, during the immunization step, new spacer sequences
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(protospacers) are acquired from foreign genetic elements and incorporated into the CRISPR
array, only when they are located next to a specific protospacer-adjacent motif (PAM). Then,
when the same foreign DNA re-infects the bacteria, CRISPR/Cas system is activated to eliminate
it. During this defense step, the protospacer sequence is transcribed into a CRISPR RNA (crRNA)
that, after being processed hybridizes with a transactivating CRISPR RNA (tracrRNA) and binds to
Cas nucleases. Cas nucleases use this crRNA as a probe to specifically recognize the invading
DNA, cleaving the complementary target DNA sequence only if they are adjacent to the PAM
(Figure 26). PAM-restricted activity ensures system safety, by preventing Cas nucleases from
destroying their own CRISPR/Cas machinery*’®4%, CRISPR/Cas systems can be divided into two
classes depending on the usage of multiple nucleases (class I) or a unique nuclease (class Il) for
DNA degradation. Moreover, depending on the CRISPR loci architecture and the Cas protein
mechanism of action, class | systems can be subdivided into type I, lll, and IV, while class Il

systems into type Il, V, and VI.78,
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Figure 26. CRISPR-Cas9 adaptive immune system of Streptococcus pyogenes against bacteriophages.
After viral infection, Cas1 and Cas2 proteins incorporate short fragments of viral DNA within the CRISPR
array in the bacterial genome. CRISPR locus is then transcribed as a pre-crRNA (CRISPR RNA) which is
processed and hybridized with a tracrRNA (transactivating CRISPR RNA) forming a gRNA (guide RNA) that
binds with Cas9. Upon viral re-infection, gRNA recognizes complementary segments of the invading
genome favoring Cas9-mediated DNA cleavage. Obtained from BioRender.com repository.
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Many different gene editing tools have been developed using different Cas nucleases for multiple
applications. Among them, the class Il type Il Streptococcus pyogenes Cas 9 (SpCas9) is the most
exploited one, due to its relatively simple structure and mechanism of action*¥%#8!, Cas9 nuclease
recognizes specific 5-NGG-3’ PAM sequences (N can be A, T, G, or C), which are highly abundant
in the human genome, and requires a crRNA and a tracrRNA to be “guided” to target sites. When
Cas9 recognizes the PAM sequence adjacent to the target site, it generates a double-strand break
(DSB) in the DNA which will be repaired by the cell machinery. To facilitate the applicability of
Cas9 in genome editing protocols, single-guide RNAs (sgRNA) have been developed by the fusion
of the crRNA and the tracrRNA*?2,

4.2. Repair of Cas9-induced double-strand breaks

After DSB, cells activate their DNA repair machinery to preserve genome integrity. In general,
mammals have developed four different DNA repair pathways, including two major pathways,
which are classical non-homologous end joining (C-NHEJ) and homology-directed repair (HDR),
and two alternative pathways, alternative NHEJ (A-NHEJ) and single-strand annealing (SSA)

which represent back-up mechanisms for the major ones (Figure 27)%%,

The first and preferentially activated DNA repair mechanism is C-NHEJ which acts in all stages of
the cell cycle. This pathway is initiated by the recognition of Ku70/Ku80 heterodimers that bind
to broken ends and recruit the catalytic subunit DNA-dependent protein kinase complex (DNA-
PKcs). This complex recruits different proteins including Artemis nuclease, A and pu DNA
polymerases, DNA ligase IV, XRCC4 (X-ray repair cross complementing protein 4), and XLF
(XRCC4-like factor). The coordinated action of these proteins removes damaged nucleotides and
ligates blunt DNA ends. During this process, different bases can be randomly added or included
by the action of the polymerases and nucleases. Therefore, small indels may appear in the
repaired DNA leading to frameshift and non-sense mutations which, if they occur in the coding
sequence, most commonly result in disruption of gene expression. This is the basis of NHEJ-
based error-prone editing, which constitutes a highly efficient mechanism to induce gene knock-

Outsi83484

On the other hand, during S/G2 phases, when a sister chromatid is available to act as a homology
donor, cells can activate the HDR pathway. DSBs are recognized by the MRN complex (MRE11-
RAD50-NBS1) that recruits CtIP (C-terminal binding protein interacting protein) and other
nucleases that generate a single-strand (ss) DNA end. With the assistance of recombination
mediators such as breast cancer proteins (BRCA) 1 and 2 and RAD51, ssDNA end invades the DNA

template generating a displacement loop (D-loop) and forming Holliday junctions with the other
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DSB. Finally, polymerases, ligases, and resolvases terminate the repair process using the donor
DNA as template. This repair mechanism is the basis of HDR-based precision editing tools which
combine Cas9 nuclease with a donor DNA template to introduce specific DNA modifications in
the genome. This system has been widely used to specifically replace disease-causing

mutations*83484,

A-NHEJ, also known as microhomology (MH)-mediated end-joining (MHEJ), shares features of
both NHEJ and HDR and repairs DNA DSBs by annealing 2-20 bp long MH sequences internal to
the broken ends. This pathway involves the initial resection of DSBs through MRN and CtIP,
similar to HDR, to expose the internal MH sequences to the ends. Exposed MH then anneal, flaps
are removed, and ssDNA regions are filled and ligated by the combined action of XPF/ERCC]1, the
low fidelity 6 polymerase, XRCC1, PARP-1 (poly ADP-ribose polymerase 1), and DNA Ligase Il
A-NHEJ is always mutagenic because one of the two MH regions, and the inter-MH region, will
be deleted from the repair product. During the initial steps of the cell cycle, Ku70/80 inhibits
PARP-1 thus C-NHEJ prevails over A-NHEJ. During S and G2 phases, the length of the resection
usually determines the continuity of HDR (extensive resection) or the activation of A-NHEJ (short

resection)*&486,

Finally, the SSA repair mechanism serves as a back-up of HDR, when RAD51 is suppressed, and
utilizes homologous repeats to bridge DSB ends but, contrary to HDR, it is regarded as a

mutagenic process that can generate DNA deletions between the DNA repeats*®.
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Figure 27. DNA repair mechanisms after double strand Cas9-mediated cleavage in mammals. C-NHEJ:
canonical non-homologous end joining; A-NHEJ: alternative non-homologous end joining; SSA: single
strand annealing; HDR: homology-directed repair; DNA-PKcs: DNA-dependent protein kinase catalytic
subunit; DSB: double-strand break; MH: microhomology; XRCC: X-ray repair cross complementing protein;
XLF: XRCC4-like factor; MRN: MRE11-RAD50-NBS1 complex; CtIP: C-terminal binding protein interacting
protein; BRCA1/2: breast cancer protein 1/2. PARP-1: poly ADP-ribose polymerase 1. Adapted from Yang
et al. Int ) Mol Sci. 2020%%, Created with BioRender.com.

After a DSB, a rapid signaling cascade is triggered by the cell to efficiently respond to the DNA
damage. Upon DNA breaks, ATM (ataxia telangiectasia mutated) and ATR (ataxia telangiectasia
and rad3-related) damage-sensing kinases are activated and phosphorylate yH2AX protein that
spreads throughout the DSB area and recruits different proteins to initiate DNA repair responses.
During G1 phase, 53BP1 (TP53-binding protein 1) binds to the complex, inhibiting DNA resection
and consequently HDR. During G2 phase, BRCA1 replaces 53BP1 and promotes HDR*®,
Importantly, if DNA breaks are not repaired, ATM/ATR signaling, via Chk1/2 phosphorylation, can

activate p53/p21 pathway and inactivate cyclin-dependent kinases to induce cell cycle arrest,

senescence, or apoptosis*®”88 (Figure 28).
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Figure 28. Activated signaling pathways in response to DSBs. DSB: double-strand break; 53BP1: TP53-
binding factor 1; DNA-PKcs: DNA protein kinase catalytic subunit; C-NHEJ: classical non-homologous end
joining; HDR: homology-directed repair; ATM: ataxia telangiectasia mutated; ATR: ataxia telangiectasia and
rad3-related; CDK: cyclin-dependent kinase. Adapted from Ouellette et al. Diagnostics. 2022%8, Created
with BioRender.com.

4.3. Applications of CRISPR/Cas9 genome editing in CAR NK immunotherapy

Since the development of the first CRISPR/Cas9 editing tool in 2012, this technology has been
broadly applied to biomedicine research constituting a feasible tool to modulate gene expression
(gene knock-out or knock-in (KlI), gene silencing (CRISPRi) or activation (CRISPRa)), to generate
multiple research in vitro and in vivo models and to perform high-throughput screening assays,
but also has emerged as a promising therapeutic approach to correct specific mutations causing
genetic diseases*°. Besides, CRISPR/Cas9 has revolutionized the field of cell adoptive
immunotherapy, offering a simple and versatile platform to eliminate expression of specific
genes in T, NK, and even macrophages, to augment their efficacy and avoid therapy resistances

and toxicities*®

. Of course, CAR NK immunotherapy has similarly benefited from these
advancements. For instance, as previously described, CRISPR/Cas9 has been used to knock-out
specific genes (i.e. CD38%'3% and CD70°”) in CAR NK cells to avoid CAR-targeted fratricide.
Moreover, disruption of KLRC137°, TIGIT*?84°1, or CBLB** genes eliminate inhibitory signals from
immunomodulatory checkpoints therefore boosting CAR NK efficacy. Another example is the

elimination of ADAM17 in CAR NK cells to reduce CD16 shedding and potentiate ADCC

responses*®. This technique has also been used to eliminate expression of TGFBR2 in CAR iNK
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cells targeting hepatocellular carcinoma, providing them with resistance to TME-derived
immunosuppressive soluble factors such as TGF-B*?*. Additionally, other groups have knocked-

out cytokine-induced suppressors, such as CISH, to increase CAR NK persistence®®4°8,

Over the last decade, various strategies for delivery of Cas9 and sgRNA to target cells have been
developed, such as physical methods, viral vectors, and non-viral vectors, expanding the
versatility of the system®°49, |n the context of ex vivo adoptive NK cell manufacturing, as these
cells are highly refractory to viral transduction and double-strand (ds) DNA molecules or
plasmids**4%, the electroporation of pre-transcribed sgRNA-Cas9 protein in the form of
ribonucleoprotein (RNP) complexes represents the most exploited and efficient method to

generate knock-outs in CAR NK cell effectors?91:306:370:425,458,491

Combined or multiplex gene editing is another possibility that offers CRISPR/Cas9 technology to
target several loci at the same time. In 2020, Huang et al. were the first to demonstrate that both
double and triple knock-out through electroporation of pre-transcribed RNP complexes was
feasible and efficient to eliminate the expression of CD96, NCR1, and KLRC1 in NK-92 cell line*®,
Later, Ureiia-Bailén et al. simultaneously disrupted KLRC1, TIGIT, and CBLB in a-CD276 CAR and
a-CD19 CAR NK-92 cells**. Regarding primary PB-NK cells, only two groups have demonstrated
efficient simultaneous gene disruption. After publishing their work in NK-92 cell line, Huang et
al. were the pioneers to generate double and triple knock-out of CD96, TIGIT, and CD226 in
primary PB-NK cells by RNP electroporation®®’. These authors also described the potential
appearance of chromosomal translocations within the on-target sites due to simultaneous DSBs
which could limit the application of this technique*®®*°’. More recently, Bi et al. have reported a
synergistic antitumor efficacy improvement against K562 cells after the combined disruption of
CISH and TIPE2 in PB-NK cells*2. In the context of CAR NK from PB or CB, no multiplexed gene

editing approach, in which two or more genes are disrupted simultaneously, has been reported.

CRISPR/Cas9 technology has also been applied to introduce transgenes (including CAR
molecules) in NK cells for adoptive immunotherapy. Although knock-in strategies that require
DNA donor templates can be potentially challenging in the case of NK cells, different groups have
demonstrated efficient gene editing of NK cells using the combination of adeno-associated
vectors (AAV) and electroporation methods. For example, Pomeroy et al. and Naeimi et al.
introduced a non-cleavable CD16 version or a CAR molecule, respectively, in the AAVS1 safe
harbor locus in PB-NK cells3%34%8, Going a step further, Clara et al. designed a two-in-one KO/KI

strategy to disrupt CD38 expression by introducing a non-cleavable version of CD16%°.
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Taken together, CRISPR/Cas9 technology is a versatile tool applicable to all NK sources to

overcome most of the limitations faced by CAR NK immunotherapy.

4.4. Advantages of CRISPR/Cas9 genome editing over other combinatorial strategies

to improve CAR NK effectors

In the context of CAR immunotherapy, one of the main advantages of CRISPR/Cas9 over blocking
mADbs refers to the toxicity. As it has been described before, combined administration of mAb or
small molecule inhibitors together with CAR T and CAR NK effectors can improve their antitumor
efficacy and represents an easier strategy in terms of manufacturing compared to CRISPR/Cas9
genome editing. However, the systemic administration of these mAbs or molecules may lead to
off-target or on-target off-tumor adverse effects. For example, different clinical trials testing the
safety and antitumor efficacy of a-PD-1/PD-L1 mAbs as monotherapy have reported different
grade 3-4 adverse effects in some patients including fatigue, dermatologic toxicities (i.e. rash,
pruritus), hepatic toxicities (i.e. AST/ALT elevation) and pneumonitis, among others. Moreover,
toxicities increase when two mAbs are used in combination®®. Adverse effects such as fatigue,
diarrhea, anemia, lymphopenia, altered biochemical values, dermatitis, pruritus, or pneumonitis
have been also associated to the administration of monalizumab (a-NKG2A) alone or in
combination with other antibodies in patients with different cancers®’*37>. Something similar
happens with the systemic use of small-molecule inhibitors such as vactosertib or galunisertib
(TGF-BRI inhibitors) which show drug-related toxicities such as fatigue, alopecia, pruritus, rash,
increased lipase and amylase nausea and even leukopenia, pneumonitis, hepatotoxicity or

pancreatitis in some patients*4°91:502,

On the other hand, CRISPR/Cas9 technology has demonstrated to outperform mAbs and
inhibitors in terms of efficacy. For example, two independent studies from Prof. Rezvani’s
laboratory showed that TGFBR2 KO NK cells had increased tumor control compared with the
combination of non-edited counterparts and galunisertib treatment in AML and glioblastoma in
vivo models*®417 Furthermore, a recent publication by Gong et al. exhaustively compares the
use of a-NKG2A mAbs with KLRC1 gene editing in PB-NK cell effectors, demonstrating that the
latter is a more effective approach for targeting NKG2A/HLA-E suppressive pathway and

enhancing NK cell antitumor potential against both solid and hematologic tumors3®.

Another advantage of CRISPR/Cas9 mediated knock-out is that, at a single-cell level, protein
expression is totally abrogated while treatment with mAbs only downregulates or masks the
surface protein. Moreover, CRISPR/Cas9 mediated knock-out of checkpoints and inhibitory

receptors confers stable protection for CAR effectors. On the contrary, monoclonal antibodies
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have short half-lives and repeat dosing would be required to achieve the same benefit*° which
would increment therapy costs as well as increase therapy-related toxicities due to dose
accumulation. Indeed, the study from Gong et al. reported that serial administration of a-NKG2A

mADb to mice increased mAb serum levels but showed no improvement in tumor control®®.

Importantly, permanent and complete gene disruption can become a double-edged sword. The
elimination of inherent checkpoints, signaling molecules and transcription factors involved in
multiple biological networks may alter the functionality or viability of CAR NK effectors. For
example, the preliminary results from Kanaya et al. in iNK cells suggest that KLRC1 deletion
probably impedes NKG2A-mediated NK licensing or education process, resulting in impaired CAR
NK effector function®®®. Moreover, depleting tumor suppressors in CAR NK cells augments the
risk of uncontrolled lymphoproliferation in vivo. Therefore, rigorous study to efficacy and safety
of each approach should be considered when designing knock-out strategies in CAR NK

immunotherapy.
4.5. CRISPR/Cas9 off-target activity

Despite the highly precise gene editing capacity of Cas9 nuclease, tolerant mismatches between
DNA and sgRNA sequences can result in the recognition of multiple genomic sites by the
CRISPR/Cas9 system leading to unintended or off-target editing events. The generation of
unintended DSBs in the genome may trigger gene activation, silencing, or genomic

503,504 and therefore represents a significant

rearrangements, among other adverse outcomes
challenge for the clinical use of CRISPR/Cas9. Consequently, extensive research has been
dedicated to predict and detect potential off-target sites and to develop CRISPR/Cas9 variants

with greater precision.

Off-target activity mainly relies on the sgRNA specificity although it can be influenced by the
delivery method, cell type, nuclease exposure time, and target site accessibility. Nowadays,
multiple algorithms enable the in silico prediction of off-target activity based on the sgRNA
sequence, thus optimizing sgRNA design and selection, and allowing site-directed sequencing
analysis of editing events. Taking a step further, many groups have developed cell-independent
(i.e. DIG-seq, CIRCLE-seq, or SITE-seq) and cell-based strategies (such as GUIDE-seq, CAST-seq,
UDiTaS™, BLISS, and BLESS) to precisely detect potential off-target activity across the whole

genome and analyze the safety of gene editing approaches prior to clinical application®% 5%,

Besides these design and detection technologies, different modified Cas9 proteins have been

507

developed to reduce off-target activity’®’ such as the HiFi Cas9 which retains high on-target
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activity of wild-type Cas9 while reducing off-target editing when transiently delivered in RNP

complexes®®,

4.6. New CRISPR/Cas editing approaches for CAR NK cells

Despite the great versatility and efficacy of CRISPR/Cas9 tools to edit CAR NK cells, new editing
technologies could overcome some of the Cas9-related limitations and are recently emerging to

be applied in the CAR immunotherapy field.

For example, Zhang et al. have proposed the use of an improved AsCas12a class Il type V nuclease
with higher efficiency than the wild type one. This nuclease offers an alternative to Cas9
nuclease, reducing off-target editing rates due to its lower tolerance for guide-target
mismatches. The authors obtained around 90% KO efficiencies for different genes (CIITA, PD-1,
CISH, and TGFBR2) in T and NK cells. Moreover, they showed a proof-of-concept for the
introduction of a CAR molecule within the TRAC locus in PB-NK cells. Although efficiencies were

still modest, this could represent a promising tool for dual KO/KI strategies in the future®?’.

On the other hand, DSB-independent methods such as base editing and prime editing may
overcome the generation of undesired insertions/mutations, translocations, and p53 activation
thus emerging as a promising approach for multiplex gene editing of CAR NK effectors. Base
editing is a precise gene editing tool to introduce base modifications in a genomic locus without
the need of DSBs. This system is composed of a Cas9 nickase variant (nCas9) fused to a ssDNA
deaminase enzyme which is guided to a specific locus by a specific sgRNA. Base editors are
classified into adenine base editors (ABEs), which convert A:T base pairs to G:C base pairs, and
cytosine base editors (CBEs) that promote conversion of a C:G pair to a T:A pair°®°°, Importantly,
this technology is not exempt from undesired editing events. It has been described that base
editors can also induce ‘bystander’ deaminations proximal to the editing window or even induce
indels in addition to the nucleotide substitution. Additionally, they can induce single-nucleotide

mutations at off-target DNA and even RNA sites>%%>>12

, in most cases independently of the
sgRNA. With the aim of optimizing the efficacy and safety of base editors, multiple improvements
in protein architecture and modifications have been incorporated into the system to develop the
new generation of base editors®*°°, Ongoing preclinical and clinical studies with these new base

editors will confirm their efficacy and safety.

CRISPR prime editing is another DSB-free method that allows the introduction of a wide range
of base substitutions, insertions, and deletions. Prime editors consist of an nCas9 fused to an
engineered reverse transcriptase together with a modified prime editing guide RNA (pegRNA)

which serves as a specific-site guide as well as a template for the transcriptase. Reverse
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transcriptase will polymerize a correct DNA sequence in the editing site that will be later
introduced in the cell genome. One of the main advantages of this system is the reduced Cas9
off-target activity due to the minimal DSB generation and to the specific requirement of a
sequence of molecular events between the prime editor and the target DNA for productive
editing outcome®'*°14, Despite some improvements in this technology are still required in terms
of efficacy, this tool represents a promising safe strategy more versatile than base editing and
potentially more efficient than DNA template-dependent CRISPR/Cas9 methods, which are quite

limiting in CAR NK immunotherapy*®°.
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Despite the wide range of therapeutic approaches already approved for MM, most patients
eventually progress, often with increasingly shorter response periods, defining MM as an
incurable disease. The development of innovative-targeted cellular therapies such as CART cells
has transformed the treatment landscape for hematologic malignancies although cumbersome
manufacturing, severe toxicities such as CRS, neurotoxicity and prolonged cytopenia, as well as
suboptimal non-stable responses caused by T cell-dependent resistances, highlight the need for
alternative CAR effectors. In this context, allogeneic CAR NK cells have emerged as a safer, “off-
the-shelf’, and cost-effective alternative to CAR T cells. Nevertheless, although the limited in vivo
persistence of CAR NK effectors reduces the probability of uncontrolled immune responses and
oncogenesis, the short lifespan of these cells could dampen their long-term clinical efficacy. In
addition, the inhibitory immune checkpoints and the immunosuppressive TME that surround
MM, especially at progression, may reduce the persistence and antitumor activity of CAR NK
effectors, therefore compromising clinical responses. Both HLA-E/NKG2A axis as well as TGF-B
signaling represent two of these dominant mechanisms of CAR NK resistance in MM.
Antagonistic antibodies or small molecule inhibitors as monotherapy targeting these pathways
did not show efficacy in the clinical setting, and, although non-adoptive combinatorial strategies
blocking these axes have shown promise in efficacy, systemic administration of these treatments
can lead to life-threatening adverse effects. Several preclinical studies have demonstrated that
the use of antibodies or small molecule inhibitors increases NK activity against different tumors.
However, combining these agents with CAR NK cells may also raise concerns regarding toxicity.
In this scenario, CRISPR/Cas9 genome editing has arisen as a versatile technology to disrupt the
expression of proteins involved in CAR therapy resistance, potentially offering a safer and more
efficient alternative to monoclonal antibodies and drug inhibitors to overcome CAR NK

limitations.
1. Hypothesis

Multiplexed CRISPR/Cas9 genome editing in CAR NK effectors can increase their in vivo

persistence and enhance their antitumor potential against MM.
2. Objectives

Considering the current challenges in CAR NK immunotherapy in the context of hematological
malignancies, the main objective of this doctoral thesis is the application of CRISPR/Cas9 genome

editing tool to improve the therapeutic efficacy of a-BCMA CAR CB-NK cells against MM.
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The specific objectives of this thesis are:

1. To generate and characterize double knock-out a-BCMA CAR CB-NK cells by the combined
disruption of KLRC1 and TGFBR2 and to analyze their persistence and cytotoxic potential
against MM both in vitro and in vivo.

2. To elucidate the possible mechanisms underlying the changes of CAR NK antitumor activity
after KLRC1 and TGFBR2 knock-out.

3. To investigate PRDM1 knock-out as a feasible strategy to optimize the expansion and
persistence of a-BCMA CAR CB-NK cells without compromising their cytotoxic capacity.

4. To explore the potential and safety of a multi-edited triple knock-out a-BCMA CAR CB-NK
product to improve antitumor efficacy against MM without increasing therapy-related

toxicities.
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1. Celllines and primary samples

1.1. Celllines
1.1.1. MM cell lines

MM cell line RPMI-8226 (ACC 402) was purchased from DSMZ (Leibniz Institute, Germany). U-
266B1 (TIB-196; from here on U-266) and MM.1S (CRL-2974) were purchased from ATCC. XG-1
cell line was kindly provided by Dr. Joshua Epstein (Arkansas Cancer Research Center, Arkansas,
USA). Cell line integrity was tested through short tandem repeat (STR) analysis in the Genomic

Unit from Cancer Research National Center (CNIO), Madrid.

For in vivo experiments, U-266B1 cell line was transduced with a ffLuc-GFP lentiviral vector (U266
ffLuc-GFP) to constitutively express luciferase and GFP (green fluorescence protein), therefore
allowing tumor burden detection by bioluminescence imaging (BLI) and flow cytometry. Non-
treated 24-well plates were coated with 2 pg/cm? retronectin (TakaraBio) 24 hours before their
use and stored at 4°C. On the day of transduction, U-266 cells were seeded on these plates at a
concentration of 1 x 10° cells/mL and ffLuc-GFP lentiviral vector was added at a multiplicity of
infection (MOI) of 10. Plates were centrifuged at 400 xg for 20 minutes at 24°C and incubated at
37°C for 16-20 hours. Transduced cells were then washed with PBS and medium was replaced.
Cells were maintained for one week in culture and then GFP* cells were sorted using BD

FACSAria™ Fusion Cell Sorter (BD Biosciences).

All MM cell lines were cultured in Roswell Park Memorial Institute (RPMI)-1640 medium (Lonza)
supplemented with 10% fetal bovine serum (FBS; Hyclone), 2 mM L-glutamine (Lonza) and 100
IU/mL penicillin/streptomycin (P/S; Lonza) at 37°C in a humidified atmosphere with 5% CO,.
Additionally, XG-1 cell line medium was supplemented with 1 ng/mL recombinant human IL-6
(Miltenyi). Medium was replaced every two-three days. Polymerase Chain Reaction (PCR) was
regularly performed to test the absence of mycoplasma in the culture supernatant using
DreamTaq PCR Master Mix (Thermofisher) according to manufacturer’s instructions. Forward (5’-
GGCGAATGGGTGAGTAACACG-3’) and reverse (5'-CGGATAACGCTTGCGACCTATG-3’) primers were

used for mycoplasma amplification.
1.1.2. Artificial antigen presenting cell lines

K562-mb21-41BBL cell line (Clone 9.mbIL21 or CSTX002) was kindly provided by Dr. Dean A. Lee
(Nation Wide Children, Ohio, USA). This cell line derives from K562, an erythroleukemic cell line
with positive Philadelphia chromosome, which was genetically modified to constitutively express

membrane-bound IL-21, 4-1BB ligand (4-1BBL or CD137-L), CD64, CD86 and truncated CD19. This
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cell line was used as an aAPC to activate NK cells in vitro as both IL-21 and 4-1BBL promote NK
cell activation®™>. K562-mb21-41BBL cell line was cultured as described for MM cell lines (section

1.1.1) and irradiated under 100 Gy before co-culture with NK cells.
1.1.3. Cell lines for lentiviral production

HEK293T cell line (CRL-11268) was purchased from ATCC and was used as the packaging cell to
generate lentiviral vector concentrates and titrate them. It is an embryonic human kidney cell
line modified to express SV40 T antigen which allows episomal replication of plasmids that
contain the SV40 replication origin®'® thus enhancing transfection efficiency. This cell line was
cultured in Iscove’s Modified Dulbecco’s Medium (IMDM; Lonza) supplemented with 10% FBS
and 100 IU/mL P/S at 37°C in a humidified atmosphere with 5% CO,and 21% O,. Every two-three
days, cells were detached using a Trypsin- ethylenediaminetetraacetic acid (EDTA) solution

(Lonza) and diluted in fresh medium.
1.2. Primary cells

Umbilical cord blood samples from HD were provided by Centro de Transfusiones de la
Comunidad de Madrid. HD PB samples and MM patient BM aspirates were obtained from
Hospital 12 de Octubre. Both healthy donors and MM patients gave their written informed
consent to collaborate in the study (n220/326) which was previously approved by the Hospital
12 de Octubre ethics committee, in accordance with the Declaration of Helsinki protocol. All

primary samples were processed according to the arrival order at the hospital.

2. Integration-competent lentiviral vectors

2.1. CAR molecule design

Second generation a-BCMA CAR molecule was generated by modifying the NKG2D-CAR transfer
plasmid (pTRPE_NKG2D-ECD_4-1BBz) which was kindly provided by Daniel J. Powell Jr. (Perelman

School of Medicine, Pennsylvania, USA).

A cloning sequence flanked by Nhe | and Nde | restriction sites and containing the kLC signal
peptide followed by clone 4ZFO a-BCMA scFv (mouse/human chimera J22.9-xi mAb) and the
hinge and transmembrane domain of the CD8a receptor was designed using SnapGene™

software and synthetized by GeneArt (Thermofisher).

Using Nhe | and Nde | restriction enzymes (New England Biolabs) and T4 DNA Ligase (New

England Biolabs), a one-step cloning was performed according to manufacturer’s instructions to
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replace the region containing the signal peptide, the NKG2D ectodomain and, the hinge and
transmembrane domain from the pTRPE_NKG2D-ECD_4-1BBz with our cloning sequence.
Ligation product was transformed into One Shot™ Stbl3™ chemically competent E.coli
(Thermofisher) by heat shock. Transformed bacteria were cultured overnight at 37°C in plates
containing 2% (p/v) Luria Bertani (LB) agar (Condalab) and 50 ug/mL ampicillin. Ampicillin-
resistant colonies were isolated and cultured overnight at 37°C in 3 mL liquid LB medium
(Condalab) supplemented with ampicillin in an orbital shaker. Plasmid DNA from bacteria was
purified using Plasmid Mini Kit (Qiagen) following manufacturer’s instructions and verified by
enzyme restriction analysis (New England Biolabs) and Sanger sequencing (Stabvida) to select

clones containing the correct pTRPE_BCMA_4-1BBz transfer plasmid.

KLC 4-1BB CD37
EF1a promoter ) signal | a-BCMA scFv Ei?‘sg C.I?au coestimulatory signaling
peptide 9 domain domain

Figure 29. Schematic representation of the a-BCMA CAR. kLC: kappa light chain; TM: transmembrane
domain. Created with BioRender.com.

2.2. Plasmids amplification

Both pTRPE_BCMA 4-1BBz and pRRL_Luc_EGFP (kindly provided by Dr. Jerénimo Blanco)
transfer plasmids and pAdvantage™ helper plasmid (Promega Biotech) were transformed into
One Shot™ StbI3™ chemically competent E.coli by heat shock for amplification. Transformed
bacteria were cultured overnight at 37°C in LB agar plates with 50 pg/mL ampicillin. Ampicillin-
resistant colonies were isolated and cultured overnight at 37°C in 250 mL of liquid LB medium
supplemented with ampicillin in an orbital shaker. Plasmid DNA from bacteria was purified using
EndoFree Plasmid Maxi Kit (Qiagen) following manufacturer’s instructions and verified by
enzyme restriction analysis. Plasmid DNA quantity and quality were measured using a Nanodrop

ND-1000 Spectrophotometer (Thermo Fisher Scientific).

Packaging and envelope plasmids used for lentiviral vector production were purchased from

Addgene and amplified by PlasmidFactory (Bielefeld, Germany).
2.3. Lentiviral vector production

Integration-competent lentiviral vectors (LV) containing a-BCMA CAR or ffLucGFP transgenes
were generated by a third-generation packaging system in which HEK293T cells were co-
transfected with the transfer plasmid, two packaging plasmids, a helper plasmid and the VSV-G

(vesicular stomatitis virus glycoprotein G) envelope plasmid (Table 5, Figure 29).
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Plasmid type Name Description
i h i -BCMA CAR
. oTRPE_BCMA_4-1BBz Contains the second generation a-BC C
Transfer plasmid construct
pRRL_Luc_EGFP Contains the luciferase and GFP reporter genes
Packaging pMDLg/pRRE Contains HIV-1 gag and pol genes
plasmid pRSV-Rev Contains HIV-1 Rev gene
. Enhances transient protein expression by increasing
Helper pl AdVAntage™
elper plasmid PAdVAntage translation initiation.
Envelope plasmid oMD2VSV.G Contains the glycoprotein G of Vesicular Stomatitis

Virus

Table 5. Plasmids used for production of third-generation lentiviral vectors.

The day before transfection, 9 x 106 HEK293T cells were seeded in 150 mm culture-treated plates.
When cells reached 70% confluence, culture medium was refreshed and two hours later, cells
were transfected using the CaCl, DNA precipitation method. Plasmid mixture was prepared by
adding 36 pg transfer plasmid, 12.5 ug pMDLg/pRRE, 6.5 ug pRSV-Rev, 9 ug pMD2.VSV.G and 15
ug pAdVvantage™ plasmid to a final volume of 1 mL 0.1X Tris-EDTA buffer/dH,0 (2:1) per plate
and mixed during 15 minutes at room temperature (RT). Then 150 uL of 2.5 M CaCl; (Sigma) were
added. After mixing for another 15 minutes, 1250 puL of 2X HBS buffer (100 mM HEPES, 281 mM
NaCl, 1.5 mM Na;HPO4, pH 7.14) were added drop by drop to the plasmid/CaCl, mixture while
vortexing at full speed. Immediately, transfection mix was added to HEK293T cells. Culture
medium was refreshed 16 hours later, and LV supernatants were collected 30 hours after
transfection, 0.45um-filtered and concentrated by ultracentrifugation at 25,000 rpm for 2 hours.

Viral pellets were resuspended in RPMI-1640 medium, aliquoted and stored at -80°C.

Envelope vector Helper vectors

:
O C/ Lentiviral

vectors

: 4
H Y-, y
; | /
H * Lentiviral
O O T "\ vector
: concentrate
: HBS/CaCl, o i —
transfection 7= 0 e\ -
mix i v I A
e S v SR g Su pernatant W
2937 cells collection &

. ultraconcentration
Transfection

Figure 30. Schematic representation of third-generation lentiviral vector production. Created with
BioRender.com.
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2.4. Lentiviral vector titration

LV titer was determined by transduction of HEK293T cells with serial dilutions of vector
supernatants. 1 x 10° HEK293T cells were seeded in culture-treated 24-well plates 24 hours
before transduction. Then, serial dilutions from vector supernatants ranging from 102 to 10°®
were prepared in culture medium and added to the cells. Initial cell number was determined the
same day of transduction. Transduced cells were maintained in culture for 7 days and then
collected for flow cytometry analysis as described in section 6. Transduction percentage was
measured for each dilution using a recombinant human BCMA protein (rhBCMA) or GFP
fluorescence. LV titers (transducing units/mL) were determined considering the initial cell

number and assuming one copy of vector per transduced cell according to the following formula:

) TU initial cell number X % transduced cells X dilution factor
Titer (*°/y) = 100

3. Single-guide RNA design

Single-guide RNAs (sgRNAs) were designed using CRISPOR.org web tool*Y. Target exons for each
gene used as input sequence were selected based on published data. Two sgRNAs were chosen
for each target gene (Table 6), based on the best specificity score and less off-target activity®2.
Modified synthetic sgRNAs were purchased from Synthego with specific modifications at 5’ and
3’ sites (2'-O-methyl and 3' phosphorothioate) that increase stability and protection against

exonuclease activity to improve editing efficiency.

Gene sgRNA name  Target exon Sequence (5’ to 3’)
KLRC1 KLRC1 sg1 Exon 2 GGTCTGAGTAGATTACTCCT
KLRC1 sg2 Exon 2 ACTGCAGAGATGGATAACCA
TGEBR? TGFBR2 sgl Exon 3 CACATGAAGAAAGTCTCACC
TGFBR2 sg2 Exon 3 TCCAGAATAAAGTCATGGTA
PROM1 PRDM1 sgl Exon 4 ATTGTCAGCTCTCCGGGATA
PRDM1 sg2 Exon 5 GCTTACTTGAACGCGTCCTA

Table 6. sgRNAs selected for gene editing experiments.
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4. Generation of edited CAR cord blood-derived NK cells

4.1. NK cell isolation and expansion

CB samples were diluted 1:2 with Phosphate-Buffered Saline (PBS; Gibco) and added 2:1 over
Ficoll-Paque (Sigma-Aldrich). Mononuclear cell (MNC) fractions were collected after
centrifugation at 400 xg for 20 minutes (acceleration 6; deceleration 3), washed with PBS, and
centrifuged at 350 xg for 10 minutes. MINC samples were then lysed with ACK lysis buffer (Lonza)
to remove the remaining erythrocytes. After a washing step to eliminate lysis buffer, NK cells
were isolated by immunomagnetic depletion with a Human NK cell Isolation Kit (Miltenyi)
following manufacturer’s instructions. Purified NK cells were then co-cultured with K562-mb21-
41BBL aAPC, previously irradiated with 100 Gy, at a ratio of 1:1.5 (NK:APC) in Stem Cell Growth
Medium (SCGM; CellGenix) supplemented with 20% human AB serum (Sigma-Aldrich), 2 mM L-
glutamine, 100 IU/mL P/S, 500 IU/mL human IL-2 (Miltenyi) and 140 IU/mL human IL-15
(Miltenyi). Henceforth, this culture medium will be referred as CB-NK medium. Fresh CB-NK

medium was added every three days to the culture for 10-12 days.
4.2. Activated and expanded CB-NK cell transduction

After ten to twelve days of expansion, NK cells were transduced with the a-BCMA CAR LV. Non-
treated 12-well plates were coated with 2 pg/cm? retronectin 24 hours before their used and
stored at 4°C. The day of transduction, NK cells were washed with PBS and resuspended in fresh
SCGM supplemented with 10% human AB serum, 2 mM L-glutamine, 100 IU/mL P/S, 500 IU/mL
hiL-2 and 140 IU/mL hIL-15 at a concentration of 1.33 x 10° cells/mL. a-BCMA CAR LVs were
added at an MOI of 10. Then, 750 pL (1 x 10° cells) of the vector-cell mix were added per well in
retronectin-coated plates. Plates were centrifuged at 400 xg for 20 minutes at 24°C and
incubated at 37°C for 16-20 hours. Transduced cells were then washed with PBS and prepared

for electroporation.
4.3. CAR NK cell electroporation
4.3.1. Single, double, and one-shot triple gene editing of CAR NK cells

Modified synthetic sgRNAs were resuspended in nuclease-free water (Synthego) to a final
concentration of 3.2 pug/ulL and stored at -80°C. To form the pre-assembled ribonucleoprotein
(RNP) complex, Alt-R™ S.p. HiFi Cas9 Nuclease (IDT) was mixed with specified sgRNA and
incubated at RT for 10 minutes. For multiplexed genome editing experiments, RNP complexes

for each sgRNA were formed separately.
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After transduction, CAR NK cells were washed with PBS, centrifuged at 200 xg for 10 minutes
and resuspended in P3 Primary Cell electroporation solution (Lonza). Cells were electroporated

with pre-formed RNP complexes using an Amaxa 4-D nucleofector (Lonza).

To test sgRNA editing efficacy, P3 Primary Cell 4D X Kit S (Lonza) was used according to
manufacturer’s instructions. 5 x 10° CAR NK cells were resuspended in 20 pL electroporation
solution and electroporated with RNP complexes composed of 500 pmol sgRNA and 16.2 g
Cas9, 100 pmol sgRNA and 6 pg Cas9 or 50 pmol sgRNA and 3 pg Cas9 using nucleofection
programs CM-137 or EN-138.

After optimal sgRNA selection, P3 Primary Cell 4D X Kit L (Lonza) was used following
manufacturer’s instructions for further experiments. 2.5 x 10° CAR NK cells were resuspended in
100 pl electroporation solution and electroporated with RNP complexes composed of 500 pmol
sgRNA and 30 ug Cas9 (for TGFBR2 and PRDM1 sgRNAs) and/or 250 pmol sgRNA and 15 pg Cas9
(for KLRC1 sgRNA) using program CM-137.

After electroporation, cells were incubated for 10 minutes at 37°C and collected in pre-warmed
SCGM supplemented with 20% human AB serum, 2 mM L-glutamine, 500 IU/mL hIL-2, and 140
IU/mL hIL-15. Cells were seeded at a density of 2 x 10° cells/mL and co-cultured with 100 Gy-
irradiated aAPC at a ratio of 1:1.5 (NK:aAPC). Gene-edited CAR NK cells were maintained in
culture by adding fresh CB-NK medium every three-four days. Gene editing efficiency was
analyzed by Sanger sequencing as detailed in section 5 at different times of culture. Additionally,
TGFBR2 and NKG2A expression was analyzed by flow cytometry (see section 6) and BLIMP1

expression was detected by Western blot (see section 7).

In all experiments, two control conditions were included: non-nucleofected CAR NK cells (NN)

and CAR NK cells receiving an electroporation pulse without any RNP complex (mock).
4.3.2. Sequential triple gene editing of CAR NK cells

To generate sequential triple knock-out CAR NK cells, sequential electroporation steps were
performed. First, cells were electroporated with PRDM1 sgRNA RNP complex following the
protocol described in 4.3.1. Then, 8 days after the first electroporation, cells were nucleofected
again with KLRC1 sgRNA and TGFBR2 sgRNA RNP complexes following the same protocol and re-
challenged with aAPC. Gene editing efficacy was analyzed by Sanger and NGS sequencing (see

section 5), flow cytometry (see section 6) and Western blot (see section 7).
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Figure 31. Protocol to generate edited CAR CB-NK cells. Schematic representation of the protocol
designed to generate edited CAR CB-NK cells from HD cord-blood samples. CB: cord blood; aAPC: artificial
antigen presenting cell; LV: lentiviral vector; RNP: ribonucleoprotein; KO: knock-out. Created with
BioRender.com.

5. Gene editing analysis

5.1. Sanger sequencing

To extract DNA from control and edited CAR NK cells, 2 x 10° cells were collected and washed
with PBS. Pellets were resuspended in 50 pL of QuickExtract™ DNA Extraction Solution (Lucigen)
and incubated at 65°C in a heat block for 15 minutes. Then, samples were vortexed and
incubated at 95°C for another 15 minutes. DNA was used as template to amplify on-target sites
by PCR using Herculase Il fusion DNA polymerase (Agilent). Primers used for each on-target site
and PCR conditions are indicated in Tables 7 and 8, respectively. All primers contained forward
and reverse lllumina adapter sequences (Fw: 5’-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3’;
Rv: 5’GACTGGAGTTCAGACGTGTGCTCTTCCGATCT-3’) for further Next Generation Sequencing
(NGS) analysis. PCR products were subjected to Sanger sequencing using Stabvida sequencing

services. Forward primers listed in Table 7 without Illumina adapters were used for sequencing.
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On-target site = Primer Sequence (5’ to 3’) Tm (°C) PCR product size (bp)
Fw CGTTCTCCACCTCACCCTTT
KLRC1 exon 3 60 297
Rv GCAGTGATAGGTTTTGTCATTCC

Fw AGGAGAAAGAATGACGAGAACA

TGFBR2 exon 3 60 300
Rv CACAGATCTCAGGTCCCACA
Fw ATGCGCTATGTGAATCCAGC

PRDM1 exon 4 60 243
Rv GCAGAACCGACATTACTGGC
Fw AAGAAGCAGCCCCGACCAAA

PRDM1 exon 5 60 222
Rv AACTTGGGGTAGTGAGCGTT

Table 7. Primers used for PCR amplification. Fw: forward; Rv: reverse.

Herculase Il fusion Polymerase

95°C 10'

94°C 30"

60°C 30" 40 cycles
72°C 30"

72°C 10'

4°C hold

Table 8. Herculase Il fusion PCR conditions.

5.2. Interference of CRISPR edits

Chromatograms obtained from Sanger sequencing were analyzed with Synthego Interference of
CRISPR Edits (ICE) analysis web tool that provides a quantitative assessment of genome editing.
Percentage of indels produced in chromatograms from edited samples was used to calculate

genome editing rates. Mock control was used as control input sequence.
5.3. Next-generation sequencing

Genomic DNA from control and edited CAR NK cell samples was extracted using DNeasy Blood
& Tissue Kit (Qiagen) according to manufacturer’s instructions. sgRNA on-target sites were
amplified by PCR using Q5® High-Fidelity DNA Polymerase (New England Biolabs) and the same
primers as for Sanger sequencing (Table 7). PCR conditions are listed in Table 9. PCR products
were then purified using DNA Clean & Concentrator kit (Zymo Research) and quantified by
Qubit™ Fluorometer (Thermofisher) with Qubit™ dsDNA BR Assay Kit (Thermofisher). lllumina
NovaSeq (PE250) NGS was then performed using Biomarker Technologies (BMKGENE)
sequencing services. Sequence cleaned data was analyzed with CRISPRessoV2°°, using GRCh38

genome reference sequences and default settings for Cas9 editing tool.
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Q5° High-Fidelity DNA Polymerase

95°C 30"

95°C 10"

Tm* 30" 35 cycles
72°C 90"

72°C 2

10°C hold

Table 9. PCR conditions used for off-target NGS analysis. Tm* varied depending on primers used.

6. Multiparametric flow cytometry analysis

For antibody staining, 2-5 x 10° cells were collected, washed with PBS and resuspended in 100
pL antibody cocktail prepared in PBS. Cells were stained for 30 minutes at 4°C in darkness and
then washed with PBS and resuspended in 100 pL PBS with 0.2 pg/mL 4',6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich). All antibodies and reagents as well concentrations used for

staining are listed in Table 10.

Cells were analyzed using a FACSCanto™ Il cytometer (BD Biosciences) which contains 3 different
laser lines (405nm, 488nm, and 633nm) and detects 8 different fluorescence channels. FACSDiva
v.8.0.1 software was used to exclude debris by Forward Side Channel-Area (FSC-A) vs Side Scatter
Channel-Area (SSC-A) and select single cells by FSC-A and FSC-Height (FSC-H). Alive cells were
then gated by DAPI* cell exclusion. A range of 10,000-30,000 alive cell events were acquired per
tube. Unstained and single-stained controls were used to set laser voltages and compensate for
the spectral overlap among fluorochromes. Fluorescence minus one (FMO) controls were
included to identify the additive effect of spreading from multiple fluorochromes in the
fluorochrome of interest. Data analysis was later performed using FlowJo V10 software (BD
Biosciences). Relative fluorescence intensity (RFI) was then calculated as the mean fluorescence

intensity (MFI) of Ab staining divided by the FMO, isotype, or unstained.
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CD3 UCHT1 PE/Cy7 BioLegend 300420 1:100

CD16 3G8 APC/Cy7 BioLegend 302018 1:100
CD19 SJ25C1 APC/Cy7 BioLegend 363010 1:100
CD25 BC96 APC BioLegend 302610 1:100
CD34 4H11 PE/Cy7 Invitrogen™ 25-0349-42 1:50
CD34 4H11 APC Invitrogen™ 17-0349-42 1:50
CD38 H-B7 FITC BioLegend 356610 1:100
CDh45 2D1 PerCP/Cy5.5 BioLegend 368504 1:100
CD45 HI30 APC/Cy7 BioLegend 304014 1:100
CD56 (NCAM) HCD56 APC BioLegend 318310 1:100
CD56 (NCAM) HCD56 PerCP/Cy5.5 BioLegend 318322 1:100
CD56 (NCAM) HCD56 PE BioLegend 318306 1:200
CD138 MI15 PE/Cy7 BioLegend 356514 1:100
CD138 MI15 Brilliant Violet 421™ BioLegend 356516 1:100
NKG2A (CD159a) 7199 PE Beckman Coulter IM3291U 1:100
NKG2C (CD159c) 134591 Alexa Fluor 488 R&D Systems FAB138G 1:100
DNAM-1 (CD226) TX25 FITC BioLegend 337104 1:100
TRAIL (CD253) RIK-2 PE BioLegend 308206 1:100
NKG2D (CD314) 149810 PE R&D Systems FAB139P 1:100
NKp44 (CD336) P44-8 PE BioLegend 325108 1:100
NKp30 (CD337) P30-15 PE BioLegend 325208 1:100
KLRG1 14C2A07 PE BioLegend 368610 1:100
TIGIT A15153G PE BioLegend 372704 1:100

Ki67 Ki-67 Brilliant Violet 421™ BioLegend 350506 1:50
BCMA (CD269) 19F2 PE BioLegend 357504 1:100
HLA-E 3D12HLA-E APC Invitrogen™ 17-9953-42 1:100
TGFB-RII W17055E APC BioLegend 399706 1:50
o | oo | P | s
Streptavidin - PE BD Biosciences 554061 1:200
Streptavidin - PE/Cy7 Invitrogen™ SA1012 1:100
IgG1, P3.6.2.8.1 APC Invitrogen™ 17-4714-42 1:100
IgG2a, K MOPC-173 PE BioLegend 400211 1:100
Annexin V - APC BioLegend 640920 1:40

Table 10. Antibodies and other reactants used for flow cytometry. FITC: Fluorescein isothiocyanate; PE:
Phycoerythrin; PerCP/Cy5.5: Peridinin chlorophyll protein-Cyanine5.5; PE/Cy7: PE-Cyanine7; APC:
Allophycocyanin; APC/Cy7: APC-Cyanine7.
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6.1. Immunophenotyping

Multiparametric flow cytometry was used to characterize the phenotype of CAR NK effector cells,

MM cell lines and BM mononuclear cells (BMMCs) from MM patients.

For a-BCMA CAR detection in CAR NK cells and lentiviral vector titration, biotin-fused rhBCMA
protein (Adipogen) was added to the antibody cocktail. Following the primary staining step, cells
were washed with PBS and incubated with fluorescent conjugates of streptavidin (strep) for 30
minutes. After completing secondary staining, cells were washed again with PBS and
resuspended in 100 pL PBS with DAPI. Untransduced controls were used to set CAR* population

gates.
The following expression markers were also studied on CAR NK effector cells:
e Activating receptors: NKG2D, NKG2C, NKp30 and NKp44
e Inhibitory or exhaustion receptors: NKG2A, TIGIT and KLRG1
e ADCC receptors: CD16
e Adhesion receptors: DNAM-1
e Cytokine receptors: CD25 (IL-2Ra) and TGF-BRII
e Markers of apoptosis induction: TRAIL

The percentage of positive cells and RFI of each marker within NK cell population (CD56"%) was

calculated over FMO controls.

Immunophenotyping of control and edited CAR NK cells was also used to analyze the
functionality of TGFBR2 KO in these effector cells. For this purpose, 10 ng/mL of soluble human
TGF-B1 (R&D Systems) was added to NK cells for 48 hours before flow cytometry analysis. RFI of

each marker was relativized to untreated controls.

HLA-E and BCMA expression was studied in different MM cell lines. Isotype controls were used

to calculate the percentage of positive cells and calculate RFI.

We also characterized BMMCs from MM patients used for cytotoxicity and toxicity assays
(section 10.2). Percentage of PC (CD138* CD38*) and CD34* cells was determined for each
sample. HLA-E and BCMA expression within CD138* CD38* population was calculated using FMO
controls. Additionally, the phenotype of MM PC was characterized by flow cytometry (CD45,
CD56, CD19, CD38 and CD138 expression).
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6.2. Cell apoptosis analysis

Phosphatidylserine is normally found on the intracellular part of the plasma membrane in
healthy cells but, during early apoptosis, it can be translocated to the external part. Annexin V
protein binds phosphatidylserine and can be used as a indirect method to quantify cell

apoptosis®®°,

To analyze apoptosis on control and edited CAR NK cell cultures, 5 x 10° cells were collected and
washed twice with cold PBS. Cell pellets were then resuspended in 100 plL of Annexin Binding
Buffer (BioLegend) and stained with 2 pL of Annexin-V (BioLegend) for 15 minutes. 0.05% of
Propidium lodide (PI, Sigma-Aldrich) was added to the mix before flow cytometry analysis.
Single-stained and unstained controls were used for gating strategy. Apoptotic cells were

calculated as Annexin V* cells.
6.3. Senescence-associated B-Galactosidase activity analysis

Senescence-associated B-galactosidase (SA-B-Gal) activity is a well-known senescence marker
that can be quantify in an indirect manner using 9H-(1,3-Dichloro-9,9-Dimethylacridin-2-One-7-
yl) B-d-Galactopyranoside (DDAOG) substrate. DDAOG is cleaved by SA-B-Gal to produce 7-
hydroxy-9H(l,3-dichloro-9,9-dimethylacridin-2-one) (DDAO). DDAO generates a far-red-shifted

fluorescent signal that can be measured by multiparametric flow cytometry®2.,

We used this method to analyze SA-B-Gal activity on control and edited CAR NK cells. 6 x 10° cells
were collected, washed with PBS and resuspended in 600 uL SCGM medium without any
supplement. Bafilomycin A1 (MedChemExpress) was added at 0.1 uM and cells were incubated
for 90 minutes at 37°C without CO; to induce lysosomal alkalinization. Cells were then separated
equally into two tubes. DDAOG substrate (Invitrogen™) was added to one of the tubes at 10
pug/mL while the other tube remained as unstained control. After 1-hour incubation at 37°C
without CO,, cells were washed twice with 0.05% Bovin Serum Albumin (BSA, Sigma-Aldrich) in
PBS and resuspended in a final volume of 100 uL PBS with 0.2 ug/mL DAPI for flow cytometry

analysis. Percentage of DDAO" cells was calculated over unstained control.
6.4. Soluble cytokine quantification assay

To analyze cytokine secretion capacity of CAR NK cells, 50,000 cells were co-cultured with
different MM target cells (U-266, XG-1, RPMI-8226, and MM.1S) at 1:1 ratio in fresh SCGM
supplemented with 20% of AB serum, 2 mM L-glutamine and 100 IU/mL P/S, without cytokines,
in non-treated U-bottom 96-well plates (Corning). After 24 hours of co-culture, supernatants

were collected and stored at -80°C.
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Quantification of soluble cytokines in these supernatants was performed using LEGENDplex™
Human CD8/NK Panel (13-plex) (BioLegend), following the manufacturer’s instructions. This is a
bead-based multiplex assay (Figure 32) that allows simultaneous quantification of 13 human
cytokines and cytolytic proteins including IL-2, IL-4, IL-6, IL-10, IL-17A, IFN-y, TNF-a, soluble Fas,
soluble FasL, Granzyme A, Granzyme B, Perforin, and Granulysin. Flow cytometry data files were

analyzed using LEGENDplex™ Data Analysis Software Suite.
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Figure 32. Schematic illustration of the principle of LEGENDplex™ assay. Obtained from BioLegend.

7. Western blot (WB)

To extract proteins from CAR NK effector cells, 3-5 x 10° cells were collected and washed with
PBS. Cell pellets were then lysed with RIPA lysis buffer (Sigma-Aldrich) supplemented with
protease (Roche) and phosphatase inhibitors (Sigma-Aldrich) for 1 hour on ice. Samples were
centrifuged at 14,000 xg for 10 minutes at 4°C. Supernatants were collected and protein
concentration was assessed using Quick Start Bradford protein 1x dye (Bio-Rad) following
manufacturer’s instructions. After protein quantification, 20-30 pg of protein samples were
diluted in LaemmlLi loading buffer (Bio-Rad) containing sodium dodecyl sulfate (SDS) and 5% -

mercaptoethanol and incubated at 99°C for 10 minutes in a block heater for denaturization.

Proteins were separated following an SDS-polyacrylamide gel electrophoresis (SDS-PAGE) under
denaturing conditions. Electrophoresis was performed at constant voltage (140 V) in
electrophoresis buffer (25 mM Tris-HCI, 200 mM glycine, 0.1% SDS, pH 8.3). Then, proteins were
transferred to nitrocellulose membranes (Amersham) using wet transfer at a constant current of
350 mA for 2 hours. Protein transfer was checked using Ponceau staining solution (Sigma-

Aldrich).
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Membranes were blocked with 3% BSA in PBS for 30 minutes at RT in agitation. Then, they were
incubated overnight at 4°C with primary antibodies diluted in Tris-Buffered-Saline (TBS) buffer
with 0.1% Tween20 (TBS-T buffer). Primary Abs and concentration used are listed in Table 11.
The following day, membranes were washed three times with TBS-T buffer and incubated with
anti-mouse or anti-rabbit secondary Abs conjugated to Horseradish Peroxidase (HRP, Cell
Signaling) for 45 minutes at RT. After secondary antibody incubation, membranes were washed

again three times with TBS-T.

Blots were visualized with a Gel Doc™ EZ Documentation System (Bio-Rad) using Amersham ECL
Prime Western Blotting Detection Reagent (Cytiva) or SuperSignal™ West Femto Substrate

(Thermofisher). Protein bands were then quantified using Image Lab Software (Bio-Rad).

Host

Antigen Clone . Source Reference Dilution
species

BLIMP1/PRDI-BF1 Cl4A4 Rabbit Cell Signaling 9115 1:250
B-ACTIN Polyclonal Rabbit Cell Signaling 4967 1:1000

p150 [Glued] Clone 1 Mouse BD Biosciences 610474 1:1000

p53 DO-7 Mouse Dako M7001 1:500

pl6 EP1551Y Rabbit Abcam ab51243 1:1000
Phospho-yH2AX (5139) JBW301 Mouse Sigma 05-636-1 1:1000
Phospho-STAT5 (Y694) C11C5 Rabbit Cell Signaling 9359 1:1000
STATS D3N2B Rabbit Cell Signaling 25656 1:1000
Phospho-SHP1 (Y564) Polyclonal Rabbit Abcam ab192669 1:1000
SHP1 E1U6R Rabbit Cell Signaling 26516 1:1000
Phpfjshp(:cz’ili;(o(\((\;?;lz?)/ Polyclonal Rabbit Cell Signaling 2701 1:1000
ZAP70 99F2 Rabbit Cell Signaling 2705 1:1000
Granzyme B D2H2F Rabbit Cell Signaling 17215 1:1000

Leica NCL-L-LAM-
FLCA SHL53 Mouse Biosystems 578 1:250

Table 11. Primary antibodies used for Western Blotting.

7.1. BLIMP1 detection

BLIMP1 protein was analyzed in NN, mock, PRDM1 KO, and triple KO CAR NK lysates to verify
efficient PRDM1 disruption at specified times after nucleofection. B-ACTIN was used as loading
control. To quantify reduction of BLIMP1 expression, BLIMP1a/B-ACTIN ratio in edited CAR NK

cells was relativized to BLIMP1a/B-ACTIN from mock control.
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7.2. DNA damage response pathway

Expression of the DNA damage response-associated proteins p16, p53 and, phosphorylated
yH2AX was analyzed in NN, mock, KLRC1 KO, TGFBR2 KO, double KO, and triple KO CAR NK cell

lysates collected on day 19 after first nucleofection. p150 was used as loading control.
7.3. Intracellular activation signaling pathways

To evaluate intracellularly the activation state of CAR NK cells, effector cells were previously
stimulated with the U-266 MM cell line. For this purpose, 3 x 10° cells from mock, KLRC1 KO,
double KO, and triple KO cell cultures were incubated for 2 hours in RPMI-1640 supplemented
with 100 IU/mL and 2% of AB serum. After this time, CAR NK cells were stimulated with U-266
at a 4:1 effector:target (E:T) ratio for 30 minutes. CAR NK cells without stimulation as well as U-
266 alone were collected as controls. Pellet samples were processed as previously described and
specific Abs were used for detection of phosphorylated STAT5, ZAP70/SYK, and SHP-1 proteins
and Granzyme B. Abs against total non-phosphorylated proteins and p150 were utilized as

loading controls.

8. Vector copy number (VCN) analysis by quantitative-PCR (q-PCR)

Genomic DNA from CAR NK cell pellets collected on day 14 after nucleofection was extracted
using DNeasy Blood & Tissue Kit following manufacturer’s instructions. VCN per cell was
determined by g-PCR as previously described®?? using TagMan™ Fast Advanced Master Mix
(Applied Biosystems™) according to manufacturer’s instructions and 7500 Fast Real Timer PCR
system (Applied Biosystems™). The viral packaging signal sequence Psi and human albumin

sequence were amplified using probe-labelled primers listed in Table 12.

Region Primer Sequence (5’ to 3’) Probe
Psi Fw CAGGACTCGGCTTGCTGAAG FAM™
1
Rv TCCCCCGCTTAATACTGACG FAM™
Fw GCTGTCATCTCTTGTGGGCTG vic™
ALBUMIN
Rv ACTCATGGGAGCTGCTGGTTC vic™

Table 12. Primers used to amplify Psi and human ALBUMIN sequences by q-PCR. Fw: forward; Rv:
reverse.

Serial dilutions with a known concentration of a dsDNA fragment containing Psi and human
ALBUMIN sequences recognized by our primers were used to generate a standard curve. Both

Psi and ALBUMIN quantity were determined by interpolating sample Ct values to the standard
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curve. Each sample was analyzed by duplicate and VCN per cell was calculated according to the

following formula:

_ Psi quantity %2
" human ALBUMIN quantity

VCN

Final VCN value per sample was determined as the mean of three independent g-PCR analysis.

9. Proliferation assays

9.1. Absolute cell count

To analyze proliferation of control and edited CAR NK cells, cells were counted at different times
of culture using a Neubauer chamber (VWR) and 0.4% Typan Blue (Gibco) exclusion method. Fold
increase was calculated in each count and then, cumulative fold expansion was calculated over

time.
9.2. Cell cycle analysis

To study cell cycle state of CAR NK effectors, 5 x 10° cells were collected from culture, washed
with PBS, and fixed by adding 2 mL of 70% cold ethanol drop by drop while vortexing for 1 minute
and stored at -20°C for at least 12 hours before analysis. Fixed cells were washed twice with PBS,
resuspended in 100 pL PBS, and incubated with 0.2 mg/mL RNAse A for 30 minutes at RT. Then,
Pl was added to each tube at a concentration of 0.04%. DNA content (stained with PI) was then
analyzed by flow cytometry on linear scale and percentage of cells in G; and S-G,-M phases were

calculated.
9.3. Ki67 staining analysis

Ki67 nuclear protein is used as a cell proliferation marker as it is expressed in cells that are in G,
S, G, and mitosis phases, but not in Go°23. To analyze this marker in CAR NK effector cells, 5 x 10°
cells were collected, washed, and fixed as described in section 9.2. Fixed cells were washed three
times with Cell Staining Buffer (BioLegend) and stained for 30 minutes in darkness with Ki67
BV421 antibody (BioLegend) at a concentration of 1:50 in Cell Staining Buffer. After Ki67 antibody
labeling, cells were washed twice with Cell Staining Buffer and resuspended in 200 uL of buffer

for flow cytometry analysis. Unstained controls were used to set gates and calculate RFI.
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10. Cytotoxicity assays

10.1. Calcein-release cytotoxicity/toxicity assay against MM cell lines and HD PBMCs

CAR NK cell cytotoxic activity against MM cell lines and toxicity against HD PBMCs were evaluated
in vitro through calcein-release assay. Calcein-acetoxymethylester (calcein-AM) is a lipophilic
ester that penetrates the plasma membrane and is hydrolyzed in the cytosol by esterase enzymes
to a polar green-fluorescent product (calcein). Calcein is retained into cells with intact membrane
but when a cell is lysed, this compound is released to the supernatant. Detection of calcein

fluorescence in co-culture supernatants can be used as a measure of cell cytotoxicity.

Target MM cell lines (50,000 cells/well) or HD PBMCs (25,000 cells/well) were washed with PBS
and stained with 3 uM Calcein-AM (Sigma-Aldrich) during 30 minutes at 37°C in RPMI-1640
medium with 100 IU/mL P/S. Cells were then washed again with PBS and co-cultured with CAR
NK effector cells at different E:T ratios in RPMI-1640 medium supplemented with 100U/mL P/S
and 10% FBS. Additionally, two control conditions were included: calcein-labelled cells without
effector cells to quantify basal lysis and calcein-labelled cells with 1% Triton X 100 (Sigma-Aldrich)
to quantify maximum lysis signal. Every condition was carried out per triplicate in a non-treated
U-bottom 96-well plate. Plates were centrifuged for 5 minutes at 300 xg and incubated for 3
hours at 37°C. After this time, plates were centrifuged again and supernatant of each well was
collected and transferred into 96-well black microplate (Corning). VICTOR Nivo™
spectrophotometer (PerkinElmer) was used to detect calcein fluorescence (excitation 488 nm;

emission 520 nm).

Specific lysis was calculated using the following formula:

. ) sample fluorescence — basal lysis fluorescence
Specific lysis (%) = - , - x 100
maximun lysis fluorescence — basal lysis fluorescence

To evaluate CAR NK cell cytotoxic activity against MM cell lines in the presence of soluble TGF-B,
effector cells were pre-treated with 10 ng/mL of soluble human TGF-B1 for 24 hours before

cytotoxicity assay.
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Figure 33. Schematic illustration of calcein-release cytotoxicity assay. MM: multiple myeloma; calcein-
AM: calcein-acetoxymethylester; CAR: chimeric antigen receptor. Created with BioRender.com.

10.2. Cytotoxicity assay against primary MM cells and CD34" cells by flow cytometry

CAR NK cell cytotoxic activity against primary MM cells and toxicity over CD34"* cells were

evaluated in vitro by flow cytometry after 24 hours of co-culture in a native context.

BM aspirates from MM patients were first centrifuged at 350 xg for 10 minutes to collect plasma.
Then, samples were diluted 1:10 with PBS and added 2:1 over Ficoll-Paque. After a 20 minutes
centrifugation at 400 xg, BMMC fraction was isolated and washed with PBS and centrifuged for
10 minutes at 350 xg. 2 x 10° cells were stained to analyze by flow cytometry the percentage of
PC (CD138*CD38") in each sample. 30,000 PC were plated per well and cocultured with effector
cells at a 5:1 E:T ratio in the absence or presence of 10 ng/mL of soluble TGF-B1. Control wells
with BMMCs without effector cells were included to determine the maximum PC survival in each
experiment. Each condition was plated per triplicated in non-treated U-bottom 96-well using
RPMI-1640 medium supplemented with 100 IU/mL P/S, 10% human AB serum, and 6% of BM
plasma to maintain TME present in the patient BM and sustain PC survival. Plates were

centrifuged at 300 xg for 5 minutes and incubated for 24 hours at 37°C.

Plates were then centrifuged at 350 xg, supernatant was discarded, and cells were stained with
CD38 FITC, CD138 PE/Cy7, CD45 PerCP/Cy5.5, CD34 APC and CD56 PE antibodies, as described
in section 6. After antibody staining, cells were washed and 30 pL of DAPI and 5 uL of
CountBright™ beads (Life Technologies) were added to samples. Whole sample volume was

acquired using a FACSCanto™ Il cytometer.
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Singlets and alive cells were gated as described in section 6 and total number of PC (CD138*
CD38*) and CD34" events within the alive population (DAPI’) was normalized to the number of
CountBright™ beads events. Cytotoxicity of CAR NK cells against PC and toxicity against CD34*
cells was calculated based on cell survival using the following formula:

Number of PC or CD34*cells

Survival (%) = X
urvival (%) Number of PC or CD34* without effector cells

100

Cytotoxicity or toxicity (%) = 100 — survival (%)

Flow cytometry

MM Patient
BM aspirate

24h — 5w
— cD138

CAR NK

Figure 34. Schematic illustration of flow cytometry cytotoxicity assay against MM BMMCs. MM: multiple
myeloma; BM: bone marrow; BMMC: BM mononuclear cells; CAR: chimeric antigen receptor. Created with
BioRender.com.

11. Transcriptomic analysis by bulk RNA sequencing (RNA-seq)

11.1. Cell sorting

Mock, PRDM1 KO, double KO, and triple KO CAR NK cells from three independent CB units were
generated as previously described in section 4. In order to reduce heterogeneity and simplify
bulk transcriptomic analysis, specific CAR NK populations were sorted 21 days after first
nucleofection. A total of 1-2 x 107 cells were collected from cell cultures, washed with PBS and
stained with CD56 PerCPy5.5, NKG2A PE, TGFBR2 APC and rhBCMA/strep PE as described in
section 6. Stained cells were 0.3 um-filtered and sorted using a BD Influx™ high-speed cell sorter

(BD Biosciences).
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Two sorting strategies were followed: CD56* CAR* cells were separated from mock and PRDM1
KO cell cultures and CD56" CAR* TGFBR2" NKG2A™ were selected from double KO and triple KO
cell cultures. Gating strategy is represented in Figure 35. Sorted cells were washed with PBS,
centrifuged at 350 xg and pellets were resuspended in 300 pL Qiazol™ Lysis Reagent (Qiagen)

and stored at -80°C for further RNA extraction.
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Figure 35. Cell sorting strategy before bulk RNA sequencing. Purple gates indicate cell populations
selected for cell sorting. Gating hierarchy is indicated with arrows.

11.2. RNA extraction, library preparation, and RNA sequencing

Qiazol™ cell suspensions were submitted to Genewiz (Leipzig, Germany) for RNA extraction,
library preparation, and RNA sequencing. Total RNA was extracted from sorted cells using RNeasy
Mini Kit (Qiagen) according to manufacturer’s protocol. Libraries were then prepared with Next
Single Sell/Low Imput RNA Library Prep Kit (New England Biolabs). Each library received a unique
2x8 bp barcode for multiplexing. Prior to sequencing, library quality was checked by Qubit™
Fluorometer and TapeStation System (Agilent). Sequencing was performed on NovaSeq™ X Plus
sequencing system (lllumina). An average of 50 million paired-end reads per sample were

obtained.
11.3. Data analysis

The RNA-seq data processing and analysis were carried out by the Translational Bioinformatics

Unit at NavarraBiomed Biomedical Research Center following these steps.

First, RNA-seq quality was tested using FastQC v0.11.7°%* and raw reads were trimmed based on
quality and length using trimmomatic v0.33. Trimmed reads were mapped to the human genome

version GRCh38 using STAR v2.6.1°%,

Genes with a minimum of 10 reads along all the samples were kept for further analysis. Donor

bias, based on the observation that there was more than one sample per donor, was corrected
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using ComBatseq>%. Normalization and differential expression analysis were performed using
DESeq2%?. Principal component analysis (PCA) was carried out in all the samples. The two first
components were selected for plotting as they expressed the most variability of the samples

(Figure 36).
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Figure 36. Principal component analysis from RNA sequencing data. Independent donors are indicated
with #. 1KO: PRDM1 KO; 2KO: double KO; 3KO: triple KO.

Genes were considered differentially expressed with p-value < 0.05 after Benjamini-Hochberg
(BH) correction for multiple comparisons in each pair-wise comparison. Additionally, only genes
with Log; fold change values lower than -0.58 or higher than 0.58 were considered differentially
expressed. Gene Ontology (GO) and KEGG enrichment analysis for each pair-wise comparison

was performed using clusterProfiler (BH p-value adjust < 0.05)°%,

All plots were created in R using ggplot2.

12. Safety profile of edited CAR NK cells

12.1. Next-generation sequencing analysis of potential off-targets

Potential off-target loci of each sgRNA were predicted in silico using CRISPOR.org web tool. For
each sgRNA, we selected those potential off-target sites in which sgRNA sequence would
hybridize with up to 3 mismatches. Specific primers for each of these loci were designed using

Primer3 webtool (Primer 3). All primers contained forward and reverse Illumina adapter
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sequences (Fw: 5’-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3’; Rv:
5’GACTGGAGTTCAGACGTGTGCTCTTCCGATCT-3’) for NGS analysis.

Genomic DNA from control and edited CAR NK cell samples was extracted using DNeasy Blood
& Tissue Kit according to manufacturer’s instructions. Off-target sites were amplified by PCR
using Q5°® High-Fidelity DNA Polymerase or AmpliTagGold 360 DNA polymerase (Applied
Biosystems™). Primers used for each off-target site are listed in Table 13. PCR conditions are
detailed in Tables 9 and 14. PCR products were then purified using DNA Clean & Concentrator
kit and quantified by Qubit™ Fluorometer and Qubit™ dsDNA BR Assay Kit. Illumina NovaSeq
(PE250) NGS was then performed using Biomarker Technologies (BMKGENE) sequencing
services. Sequence clean data was analyzed using CRISPRessoV2. Using GRCh38 genome
reference sequences, the percentage of indels as well as single nucleotide substitutions within 5

bp upstream and downstream of the Cas9 cutting site were determined.

. . PCR product
Gene Primer Primer seq . . Tm (°C) | Polymerase
size (bp)
Fw TGCCACCAAAATTCAGGAGGA
oT1 211 60 Q5
Rv CCGCAATACTGTCTGACTTCCT
Fw CAGGTGCTGTTTATAATTGGTACT
oT12 228 62 Q5
Rv AAATAATTCCTATGTCAAGCTGGT
Fw AGAAACATCTGCCCAACAAACG
oT3 186 67 Q5
Rv CACGCCCAGCCAACAAAG
Fw TGGGCACAGTGACAATGGAA
oT4 192 68 Q5
Rv CAAGGTGCTGCTAGGCTTCA
Fw CCCACTGGAGAGTCTAGATAAAGA
oT5 234 66 Q5
Rv GTAGTAGGGCTGGAAATTTGAGC
Fw TCTTCACTCACATTTCCCTGGT
oT6 217 63 Q5
Rv AAGGGCATGCATTTAGAATACA
Fw ACACACACAGTATACAAGTCCCC
oT7 202 67 Q5
KLRC1 Rv TGGCCCCTTATACAGTCTGAGA
SgRNA-2 Fw TGTTGCTCACCGTCTTTGTTTC
0oT8 161 67 Q5
Rv TACCTGGAAAAGAAGCTGCCTG
Fw TGTCTTTTCTTTCTGGCTGCA
oT9 164 63 Q5
Rv GAGCTCTTTGTGTCATTCCAT
Fw CAGACCTTTACTGGCCTTGTG
oT10 174 67 Q5
Rv GTAATCCACTTGCCTCCGCC
Fw GAGGAAGAAAATGGCAGTTACA
OT11 238 63 Q5
Rv TGCATAAGTTCAAGGGAGGCA
Fw CCAAGAGCCAGGACATAGGC
0oT12 210 69 Q5
Rv GCCTGCCTCCCAGATAGTTG
Fw TGCTCACAAGACCAACCCTT
0T13 208 65 Q5
Rv TGTATGCACAGTACAGCTTGT
Fw CCCAATGATCGCAGGTCAGA
0oT14 266 65 Q5
Rv CCCTTGATATGAACAACAGAAGGT
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Fw ACACTTTTGGGCCAGATACACT
oT15 181 65 Q5
Rv AGTTTTGGGAGTTTGGAGTCT
Fw TGTATGAGAACTTGCATTCCTG
oT16 217 63 Q5
Rv ACAGAGACACATTAATGGCAGA
Fw GAGCGATGTGTCCTCTGCAT
oT17 256 68 Q5
Rv GCTGCGGTTCTGAACACATC
Fw ACTCTACAAATGACCACCTCCA
oT2 203 62 Q5
Rv GGTTACTGCTGAAAATTCTGATGG
Fw TGTCACAGATGCTCTTCAACCA
oT3 174 67 Q5
Rv GCAAGGAAACATCAGCTCTGTC
Fw CCTCAGCAAACTCCTGTTGA
oT4 190 66 Q5
Rv GGCCTGACACATAACGTCCT
Fw TGGTAGGGAGTTCTGCAGGAA
oT5 190 65 Q5
Rv AGATTGCTCTTCCTGAAATGCA
Fw AGCTGTTCTCCAAAAGTAGACT
oT6 194 64 Q5
Rv TCCTTGAAGTGGCACTATGAGC
Fw AGAATGTTGCTTAGGGAGTACTCT
oT7 176 66 Q5
TGFBR2 Rv TGAACCTAGGCCTTTGTTGTGA
sgRNA-1 Fw CCTGGCCTTGACTCTGCAAT
0T8 172 60 Amplitaq
Rv CTCGATGTGTTGGATTTGAGGC
Fw CAGCCGGTGTTTGTTGTAGTTA
oT9 256 66 Q5
Rv TGTTCTTGTTTCTGCTGCTATGG
Fw AGAGAAATAGGACGCTTACATGCT
0T10 156 60 Amplitaq
Rv GCTGAGAGGTCCAAGGTTGAG
Fw GATTGGGTCTTTTGGCTGTTGG
oT11 251 64 Q5
Rv ACATGTACGTCCTGATTCCA
Fw TTTCTTAACTGTGCAGCCTTGG
0oT12 190 66 Q5
Rv TGGTAAGTGGTTGGTAAGTAGTGT
Fw CTGTTCCCCTCGTCTTCATCAT
0oT13 175 67 Q5
Rv GCCTTGTAGAGAGCAGGTTAAGT
Fw TGGCTAATGTGACTCTCTCCTG
oT1 180 66 Q5
Rv AGGAGAACTGCCATAACGC
Fw TCTATGTGAGGCTTACTGTGCA
PRDM1 oT2 175 64 Q5
sgRNA-1 Rv TGGGACTGTTCTTCTACTCTTT
Fw GTCTACTCATTTGGTTTCACTCCA
0oT3 151 60 Amplitaq
Rv TGCCTTCCAGTGAACCATTTTA

Table 13. Primers used for off-target NGS analysis. Fw: forward; Rv: reverse.

AmpliTaqGold 360 DNA polymerase

95°C 10'

95°C 30"

Tm* 30" 35 cycles
72°C 60"

72°C 7'

10°C hold

Table 14. PCR conditions used for off-target NGS analysis. Tm varied depending on primers used.
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12.2. Bionano’s Optical Genome Mapping
12.2.1. Genomic DNA isolation

A total of 1.5 x 10° NK cells were collected from control and edited CAR NK cell cultures on day
19 after first nucleofection. Cell pellets were resuspended in 40 puL of stabilizer buffer (Bionano

Genomics) and stored at -80°C until genomic DNA isolation.

Genomic DNA was isolated using Bionano Prep SP Frozen Cell Pellet DNA Isolation kit (Bionano
Genomics) according to manufacturer’s instructions. Briefly, cell suspensions were lysed through
a 3-minute incubation at RT with 50 uL proteinase K and 20 pL RNase A. Then, 225 pL of Lysis
Binding Buffer were added to samples. After a 15-minute incubation at RT, 10 pL of 100mM
phenylmethanesulfonyl fluoride (PMSF, Sigma) were added to the mix and samples were
incubated for 10 minutes at RT. Then, genomic DNA from cell lysates was extracted by magnetic
isolation using 4 mm Nanobind Discs following detailed manufacturer’s protocol. Isolated DNA
was incubated at RT for 1 hour in a rotational mixer and rested overnight for homogenization.
DNA guantification was measured three times for each sample using Qubit™ fluorometer and

Qubit™ dsDNA BR Assay Kit.
12.2.2. Genomic DNA enzymatic labeling

Genomic DNA samples were enzymatically labelled using Bionano Prep DLS-G2 Labeling Kit
(Bionano Genomics) according to manufacturer’s instructions. This consists on an enzymatic
approach for direct green fluorescent labelling of ultra-high molecular weight genomic DNA at a
6 bp specific sequence motif (CTTAAG) by the Direct Labeling Enzyme (DLE-1, Bionano
Genomics). After DLE-1 labeling, genomic DNA is stained for backbone visualization. As a result,
DL-Green fluorophores are seen as green labels on a blue molecule when imaged on the Stratys™
instrument. After staining, labeled and stained genomic DNA was quantified using Qubit™
fluorometer and Qubit™ dsDNA HS Assay Kit (Thermofisher). Importantly, as detailed in Bionano
Prep DLS-G2 Labeling Kit protocol, a sonication step is included during quantification process to
fragment an aliquot of the labeled genomic DNA to ensure accurate concentration

measurements in Qubit™ fluorometer.
12.2.3. Saphyr™ chip loading and Saphyr™ system running

Labeled and stained genomic DNA samples were loaded in Saphyr Chip® G2.3 (Bionano
Genomics) following manufacturer’s indications. Loaded chips were introduced in Saphyr™

Optical Genome Maping System (Bioanno Genomics) and running was performed.

119



MATERIALS & METHODS

12.2.4. Data analysis

Data was analyzed and visualized using Bionano ACCESS Software (Bionano Genomics). After
checking quality reports for each sample, Rare Variant Analysis was performed using GRCh37
genome assembly as reference. Structural variants present in >0% of control samples were
discarded. Circos plots were generated with filtered data for each sample. Structural variants
that differed between mock and edited samples were studied in detail. USCS Genome Browser,
GeneCards, ClinvVar, OMIM, Network of Cancer Genes and Healthy Drivers, and The Cancer
Genome Atlas databases were used to search disease-related information from affected genes.

Equivalent genome locations for GRCh38 assembly were determined using Ensembl.org.
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Figure 37. Saphyr™ Optical Genome mapping workflow. Obtained from Bionano Genomics.

13. In vivo experiments

Non-obese diabetic (NOD) Cg-Prkdc*c¢ [12rg"™*Wi' Tg(IL15)1Sz/Sz) (NSG-Tg (Hu-IL15)) mice were
purchased from Jackson Laboratory (#030890) and used to study edited CAR NK cell antitumor
efficacy in vivo. This strain has been modified with a rhiL-15 knock-in to constitutively express
physiological concentrations of human IL-15 (7.1 + 0.3 pg/mL)**. All the procedures carried out
in these animals were approved by the Comunidad de Madrid (under PROEX 191.2/20) according
to the European Union Directive 2010/63/EU and the Spanish Royal Decree-Law RD53/2013.

Mice were maintained in pathogen-free conditions at the CIEMAT Laboratory Animal Facility
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(registration number ES280790000183). Animals were exposed to 12 hours light:dark (LD) cycles
and housed in ventilated cages at 20 £ 2°C, 55 £ 10% relative humidity with ad libitum food and

water.

At the time of experiments, 6-8 week-old female mice were randomly assigned to the different
experiment groups (n=5 mice per group). On day 0, mice were sub-lethally irradiated with a
whole-body 1.5 Gy x-ray dose, 4 hours before tumor infusion. Then, 0.5 x 10° U266 ffLuc-GFP
cells were intravenously (i.v.) injected through tail vein. Three days later, 9 x 10° CAR NK effector
cells were i.v. infused. Additionally, mice received 3 intraperitoneal (i.p.) injections of 50 ng
soluble human TGF-B1 (R&D Systems) on days -1, 7 and 13, and 4 i.p. infusions of 10,000 Ul
human IL-2 (Miltenyi) on days -1, 3, 7 and 13. One extra control group without cytokine infusions

was included to confirm that hTGF-B1 and hiIL-2 did not interfere with tumor development.

Mice body weight was monitored weekly. End point criteria were defined as appearance of MM
symptoms such as 20% weight loss, asthenia, or paraplegia. At this point, mice were sacrificed
by anesthesia (75 pg/gr ketamine and 500 ug/gr dexmedetomidine through intraperitoneal
injection) and blood and different tissues were collected for further analysis as described in

section 13.3.
13.1. In vivo tumor biodistribution analysis by bioluminescence imaging

Tumor burden monitoring was performed every fourteen days by BLI using IVIS Lumina XRMS
Series Il (Perkin Elmer) until the end of the experiment. Mice were anaesthetized with 2%
isoflurane and 200 mg/kg of an aqueous solution of D-luciferin potassium salt (Thermosfisher)
was intraperitoneally administered 10 minutes prior to image acquisition. Binning, f-stop, and
time exposure were automatically set for each picture. Radiance was expressed in photons per

second per cm? per steradian (p/s/cm?/sr) and overlaid on the white light image.
13.2. CAR NK cell infiltration analysis in PB samples

CAR NK effector infiltration in PB was monitored 4, 14, and 30 days after NK cell administration.
PB from tail vein was extracted in EDTA tubes and CAR NK cells were detected by flow cytometry.
Samples were stained as described in section 6 and lysed with ACK lysis buffer to remove
erythrocytes before acquisition. CD138 PECy7, CD45 PerCP/Cy5.5 or APC/Cy7, and CD56 APC or
PerCP/Cy5.5 were used for NK cell gating. CD16 APC/Cy7, rhBCMA/strep PE, NKG2A PE, and

TGFBR2 APC were used to detect CAR expression and characterize NK phenotype.
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13.3. Human population engraftment analysis in PB and BM at necropsy

At the endpoint, mice were necropsied and PB, spleen, femurs and tibias, and cranial dome (CD),
were examined. Spleen was smashed in a 0.5% BSA and 2mM EDTA solution in PBS (PBE buffer).
BM was flushed out from femurs and tibias into PBE buffer using a syringe. CD was crushed in
PBE. Then, cell suspensions were 0.3 um-filtered and lysed with ACK lysis buffer to remove
erythrocytes. Cells were stained as described in section 6. MM cells were detected by GFP

expression and CD138 PE/Cy7 staining while NK cells were analyzed as described in section 13.2.

14. Statistical analysis

GraphPad Prism package (version 8, GraphPad Software) was used for all statistical analysis. Data
is shown as mean * Standard Error of Mean (SEM) or Median # Interquartile Range (IQR). First,
Shapiro-Wilk and Kolmogorov-Smirnov tests were conducted to evaluate normal distribution of

the samples.

When samples showed a normal distribution, paired or unpaired two-tailed Student t-tests were
applied between two parametric groups. To compare more than two groups, one-way or two-
way analysis of variance (ANOVA) with post-hoc Tukey’s multiple comparison tests were

performed, depending on the number of variables to be studied.

In the case of non-parametric samples, two-tailed Mann-Whitney U (unpaired) or Wilcoxon
(paired) tests were used to compare two independent groups. To compare more than two

groups, Friedman test with post-hot Dunn’s multiple comparison tests were carried out.

To compute correlation between VCN and flow cytometry CAR expression data, two-tailed
Pearson correlation coefficient analysis was performed, as these variables showed a normal

distribution.

In vivo mouse model survival curves were analyzed by applying the Kaplan-Meier method and

Mantel-Cox test to compare statistic differences between groups.

Statistical significance was shown as follows: p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001

122



RESULTS

123



124



RESULTS

1. Combined disruption of KLRC1 and TGFBR2 improves antitumor
efficacy of a-BCMA CAR NK cells but lessens their in vitro expansion

capacity

1.1. a-BCMA CAR NK cells can be efficiently generated and expanded in vitro from

umbilical cord blood samples

Different protocols have demonstrated to be successful for the generation of in vitro activated
and expanded NK cells from CB units?’7:443>30531 Based on these reported studies, an expansion
method was optimized in our laboratory for the generation of CAR CB-derived NK (from here on

CAR NK) cells targeting BCMA antigen.

NK cells were isolated from CB samples by Ficoll density gradient and posterior immunomagnetic
selection. Although the average percentage of CD3" cells in CB samples was 28.3 + 3.8%, after
NK cell purification, CD3* population was lower than 0.3% (Figure 38A, 38B). Isolated NK cells
were then co-cultured in SCGM with irradiated K562-mb21-41BBL aAPCs and stimulated with IL-
2 and IL-15. After 10-12 days of in vitro stimulation, activated NK cells were transduced at MOI
10 with a third-generation lentiviral vector containing a second-generation a-BCMA-4-1BB{ CAR
transgene and rechallenged again with aAPCs. Flow cytometry analysis 6 days later showed
efficient transduction of NK cells (27.2 + 4.7% CAR" cells) (Figure 38C, 38D). Of note, after
expansion, CAR NK cells acquired a CD56°"8""CD16* activation phenotype (Figure 38C, 38E).

It has been described that some cytokines used in NK cell expansion methods (i.e. IL-21 and IL-
15) can upregulate NKG2A expression>32°3 Moreover, recent studies in our group have
demonstrated that IL-15 and the combination of IL-2, IL-21 and 4-1BBL, which is the cocktail of
cytokines used in this study, significantly increase NKG2A expression in PB-NK cells (unpublished
results®#!). On the other hand, it has been reported that both ex vivo expanded PB- and CB-NK
cells are also susceptible to TGF-B inhibition*!8, Therefore, we next analyzed the expression of
the two dominant inhibitory receptors NKG2A and TGF-BRII (from here on TGFBR2) in our
effector cells by flow cytometry. Indeed, both receptors were expressed on CAR NK cells
generated using our expansion protocol (95.2 + 2.3% NKG2A* and 63.5 + 4.6% TGFBR2" NK cells)
(Figure 38F, 38G).

These results demonstrate the feasibility of generating a-BCMA CAR NK cells from CB samples
with a minimal percentage of T cell contamination. Although the CAR NK cell population acquires
an activation phenotype, a large proportion of cells expresses the inhibitory receptors NKG2A

and TGFBR2, which potentially impact NK cell function.
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Figure 38. Expanded CAR CB-derived NK cells are efficiently generated in vitro and show high expression
of NKG2A and TGFBR2. A. Representative flow cytometry dot plot of CB samples prior (pre-) or after
(post-) purification. B. Percentage of NK cells (CD56* CD3") and T cells (CD56° CD3*) analyzed by flow
cytometry pre- and post-purification. C. Representative flow cytometry dot plot of untransduced (UT NK)
and CAR NK cells 6 days after transduction. D and E. Percentage of CAR* (D) and CD16* (E) NK cells analyzed
by flow cytometry 6 days after transduction. F. Representative flow cytometry histograms of NKG2A and
TGFBR2 expression in CAR NK cells 6 days after transduction. G. Percentage of NKG2A* and TGFBR2* cells
measured by flow cytometry. Means = SEM are shown (n=5). **p<0.01; ****p<0.0001; ns: no significance.
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1.2. Optimization of gene editing protocol in CAR NK cells

In order to directly target NKG2A/HLA-E axis, exon 2 from the canonical KLRC1 (gene encoding
for NKG2A) transcript (ENST00000359151.8) was used as the target sequence to design sgRNAs.
Two different sgRNAs targeting this region were selected relying on the best predicted efficiency

and lower potential off-targets (Figure 39A).

Based on previous studies*?®%>, Amaxa 4-D nucleofector was used to electroporate sgRNA-Cas9
RNP complexes. To study the most efficient protocol to deliver the sgRNA-Cas9 RNP complexes,

two alternative nucleofection programs were used: EN-138 and CM-137.

Firstly, two different doses of each sgRNA were tested (100 and 500 pmol per 0.5 x 10° NK cells)
using both electroporation programs. Two control conditions were included: non-nucleofected
CAR NK cells (NN) and CAR NK cells nucleofected without RNP complexes (mock). Surface NKG2A
expression was analyzed by flow cytometry 5 days after nucleofection. Both sgRNAs
nucleofected with either electroporation program efficiently reduced NKG2A receptor levels
although sgRNA-2 seemed to outperform sgRNA-1 (63.8% KO efficiency for sgRNA-1 vs 81.3% for
sgRNA-2 using CM-137 program; 75.7% KO efficiency for sgRNA-1 vs 81.6% for sgRNA-2 with EN-
138 program). Independently of the dose used, editing efficiencies were similar (Figure 39B).

Hence, the lowest dose (100 pmol) was set as the optimal sgRNA concentration.

Once sgRNA concentration was determined, we tested gene editing efficiency with both sgRNAs
and nucleofection programs, but also including cell viability analysis by flow cytometry 24 hours
and 5 days after nucleofection. EN-138 program reduced the viability of both mock and edited
NK cells 24 hours after nucleofection in comparison with non-nucleofected cells, although mock
cell culture recovered after 5 days post-nucleofection. By contrast, CM-137 program did not
significantly impact on viability of CAR NK cells. Of note, none of the sgRNAs reduced the viability
of the edited NK cells compared to mock cells (Figure 39C, 39D). Regarding gene editing
efficiencies, there were no differences between nucleofection programs. However, as we had
previously observed, sgRNA-2 showed higher efficiency than sgRNA-1 (60.2 + 2.4% for sgRNA-1
vs 76.5 £ 2.3% for sgRNA-2 with CM-137; 66.9 + 4.4% for sgRNA-1 vs 77.8 = 1.9% for sgRNA-2
with EN-138) (Figure 39E, 39F). Moreover, the percentage of indels calculated by Sanger
sequencing and ICE bioinformatic tool showed comparable results to flow cytometry analysis
(79.0 £ 3.8% indels for sgRNA-1 vs 92.8 + 0.9% for sgRNA-2 with CM-137; 78.0 + 2.0% for sgRNA-
1vs 92.3 £ 0.3% for sgRNA-2 with EN-138) (Figure 39G).
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Figure 39. Optimization of nucleofection conditions for KLRC1 disruption in CAR NK cells. A. Schematic
representation of the selected sgRNAs to target KLRC1. B. NKG2A knock-out efficiencies for each tested
condition analyzed by flow cytometry 5 days after nucleofection (n=1). C and D. Percentage of alive cells
in each tested condition analyzed by flow cytometry 24 hours (C) and 5 days after nucleofection (D) (n=4
for CM-137; n=3 for EN-138). E. Representative flow cytometry histograms of NKG2A expression in mock
CAR NK and CAR NK cells nucleofected with sgRNA-1 and sgRNA-2 using different electroporation
programs. F. NKG2A knock-out efficiencies for each tested condition analyzed by flow cytometry 5 days
after nucleofection (n=4 for CM-137; n=3 for EN-138). G. Percentage of indels in KLRC1 sgRNA on-target
site for each tested condition analyzed by ICE on day 5 after nucleofection (n=4 for CM-137; n=3 for EN-
138). sgl: sgRNA-1; sg2: sgRNA-2. Means + SEM are shown. *p<0.05; **p<0.01; ***p<0.001; ns: no
significance.
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Due to the higher gene editing efficiency of sgRNA-2, we chose this sgRNA for the generation of
the subsequent KLRC1 KO CAR NK cells. In relation to nucleofection program, although both
showed good editing outcomes in CAR NK cells, CM-137 program was selected for further

experiments because of the slightly higher cell viability compared to EN-138.

After KLRC1 sgRNA selection, we then designed and tested two different sgRNAs to directly target

TGF-B signaling pathway. Based on reported results*?®

, exon 3 of the canonical TGFBR2 transcript
(ENST00000295754.10) was chosen as the target sequence (Figure 40A). Selected TGFBR2
sgRNAs were directly tested in combination with KLRCI sgRNA-2. Although 100 pmol dose
resulted efficient for KLRC1 disruption, a lower sgRNA concentration (50 pmol per 0.5 x 10® NK
cells) was additionally tested without altering sgRNA:Cas9 ratio, in order to reduce the total Cas9
amount, which may result toxic for cells. TGFBR2 and NKG2A surface expression was analyzed 5
days after nucleofection by flow cytometry. Combining both sgRNAs, the percentage of NKG2A"
TGFBR2" NK cells increased compared to non-edited cultures (Figure 40B, 40C). TGFBR2
sgRNA-1 efficiently reduced TGFBR2 expression in a dose-dependent manner. However, TGFBR2
sgRNA-2 was not as efficient as sgRNA-1 (Figure 40D, 40E). As for KLRC1 sgRNA, the combined

disruption approach maintained the same gene editing efficiency and a lower sgRNA dose did

not affect the percentage of NKG2A KO (Figure 40F, 40G).

Taking all these results together we decided to use KLRC1 sgRNA-2 at a dose of 50 pmol in
combination with TGFBR2 sgRNA-1 at a dose of 100 pmol per 0.5 x 10° cells to generate KLRC1
TGFBR2 double KO (2KO) a-BCMA CAR NK cells.
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Figure 40. Optimization of nucleofection conditions for the combined disruption of TGFBR2 and KLRC1
in CAR NK cells. A. Schematic representation of the selected sgRNAs to target TGFBR2. B. Representative
flow cytometry dot plot of mock CAR NK cells and CAR NK cells nucleofected with 100 pmol of KLRC1
sgRNA-1 and 100 pmol of each TGFBR2 sgRNA. C. Percentage of NKG2A  TGFBR2 cells in each tested
condition analyzed by flow cytometry 5 days after nucleofection. D and F. Representative flow cytometry
histograms of TGFBR2 (D) and NKG2A (F) expression for the same conditions as B. E and G. TGFBR2 (E) and
NKG2A (F) knock-out efficiencies calculated for each tested condition analyzed by flow cytometry 5 days

after nucleofection. sgl1: sgRNA-1; sg2: sgRNA-2. Means + SEM are shown (n=2).
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1.3. Multiplex gene editing efficiently reduces expression of NKG2A and TGFBR2 in
CAR NK cells

Once nucleofection conditions were optimized, we generated double KO (2KO) and single KO
CAR NK cells to compare gene editing efficiencies and better characterize the CAR NK cell

product.

Gene editing efficiency, cell viability, and CAR and CD16 surface expression were analyzed by
flow cytometry 5 days after nucleofection. Surface expression of NKG2A and TGFBR2 measured
either by percentage of positive cells or by MFI was efficiently reduced in both 2KO and single
KO CAR NK cells (Figure 41A-F). There was no difference in NKG2A KO efficiency between single
KO and 2KO cells (77.6 £ 0.8% and 76.6 + 1.1%, respectively) (Figure 41G). In contrast, TGFBR2
KO percentage was slightly lower in 2KO cells (63.4 £ 3.1%) compared to single TGFBR2 KO
counterparts (69.7 £ 1.6%) (Figure 41H). Combining KLRC1 and TGFBR2 sgRNAs, the percentage
of NKG2A TGFBR2™ NK cells increased from 2.8 + 0.7% to 62.1 + 2.3% (Figure 411, 41J).
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Figure 41. Double KO CAR NK cells show decreased expression of NKG2A and TGFBR2 on day 5 after
nucleofection in comparison to non-edited (mock) CAR NK cells. A and D. Representative flow cytometry
histograms of NKG2A (A) and TGFBR2 (D) expression in mock, single KO, and 2KO CAR NK cells analyzed 5
days after nucleofection. Percentage of positive cells is indicated. B and E. Percentage of NKG2A* (B) and
TGFBR2* (E) NK cells in mock, single KO, and 2KO CAR NK cells analyzed by flow cytometry 5 days after
nucleofection. C and F. Mean fluorescence intensity of NKG2A (C) and TGFBR2 (F) in mock, single KO, and
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2KO CAR NK cells analyzed by flow cytometry 5 days after nucleofection. G and H. NKG2A (G) and TGFBR2
(H) knock-out efficiencies for single KO and 2KO CAR NK cells on day 5 after nucleofection analyzed by flow
cytometry. I. Representative flow cytometry dot plot of mock and 2KO CAR NK cells analyzed 5 days after
nucleofection. Numbers indicate the percentage of cells in each gate. J. Percentage of NKG2A" TGFBR2"
cells in mock and 2KO CAR NK cells analyzed by flow cytometry 5 days after nucleofection. Means + SEM
are shown (n=15). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns: no significance.

Concerning CAR NK cell cytotoxic phenotype, disruption of KLRC1 and TGFBR2 did not affect the

percentage of CD56" CD16* or CAR* cells (Figure 42A-C). In contrast, double gene editing

significantly reduced the viability of the cells in comparison to non-nucleofected cultures (Figure

42D).
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Figure 42. Combined disruption of KLRC1 and TGFBR2 does not affect CD16 and CAR expression but
reduces the viability of the cells. A. Representative flow cytometry dot plots of mock, single KO, and 2KO
CAR NK cells analyzed 5 days after transduction. B. Percentage of cytotoxic NK cells in mock, single KO, and
2KO CAR NK cultures analyzed by flow cytometry 5 days after transduction. C. CAR expression in mock,
single KO, and 2KO NK cells measured by flow cytometry 5 days after transduction. D. Percentage of alive
cells in mock, single KO, and 2KO CAR NK cultures compared to non-nucleofected (NN) cells analyzed by
flow cytometry 5 days after transduction. Means + SEM are shown (n=15). **p<0.01; ns: no significance.

To confirm flow cytometry editing data, Sanger sequencing of sgRNA on-target sites was also
carried out. In general, gene editing efficiencies for KLRC1 and TGFBR2 according to percentage
of indels were lower than those calculated by flow cytometry. The percentage of indels in KLRC1
was 71.3 + 5.8% for single KLRC1 KO and 58.9 + 7.6% for 2KO CAR NK cells (Figure 43A, 43B)
while the percentage of indels in TGFBR2 was 40.5 + 6.1% for single TGFBR2 KO and 27.1 + 4.8%
for 2KO cell cultures (Figure 43C, 43D). Due to the discrepancies between flow cytometry and
Sanger sequencing results, percentage of indels was analyzed one week later in five donors. In
both single KO and 2KO CAR NK cells, percentage of indels in KLRC1 and TGFBR2 loci increased
considerably (Figure 43E, 43F). These differences may be due to the viability and purity of NK
cell culture. On day 5 after nucleofection, CAR NK cell cultures still have remaining aAPC debris
that contaminate DNA samples, resulting in non-edited sequencing reads that reduced total
percentage of indels. Hence, analysis of gene editing efficiency, especially at molecular level, was

more precise 12 days after nucleofection.
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Figure 43. Gene editing efficiencies in CAR NK cells on day 5 after nucleofection by Sanger sequencing.
A and C. Representative Sanger sequencing chromatograms of on-target sites for KLRC1 sgRNA (A) and
TGFBR2 sgRNA (C) in mock, single KO, and 2KO CAR NK cells analyzed on day 5 after nucleofection.
Nucleotides underlined in black correspond to sgRNA binding site. PAM region is indicated with red dashed
underlaying. Vertical dashed lines indicate Cas9 cutting site. B and D. Percentage of indels in KLRC1 (B) and
TGFBR2 (D) sgRNA on-target sites for single KO and 2KO CAR NK cells analyzed by ICE on day 5 after
nucleofection (n=12). E and F. Percentage of indels in KLRC1 (B) and TGFBR2 (D) sgRNA on-target sites for
single KO and 2KO CAR NK cells analyzed by ICE on days 5 and 12 after nucleofection (n=5). Means + SEM
are shown. *p<0.05; **p<0.01; ****p<0.0001; ns: no significance.
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To accurately determine gene editing efficiency of 2KO CAR NK cells, a new pool of edited cells
was analyzed 12 days after nucleofection. Flow cytometry analysis showed similar results as
those obtained on day 5 post-nucleofection. NKG2A and TGFBR2 expression was efficiently
reduced in CAR NK cells (Figure 44A-F). NKG2A KO efficiency was 75.9 + 1.2% and 76.8 + 1.4% for
single KO and 2KO CAR NK cells, respectively (Figure 44G). With respect to TGFBR2, reduction
efficiency was 64.8 + 3.3% for single TGFBR2 KO and 61.0 + 3.5% for 2KO CAR NK cells (Figure
44H). Consistent with the flow cytometry analysis on day 5 post-nucleofection, the percentage

of NKG2A  TGFBR2" cells in 2KO CAR NK cell cultures was 60.6 + 1.8% on day 12 (Figure 441, 44)).
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Figure 44. Double KO CAR NK cells maintain NKG2A and TGFBR2 reduction on day 12 after nucleofection.
A and D. Representative flow cytometry histograms of NKG2A (A) and TGFBR2 (D) expression in mock,
single KO, and 2KO CAR NK cells analyzed 12 days after nucleofection. Percentage of positive cells is
indicated. B and E. Percentage of NKG2A* (B) and TGFBR2* (E) NK cells in mock, single KO, and 2KO CAR
NK cells analyzed by flow cytometry 12 days after nucleofection. C and F. Mean fluorescence intensity of
NKG2A (C) and TGFBR2 (F) in mock, single KO, and 2KO CAR NK cells analyzed by flow cytometry 12 days
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after nucleofection. G and H. NKG2A (G) and TGFBR2 (H) knock-out efficiencies for single KO and 2KO CAR
NK cells on day 12 after nucleofection analyzed by flow cytometry. I. Representative flow cytometry dot
plot of mock and 2KO CAR NK cells analyzed 12 days after nucleofection. Numbers indicate percentage of
cells in each gate. J. Percentage of NKG2A" TGFBR2" cells in mock and 2KO CAR NK cells analyzed by flow
cytometry 12 days after nucleofection. Means + SEM are shown (n=15). *p<0.05; **p<0.01; ***p<0.001;
****p<0.0001; ns: no significance.

Sanger sequencing results on day 12 post-nucleofection confirmed editing efficiency of both
genes and correlated with reduction efficiencies measured by flow cytometry at the same time
point (89.5 + 2.5% and 86.9 + 2.8% KLRC1 indels for single KO and 2KO CAR NK cells; 74.2 + 4.9%
and 66.5 + 4.3% TGFBR2 indels for single KO and 2KO CAR NK cells, respectively) (Figure 45).
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Figure 45. Gene editing efficiencies measured by Sanger sequencing on day 12 after nucleofection. A
and C. Representative Sanger sequencing chromatograms of on-target sites for KLRC1 sgRNA (A) and
TGFBR2 sgRNA (C) in mock, single KO, and 2KO CAR NK cells analyzed on day 12 after nucleofection.
Nucleotides underlined in black correspond to sgRNA binding site. PAM region is indicated with red dashed
underlaying. Vertical dashed lines indicate Cas9 cutting site. B and D. Percentage of indels in KLRC1 (B) and
TGFBR2 (D) sgRNA on-target sites for single KO and 2KO CAR NK cells analyzed by ICE on day 12 after
nucleofection. Means + SEM are shown (n=10). ns: no significance.

Percentage of cytotoxic cells, CAR transduction, and cell viability were also analyzed at this point.

As we expected, double gene editing did not affect the proportion of CD16* cells compared to
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mock cells (Figure 46A, 46B). CAR expression was neither modified after gene editing (Figure
46A, 46C). Moreover, we did not observe any difference in the percentage of alive cells between
conditions suggesting that 2KO CAR NK cell culture recovered 12 days after nucleofection (Figure

46D).
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Figure 46. Double knock-out of KLRC1 and TGFBR2 does not alter CD16 and CAR expression or viability
12 days after nucleofection. A. Representative flow cytometry dot plots of mock, single KO, and 2KO CAR
NK cells analyzed 12 days after transduction. B. Percentage of cytotoxic NK cells in mock, single KO, and
2KO CAR NK cultures analyzed by flow cytometry 12 days after transduction. C. CAR expression in mock,
single KO, and 2KO NK cells measured by flow cytometry 12 days after transduction. D. Percentage of alive
cells in mock, single KO, and 2KO CAR NK cultures compared to non-nucleofected (NN) cells analyzed by
flow cytometry 12 days after transduction. Means + SEM are shown (n=15). ns: no significance.
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Besides analyzing CAR expression by flow cytometry, efficient stable vector integration was also
corroborated by g-PCR. 2KO CAR NK cells had 0.53 + 0.1 copies of vector per cell and showed no
differences compared to mock CAR NK control cells (0.49 + 0.11) (Figure 47A). Importantly, VCN

quantification correlated with percentage of CAR* cells analyzed by flow cytometry (Figure 47B).
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Figure 47. Double knock-out of KLRC1 and TGFBR2 does not modify VCN. A. Vector copy number (VCN)
quantification by g-PCR of untransduced (UT) NK cells and mock and 2KO CAR NK cells. Means + SEM are
shown (n=6). ns: no significance. B. Correlation between VCN quantification by g-PCR and CAR expression
by flow cytometry (n=6). Pearson r coefficient and correlation p value are indicated on graph.

To sum up, these data demonstrate that multiplex gene editing allows to generate KLRC1 and
TGFBR2 double KO CAR NK cells without affecting cell viability, cytotoxic phenotype, CAR

expression, and VCN in the final cell product.

1.4. Combined disruption of KLRC1 and TGFBR2 does not have a major impact on CAR

NK cell immunophenotype

To investigate whether KLRC1 and TGFBR2 ablation modified CAR NK cell immunophenotype, the
expression of several important NK surface receptors was analyzed by flow cytometry. Only
minor phenotypic changes were detected in comparison to mock cells (Figure 48). 2KO CAR NK
population had lower percentage of cells expressing the activating receptor NKG2D although
single KLRC1 KO counterparts did not. In contrast, the percentage of NKG2C* NK cells increased
in both 2KO and single KLRC1 KO cells. Regarding inhibitory receptors, the percentage of TIGIT*
cells barely decreased only in 2KO CAR NK cells. Other activating (DNAM-1, NKp30, and NKp44)
or death ligand (TRAIL) receptors did not alter their expression among the compared

populations.
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Figure 48. Double KO CAR NK cells show minor immunophenotype changes. A. Percentage of positive
cells for each receptor in mock, single KO, and 2KO CAR NK cells analyzed by flow cytometry 12 days after
nucleofection. B. Relative fluorescence intensity (RFI) of each receptor in mock, single KO, and 2KO CAR
NK cells analyzed by flow cytometry 12 days after nucleofection. Data in B is presented in logarithmic scale.
Medians and IQR are shown (n=6). Statistical analysis shows differences between mock and edited cells.
*p<0.05; ***p<0.001, ns: no significance.

1.5. Limited transcriptomic impact of simultaneous KLRC1 and TGFBR2 knock-out in

CAR NK cells

To further characterize 2KO CAR NK cells, bulk RNA-seq transcriptomic analysis was performed
in mock and 2KO CAR NK cells from 3 independent NK donors on day 19 after nucleofection. To
reduce potential artifacts associated with culture heterogeneity, CAR NK cells were previously
sorted as described in detail in Materials and Methods. Corrections for donor-variability were
also performed before comparing RNA-seq data from each group. Surprisingly, we found only 4
genes significantly downregulated and 7 genes upregulated in 2KO CAR NK cells compared to

mock CAR NK cells (Figure 49, Table 15).
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Figure 49. Double KO CAR* NK cells have similar transcriptomic profile to mock CAR* NK cells. Volcano
plot of RNA-seq transcriptomic analysis showing upregulated (red) and downregulated (blue) genes in 2KO
CAR* NK cells compared to mock CAR* NK cells. Integrated RNA-seq data obtained from 3 independent NK
donors.

ENS entry Gene hame Log2 Fold Adjusted p
Change

ENSG00000224382 LINC0O0703 -29.454 2.23E-07
Downregulated ENSG00000089250 NOS1 -18.763 3.66E-04
ENSG00000227877 MRLN -18.168 3.42E-06
ENSG00000114013 CD86 -1.179 1.38E-02
ENSG00000171206 TRIM8 4.091 1.26E-02
ENSG00000136295 TTYH3 4175 5.00E-03
ENSG00000164400 CSF2 4.779 2.72E-02
ENSG00000240012 | SLC9A9-AS1 16.796 8.18E-03

Upregulated = ENSG00000229536 LINC02572 17.527 5.00E-03
ENSG00000235890 | TSPEAR-AS1 17.899 3.42E-06
ENSG00000238246 - 19.913 8.18E-03
ENSG00000200485 - 23.106 3.66E-04
ENSG00000237523 LINCO0857 28.786 3.19€-07

Table 15. List of differentially expressed genes in 2KO CAR* NK cells compared to mock CAR* NK cells.
Fold change and adjusted p values are indicated for each gene. Ensembl (ENS) entry codes are referred to
GRCh38.p14 genome assembly.
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1.6. Double KLRC1 and TGFBR2 ablation in CAR NK cells enhances their cytotoxic

potential and provides them with resistance to TGF-B-mediated inhibition

Once 2KO CAR NK cells were characterized at immunophenotypic and transcriptomic levels, we

sought to assess their cytotoxic potential in the absence and presence of TGF-f inhibition.

To determine if the disruption of KLRC1 and TGFBR2 enhanced the antitumor capacity of CAR NK
cells, we evaluated cytotoxic potential of edited CAR NK cells against four different MM cell lines:
U-266, RPMI-8226, MM.1S, and XG-1. BCMA and HLA-E levels in these cells were analyzed by
flow cytometry to confirm the expression of the CAR target and NKG2A ligand. Highest
expression of HLA-E was detected in U-266 (16.8 + 4.8 RFI) compared to RPMI-8226 (6.3 + 2.5
RFI), MM.1S (8.0 + 1.4 RFI), and XG-1 (9.3 + 3.9 RFI). In contrast, RPMI-8226 and MM.1S
expressed higher levels of BCMA (10.6 + 4.9 and 8.6 + 1.5 RFI, respectively) than U-266 (4.6 + 1.4
RFI) and XG-1 (4.8 + 1.8 RFI) (Figure 50A). Calcein-release assays demonstrated that KLRC1 KO
significantly increased NK cell cytotoxicity at different E:T ratios against all the tested cell lines,
independently of their HLA-E and BCMA expression levels (Figure 50B). 2KO CAR NK cells showed

similar killing efficiency as single KLRC1 KO cells.

143



RESULTS

257 B HLAE
20 [ BCMA
— 15+
[
o
10
0=
-266 RF'MI MM 15 XG-1
-8226
U-266 RPMI-8226
| . | e . - .
* NS +xx S *% NS ** NS wwwx 1S rrrx 1S wxnx 1S
1004 ~ " T o [ B e I I i
] 1] 100
= | 7] =
2 80 S 804
o _ . .t o :
I'E 8o * L H . . = 60+ . . . &
7] . H o . [] .
40— . O i e .
2 - . g - T BB U
D g0 =] |+ . D 20 3lill| [
Wl s *|gik
0 T T T 0 T T T T
1-4 1-2 11 1:4 1:2 1:1 21
- E:T
E:T = Mock
O KLRC71KO
T 2KO
MM.1S XG-1
. i .
= NS wrwn NS wxzx NS wxxx NS =% NS ns ns
1004 1T MM o T 10004 — o i
) R
w0 . w - 3
> 80 2 80 .
. < JE
Q 60 L 609 ., L ..
= . . . = “lle
® 404 .° s o a0 . [ of .
o . =" a = . o
D20 + ik lells : D {1 c
s ﬁ : = . .
0 T T T T oLl T T
1:4 1:2 1:1 2:1 1:1 2:1 4:1
E:T E:T

Figure 50. KLRC1 disruption increases cytolytic potential of CAR NK cells against MM. A. HLA-E and BCMA
surface expression in different MM cell lines analyzed by flow cytometry (n=5). Relative expression is
calculated over isotype control staining. B. Specific lysis of mock, single KLRC1 KO, and 2KO CAR NK cells
against U-266, RPMI-8226, MM.1S, and XG-1 MM cell lines at different E:T ratios, analyzed by 3h-Calcein
release assay (n=5). Means + SEM are shown. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns: no

significance.

Additional disruption of TGFBR2 did not increase the cytolytic potential of KLRC1 KO CAR NK cells
per se. To test the effects derived from TGFBR2 KO, CAR NK cells were cultured with soluble
human TGF-B1 for 48 hours and expression of main NK cell receptors was analyzed by flow
cytometry. After treatment with TGF-B, the levels of activating receptors CD16, NKG2D, NKp30,
and DNAM-1 were strongly decreased in non-edited and single KLRC1 KO cells compared to
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untreated controls. However, when TGFBR2 was knocked-out alone or in combination with
KLRC1, TGF-B treatment was not able to downregulate the expression of these receptors.

Interestingly, we found similar results regarding TIGIT expression (Figure 51).
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Figure 51. TGFBR2 knock-out confers CAR NK cells resistance to TGF-B inhibition. A. Representative flow
cytometry histograms of different NK cell receptors expressed on mock, single KO, and 2KO CAR NK cells
treated or not with 10 ng/ml TGF-B1 for 48 hours. B. Expression of different NK receptors in mock, single
KO, and 2KO CAR NK cells treated with 10 ng/ml TGF-B1 for 48 hours relativized to untreated controls.
Means + SEM are shown (n=5). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns: no significance.

Cytotoxic potential of single KO and 2KO CAR NK cells against MM cell lines was also analyzed
after treating CAR NK cell cultures with TGF-B. As expected, TGF-B treatment decreased the
killing potential of mock and single KLRC1 KO CAR NK cells against U-266 and RPMI-8226 tumor
cells in comparison to untreated controls (Figure 52). Nevertheless, single TGFBR2 KO and 2KO
CAR NK cells were resistant to TGF-B inhibition. Importantly, in the presence of TGF-B, 2KO CAR

NK cells outperformed non-edited cells in vitro at all the different E:T ratios used.
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Figure 52. Cytotoxic efficacy of double KO CAR NK cells against MM cell lines is not affected by the
presence of TGF-B. Specific lysis of mock, single KO, and 2KO CAR NK cells against U-266 and RPMI-8226
MM cell lines at different E:T ratios, analyzed by 3h-Calcein release assay, after treatment or not with
10ng/ml TGF-B1 for 24 hours. Means + SEM are shown (n=6). *p<0.05; **p<0.01; ***p<0.001;
****p<0.0001; ns: no significance.

Altogether, these results demonstrated that multiplex gene editing of KLRC1 and TGFBR2 in CAR
NK cells improves CAR NK cell cytotoxicity against MM and makes cells resistant to TGF-8

inhibition.

1.7. Double KO CAR NK cells show limited in vitro expansion capacity

Even though the antitumor efficacy of CAR NK cells was improved after multiplex gene editing,
we observed that 2KO CAR NK cells had diminished in vitro expansion ability in comparison to
mock counterparts (Figure 53A). Restricted expansion was not an intrinsic consequence of
nucleofection process because we did not observe any growth difference between mock and
non-nucleofected cells. In contrast, it seems to be associated with the electroporation of RNP
and/or the gene editing process. Both single KLRC1 KO and TGFBR2 KO CAR NK cells showed
lower proliferation than mock cells and when both targets are simultaneously disrupted, this

effect is more noticeable.

Although the cell viability of 2KO CAR NK cultures was diminished 5 days after nucleofection
(Figure 42D), the values were restored one week later (Figure 46D). Moreover, transcriptomic

RNA-seq analysis did not reveal any change in gene expression associated with diminished
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proliferation (Figure 49, Table 15). Trying to understand the mechanisms contributing to in vitro
expansion difficulties of 2KO CAR NK cells, cell apoptosis and senescence state were analyzed by

flow cytometry on day 19 after nucleofection, time in which growth differences were prominent.

Apoptosis induction was measured by annexin V staining. In agreement with the cell viability
analysis, there was no significant difference in the percentage of annexin V* cells between edited
and non-edited cultures (mock and non-nucleofected control). In general, the percentage of
apoptotic cells for all conditions was low: 17.4 + 3.4% for KLRC1 KO, 16.4 + 3.1% for TGFBR2 KO
and 16.7 + 4.1% for 2KO cells while for mock control cells was 13.1 + 2.6% (Figure 53B, 53C).
Therefore, at least at this time point, the elimination of NKG2A and/or TGFBR2 expression does

not induce apoptosis in CAR NK cells.

On the other hand, SA-B-galactosidase activity, which is a well-known marker of senescent cells,
was indirectly quantified by flow cytometry using DDAOG substrate. Neither single KO nor 2KO
CAR NK cells exhibited increased SA-B-gal activity compared to mock or non-nucleofected control
cells thus suggesting that neither single KO nor 2KO induce a senescence state in CAR NK cells

(Figure 53D, 53E).

Taken together, these results show that 2KO CAR NK cells exhibit a restricted expansion capacity,

which is not due to an increase in apoptosis rate or SA-B-galactosidase activity.

Collectively, our data demonstrate that KLRC1 and TGFBR2 disruption by multiplex gene editing
strengthens antitumor ability and confers resistance to TGF-f inhibition on CAR NK cells, without
causing relevant immunophenotypic or transcriptomic modifications but reducing in vitro

expansion capacity.
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Figure 53. Combined elimination of KLRC1 and TGFBR2 in CAR NK cells lessens their in vitro expansion
capacity. A. Cumulative in vitro fold expansion of non-nucleofected (NN), mock, single KO, and 2KO CAR
NK cells monitored at different times after nucleofection. Statistical analysis shows differences with
respect to mock CAR NK cells. B. Representative flow cytometry dot plot of NN, mock, single KO, and 2KO
CAR NK cells stained with annexin V and propidium iodide on day 19 after nucleofection. Numbers indicate
the percentage of cells in each gate. C. Percentage of apoptotic cells in NN, mock, single KO, and 2KO CAR
NK cell cultures analyzed by Annexin V flow cytometry staining on day 19 after nucleofection. D.
Representative flow cytometry histograms of SA-B-gal activity, measured as the percentage of DDAO" cells,
in NN, mock, single KO, and 2KO CAR NK cells 19 days after nucleofection. The percentage of positive cells
is indicated. E. Percentage of cells showing SA-B-gal activity in NN, mock, single KO, and 2KO CAR NK cells
analyzed by flow cytometry on day 19 after nucleofection. Means + SEM are shown (n=8). *p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001; ns: no significance.
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2. Knock-out of PRDM1 enhances the proliferative potential of a-BCMA

CAR NK cells maintaining their cytotoxicity against MM

With the aim to increase the expansion and persistence of CAR NK cells, for the third objective
of this thesis we proposed PRDM1 as a potential editing target as disruption or silencing of
PRDM1 in NK cells has been associated with an increased in vitro proliferation and reduced
apoptotic state of the cells*%%2, To explore the potential use of this target in CAR NK
immunotherapy, single KO of PRDM1 was first carried out in CAR NK cells to characterize

functional consequences derived from this gene modification.
2.1. Gene editing efficiently knocks out PRDM1 in CAR NK cells

Following the same strategy as for KLRC1 and TGFBR2 knock-out, two different sgRNAs targeting
exons 4 (sgRNA-1) and 5 (sgRNA-2) from canonical PRDM1 transcript (ENST00000369096.9) were
selected and tested separately (Figure 54A). A dose of 100 pmol sgRNA per 0.5 x 10° cells was
used. Gene editing efficiency was analyzed 12 days after nucleofection by Sanger sequencing.
Both sgRNAs showed high efficiency although sgRNA-1 produced a higher percentage of indels
(91.6 + 1.4%) than sgRNA-2 (75.9 + 4.7%) (Figure 54B, 54C). Additionally, protein reduction was
analyzed by Western blot to confirm gene editing efficiencies. Both sgRNAs reduced BLIMP1
expression compared to mock cells (Figure 54D, 54E). PRDM1 knock-out was monitored at
different time points. As expected, the percentage of indels increased over time in culture and
achieved 92.0 + 1.8% indels for sgRNA-1 and 90.4 + 1.9% for sgRNA-2 26 days after nucleofection,
suggesting that PRDM1 KO cells had a selective advantage in culture (Figure 54F). Although
sgRNA-2 showed lower gene editing efficiency at early times from nucleofection, it increased
over time being in par with sgRNA-1. Therefore, we continued the functional characterization

using both sgRNAs.
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Figure 54. PRDM1 gene editing in CAR NK cells is highly efficient and increases over time. A. Schematic
representation of the selected sgRNAs to target PRDMI1. B. Representative Sanger sequencing
chromatograms of PRDM1 sgRNA on-target sites in mock and edited cells analyzed on day 12 after
nucleofection. Nucleotides underlined in black correspond to sgRNA binding site. PAM region is indicated
with red dashed underlaying. Vertical dashed lines indicate Cas9 cutting site. C. Percentage of indels in
PRDM1 sgRNA on-target sites analyzed by ICE on day 12 after nucleofection (n=11 for sgRNA-1, n=9 for
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sgRNA-2). D. Representative western blot analysis of BLIMP1 expression in non-nucleofected (NN), mock,
and PRDM1 KO CAR NK cell lysates collected on day 12 after nucleofection. Numbers indicate ratio of
BLIMP1/B-ACTIN expression relative to mock control. Molecular weights (Mw) for each protein are
indicated on the left. E. Quantification of relative BLIMP1 expression in NN and PRDM1 KO CAR NK cells
compared to mock control (n=6 for sgRNA-1; n=4 for sgRNA-2). F. Percentage of indels in PRDM1 sgRNA
on-target sites analyzed by ICE at different days after nucleofection (n=10 for sgRNA-1, n=8 for sgRNA-2).
sgl: sgRNA-1; sg2: sgRNA-2. Means + SEM are shown. *p<0.05; **p<0.01; ***p<0.001; ns: no significance

2.2. PRDM1 disruption confers a higher proliferative capacity to CAR NK cells

The principal objective of knocking-out PRDM1 was to enhance the proliferative potential of CAR
NK cells. Hence, in vitro expansion of PRDM1 KO CAR CB NK cells was analyzed by cell counting.
Importantly, PRDM1 disruption boosted CAR NK culture cell growth. After 33 days following
nucleofection, PRDM1 KO CAR NK cells exhibited a 16.2-fold and 10-fold increased expansion

with sgRNA-1 and sgRNA-2 respectively, compared to mock peers (Figure 55).
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Figure 55. PRDM1 KO CAR NK cells exhibit higher in vitro expansion compared to mock cells. Cumulative
in vitro fold expansion of non-nucleofected (NN), mock, and PRDM1 KO CAR NK cells monitored at different
times after nucleofection. sgl: sgRNA-1; sg2: sgRNA-2. Means + SEM are shown (n=12). Statistical analysis
shows differences with respect to mock CAR NK cells. *p<0.05; **p<0.01; ***p<0.001.

Proliferative potential of PRDM1 KO CAR NK cells was measured through two different assays.
First, we quantified the percentage of cells that were in the S, G2, and M cell cycle phases. From
day 19 forward after nucleofection, the percentage of cells in S-G2-M phase was higher in both
PRDM1 KO cultures compared to mock control cells (Figure 56A, 56B). To confirm cycling state
of these cells, Ki-67 expression was analyzed in parallel as a direct marker of proliferation. In line

with cell cycle analysis, although no differences were detected in Ki-67 expression 12 days after
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nucleofection, from day 19 forward, percentage of proliferative cells was higher in both PRDM1
KO CAR NK cells (58.2 + 7.1% Ki-67* cells for sgRNA-1 and 54.4 + 10.9% for sgRNA-2 at day 19
after nucleofection) in contrast to mock CAR NK cells (25.1 + 5.9%) (Figure 56C, 56D).
Remarkably, although the proportion of proliferative cells remained higher compared to mock
control at different time points, percentage of Ki-67* cells in PRDM1 KO cell cultures also declined

over time suggesting that proliferative advantage was limited in time.
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Figure 56. PRDM1 KO CAR NK cells have increased proliferative potential compared to mock CAR NK
cells. A. Representative cell cycle flow cytometry histograms of propidium iodide-stained non-
nucleofected (NN), mock, and PRDM1 KO CAR NK cells analyzed on day 19 after nucleofection. B.
Proportion of cells in S-G2-M and G1 phases in NN, mock, and PRDM1 KO CAR NK cells analyzed at different
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times after nucleofection. C. Representative flow cytometry histogram of Ki-67 staining of NN, mock, and
PRDM1 KO CAR NK cells analyzed on day 19 after nucleofection. The percentage of Ki-67* cells is indicated
on plot. D. Percentage of Ki-67* cells in NN, mock, and PRDM1 KO cell cultures analyzed at different times
after nucleofection. sgl: sgRNA-1; sg2: sgRNA-2. Means + SEM are shown (n=6). All statistical analyses
show differences with respect to mock CAR NK cells. ¥*p<0.05; **p<0.01; ***p<0.001, ****p<0.0001; ns:
no significance.

BLIMP1 has also been described as an apoptosis inductor in NK cells. Therefore, we sought to
investigate if PRDM1 disruption may reduce apoptosis in CAR NK cells. With that aim, viability of
cell cultures and apoptosis was monitored at different time points by flow cytometry. PRDM1
ablation did not impact on the cell culture viability. The percentage of alive cells analyzed 12 days
after nucleofection was 79.7 £ 5.1% and 77.4 + 5.9% for PRDM1 KO cells edited with sgRNA-1
and sgRNA-2, respectively, while mock cells had a viability of 80.8 + 3.9%. This high viability was
maintained over time without showing any differences between edited and mock cells (Figure
57A). Accordingly, when percentage of apoptosis was measured through annexin V staining, no

differences were found between PRDM1 KO and mock CAR NK cells (Figure 57B).

Altogether, these results demonstrated that the increased in vitro expansion capacity of PRDM1

KO cells is due to a higher proliferative capacity rather than reduced apoptosis.
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Figure 57. PRDM1 knock-out does not affect CAR NK cell viability. A. Percentage of alive cells in non-
nucleofected (NN), mock, and PRDM1 KO CAR NK cultures measured by flow cytometry at different times
after nucleofection (n=6) B. Percentage of apoptotic cells in non-nucleofected (NN), mock, and PRDM1 KO
CAR NK cultures analyzed by Annexin-V flow cytometry staining at different times after nucleofection (n=8
for sgRNA-1; n=5 for sgRNA-2). Statistical analyses show differences with respect to mock CAR NK cells.
sgl: sgRNA-1; sg2: sgRNA-2. Means + SEM are shown. ns: no significance.

2.3. PRDM1 KO CAR NK cells exhibited delayed senescence induction

BLIMP1 has been reported as a master regulator of T cell terminal differentiation being
upregulated in KLRG1* senescent CD8" T cells>*#>%, In this context, we wondered if PRDM1

knock-out in CAR NK cells would delay replicative senescence as well as conferring higher
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proliferative potential to the cells. Therefore, we measured SA-B-gal activity in PRDM1 KO CAR
NK cells by flow cytometry as previously described. Non-nucleofected and mock CAR NK cells
showed increased SA-B-gal activity over time. Regarding PRDM1 KO cell cultures, B-gal activity
was decreased with sgRNA-1 (31 + 3.6% DDAO" cells) compared to mock control (42.2 + 3.8%
DDAO* cells) after 26 days from nucleofection. However, when it was monitored one week later,
no significant differences were found between conditions (Figure 58). These observations
suggested that PRDM1 disruption delayed but did not hamper senescence induction in CAR NK

effector cells.
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Figure 58. PRDM1 disruption delays senescence induction in CAR NK cells. A. Representative flow
cytometry histograms measuring of SA-B-gal activity in non-nucleofected (NN), mock, and PRDM1 KO CAR
NK cells 26 days after nucleofection. Percentage of DDAQ* cells is indicated on plot. B. Percentage of cells
showing SA-B-gal activity in NN, mock, and PRDM1 KO CAR NK cells analyzed by flow cytometry at different
times after nucleofection. sgl: sgRNA-1; sg2: sgRNA-2. Means = SEM are shown (n=6 for sgRNA-1; n=5 for
sgRNA-2). Statistical analyses show differences with respect to mock CAR NK cells. **p<0.01; ns: no
significance.
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2.4. CAR expression of PRDM1 KO CAR NK cells increases over time

As performed with 2KO CAR NK cells, CAR transduction was analyzed in NK effectors 12 days after
nucleofection. CAR expression was higher in CAR NK cells nucleofected with PRDM1 sgRNA-1
(28.1 £ 4.2% CAR* NK cells) in comparison with mock cells (20.2 + 2.3% CAR* NK cells). However,
we did not observe this difference with PRDM1 sgRNA-2 (24.7 + 3.5% CAR* NK cells) (Figure 59A).
Additionally, CAR expression was monitored over time in a few donors. Interestingly, as PRDM1
KO cells expanded, the percentage of CAR" cells increased, independently of the sgRNA used. In
contrast, the transduction of mock cells remained stable over time, suggesting that PRDM1 KO

CAR* cells acquired a selective advantage in vitro (Figure 59B, 59C).
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Figure 59. CAR expression in NK cells increases over time after PRDM1 disruption. A. Percentage of CAR*
cells in mock and PRDM1 KO cell cultures analyzed by flow cytometry 12 days after nucleofection (n=10).
B. Representative flow cytometry dot plots of CAR expression of mock and PRDM1 KO CAR NK cells
analyzed on days 12 and 33 after nucleofection. Numbers indicate percentage of cells in CAR* gate. C.
Percentage of CAR* NK cells in mock and PRDM1 KO NK cell cultures analyzed at different times after
nucleofection (n=5). Statistical analyses show differences with respect to mock CAR NK cells. sg1: sgRNA-
1; sg2: sgRNA-2. Means + SEM are shown. **p<0.01; ***p<0.001; ****p<0.0001; ns: no significance.
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2.5. PRDM1 disruption induces immunophenotypic changes in CAR NK cells

To further characterize PRDM1 KO CAR NK cell immunophenotype, CD16 expression was
monitored by flow cytometry. Although the percentage of cytotoxic NK cells was similar in both
PRDM1 KO CAR and mock CAR NK cells at different times in culture (Figure 60A, 60B), CD16 RFI
was lower in CAR NK cells nucleofected with sgRNA-1 at days 12 and 19 after nucleofection
(Figure 60C). The same tendency was observed with sgRNA-2 although it was not statistically
significant. Interestingly, from day 26 after nucleofection, CD16 expression in PRDM1 KO CAR NK

cells equaled mock control cells.
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Figure 60. CD16 expression in CAR NK cells is temporarily decreased after PRDM1 knock-out. A.
Representative flow cytometry dot plots of CD16 expression in mock and PRDM1 KO CAR NK cells analyzed
on days 12 and 33 after nucleofection. Numbers indicate percentage of cells in CD16* gate. B. Percentage
of cytotoxic CD16* NK cells in mock and PRDM1 KO NK cell cultures analyzed by flow cytometry at different
times after nucleofection. Means + SEM are shown (n=6). C. Relative fluorescence intensity (RFl) of CD16
in mock and PRDM1 KO CAR NK cells analyzed by flow cytometry at different times after nucleofection.
Medians and IQR are shown (n=6). Data in C is presented in logarithmic scale. sg1: sgRNA-1; sg2: sgRNA-
2. All statistical analyses show differences with respect to mock CAR NK cells. *p<0.05; ns: no significance.
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Besides CD16, other surface NK receptors were analyzed on day 19 after nucleofection. We found
that CD25 expression was higher in PRDM1 KO CAR NK cells generated with both sgRNAs
compared to mock cells. Regarding activating receptors, NKp30 and NKp44 were downregulated
in PRDM1 KO CAR NK cells while DNAM-1 was upregulated. Interestingly, expression of both
NKG2A and TGFBR2 inhibitory receptors was reduced after PRDM1 ablation (Figure 61).
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Figure 61. PRDM1 disruption induces immunophenotypic changes in CAR NK cells. A. Representative
flow cytometry histograms of the expression of different NK receptors in mock and PRDM1 KO CAR NK
cells. Percentages indicate the proportion of cells expressing each receptor. B. Percentage of positive cells
for each receptor in mock and PRDM1 KO CAR NK cells analyzed by flow cytometry 19 days after
nucleofection. C. Relative fluorescence intensity (RFI) of each receptor in mock and PRDM1 KO CAR NK
cells analyzed by flow cytometry 19 days after nucleofection. Data in C is presented in logarithmic scale.
sgl: sgRNA-1; sg2: sgRNA-2. Medians and IQR are shown (n=6). Statistical analyses show differences with
respect to mock CAR NK cells. *p<0.05; **p<0.01; ***p<0.001, ns: no significance.

2.6.  PRDM1 knock-out modifies transcriptomic profile of CAR NK cells

As BLIMP1 is considered a master transcriptional regulator of different pathways, we explored in
more detail expression differences between non-edited and PRDM1 KO CAR NK cells. With that
aim, RNA-seq transcriptomic analysis was performed in sorted CAR NK cells from mock and
PRDM1 KO cell cultures from 3 independent donors. Similarly to 2KO CAR transcriptomic
analysis, donor-derived variations were corrected before differential gene expression analysis. A
total of 244 genes were differentially expressed between PRDM1 KO and mock CAR NK cells
(Figure 62). Table 16 shows some of the genes downregulated and upregulated in PRDM1 KO
CAR NK cells compared to mock control. Among them, we observed upregulation of genes
associated with proliferation, survival, and growth (RALB, CDCA7, JUN, CCNA1, BCAT1, MYB,
NCAM?2, FGFR1, NKD2, and IGFBP4) as well as implicated in NK cell migration (CD4, SELL, and
CCR7). We also found overexpression of some genes related to IFN-y and TNF-a signaling
(TNFRSF8, TNFRSF11A, and IRF4). Besides, PRDM1 knock-out modified the expression of NK cell
receptors at transcriptional level. For example, NK activating receptor genes such as KLRF2,
LILRA2, NCR2, and NCR1 were downregulated in PRDM1 KO CAR NK cells compared to mock
control while CD86 and TLR4 were upregulated. In addition, both CEACAM1 and KLRG1, which
encode for inhibitory NK receptors, were also downmodulated. Regarding cytokine and
chemokine signaling, PRDM1 KO CAR NK cells overexpressed genes such as LIF, CABLES1, IL13
and IL7R. Surprisingly, we also observed upregulation of PRDM1. To better understand the
biological significance of these expression changes, gene set enrichment analysis (GSEA) was
performed using GO and KEGG databases, but we could not find any statistically significative

enrichment in NK or immune related pathways.
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ENSG00000172215 CXCR6 -2.578 2.44E-09
ENSG00000256797 KLRF2 -2.545 6.89E-04
ENSG00000079385 CEACAM1 -2.502 3.58E-03
ENSG00000239998 LILRA2 -2.236 1.48E-04
ENSG00000096264 NCR2 -1.888 5.92E-07
ENSG00000184371 CSF1 -1.747 1.10E-02
ENSG00000139187 KLRG1 -1.341 2.74E-02
ENSG00000104998 IL27RA -0.979 9.83E-03
ENSG00000189430 NCR1 -0.869 1.69E-02
ENSG00000144118 RALB 0.897 2.17E-02
ENSG00000114737 CISH 1.042 6.67E-03
ENSG00000114013 CD86 1.188 1.17E-03
ENSG00000144354 CDCA7 1.601 7.85E-03
ENSG00000128342 LIF 1.640 4.30E-02
ENSG00000177606 JUN 1.642 4.23E-02
ENSG00000149212 SESN3 1.944 1.51E-02
ENSG00000120949 TNFRSF8 2.579 5.11E-05
ENSG00000133101 CCNA1 2.591 3.74E-03
ENSG00000060982 BCAT1 2.623 2.70E-04
ENSG00000137265 IRF4 2.655 3.58E-03
ENSG00000106366 SERPINE1 2.763 9.58E-04
ENSG00000134508 CABLES1 2.902 1.56E-02
ENSG00000141655 TNFRSF11A 2.967 3.03E-04
ENSG00000057657 PRDM1 3.017 1.02E-14
ENSG00000118513 MYB 3.083 1.66E-02
ENSG00000010610 CD4 3.099 2.33E-03
ENSG00000154654 NCAM2 3.428 2.82E-02
ENSG00000169194 IL13 4.218 3.80E-04
ENSG00000123685 BATF3 4.356 2.38E-10
ENSG00000077782 FGFR1 5.159 5.76E-26
ENSG00000145506 NKD2 5.738 4.71E-02
ENSG00000188404 SELL 5.739 7.25E-25
ENSG00000227145 IL21-AS1 5.850 2.33E-02
ENSG00000136869 TLR4 6.185 4.34E-03
ENSG00000126353 CCR7 6.473 1.07E-04
ENSG00000141753 IGFBP4 7.522 3.80E-04
ENSG00000168685 IL7R 8.354 1.29E-11

Table 16. List of the most relevant genes differentially expressed in PRDM1 KO CAR NK cells compared
to mock CAR NK cells. Fold change and adjusted p values are indicated for each gene. Ensembl (ENS) entry
codes are referred to GRCh38.p14 genome assembly.
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Figure 62. PRDM1 knock-out induces transcriptomic changes in CAR NK cells. Volcano plot of RNA-seq
transcriptomic analysis showing upregulated (red) and downregulated (blue) genes in PRDM1 KO CAR NK
cells compared to mock CAR NK cells. Integrated RNA-seq data obtained from 3 independent NK donors.

2.7. PRDM1 KO CAR NK cells show the same antitumor efficacy as non-edited CAR
NK cells

Although BLIMP1 is not supposed to play a significant role in regulating NK perforin-mediated

cytotoxicity*6®

, we observed that PRDM1 disruption of this gene downregulates the expression
of some important NK cell activating receptors which may compromise NK cell activity. To
confirm that PRDM1 ablation does not negatively impact on CAR NK antitumor efficacy, we
analyzed PRDM1 KO CAR NK cell specific lysis against MM cell lines. Notably, PRDM1 KO CAR NK
cells showed similar killing efficacy as mock peers against U-266, RPMI-8226, MM.1S and XG-1
cell lines at different E:T ratios, corroborating that PRDM1 disruption does not affect CAR NK

antitumor potential (Figure 63).
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Figure 63. Knock-out of PRDM1 does not reduce cytotoxic efficacy of CAR NK cells. Specific lysis of mock
and PRDM1 KO CAR NK cells against U-266, RPMI-8226, MM.1S, and XG-1 MM cell lines at different E:T
ratios, analyzed by 3h-Calcein release assay (n=5). sgl: sgRNA-1; sg2: sgRNA-2. Means + SEM are shown.
Statistical analysis compares specific lysis of each PRDM1 KO CAR NK populations in contrast to mock
control. ns: no significance.

Despite not affecting direct target killing, BLIMP1 regulates cytokine secretion in NK cells*®®,

Therefore, we sought to investigate if PRDM1 knock-out would affect cytotoxic cytokine or
cytolytic protein release profile of CAR NK cell. With this aim, PRDM1 KO and mock CAR NK cells
were cultured alone or with U-266, RPMI-8226, MM.1S, and XG-1 MM cell lines for 24 hours.
Supernatants were then collected to measure the release of several cytokines/proteins by a
bead-based multiplex flow cytometry assay. We observed that PRDM1 KO CAR NK cells
generated with sgRNA-1 secreted more granzyme A levels in response to MM.1S and XG-1 cells
and higher perforin in response to U-266 and RPMI-8226 cell lines, in comparison to mock CAR
NK cells. Regarding CAR NK cells nucleofected with PRDM1 sgRNA-2, only a slight increase in
perforin secretion was observed when cultured alone and with RPMI-8226 cells. Concerning the
release of other cytotoxic cytokines or cytolytic proteins such as Granzyme B, Granulolysin, TNF-
a, sFas, sFasL, and IFN-y, no differences were found between PRDM1 KO and mock CAR NK cells

either cultured alone or with MM cells (Figure 64).
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Figure 64. PRDM1 KO CAR NK cells show similar degranulation profile as mock CAR NK cells. Cytokine
quantification in supernatants from mock and PRDM1 KO CAR NK cells cultured for 24h alone (control) or
with U-266, RPMI-8226, MM.1S, and XG-1 MM cell lines at 1:1 E:T ratio, analyzed by LegendPlex bead-
based immunoassay. sgl: sgRNA-1; sg2: sgRNA-2. Means + SEM are shown (n=6). All statistical analyses
show differences with respect to mock CAR NK cells. *p<0.05; ns: no significance.

Altogether, these results demonstrate that PRDM1 ablation enhances the proliferative capacity,

delays the senescence induction, and promotes immunophenotypic and transcriptomic changes

without modifying the antitumor potency of CAR NK cells.
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3. Triple gene editing of KLRC1, TGFBR2, and PRDM1 enhances the
efficacy of a-BCMA CAR NK cells against MM and increases their

expansion in vitro.

3.1. Generation of triple KO CAR NK cells by multiplex gene editing is feasible

Once we demonstrated the increased proliferation in CAR NK cells when PRDM1 was disrupted
without compromising the cytotoxic capacity of the cells, we decided to include this target in our
multiplex genome editing protocol. For this purpose, CAR NK cells were electroporated
simultaneously with RNP complexes targeting KLRC1, TGFBR2, and PRDM1 to generate one-shot
triple KO (one-shot 3KO) (Figure 65A). Although both PRDM1 sgRNAs demonstrated high gene
editing efficiency, we selected sgRNA-1 for further experiments because it slightly outperformed

sgRNA-2 in terms of gene editing and proliferation increase.

NKG2A and TGFBR2 surface expression was analyzed by flow cytometry 12 days after
nucleofection. Following this protocol, we efficiently reduced the expression of both receptors
in one-shot 3KO CAR NK cells compared to non-edited control (19.4 + 3.0% vs 88.6 + 5.0% NKG2A*
NK cells and 25.9 + 4.8% vs 58.8 + 2.1% TGFBR2* NK cells) (Figure 65B-D). Knock-out efficiencies
based on flow cytometry analysis were 78.4 + 3.0% for NKG2A and 56.6 + 7.1% for TGFBR2,
reaching similar values to those obtained for 2KO CAR NK cells (Figure 65E). Without any cell-
sorting selection protocol, NKG2A  TGFBR2™ NK cell population was enriched from 5.8 + 2.2% to
61.2 + 3.8% (Figure 65B, 65F).

Gene editing was confirmed by Sanger sequencing and ICE analysis (Figure 65G). The percentage
of indels was 84 + 3.1% for KLRC1 and 69.4 + 6.6% for TGFBR2, in accordance with flow cytometry
data. PRDM1 was also efficiently disrupted in one-shot 3KO CAR NK cells (74.2 + 4.4% indels)
(Figure 65H).
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Figure 65. One-shot triple gene editing protocol efficiently disrupts KLRC1, TGFBR2, and PRDM1 in CAR
NK cells. A. Schematic representation of one-shot triple gene editing protocol. B. Representative flow
cytometry histograms (above) and dot plots (below) of NKG2A and TGFBR2 expression in mock and 3KO
CAR NK cells analyzed 12 days after nucleofection. Percentage of cells in each gate is indicated. C and D.
Percentage of NKG2A* (C) and TGFBR2* (D) NK cells in mock and 3KO CAR NK cells analyzed by flow
cytometry 12 days after nucleofection (n=6). E. NKG2A and TGFBR2 knock-out efficiencies for 3KO CAR NK
cells on day 12 after nucleofection analyzed by flow cytometry (n=6). F. Percentage of NKG2A" TGFBR2"
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cells in mock and 3KO CAR NK cells analyzed by flow cytometry 12 days after nucleofection (n=6). G
Representative Sanger sequencing chromatograms of on-target sites for KLRC1, TGFBR2, and PRDM1
sgRNAs in mock and 3KO CAR NK cells 12 days after nucleofection. Nucleotides underlined in black
correspond to sgRNA binding site. PAM region is indicated with red dashed underlaying. Vertical dashed
lines indicate Cas9 cutting site. H. Percentage of indels in KLRC1, TGFBR2, and PRDM1 sgRNA on-target
sites in 3KO CAR NK cells analyzed by ICE (n=5). Means + SEM are shown. *p<0.05; ***p<0.001; ns: no
significance.

However, despite achieving good editing efficiencies, disruption of the three target genes
reduced the culture viability compared to mock CAR NK cells (73.9 + 3.9% vs 87.1 + 0.9%) (Figure
66A). Moreover, PRDM1 knock-out in combination with KLRC1 and TGFBR2 did not confer a

proliferative advantage to the culture, in contrast to single PRDM1 ablation (Figure 66B).
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Figure 66. One-shot 3KO CAR NK cells do not show increased proliferative potential. A. Percentage of
alive cells in non-nucleofected (NN), mock, single PRDM1 KO, and 3KO CAR NK cultures measured by flow
cytometry on day 12 after nucleofection (n=6) B. Cumulative in vitro fold expansion of non-nucleofected
(NN), mock, single PRDM1 KO, and 3KO CAR NK cells monitored at different times after nucleofection (n=7).
Statistical analysis shows differences with respect to mock CAR NK cells. Means + SEM are shown. *p<0.05;
**p<0.01; ns: no significance.

As one-shot nucleofection strategy did not turn out to be successful in increasing cell
proliferation, we decided to modify our nucleofection protocol for the generation of 3KO CAR NK
cells. We proposed firstly to knock-out PRDM1 in CAR NK cells and one week later, once cells
have acquired enhanced proliferative advantage, to disrupt KLRCI1 and TGFBR2 in a second

nucleofection step (Figure 67A).

Following this strategy, we generated sequential 3KO CAR NK cells. We analyzed gene editing
efficiency 11 days after the second nucleofection, which corresponds to 19 days after the first
nucleofection. Similarly to one-shot protocol, surface expression of both NKG2A and TGFBR2 was

reduced in sequential 3KO CAR NK cells compared to mock NK cells (15.6 + 1.7% vs 87.3 + 3.3%
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NKG2A* NK cells and 20.9 + 3.9% vs 59.1 + 3.5% TGFBR2* NK cells) (Figure 67B-D). Knock-out
efficiencies were 82.3 £ 1.6% for NKG2A and 64.6 + 6.2% for TGFBR2 (Figure 67E). The percentage
of NKG2A" TGFBR2™ NK cells increased up to 67.7 + 4.1% in sequential 3KO CAR NK cells (Figure
67B, 67F). Additionally, efficient PRDM1 disruption was corroborated at protein level by western
blot (58.7 + 5.3% and 79.3 + 7.4% protein reduction for PRDM1 KO and sequential 3KO CAR NK

cells, respectively) (Figure 67G, 67H).
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Figure 67. Sequential triple gene editing protocol efficiently reduces expression of NKG2A, TGFBR2, and
BLIMP1. A. Schematic representation of sequential triple gene editing protocol. B. Representative flow
cytometry histograms (above) and dot plots (below) of NKG2A and TGFBR2 expression in mock and 3KO
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CAR NK cells analyzed 19 days after first nucleofection. C and D. Percentage of NKG2A* (C) and TGFBR2*
(D) NK cells in mock and 3KO CAR NK cells analyzed by flow cytometry 19 days after first nucleofection
(n=10). E. NKG2A and TGFBR2 knock-out efficiencies for 3KO CAR NK cells analyzed by flow cytometry 19
days after first nucleofection (n=10). F. Percentage of NKG2A" TGFBR2" cells in mock and 3KO CAR NK cells
analyzed by flow cytometry 19 days after first nucleofection (n=10). G. Representative western blot
analysis of BLIMP1 expression in non-nucleofected (NN), mock, single PRDM1 KO, and 3KO CAR NK cell
lysates collected on day 19 after first nucleofection. Numbers indicate ratio of BLIMP1/B-ACTIN expression
relativized to mock control. Molecular weights (Mw) for each protein are indicated. H. Quantification of
relative BLIMP1 expression in NN, single PRDM1 KO, and 3KO CAR NK cells compared to mock control
(n=3). Means + SEM are shown. *p<0.05; **p<0.01; ****p<0.0001.

Sanger sequencing and ICE analysis confirmed gene editing efficiencies of 89.8 + 3.4%, 76.2 +
6.1%, and 89 + 4.4% for KLRC1, TGFBR2, and PRDM1, respectively (Figure 68A, 68B). To validate
Sanger sequencing data, deep sequencing analysis of on-target sites was performed in four
different samples. Percentage of modified reads was 93.4 + 1.1%, 83.9+3.6%, and 85.33 +11.2%
for KLRC1, TGFBR2, and PRDM1, respectively, matching with Sanger sequencing analysis (Figure

68C, 68D).
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Figure 68. Gene editing efficiencies of sequential triple KO protocol confirmed at the molecular level. A.
Representative Sanger sequencing chromatograms of on-target sites for KLRC1, TGFBR2, and PRDM1
sgRNAs in mock and 3KO CAR NK cells 19 days after first nucleofection. Nucleotides underlined in black
correspond to sgRNA binding site. PAM region is indicated with red dashed underlaying. Vertical dashed
lines indicate Cas9 cutting site. B. Percentage of indels in KLRC1, TGFBR2, and PRDM1 sgRNA on-target
sites in 3KO CAR NK cells calculated by ICE (n=5). C. Percentage of sequence reads for KLRC1, TGFBR2, and
PRDM!1 that are different to wild type sequences calculated with CRISPResso2 tool from NGS data on day
19 after first nucleofection (n=4). D. Representative allele frequency table for KLRC1, TGFBR2, and PRDM1
sgRNA on-target sites in 3KO CAR NK cells analyzed on day 19 after first nucleofection. sgRNA target
sequence is indicated in gray. Means + SEM are shown.

After confirming that the three genes had been efficiently targeted, we analyzed viability and
proliferative potential of 3KO CAR NK cells. Interestingly, although cell culture viability 19 days
after first nucleofection was lower in comparison to non-nucleofected and mock cells (Figure
69A), 3KO CAR NK cells generated with two sequential nucleofection steps showed higher in vitro

expansion, in contrast to mock and one-shot 3KO CAR NK cells (Figure 69B).

Therefore, we confirmed that our sequential nucleofection protocol was feasible to generate

3KO CAR NK cells with increased expansion capacity.
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Figure 69. Sequential 3KO CAR NK cells have enhanced expansion capacity compared to mock and one-
shot 3KO CAR NK cells. A. Percentage of alive cells in non-nucleofected (NN), mock, and sequential 3KO
CAR NK cultures analyzed by flow cytometry on day 19 after first nucleofection (n=10) B. Cumulative in
vitro fold expansion of non-nucleofected (NN), mock, one-shot 3KO, and sequential 3KO CAR NK cells
monitored at different times after nucleofection (n=5). Arrows indicate nucleofection steps for sequential
3KO gene editing protocol. Statistical analyses show differences with respect to mock CAR NK cells. Means
+ SEM are shown. *p<0.05; **p<0.01; ****p<0.0001; ns: no significance.
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3.2. Triple KO CAR NK cells generated with sequential nucleofection protocol

accumulate less DNA damage burden

To understand the growth culture differences between 3KO CAR NK cells generated by sequential
or one-shot protocols as well as with 2KO CAR NK effectors, we indirectly analyzed the DNA
damage harbored by each CAR NK effector through the detection of phosphorylated H2AX
expression®3®. Preliminary results revealed that elimination of one, two, or three genes using
CRISPR/Cas9 increased the levels of DNA damage. However, 3KO CAR NK cells generated with
the sequential protocol showed reduced phosphorylation of yH2AX compared to 2KO and one-
shot 3KO CAR NK peers (Figure 70). We also analyzed the expression of DNA damage responders
p53 and p16. Both 2KO and 3KO cells generated with either protocol had increased expression
of p16 compared to non-edited and single KO cells, but this expression was lower in sequential
3KO CAR NK cells than in 2KO and one-shot 3KO counterparts. Regarding p53, its expression was
increased in 2KO and one-shot 3KO CAR NK cells compared to mock control. However, sequential
3KO cells showed reduced expression of p53 compared to mock cells. Of note, the expression of
p53 was higher in mock CAR NK cells with respect to non-nucleofected control. Altogether, these
preliminary results suggest that sequential 3KO CAR NK cells accumulate less DNA damage and
express lower levels of cell cycle controllers than 2KO and 3KO thus giving a possible explanation

of expansion capacity variations.
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Figure 70. Sequential 3KO CAR NK cells show reduced DNA damage compared to 2KO and one-shot 3KO
CAR NK cells. Western blot analysis of p53, p16, and phosphorylated yH2AX (Ser139) in non-nucleofected
(NN), mock, single KO, 2KO, and 3KO CAR NK cell lysates collected on day 19 after first nucleofection.
Constitutive expression of p150 was analyzed as protein loading control. Numbers indicate expression of
each protein with respect to p150. Molecular weights (Mw) for each protein are indicated (n=1).

170



RESULTS

3.3. Triple KO CAR NK cells exhibit higher proliferation capacity in vitro

After optimizing the protocol to generate 3KO CAR NK cells, we studied the proliferative potential
of these cells in vitro in comparison with single PRDM1 KO CAR NK cells. Sequential 3KO CAR NK
cells (from here on 3KO CAR NK cells) showed similar in vitro expansion capacity as single PRDM1
KO CAR NK cells, reaching a cumulative 10.1-fold expansion in comparison with mock CAR NK
cells 33 days after first nucleofection (Figure 71). To ascertain the mechanisms underlying the
enhanced growth of 3KO CAR NK cell culture, we studied their viability, proliferative capacity,

apoptosis, and senescence state at different time points after nucleofection by flow cytometry.
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Figure 71. 3KO CAR NK cells have similar expansion capacity as single PRDM1 KO CAR NK cells.
Cumulative in vitro fold expansion of non-nucleofected (NN), mock, single PRDM1 KO, and 3KO CAR NK
cells monitored at different times after nucleofection. Arrows indicate nucleofection steps for sequential
3KO gene editing protocol. Means + SEM are shown (n=7). Statistical analysis shows differences with
respect to mock CAR NK cells. ¥*p<0.05; **p<0.01; ****p<0.0001.

As expected, following two nucleofection steps, the viability of 3KO CAR NK cells on day 19 after
first nucleofection was reduced (57.2 £ 5.1% alive cells) compared both to mock (82.2 + 3.1%)
and parental single PRDM1 KO CAR NK cells (77.9 + 3.3%) (Figure 72A). Consitent with this result,
the percentage of apoptotic cells in 3KO CAR NK cells was higher than mock cells (Figure 72B,
72C). However, the percentage of annexin V* cells decreased over time, and, consequently,

viability of cell culture was restored (Figure 72A, 72C).
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Figure 72. Sequential nucleofection to generate 3KO CAR NK cells does not compromise long-term
culture viability. A. Percentage of alive cells in non-nucleofected (NN), mock, single PRDM1 KO, and 3KO
CAR NK cell cultures measured by flow cytometry at different times after nucleofection (n=8) B.
Representative flow cytometry dot plot of mock and 3KO CAR NK cells stained with Annexin-V and
propidium iodide on day 19 after nucleofection. C. Percentage of apoptotic cells in NN, mock, single
PRDM1 KO, and 3KO CAR NK cultures analyzed by Annexin-V flow cytometry staining at different times
after nucleofection (n=6). Means + SEM are shown. Statistical analyses show differences with respect to
mock CAR NK cells. *p<0.05; ****p<0.0001; ns: no significance.

Besides, the proliferative capacity of 3KO CAR NK cells was measured through cell cycle analysis
and Ki-67 expression. From day 19 after first nucleofection, 3KO CAR NK cultures showed higher
percentage of cells in S-G2-M compared to mock control, similar to parental PRDM1 KO CAR NK
cells (Figure 73A, 73B). In line with these results, the percentage of proliferative cells 19 days
after first nucleofection was greater in both 3KO and PRDM1 KO CAR NK cells (52.4 £ 9.3% and
53.6 + 8.3% Ki-67" cells, respectively) compared to mock counterparts (24.9 + 5.9% Ki-67" cells).
Importantly, as we previously observed in single PRDM1 KO CAR NK cells (Figure 56D), the
percentage of Ki-67* cells in 3KO CAR NK cells, while being superior to mock cells, was reduced
two weeks later, suggesting that the proliferative potential is enhanced but not unlimited (Figure

73C, 73D).

172



RESULTS

Day 19
NN Mock PRDM1 KO 3KO
7 e 5-G2-M 61 5.G2-M 61 $-G2-M 61 $.62:M
94,8 517 95,0 4,94 57,7 42,2 | 881 14,9
807 A A bl
§ 60 < - 4
o
=
40 - - J
0 T T T T T T T T T T T T T T T T T T
(1] 50K 100K 150K 200k 250K 1] 50K 100K 150K 200K 250K 1] 50K 100K 150K 200K 250K 1] 50K 100K 150K 200K 250K
Pl
Day 19 Day 26 Day 33
ns ns ns
[ — 1
ns ns ns
100+ 100 100 @ S-G2-M
0 G1
® 80 P 80 w 80
@ 604 T 604 T 604
o o o
3= 404 52 404 2 40
20 20 20
0 T T T T 0 T T T T 0 T T T T
& » 0 0 & » 0 0 > X O 0
<+ \‘\o“ ®\+ & < “90 \!\,\vb aF = “\o" @,\4- o
& & &
C. Day 15 D.
A o NN
100 - Mock
56.4% ® ik + PRDM1 KO
NN = 804 . - 3KO
(1] *
47.2% + 60
Mock M~ {
) e € 40
N 70.6% x }
PRDM1 KO A e [
) \ 2 20 L\'-—"L———_, i
' 0.4 0 .
79.4% T T T
3KO 19 26 33

Days after nucleofection

Figure 73. Triple KO CAR NK cells have increased proliferative potential compared to mock CAR NK cells.
A. Representative cell cycle flow cytometry histograms of propidium iodide-stained non-nucleofected
(NN), mock, single PRDM1 KO, and 3KO CAR NK cells analyzed at day 19 after nucleofection. B. Proportion
of cells in S-G2-M and G1 phases in NN, mock, single PRDM1 KO, and 3KO CAR NK cells analyzed at different
times after nucleofection. Statistical analysis shows differences with respect to mock control and between
single PRDM1 KO and 3KO CAR NK cells. C. Representative flow cytometry histogram of Ki-67 staining of
NN, mock, single PRDM1 KO, and 3KO CAR NK cells analyzed at day 19 after nucleofection. The percentages
of Ki-67* cells are indicated on each histogram. D. Percentage of Ki-67* cells in NN, mock, single PRDM1
KO, and 3KO CAR NK cell cultures analyzed at different times after nucleofection. Statistical analysis shows
differences with respect to mock CAR NK cells. Means + SEM are shown (n=6). *p<0.05; **p<0.01;
***p<0.001, ****p<0.0001; ns: no significance.
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Finally, as we had previously observed that PRDM1 ablation may impact the senescence state of
CAR NK cell cultures, we analyzed SA-B Gal activity in 3KO CAR NK cells. Similar to PRDM1 KO
CAR NK cells, from day 26 after first nucleofection, 3KO cells exhibited less SA-B Gal activity than
mock cells (33.2 £ 5.2% vs 49.4 + 5.3% DDAO" cells) (Figure 74).

Taken together, PRDM1 disruption resulted in an increased proliferation rate and a reduced
senescence state, which conferred 3KO CAR NK cells a controlled enhanced in vitro expansion

capacity.
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Figure 74. Senescence is reduced in triple KO CAR NK cells in comparison with mock CAR NK cells. A.
Representative flow cytometry histograms of measurement of SA-B-gal activity in non-nucleofected (NN),
mock, single PRDM1 KO and 3KO CAR NK cells 26 days after nucleofection. The percentage of DDAO* cells
is indicated on each histogram. B. Percentage of cells showing SA-B-gal activity in NN, mock, single PRDM 1
KO, and 3KO CAR NK cultures analyzed by flow cytometry staining at different times after nucleofection.
Means = SEM are shown (n=6). Statistical analyses show differences with respect to mock CAR NK cells.
*p<0.05; **p<0.01; ns: no significance.
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3.4. Triple gene editing in CAR NK cells is maintained over time

Since in vitro expansion of CAR NK cells could result in clonal selection of specific edited
populations, we analyzed gene editing efficiency during the in vitro expansion. On day 33 after
first nucleofection, the percentage of NKG2A TGFBR2 NK cells was 66.72 + 4.3% in 3KO CAR NK
cell cultures, almost identical to percentage observed at day 19 (66.3 + 4.3%) (Figure 75A). Both
NKG2A and TGFBR2 KO efficiencies were maintained on day 33 (75.9 + 3.5% and 59.2 + 5.4%,
respectively), showing no significant differences to day 19 (81.9 £ 1.7% and 63.4 + 6.9%) (Figure
75B). Moreover, the percentage of indels in sgRNA on-target sites remained invariable after two
weeks of expansion (87.6 + 5.5% for KLRC1, 72.6 + 6.3% for TGFBR2, and 91 + 3.8% for PRDM1)
(Figure 75C). Therefore, we corroborated that the proportion of edited CAR NK cells remain

invariable over time.
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Figure 75. Triple KO gene editing efficiencies are stable over time. A. Percentage of NKG2A" TGFBR2" NK
cells in mock and 3KO CAR NK cell cultures analyzed by flow cytometry on day 19 and 33 after first
nucleofection (n=9). B. Knock-out efficiencies for NKG2A (left) and TGFBR2 (right) in 3KO CAR NK cells
analyzed by flow cytometry on day 19 and 33 after first nucleofection (n=9). C. Percentages of indels in
KLRC1 (left), TGFBR2 (middle), and PRDM1 (right) sgRNA on-target sites analyzed by ICE on days 19 and 33
after first nucleofection (n=5). Means + SEM are shown. ****p<0.0001; ns: no significance.
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3.5. Triple KO CAR NK cells show higher CAR expression

Single PRDM1 KO CAR NK cells showed increased CAR expression over time. For this reason, we
further analyze CAR transduction in 3KO CAR NK cells. Twenty days after lentiviral transduction
(19 days after first nucleofection) percentage of CAR* NK cells was higher in 3KO CAR NK cells
(51.2 £ 7.6%) than in non-edited CAR NK cells (25.0 £ 2.9%). This percentage was similar to
parental single PRDM1 KO CAR NK cells (57.2 + 6.2%) (Figure 76A, 76B). Moreover, as we
observed in PRDM1 KO CAR NK cells, the analysis of CAR expression over time showed that CAR*
population is enriched in 3KO CAR NK cells two weeks later while remaining invariable in mock
CAR NK cells (Figure 76B). To further confirm lentiviral vector integration, VCN was analyzed on
day 19 by g-PCR in the next batch of experiments. We found a positive correlation between CAR

expression and VCN quantification (Figure 76D).
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Figure 76. CAR expression in triple KO CAR NK cells increases over time. A. Representative flow cytometry
dot plots of CAR expression in mock, single PRDM1 KO, and 3KO CAR NK cells analyzed on day 19 after
nucleofection. Numbers indicate percentage of cells in CAR* gate. B. Percentage of CAR* cells in mock,
single PRDM1 KO, and 3KO CAR NK cell cultures analyzed by flow cytometry 19 days after nucleofection
(n=8). C. Percentage of CAR* NK cells in mock, single PRDM1 KO, and 3KO CAR NK cell cultures analyzed by
flow cytometry on days 19 and 33 after first nucleofection (n=7). Statistical analysis shows differences
between day 19 and 33. D. Correlation between vector copy number (VCN) quantification by g-PCR and
CAR detection by flow cytometry (n=6). Spearman r coefficient and correlation p value are indicated on
graph. Means + SEM are shown. *p<0.05; **p<0.01; ***p<0.001; ns: no significance.

176



RESULTS

3.6. Triple gene editing maintains cytotoxic NK cell profile but induces

immunophenotypic changes

Similar to experiments performed in 2KO and PRDM1 KO CAR NK cells, immunophenotypic

variations in 3KO CAR NK cells were analyzed by flow cytometry.

Despite the observation that PRDM1 KO temporarily decreased the expression of CD16, triple
gene editing did not affect either the percentage of cytotoxic NK cells (87.9 + 2.8% CD56* CD16*
in mock NK cells vs 89.9 + 2.4% CD56* CD16" in 3KO NK cells) or the relative CD16 surface
expression 19 days after nucleofection. Importantly, cytotoxic population is maintained over

time in culture (Figure 77).
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Figure 77. Triple KO CAR NK cells show same CD16 expression as non-edited CAR NK cells. A.
Representative flow cytometry dot plots of CD16 expression in mock and 3KO CAR NK cells analyzed on
day 19 after nucleofection. Numbers indicate percentage of cells in each gate. B. Percentage of cytotoxic
CD16* NK cells in mock and 3KO NK cell cultures analyzed by flow cytometry at different times after
nucleofection. Means + SEM are shown (n=8). C. Relative fluorescence intensity (RFI) of CD16 in mock and
3KO CAR NK cells analyzed by flow cytometry at different times after nucleofection. Medians and IQR are
shown (n=8). Data in C is presented in logarithmic scale. Statistical analysis shows differences with respect
to mock CAR NK cells. ns: no significance.

Apart from CD16, other surface NK receptors were analyzed by flow cytometry. As a result of

triple gene editing, NKp30, NKp44, and NKG2C activating receptors were downregulated. In
contrast, DNAM-1 was upregulated in 3KO CAR NK cells. Regarding inhibitory receptors, TIGIT
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was also upregulated. Moreover, consistent with immunophenotypic analysis of single PRDM1

KO cells (Figure 61), 3KO CAR NK cells showed increased CD25 surface expression (Figure 78).

A Mock
3KO
T T T t T +
[ 37.9% L 92.5% ! 1.9% 41 50.29% ! 99.8% ! 98.1%
[ 1 | 1 [
‘ | L . ‘ .
| 1 L 1 1 1
1 1/ W 1 | il
1 1 1 |} I L
{ 33.3% ' 99.2% ' 34.5% . 66.4% . 91.5% ] 69.7%
1 1
l | ; : : i
o H]J 10 107 '-T 10 ||'JJ 107 -: ' I"’,d I-Z-E. T H]J Ifiq \'I'J5 T |‘I'J3 10 ||'J5 '—7—‘ |D3 IEIJ mi
NKG2C DNAM-1 cD25 TIGIT NKp30 NKp44
« Mock
B. . 3KO
ns ns fakad ns ns * *k *k *k
[l [l i [l 1 M/ M/ [l [l
100 ggze s E_I;_:-" 3 s+ A
o 809 . ’ . :
Q o * s
@ i . . . i
Q 60 . 1
= N I
0 40- T 1
2 T:E'_ :
= 20+ 1
0 T T T e ’lLél' = T T
I N I N
o O N & Q & Q
' ns *k ns ns ns T3 ns * *

Figure 78. Triple gene editing triggers immunophenotypic changes in CAR NK cells. A. Representative
flow cytometry histograms of the expression of different NK receptors in mock and 3KO CAR NK cells on
day 19 after first nucleofection. Percentages indicate the proportion of cells expressing each receptor. B.
Percentage of positive cells for each receptor in mock and 3KO CAR NK cells analyzed by flow cytometry
19 days after first nucleofection. C. Relative fluorescence intensity (RFI) of each receptor in mock and 3KO
CAR NK cells analyzed by flow cytometry 19 days after first nucleofection. Data in C is presented in
logarithmic scale. Medians and IQR are shown (n=10). *p<0.05; **p<0.01; ns: no significance.
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3.7. Triple gene disruption of KLRC1, TGFBR2, and PRDM1 modifies gene expression

of CAR NK cells at the transcriptomic level

To better characterize 3KO CAR NK cell effectors, gene expression changes were analyzed by RNA-
seq in CAR NK cells from 3 independent donors. In the same way as described for 2KO and
PRDM1 KO CAR NK cell transcriptomic analysis, cell sorting of CAR NK cells was performed before
RNA-seq.

Differential gene expression analysis revealed a total of 182 downregulated genes and 380
upregulated genes in 3KO CAR NK cells compared to mock CAR NK cells (Figure 79A). Among
them, some differentially expressed genes (DEG) with special relevance are listed in Table 17.
Most of the observed transcriptomic variations were the same as for single PRDM1 KO cell,
including upregulation of genes associated with proliferation and cell survival, IFN-y and TNF-a
signaling, cytokine secretion, and NK cell migration towards lymphoid organs. 3KO CAR NK cells
showed downregulation of activating receptors such as NCR1-3, KLRF1, KLRF2, CD8A, and LILRA2
but upregulation of others like TLR4, LTK and CD86. We also observed downmodulation of many
inhibitory NK cell receptors including CEACAM1, CD300C, CD300A, KLRG1, KIR3DL3, and CD244.
CD27 and IKZF3 genes, which are associated with a mature phenotype, were also
downregulated. CISH, encoding for the suppressor protein CIS, was upregulated. Similar to the
results in PRDM1 KO CAR NK cells, PRDM1 expression was upregulated in 3KO CAR NK cells
despite no functional protein was expressed. On the contrary, KLRC1 expression was

downregulated.

Additionally, to understand the biological significance of these 562 DEG in NK cells, gene set
enrichment analysis (GSEA) was performed using KEGG database. Throughout all the pathways
that were analyzed, the only pathway that was significantly enriched in 3KO CAR NK cells

compared to mock CAR NK peers was expression of cell adhesion molecules (Figure 79B).
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Figure 79. Combined disruption of KLRC1, TGFBR2, and PRDM1 induces transcriptomic changes in CAR
NK cells. A. Volcano plot of RNA-seq transcriptomic analysis showing upregulated (red) and
downregulated (blue) genes in 3KO CAR NK cells compared to mock CAR NK cells. B. Ridgeplots of gene
set enrichment analysis in 3KO CAR NK cells compared to mock CAR NK cells. Integrated RNA-seq data
obtained from 3 independent NK donors.

ENS entry Gene Log2 Fold Adjusted
name Change p
ENSG00000139193 cD27 -3.403 5.27E-04
ENSG00000096264 NCR2 -2.938 2.28E-18
ENSG00000172215 CXCR6 -2.799 1.78E-11
ENSG00000161405 IKZF3 -2.666 1.16E-04
ENSG00000079385 CEACAM1 -2.590 1.05E-03
ENSG00000239998 LILRA2 -2.579 1.45E-06
ENSG00000184371 CSF1 -2.501 6.59E-06
ENSG00000135472 FAIM2 -2.456 1.40E-02
ENSG00000256797 KLRF2 -2.391 8.03E-04
ENSG00000150045 KLRF1 -2.289 3.04E-04
ENSG00000242019 KIR3DL3 -2.279 2.36E-02
ENSG00000134256 CD101 -2.176 1.20E-02
ENSG00000167851 CD300A -2.125 2.17E-03
Downregulated ENSG00000113088 GZMK -2.018 7.81E-03
ENSG00000134545 KLRC1 -1.782 9.12E-05
ENSG00000163823 CCR1 -1.614 1.46E-03
ENSG00000246985 SOCS2-AS1 -1.599 1.45E-02
ENSG00000139187 KLRG1 -1.406 8.90E-03
ENSG00000010810 FYN -1.377 1.95E-02
ENSG00000167850 cb300C -1.308 5.62E-03
ENSG00000204475 NCR3 -1.299 2.00E-02
ENSG00000122223 CD244 -1.293 2.41E-02
ENSG00000189430 NCR1 -1.207 3.88E-05
ENSG00000153563 CD8A -1.129 2.42E-02
ENSG00000000938 FGR -1.031 3.54E-02
ENSG00000104998 IL27RA -0.993 4.52E-03
ENSG00000164136 IL15 -0.970 3.02E-02
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ENSG00000180644 PRF1 -0.751 1.19E-02
ENSG00000121966 CXCR4 0.906 3.17E-02
ENSG00000128604 IRF5 0.936 2.36E-02
ENSG00000166949 SMAD3 1.002 2.14E-02
ENSG00000114013 CD86 1.020 6.23E-03
ENSG00000114737 CISH 1.081 2.21E-03
ENSG00000115415 STAT1 1.423 3.82E-02
ENSG00000144118 RALB 1.476 5.69E-07
ENSG00000125726 CD70 1.565 3.00E-03
ENSG00000163453 IGFBP7 1.739 1.99E-04
ENSG00000144354 CDCA7 1.819 6.09E-04
ENSG00000162594 IL23R 1.962 2.42E-02
ENSG00000103522 IL21R 1.965 8.52E-03
ENSG00000177606 JUN 2.004 2.09E-03
ENSG00000185989 RASA3 2.150 1.65E-02
ENSG00000134460 IL2RA 2.193 1.94E-03
ENSG00000128342 LIF 2.199 4.46E-04
ENSG00000149212 SESN3 2.207 1.33E-03
ENSG00000117586 TNFSF4 2.376 1.23E-02
ENSG00000188130 MAPK12 2.459 3.68E-02
ENSG00000060982 BCAT1 2.538 2.24E-04
ENSG00000167964 RAB26 2.807 9.31E-03
ENSG00000134508 CABLES1 2.889 8.78E-03
Upregulated ENSG00000106366 SERPINE1 2.910 1.85E-04
ENSG00000120949 TNFRSF8 3.302 3.86E-09
ENSG00000133101 CCNA1 3.335 1.16E-05
ENSG00000010610 CD4 3.408 2.20E-04
ENSG00000141655 TNFRSF11A 3.506 1.71E-06
ENSG00000057657 PRDM1 3.524 1.01E-20
ENSG00000171105 INSR 3.626 1.04E-02
ENSG00000163734 CXCL3 3.658 7.21E-03
ENSG00000137265 IRF4 3.794 6.40E-07
ENSG00000118513 MYB 3.852 2.96E-04
ENSG00000154654 NCAM?2 4.417 3.73E-04
ENSG00000123685 BATF3 4.726 1.16E-12
ENSG00000136573 BLK 4.935 1.46E-03
ENSG00000169194 IL13 4.944 3.33E-06
ENSG00000062524 LTK 5.072 3.96E-03
ENSG00000077782 FGFR1 5.096 1.43E-25
ENSG00000136869 TLR4 5.505 1.12E-02
ENSG00000188404 SELL 6.288 5.12E-30
ENSG00000145506 NKD2 6.849 3.25E-03
ENSG00000227145 IL21-AS1 7.076 8.02E-04
ENSG00000183813 CCR4 7.437 1.89E-02
ENSG00000126353 CCR7 8.182 2.51E-08
ENSG00000168685 IL7R 9.522 6.22E-16

Table 17. List of the most relevant genes differentially expressed in triple KO CAR NK cells compared to
mock CAR NK cells. Fold change and adjusted p values are indicated for each gene. Ensembl (ENS) entry
codes are referred to GRCh38.p14 genome assembly.
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3.8. Triple KO CAR NK cells preserve antitumor efficacy against MM cell lines

As a next step, 3KO CAR NK cell cytotoxic capacity against MM cell lines U-266 and RPMI-8226
was further analyzed in both the absence or presence of soluble TGF-B by calcein-release
cytotoxicity assays. 3KO CAR NK cells presented similar killing efficacy as 2KO CAR NK cells.
Importantly, antitumor capacity was not decreased after treatment with soluble TGF-f3, with 3KO
CAR NK cells outperforming non-edited cells (81.5 £ 7.2% vs 64.2 + 10.8% specific lysis against
U-266 at 1:1 E:T ratio; 65.9 £ 12.1% vs 44.1 + 12.6% specific lysis against RPMI-8226 at 2:1 E:T

ratio) (Figure 80).

U-266 RPMI-8226

10095 A A AAS
80

60+

% Specific lysis
% Specific lysis

1:4

E:T

B Mock 1 2KO 0 3KO
Mock + TGF-p 2KO + TGF-p [ 3KO + TGF-p

Figure 80. Triple KO CAR NK cells exhibit similar antitumor efficacy as double KO CAR NK cells. Specific
lysis of mock, 2KO, and 3KO CAR NK cells against U-266 and RPMI-8226 MM cell lines at different E:T ratios,
analyzed by 3h-Calcein release assay, after treatment or not with 10ng/ml TGF-B1 for 24 hours. Means *
SEM are shown (n=4). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns: no significance.

3.9. Triple gene knock-out upregulates activating intracellular NK cell signaling

pathways after tumor stimulation

Besides the cytotoxic capacity of edited CAR NK effectors against MM cell lines, we also
measured by western blot the impact of KLRC1, TGFBR2, and PRDM1 ablation on intracellular
NK cell signaling pathways. With that aim, mock or different edited CAR NK populations were
stimulated with U-266 cell line for 30 minutes. To corroborate that detected protein changes
corresponded to CAR NK cells and not to U-266 cell line, a negative control without effector cells
was included. Additionally, FLC A expression by U-266 cells was also detected as a tumor marker.
After 30-minutes co-culture, FLC A expression decreased, confirming efficient U-266 killing

(Figure 81).
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Upon tumor stimulation, KLRC1 KO, 2KO, and 3KO CAR NK cells showed increased expression of
granzyme B compared to mock CAR NK cells, correlating with the previously observed tumor
killing in the cytotoxicity assays. Importantly, granzyme B upregulation was higher in both 2KO
and 3KO compared to KLRC1 KO cells.

On the other hand, activation of SHP1 phosphatase was decreased in 2KO and 3KO CAR NK cells
compared to mock cells which inversely correlated with the activation state of the SHP1
downstream target ZAP70/SYK. Moreover, phosphorylation of STAT5, another target of SHP1
phosphatase and one of the main IL-2/15 signal transducers®”>3, was increased in 3KO CAR NK

cells after stimulation, compared to mock cells.
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Figure 81. Triple KO CAR NK cells show different activating and inhibitory signaling in response to tumor
stimulation. Western blot analysis of STAT-5 (Tyr694), SHP1 (Tyr564), and ZAP70 (Tyr319)/SYK (Tyr352)
phosphorylation and granzyme B expression in mock, KLRC1 KO, 2KO, and 3KO CAR NK cells after 30-
minutes co-culture with U-266 MM cells at a ratio 4:1 E:T. Constitutive expression of p150 was analyzed
as protein loading control. Numbers indicate expression of each phosphorylated protein relative to their
respective total protein as well as expression of granzyme B relative to p150. Molecular weights (Mw) for
each protein are indicated (n=1).
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3.10. Triple KO CAR NK cells show enhanced efficacy against MM primary cells without

compromising CD34* cells

Since 2KO and 3KO CAR NK cells exhibit increased antitumor efficacy against MM cell lines
compared to non-edited cells, we sought to investigate their killing activity over primary plasma
cells from MM patient samples. For this purpose, BMMCs from newly diagnosed and progressed
MM patients were cocultured with CAR NK cells at a 5:1 E:T ratio for 24 hours, in the absence or
presence of TGF-B. Patient characteristics as well as HLA-E and BCMA expression in plasma cells
after sample processing measured by flow cytometry are detailed in Table 18. NK specific lysis
against plasma cells and CD34* hematopoietic stem and progenitor cells was quantified by flow

cytometry analysis.

Edited CAR NK cells had increased antitumor activity when compared to mock control cells (54.3
+9.1% and 72.7 £ 8.6% specific lysis for 2KO and 3KO CAR NK cells, respectively, vs 23.4% + 5.9%
for mock CAR NK cells) (Figure 82A, 82C). Remarkably, despite heightened antitumor potential,
there was no significant killing activity over CD34* progenitor cells between edited and mock
CAR NK cell cultures (4.5 £ 10.9%, 12.5 + 12.4%, and 25.1 + 13.6% specific lysis for mock, 2KO,

and 3KO effectors, respectively) (Figure 82B).

To confirm low off-tumor killing activity of 2KO and 3KO CAR NK cells, we performed an additional
toxicity assay against mature blood cells from HD. None of the CAR NK cells induced high toxicity
against HD PBMCs at different E:T ratios. The maximum percentage of cell lysis was 5.1 + 3.7%,

obtained with 3KO CAR NK cells at 2:1 E:T ratio (Figure 82D).

To summarize, disruption of KLRC1 and TGFBR2 in combination with PRDM1 enhanced antitumor

potential of CAR NK effectors against MM without increasing off-tumor hematotoxicity.
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Figure 82. Double and triple KO CAR NK cells have higher cytotoxic activity against plasma cells from
MM patients, with low off-tumor toxicity. A and B. Specific lysis of mock, 2KO, and 3KO CAR NK cells
against pathologic plasma cells (pPC) (n=5) (A) and CD34"* cells (n=4) (B) from MM patients analyzed by
flow cytometry after 24 hours in the absence or presence of 10 ng/ml TGF-B1. Triangle represents
cytotoxicity against cells from relapsed/refractory (RR) patient #5 while circles represent newly diagnosed
patients. C. Flow cytometry dot plots of pPC gating in CAR NK cell and BMMC from RR patient #5 24h-co-
cultures in the absence or presence of 10 ng/ml of TGF-B1. D. Specific lysis of mock, 2KO, and 3KO CAR NK
cells against PBMCs from healthy donors at different E:T ratios, analyzed by 3h-Calcein release assay (n=6).
Means + SEM are shown. *p<0.05; **p<0.01; ***p<0.001; ns: no significance.
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Clinical characteristics MFC BMMC analysis
PC* PC BCMA HLA-E CD34*
Age Status ISS Treatment Isotype
8 YP€ %) (%) (RE)  (RF) (%)
#1 63 ND R-ISS | - IgA A 22 4.0 7.9 3.3 1.3
#2 60 ND R-ISS | - IgA K 30 14.3 25.0 7.0 1.1
#3 65 ND R-ISS 1l - IgG A 60 8.1 104.6 2.1 1.0
#a 52 ND R-ISS | - 18G K 25 7.6 36.5 3.1 0.7
— 1% VRd
— 2" |sa-Kd
th.
#5 40 RR R-ISS 1l - 3th' PACE IgA A 28 33.0 46.9 6.9 0.15
— 4" BCMACART
(ARI0002h)

5t: Talquetamab

{

Table 18. Clinical characteristics of MM patients used in ex vivo experiments and flow cytometry analysis
of BMMCs. MFC: multiparametric flow cytometry; BMMCs: bone marrow mononuclear cells; ISS:
International Staging System; PC: plasma cell; RFI: relative fluorescence intensity; ND: newly diagnosed;
RR: relapsed/refractory; VRd: bortezomib + lenalidomide + dexamethasone; Isa-Kd: isatuximab +
carfilzomib + dexamethasone; PACE: cisplatin + doxorubicin + cyclophosphamide + etoposide; Ig:
immunoglobulin. *Percentage of PC value from clinical cytologic tests.

3.11. Multiplex CRISPR/Cas9 genome editing does not generate off-targets in in silico

predicted loci

To confirm the absence of off-target Cas9 HiFi nuclease activity, in silico predicted off-targets for
KLRC1 and TGFBR2 sgRNAs were analyzed by NGS in 2KO and 3KO CAR NK cells. PRDM1 sgRNA
predicted sites were also analyzed in 3KO CAR NK cells. Using hg38 genome reference sequences,
the percentage of indels as well as single nucleotide substitutions within 5 bp upstream and
downstream of the Cas9 cutting site were determined. The same regions were also analyzed in

mock CAR NK cells to detect donor-dependent variants.

Results from one donor revealed low off-target Cas9 activity. Regarding the 16 KLRC1 sgRNA off-
target sites, we only detected a minor off-target editing over OT3 site in 3KO CAR NK cells which
was not present in mock and 2KO samples (Figure 83). This off-target locus is located in an
intergenic region. As for TGFBR2 sgRNA off-targets, we found low editing rates (around 1% of
sequence reads) in 3 out of 12 predicted sites in 2KO and 3KO samples. Of note, these editing
events appeared also in mock controls, discarding the association with the gene editing protocol.
Similarly, we detected off-target indels in one predicted site for PRDM1 sgRNA in 3KO cells
although it represented around 1% of the sequence reads and was also present in the same
proportion in mock control. On-target Cas9 activity was also confirmed by Sanger sequencing in
this donor (87% and 77% indels for KLRC1 and TGFBR2, respectively, in 2KO CAR NK cells and
73%, 33% and 55% indels for KLRC1, TGFBR2 and PRDM1 in 3KO CAR NK cells).
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A. B.

KLRC1sgRNAOT TGFBR2sgRNA OT
Sequence (5'-3')  MMs Score % Editing Sequence (5'-3")  MMs Score % Editing
ACTGCAGAGATGGATAACCA 04 1 10 100 CACATGAAGAAAGTCTCACC 04 1 10 100
ACTGGTGAGATGGATAACCA 2 043 OT14 CACATGAAGAAAATCCCATC 3 028  OT24
ACTACAGAGATGAATAACTA 3 038  OT24 CAGATGAAGAAAGACCCACC 3 021  OT3
ACTACAGAGATCGATAACAA 3 0.20 OT34 . CACATCCAGAAAGTCTCTCC 3 0.15 OT44
CCTGCAGATCTGGATAACCA 3 0.15 OT44 CACATGAAGATCATCTCACC 3 0.07  OTS4,. s
TATCCAGAGATGGATAACCA 3 010 OT54 CAAATGAAGAAAGTCTCACT 2 007  OTé
ACAAAAGAGATGGATAACCA 3 010 OT64 GACATGAAGAAAGTATCACT 3 006  OT7H
TATGCAGTGATGGATAACCA 3 008 OT74 CTCAGGAAGAAAGTCTCAGC 3 006 OT8{ ¢
ACTGCAGATGTGGATAACCA 2 0.08 OT84 CACATGCAGAAAATCTCAGC 3 0.05  OT94
ACCGCAGAGATGAATAAGCA 3 0.05  OT94 CACAGCAAGAAAGTCTCACC 2 0.03 OT104 :
GCTTCAGAGATGGATAACAA 3 0.04 OT104 CACATGAAGAAAGCATCAAC 3 003 OT114
ATTGAAGAGTTGGATAACCA 3 0.03 OT114 CAGATGAAGAAAGTGTCACC 2 001 OT{24
ACTGGAGAGATGGAGAACCA 2 0.03 OT124 GAGATGAAGAAAGTCTGACC 3 0.00 OT134
ATTTCAGAGATGGATAGCCA 3 002 OT134
ACTGCAGAGGTGGAGAAACA 3 0.02 OT144
ATTGTAGAGATGGATAACCC 3 0.01 OT154 C
ATTGAAGAGATGGATAACCC 3 0.01 OT164 ) PRDM1 sgRNA OT
Sequence (5"-3") MMs Score % Editing

o Mock ATTGTCAGCTCTCCGGGATA 01 1 10 100

o 2KO TTTCTCAGCTCTCTGGGATA 3 044 OT!

® 3KO GTTGTCAGCTCTCTGGGAGA 3 017 OT2

ATTGGCAGCTCTCAGGGAAA 3 015 OT3 N

Figure 83. Low off-target Cas9 activity in multi-edited CAR NK cells. NGS analysis of in silico predicted off-
target (OT) loci for KLRC1 (A), TGFBR2 (B), and PRDM1 (C) sgRNAs in mock, 2KO, and 3KO CAR NK cell
samples collected on day 19 after first nucleofection (n=1). Off-target activity was quantified within +/- 5
bp from the Cas9 cutting site. As mock sample harbored a SNP in the TGFBR2 OT4 locus, mock sequence
was used as reference sequence for editing analysis. On-target (bold) and off-target sequences, mismatch
(MM) numbers with on-target site and off-target score based on MIT algorithm are indicated for each OT.
N/A: non-available sample due to sequencing fail.

3.12. Multiplex CRISPR/Cas9 genome editing does not generate high-grade

chromosomal structural alterations

When simultaneously targeting two or more genes, multiple Cas9-induced DSBs in DNA can
derive in translocations or even complete chromosomal loss*?®%°7539 Therefore, to further
ensure that our multiplexed gene editing protocol does not generate chromosomal aberrations,
we performed a whole genome screening in non-edited and edited CAR NK cells derived from 3
different donors using Bionano’s Optical Genome Mapping Saphyr™ System. Genomic DNA from

NK92-Ml cell line was used as a positive control for the technique (Figure 84A).

Circos plot from CAR NK cells only showed a few variants compared to Bionano’s reference

genomes (Figure 84B). Among these, only small insertions, deletions, and duplications were
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spotted. Importantly, no translocations, intra-fusion, loss/absence of heterozygosity or
aneuploidy gain/loss were detected in any of the analyzed samples. Notably, most of the
chromosomal alterations observed in 2KO and 3KO CAR NK cell samples were also present in

non-edited counterparts, strongly suggesting that they are not associated with Cas9 activity.

We focused on the variants that specifically arose in 2KO and 3KO samples but not in mock
control peers (detailed information is shown in Table 19). Strikingly, none of the variants co-
localized within on-target editing sites (chromosomes 3, 6, and 12). Only one small CVN gain in
3KO CAR NK cells from donor #2 appeared in chromosome 3 but at 165Mb from TGFBR2 sgRNA
cutting site. Additionally, these variants did not emerge in any of the predicted sgRNA off-target
sites. Although these genomic alterations were not apparently associated with gene editing
process, they were scrutinized in genomic databases to guarantee the safety of edited CAR NK

products.

Taking all the information together, we concluded that multiplex CRISPR/Cas9 genome editing of
CAR NK cells does not generate Cas9-assocaited translocations, inversions or aneuploidy

gain/loss.

In summary, the addition of PRDM1 ablation to KLRC1 and TGFBR2 double KO CAR NK cells by
sequential gene editing protocol fosters proliferation capacity and reduces senescence state and
DNA damage induction. Moreover, 3KO CAR NK cells maintain cytotoxic potency against MM
cells without raising hematotoxicity or relevant off-target editing-associated events or

chromosomal structural alterations such as translocations or aneuplodies.
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Category

@ |nsertion

@ Deletion

@ Inversion
Duplication
Intra-Fusion
Inter-Translocation
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Figure 84. Multiplex CRISPR/Cas9 gene editing in CAR NK cells does not trigger large chromosomal
aberrations. A and B. Optical genome mapping Circos plots from NK-92-Mi cell line (A) and mock, 2KO,
and 3KO CAR NK cells (B) from three different experiments. Circos plot are composed of the following
layers: the outer circle displays cytoband locations, the middle circle displays color-coded (A) structural
variations (SV) in those particular locations and the inner circle displays copy number changes (CNV) for
each chromosome or region. In the center of the circle, pink lines represent translocations and intra-
fusions between different parts of the genome. Arrows (color-coded) indicate SV and CNV that appear in
2KO and 3KO CAR NK cells but not in mock control cells. KLRC1, TGFBR2, and PRDM1 sgRNA on-target
sites are represented on Circos plots.
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Sample

Donor #1
2KO

Donor #1
3KO

Donor #2
3KO

Donor #3
2KO

Donor #3
3KO

SV type

duplication

duplication_inverted
duplication_inverted

duplication_inverted
insertion

duplication_inverted

insertion

gain

gain

Chr

10

23
11
16

20
23

17

Start
position

47539721

52175043
500339042
28645339

254437

25681766
911000

195890779

37946882

End
position

48060267

52186934
50372392
28678543

269655

25839658
931532

198230596

39345247

VAF

0.51

0.95
0.51
0.78

0.34

0.39
0.47

0.14

0.20

Size (bp)

520546

20226
33350
33204

25784

157893
2982

2339818

1195005

Affected genes

PTPN20, FRMPD2B, AGAP13P,
BMS1P1, GLUD1P2, FAM25C,
AGAP12P

MAGED4, SNORA11D

NPIPB8
SDHA, PDCD6-DT

ZNF337, LOC105372582, FAM182B

TNK2, TNK2-AS1, SDHAP1, LINCOOSSS,
TFRC, ZDHHC19, SLC51A, PCYTIA,
DYNLT2B,  TM4SF19,  TM4SF19-
DYNLT2B,  TMA4SF19-AS1, UBXN7,
UBXN7-AS1, RNF168, SMCO1, WDR53,
FBX045, LINCO1063, NRROS, CEP19,
PIGX, PAK2, SENP5, NCBP2-AS1, -AS2,
PIGZ, MELTF, MELTF-AS1, DLGI,
MIR4797, DLG1-AS1, LINC02012,
BDH1, SDHAP4, RUBCN, MIR922,
FYTTDI1, LRCH3, IQCG, RPL35A, LMLN,
LMLN-AS1, ANKRD18DP, FAMI57A,
TBC1D3G, NPEPPSP1, LOC101929950,
MRPL45, GPR179

SOCS7, ARHGAP23, SRCIN1, EPOP,
LOC105371763, MIR4734, MLLTS,
MIR4726, CISD3, PCGF2,
LOC100287808, PSMB3, PIP4K2B,
CWC25, MIR4727, C170rf98, RPL23,
SNORA21B,  SNORA21,  LASPI,
MIR6779,  LINCO0672,  FBXO47,
LINC02079, LRRC37A11P, RDMIP5,
PLXDC1, ARL5C, CACNB1, RPLI9,
STAC2, LOC101929578,  FBXL20,
MIR548BC

Table 19. Structural and copy number variants detected specifically in 2KO and 3KO CAR NK cells in
comparison to mock control cells. Start and end positions are referred to GRCh38.p14 genome assembly.

Chr: chromosome; VAF: Variant Allele Frequency.
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4. Triple KO a-BCMA CAR NK cells have increased persistence and

antitumor efficacy in vivo

After demonstrating in vitro antitumor activity, 3KO CAR NK cell in vivo persistence and efficacy
were evaluated in comparison with mock and 2KO CAR NK effectors in a disseminated MM

xenograft mouse model.

With this aim, sub-lethally irradiated NSG-Tg (Hu-IL15) were intravenously injected with 0.5 x
10° U-266 ffLUcGFP cells. Three days later, 9 x 10° mock, 2KO, or 3KO fresh CAR NK cells,
harvested on day 20 after the first nucleofection, were i.v. administered. Mice received serial
i.p. administration of human IL-2 during the first two weeks to enhance human CAR NK cell
persistence. Additionally, human TGF-B 1 was intraperitoneally injected to study the functional
effect of TGFBR2 knock-out (Figure 85A). Besides a control group without NK treatment (Group
2), another mice group without receiving hlL-2 and hTGF-B1 was included in the experiment
(Group 1) to demonstrate that administration of these cytokines did not interfere with tumor

development (Figure 85B).

Flow cytometry PB analysis was carried out at 4, 14, and 30 days after therapy infusion to
evaluate CAR NK cell persistence. On day 4 after NK cell intravenous infusion, the average
infiltration of human NK cells was 0.16 + 0.02% in mock CAR NK group, 0.32 + 0.04% in 2KO CAR
NK group and 0.34 + 0.05% in 3KO CAR NK group (Figure 85C, 85D). At this point, infiltrating 3KO
NK cells showed higher CAR and CD16 expression (46.0 £ 3.9% CAR" cells, 80.8 + 1.7% CD16*
cells) compared to mock (8.6 + 1.7% CAR" cells, 74.7 + 1.0% CD16* cells) and 2KO (8.2 + 0.6 CAR*
cells, 59.2 + 1.9% CD16" cells) NK cells. As expected, NK cells from 2KO and 3KO groups had
decreased expression of NKG2A and TGFBR2 compared to mock cells (Figure 85E). On day 14,
average infiltration of human NK cells was significantly higher in mice treated with 3KO CAR NK
cells (0.15 + 0.04% NK cells) compared to animals treated with mock and 2KO CAR NK cells (0.02
+ 0.00% and 0.02 + 0.00% NK cells, respectively), suggesting an increased persistence of 3KO
CAR NK cells. Importantly, on day 30 after NK cell infusion, no CAR NK cells were detected in PB.
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Figure 85. Triple KO CAR NK cells persist for 14 days in NSG-Tg (Hu-IL15) mice bearing U-266 ffLucGFP
MM cells. A. Experimental design of the disseminated MM NSG-Tg (Hu-IL15) mouse model generated
through the intravenous (1.V.) infusion of 5 x 10° U-266 ffLucGFP cells followed by an i.v. infusion of 9 x 108
mock, 2KO, or 3KO CAR NK cells. Mice received intraperitoneal (I.P.) injections of hlL-2 and hTGF-B1 as
indicated. PB was analyzed on days 4, 14, and 30 after CAR NK therapy infusion. Tumor burden was
monitored fortnightly by bioluminescence imaging (BLI). B. Experimental groups included in in vivo
experiment. C. Percentage of human NK cells detected in PB from mice treated with mock, 2KO, and 3KO
CAR NK cells analyzed by flow cytometry at different times after NK cell infusion. D. Representative flow
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cytometry dot plots for NK cell detection in PB samples from one mouse of each treatment group. E.
Percentage of CAR*, CD16*, NKG2A* and TGFBR2* cells within NK cell population in PB samples from mice
treated with mock, 2KO, and 3KO CAR NK cells analyzed by flow cytometry on day 4 after NK cell infusion.
Means + SEM are shown (n=5 for each group). *p<0.05, **p<0.01; ****p<0.0001; ns: no significance.

Tumor burden was monitored fortnightly by BLI until the end of the experiment (day 152 after
U-266 ffLuc-GFP infusion) (Figure 86A). Quantification of the luminescence photon flux signal
was measured until day 56 (Figure 86B). From that point, mice started to succumb due to MM
progression and differences in mice numbers in each group impede statistical analysis. We did
not find any differences between both vehicle groups, confirming that hTGF-B and hiL-2
administration do not interfere with tumor development. In contrast, treatment with any of the
three CAR NK cell effectors delayed tumor progression compared to vehicle group with both 2KO
and 3KO CAR NK cells considerably outperforming mock CAR NK effectors. In line with tumor
development, mice treated with the three effectors showed increased survival compared to
vehicle groups (68 and 70 days, treated or not with hTGF-B and hlL-2, respectively) and both 2KO
and 3KO CAR NK cells had higher efficacy (103 and 132 days, respectively) compared to mock
CAR NK cells (80 days) (Figure 86C). Of note, although no statistical differences were found
between 3KO and 2KO CAR NK effectors regarding survival, it is worth noting that 3KO CAR NK
cells totally eradicated tumor cells in 2 out of 5 mice (#3 and #5) while none of the animals
treated with 2KO CAR NK cells survived. Mice #3 and #5 did not show any clinical signs of disease

or BLI signal at day 152, time in which we decided to discontinue the experiment.
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Figure 86. Double and triple KO CAR NK cells have increased antitumor efficacy in vivo and prolong mice
survival in NSG-Tg (Hu-IL15) mice bearing U-266 ffLucGFP MM cells. A. Imaging of tumor burden
monitored by bioluminescence at the indicated time points from NSG-Tg (Hu-IL15) mice bearing U-266
ffLUCGFP treated with or without hIL-2 and hTGF-B1 and vehicle or mock, 2KO, or 3KO CAR NK cells. B.
Quantification of luminescence for each group described in (A) at different time points. Means + SEM are
shown (n=5). Statistical analysis shows differences with respect to mice treated with hiL-2 and hTGF-f1
and vehicle. C. Kaplan-Meier survival curve of mice described in (A). *p<0.05, **p<0.01; ***p<0.001
**%**¥p<0.0001.
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At necropsy, NK and tumor cells in different tissues were analyzed by flow cytometry. We did not
find any NK cells in PB or spleen in any of the animals. However, although no NK cells were
observed in the BM from mock and 2KO CAR NK groups, we were able to detect a clear
population of human NK cells (CD56* CD138  CD45" GFP’) in one animal treated with 3KO CAR
NK cells (mouse #1) (Figure 87A). Additionally, we also detected some disperse events
corresponding to NK cells gate in the BM from another animal from this group (mouse #3)
although a PCR should be performed to confirm this result. These results suggest that 3KO CAR

NK cells slightly persist more in vivo compared to mock and 2KO CAR NK cells.

Regarding tumor infiltration at necropsy, the presence of MM pPC (CD138* GFP*) was also
analyzed in the BM and PB from all groups. Additionally, as some CAR NK treated animals
developed a high BLI signal in the head, we decided to analyze tumor infiltration in the cranial
dome (CD) of these animals. MM pPC were detected in femur and tibia BM from almost all mice
from vehicle (20.9 £ 3.6% and 24.2 £ 6.0%, treated or not with hTGF-$ and hiL-2, respectively),
mock (15.2 £ 4.4%) and 2KO (11.5 £ 3.7%) groups which was in correlation with BLI imaging and
development of clinical signs of paraplegia (Figure 87B, 87C). However, the three mice treated
with 3KO CAR NK cells that succumbed to the disease were sacrificed not because of paraplegia
but because of weight loss and lethargy. These animals showed tumor BLI signal in head and
tumor cells were detected mainly in the CD. Only a low proportion of tumor cells were detected
in BM (0.1 + 0.0%). Because U-266 cell line mouse model mimics MM disease, we hardly
detected pPCin PB from any experimental group. Noteworthy, non-detectable disease was found
by flow cytometry in mice #3 and #5 in BM, PB nor CD, confirming efficient MM eradication in

these animals.

Overall, although additional in vivo experiments are needed to determine whether there is a
difference in antitumor activity between 2KO and 3KO CAR NK cells, these results demonstrate
that both populations improved cytotoxic potency against MM in comparison with non-edited

cells and the addition of PRDM1 disruption promotes persistence of CAR NK cells.
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Figure 87. Tumor infiltration at necropsy in NSG-Tg (Hu-IL15) mice bearing U-266 ffLucGFP MM cells. A.
Representative flow cytometry dot plots for NK (CD56* CD138°) and tumor (GFP* CD138*) cells in the femur
and tibia bone marrow (BM) from NSG-Tg (Hu-IL15) mice bearing U-266 ffLucGFP MM cells and treated
with vehicle, mock, 2KO, or 3KO CAR NK cells. B. Representative flow cytometry dot plots for tumor cell
detection in BM, peripheral blood (PB) and cranium dome (CD) in mice treated with mock, 2KO, and 3KO
CAR NK cells. C. Flow cytometry analysis of GFP* CD138* tumor cells in BM, PB and CD for the indicated
experimental groups. Means + SEM are shown (n=5 except for n=4 in PB from 3KO group and CD from
mock group due to sample loss).
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Despite the impressive advances in therapeutic approaches which have increased overall survival
rates of MM patients during the last decades, MM is still an incurable disease.
Immunotherapeutic strategies such as mAbs or BiAbs have been proposed to directly target MM
cells but their efficacy as monotherapy relies on the activity of patient’s immune system which
is usually repressed in an immunosuppressive TME that surrounds MM, especially at
progression. In this context, adoptive CAR T cell therapy has emerged as a revolutionary
treatment for MM, with two products already available for the treatment of RRMM patients.
However, despite good efficacy results in MM patients, many of them eventually relapse due to
CAR T therapy resistances. This reduced long-term efficacy as well as the treatment-related high-
grade toxicities, arises the need of finding new CAR effectors with a more efficacy and safety
profile than T cells. CAR NK cells have shown preliminary promising results in clinical trials
representing a safer alternative to CAR T therapy. However, the improvable efficacy outcomes
highlight the urgency for combinatorial approaches to improve CAR NK antitumor activity. In this
setting, the main objective of this thesis is the generation of allogeneic CAR NK cell therapies for
RRMM patients with enhanced activity and persistence within the immunosuppressive MM

TME.

On the one hand, NK immune checkpoints and immunosuppressive soluble factors secreted by
MM cells, BMSCs and suppressor immune cells present in the TME, contribute to NK and T cell
dysfunction, thus promoting tumor escape. Specifically, both NKG2A-HLA-E and TGF-B axes
represent two dominant signaling pathways that inhibit NK activity in MM. Different strategies
such as blocking mAbs or small molecule inhibitors have been independently proposed to
directly target these pathways with the aim of boosting NK cell activity. In this thesis, we propose
a combinatorial strategy through simultaneously targeting both axis in CAR NK effectors to obtain

a synergistic improvement of the NK antitumor potential and persistence within the TME.

The use of inhibitors and mAbs seem to potentiate NK cell activity but show only partial and
transient target inhibition due to their short half-lives®**>*2, Furthermore, multiple systemic
administration to obtain long-term responses can lead to severe toxicities in cancer patients. The
emergence of CRISPR/Cas9 technology has been a milestone in biomedicine research, including
immunotherapy, representing a precise tool for stable targeting of one or more signaling
pathways with high efficiency, overcoming some of the drug-related shortcomings. Previous
studies have already demonstrated the higher efficacy of CRISPR/Cas9 genome editing over a-
NKG2A mAbs and TGFBR2 inhibitors to enhance NK cell potency both in vitro and in vivo®¢>416417,
Therefore, in this study we proposed the application of this technology to target NKG2A-HLA-E
and TGF-B pathways in CAR NK effectors.
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On the other hand, in vivo persistence after adoptive transfer has been previously reported to
correlate with clinical responses. NK cell short lifespan and limited proliferative capacity, caused
by intrinsic properties of NK, immune rejection or the host immunosuppressive TME, may be
responsible for the low persistence of CAR NK therapies. As an alternative approach to improve
CAR NK effectors, we have analyzed the in vivo efficacy and persistence of a new CRISPR/Cas9
edited CAR NK product for the treatment of MM. Moreover, due to the encouraging results that
we obtained, we proposed a combinatorial strategy of the two approaches to obtain a next-

generation optimized CAR NK therapy against MM.

1. CRISPR/Cas9 technology allows efficient generation of multi-edited

CAR NK cells from cord blood samples.

One of the principal advantages of CAR NK effectors over CAR T cells is the possibility to be
applied in an allogeneic setting without inducing GvHD, representing a universal and “off-the-
shelf” treatment option that allows to overcome TME- and treatment-derived impaired activity
of endogenous immune effectors and reduces manufacturing costs and times. Although
allogeneic CAR T cells have been successfully generated by the elimination of endogenous TCR,
pilot clinical trials have revealed lower efficacy compared to autologous CAR T cells, probably

due to immunogenicity and gene editing-derived toxicity>*.

NK cells for adoptive therapy can be obtained from multiple sources from healthy donors.
Although the first CAR NK strategies against MM were based on NK-92 cell line due to their easy
genetic manipulation and expansion, the need of irradiation prior to cell infusion diminishes their
persistence and cytotoxic activity in vivo®*. As an alternative, primary NK cells derived from PB
and CB have been used to generate CAR NK effectors against different tumors. Regarding MM,
while some preclinical studies have reported efficacy of CAR NK effectors derived from PB164287
289291 +9 our knowledge, the use of CB-NK cells for CAR immunotherapy against MM has not

been reported yet.

Based on previous studies describing CB-NK cell expansion methods?77,530:531,545,546

, in our
laboratory we have optimized a protocol to efficiently generate CAR NK effectors from fresh CB
samples using aAPC and IL-2/15 stimulation and lentiviral transduction. The use of irradiated
engineered K562 aAPCs to expand NK cells has been demonstrated to be a safe and risk-free
approach?7°47-50 |mportantly, our final CAR NK products show minimal T cell contamination

(<0.3%), which guarantees the low risk of GvHD when used in an allogeneic context.
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NKG2A is highly expressed in CB-NK cells compared to PB-NK cells?>’>. Moreover, some studies
have demonstrated that after ex vivo expansion of these effectors, NKG2A high expression is
maintained or even increased>%%3!, In agreement with this, we observed NKG2A expression in
95.2% of NK cells after expansion (Figure 38). On the other hand, it has been reported decreased
NK cell activity in HD ex vivo expanded CB-NK cells in response to TGF- due to the expression of
TGFBR2%18423 Similarly, we found 63.5% TGFBR2* NK cells in our CAR NK cultures (Figure 38).
Therefore, our a-BCMA CAR CB-NK cells may be susceptible to be inhibited by the high HLA-E
expression in MM cells as well as by TGF-B, a factor that has been reported to be increased in

the serum of MM patients®®%.

To directly target these two major inhibitory pathways, we used CRISPR/Cas9 technology to
abrogate the expression of NKG2A and TGFBR2 in our CAR NK cells. Twelve days after
nucleofection, without any cell sorting procedure in between, we observed efficient protein
reduction and gene editing (Figures 44 and 45). Gene editing analysis was also analyzed earlier,
on day 5 after nucleofection. While flow cytometry data was similar to day 12, we found lower
percentage of indels on day 5 (Figure 43). Because CAR NK cells were rechallenged again with
aAPCs after nucleofection, following the same strategy as other groups?°1:306370458 3 APC |eftover
were still present in the DNA samples analyzed on day 5 post-nucleofection, resulting in non-
edited sequencing reads that reduced the overall percentage of indels. Flow cytometry analysis
was not affected by aAPC presence because NKG2A and TGFBR2 expression was measured within
alive CD56" cells and irradiated cells were excluded during gating strategy. Hence, analysis of
gene editing efficiency, especially at molecular level, was more precise 12 days after

nucleofection.

Other groups have used CRISPR/Cas9 technology to disrupt KLRC1 and TGFBR2 in NK cells.
Reported gene editing efficiencies for KLRC1 in PB-NK cells using electroporation and targeting
exons 1 or 2 range from 36-80% and 75-85% analyzed by flow cytometry and sequencing,
respectively37364365367.552 " Racently, Bexte et al. disrupted KLRCI in CAR PB-NK effectors,
obtaining approximately 90% gene disruption and 55% protein expression reduction3’°. With our
gene editing protocol, we achieved KLRC1 KO efficiencies of 86.9% that correlate at the protein
level (76.8% reduction), comparable with the best reported ones. Although Bexte et al. used the
same sgRNA as the one used in our studies, they reported low editing efficiency in primary T
cells®*¥”. However, our results are consistent with the recent knock-out efficiencies reported by
Kaulfuss et al. in PB-NK cells>>2. Regarding TGFBR2, the only reported CRISPR/Cas9 gene editing

efficiencies in PB-NK cells were from Naeimi et al. who demonstrated 60% mRNA reduction using
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two sgRNAs to target TGFBR2 exon 3%%¢. Of note, our KO efficiency for this target reached the

same levels in CAR CB-NK cells (61.0%) using one new sgRNA.

Notably, the simultaneous disruption of both genes was as efficient as the single knock-outs
(Figure 44), demonstrating the great potential of CRISPR/Cas9 system to target several genes
simultaneously. Regarding viability of cell cultures, we observed a reduction in the percentage
of alive cells in 2KO cultures compared to control counterparts (Figure 42). This viability
reduction could be derived from electroporating double amount of total Cas9-sgRNA RNP
complex, as it was not observed in single KLRC1 KO and TGFBR2 KO cultures. However, cell
viability was recovered one week later (Figure 46). Currently, there are only a few groups who
have demonstrated simultaneous gene knock-outs in NK cells. Urefia-Bailen et al. generated
triple KO CAR NK-92 cells. However, as they were using NK-92 cell line, they knocked-out each
gene in a sequential approach sorting and expanding edited cells between nucleofection steps*.
Regarding primary CAR NK cells, Bi et al. and Huang et al. are the only groups who have applied
multiplex gene editing in PB-NK cells**%%%, although the first ones do not provide data on gene
editing efficiencies or viability. In contrast, the latter demonstrated efficient dual and triple
targeting of TIGIT in combination with CD226 and/or CD96, reaching similar gene editing rates
compared to single KO. However, cell culture viability dramatically decreased from approximately
95% to 50-60% after double and triple nucleofection. Moreover, they do not show data
supporting a further recovery of the cells. In this sense, we have outperformed their results
demonstrating the feasibility of generating multi-edited cells without compromising long-term

viability of the cell cultures.

To introduce CAR transgene into NK cells, we used integrative competent LVs pseudotyped with
VSV-G envelope. Stable NK cell transduction can be particularly arduous due to the intrinsic
antiviral mechanisms in NK cells, thus different strategies have been proposed to favor the
interaction between NK cells and lentivectors such as the use of cationic polymers (polybrene or
protamine sulfate) or crosslinking agents such as retronectin or vectofusin-1**. To favor cell-
vector interaction and enhance lentiviral transduction we used retronectin as well as
spinoculation in our transduction protocol. Twelve days after transduction, we obtained a mean
of 25% CAR* NK cells in both mock and 2KO CAR NK effectors with prominent variability among
donors (Figure 46). CAR expression correlated with integrated vector copies (Figure 47).
Theoretically, a VCN value of 0.45 would correspond to a 45% CAR expressing cells in culture.
However, we observed a mean CAR transduction of 25%. As the CAR construct expression is

driven by the well-studied robust EF1a promotor®>3, there is low probability that CAR expression
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is silenced in half of the transduced cells. Therefore, the most likely explanation is that

transduced cells harbor around 2 copies of the vector per cell.

Other groups have reported slightly higher transduction efficiencies for CB-NK cells. For example,
Herrera et al. showed 46.8% CAR transduction efficiency in CB-NK cells 7 days post transduction
using LVs at the same MOI as ours, in combination with polybrene and centrifugation. Donor
variability was also noticeable, ranging from 18.1 to 79.7%. However, when they studied CAR

expression over time, transduction efficiency decreased to approximately 20%>”

, which may
indicate episomal CAR expression at early times after transduction. Unpublished results from our
lab showed different transduction efficiencies in CB-NK cells for different CAR molecules
targeting NKG2D-L, CD44v6 and CD72 ranging from 15 to 60%. Using y-retroviral vectors (y-RVs)
pseudotyped with RD114 envelope, Rezvani’s group has demonstrated efficient and stable CAR
transductions of 60-90% in CB-NK cells. Furthermore, transduction efficiencies can also vary
between donors, ranging from 23 to 90%27398443458 Simjlarly, Chaudhry et al.>** and Tachi et
al.>>® reported mean CAR transductions of 93.5% and 80% using GalV- (Gibbon ape leukemia
virus) and VSG-G- pseudotyped y-RVs, respectively. Contrary to LVs, y-RVs are preferentially
integrated near transcriptional start sites which results in a higher insertional oncogenesis risk
compared to LVs®%®. Therefore, despite the good transduction outcomes using RVs, they may
represent a higher risky option for translation into the clinic. A possible way to enhance NK LV
transduction is to select different pseudotyping envelopes. Although VSV-G is commonly used to
generate LV because of its wide tropism, NK cells express low levels of LDL-R which is the receptor
that recognizes VSV-G>*’. Colamartino et al. showed that pseudotyping LV with Measles virus
(MV) or RD144 envelopes resulted in similar low transduction efficiencies in PB-NK cells®®
although no reported results have been published in CB-NK cells yet. On the contrary, the use of
envelopes derived from Baboon (BaEV) retrovirus, which recognize ASCT-1 and ASCT2 receptors,
highly expressed on NK cells, has been shown to improve both transduction and integration in
PB-NK cells>*®°®1, In our experience, the production of BaEV-LVs with our a-BCMA CAR construct
resulted in 100-fold lower titers and did not improve transduction efficiency in NK cells compared
to VSV-G LV vectors. Recently, some groups have reported better vector titers up to 1x108 Ul/mL
by optimizing BaEV-LV production protocol®®>°%3, Nonetheless, these titers are still lower
compared to VSV-G LVs, thereby making it difficult to generate large-scale GMP CAR NK products
for clinical use. Moreover, Spanish regulatory agencies have not approved yet the use of this
envelope for the generation of immune effectors in the clinical context. Another possibility could

be the use of inhibitors to block intrinsic signaling pathways involved in antiviral mechanisms

that may hamper NK cell transduction, such as BX-795%73,
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The design of CRISPR/Cas9 knock-in strategies has emerged as an alternative approach to
lentiviral or y-retroviral vectors, allowing both CAR integration and gene knock-out in one single
editing step. However, these strategies require the delivery of DNA donor templates that can be
particularly challenging in the case of primary PB- and CB-NK cells, due to the high resistance of
these cells to dsDNA molecules®**%%. For example, Huang et al. reported really low knock-in
efficiencies by introducing a HA tag or a GFP transgene in different loci by electroporation using
dsDNA templates. Moreover, both single- and double-strand DNA templates were toxic to NK
cells. FACS sorting after gene editing impaired NK cell proliferation®®’, contrary to what they had
previously observed for NK-92 cell line?®. Nguyen et al. tried to improve Kl efficiencies in primary
cells by the design of polymer-stabilized Cas9 nanoparticles and modified DNA repair templates,
reaching maximum levels of 15% efficiency®®*. Better Kl outcomes (74.7%) were reported by
Pomeroy et al. who combined CRISPR/Cas9 electroporation with AAVs to introduce a non-
cleavable CD16 molecule in the AAVS1 safe harbor locus in PB-NK cells*®. Using the same
strategy, Naeimi et al. reached 60% CAR knock-in efficiencies in PB-NK cells*®. Clara et al.
advanced the approach by designing a two-in-one KO/KI strategy using CRISPR/Cas9 and AAVs
to disrupt CD38 expression by the introduction of the non-cleavable CD16 version, achieving
approximately a 50% efficiency*®. It has been described that gene editing using AAVs is often
toxic for HSPCs and may impair cell differentiation and engraftment due to prolonged persistence
of AAV genomes and their fragments in the cell®®>°%®,  Although the combination of AAV with
electroporation methods seems to be a promising approach in NK cells, none of these studies

have shown data regarding cell viability, which should be assessed in detail.

Our study also showed that the disruption of KLRC1 and TGFBR2 did not affect CAR expression
or reduced the percentage of cytotoxic cells in culture (Figure 46), consistent with other studies

disrupting genes with CRISPR/Cas9 in CAR NK effectors306:328:370,458

2. Double KLRC1 and TGFBR2 KO CAR NK cells showed improved cytotoxic

capacity against MM and are resistant to TGF-B mediated inhibition.

Once we confirmed the efficiency of gene disruption, we analyzed the cytotoxic potential of 2KO
CAR NK cells against MM cell lines. Here we show, for the first time, that KLRC1 disruption in CAR
CB-NK enhanced antitumor potential against MM cell lines with different levels of HLA-E and
BCMA surface expression. After combined gene editing and without the selection of edited cells,
we reached almost a 20% increase in cytotoxicity against U-266 and MM. 1S cells at 1:1 and 2:1

E:T ratio, respectively, and around 30% increase against RPMI-8226 and XG-1 cells at a 1:1 and
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2:1 ratio. This enhanced killing capacity was mainly due to KLRC1 ablation, as we did not observe
any difference between 2KO and single KLRC1 KO effectors (Figure 50). In line with this, we found
higher granzyme B expression in 2KO CAR NK cells upon U-266 stimulation (Figure 81). The most
similar approaches in a MM context, used PB-NK cells without CAR targeting. In these studies,

Bexte et al.>¥

reported a 20% increase in cytotoxicity against MM.1S and U-266 cells at a 1:1
ratio after cell sorting KLRC1 KO NK effectors and Gong et al.>** a 25% and 15% increase against
RPMI-8226 and U-266, respectively, at 2:1 E:T ratio. Other studies have reported improvements
in cytotoxicity ranging from 20 to 40% against other hematologic and solid tumor cell lines after
eliminating NKG2A expression in PB-NK cells. In a CAR context, although not against MM, Bexte
et al.”’ observed a 20% cytotoxicity heightening after purifying KLRC1 KO NK cells. Other
strategies such as the use of blocking mAbs have demonstrated to enhance PB-NK cell
cytotoxicity against MM in a 15-20%3% but, as we described before, could have some
disadvantages. Moreover, Kamiya et al.>*’ showed that eliminating NKG2A cell surface expression
with PEBLs was able to augment NK cytotoxic potential in 40%. Our results, similarly to those of
previous studies in PB-NK cells, demonstrate that NKG2A elimination in primary NK cells
improves their antitumor capacity. In contrast, the finding of Mohammadian et al.3*® and
Mahaweni et al.>®? suggest that targeting NKG2A through CRISPR/Cas9 editing or blocking mAbs
do not confer a beneficial effect on cytotoxicity of PB-NK cells. We suspect that a potential low
activation state of CAR NK effectors in these studies could be the reason of the lack of efficacy.
Other studies in NK-92 cell line reported that KLRC1 knock-out does not increase CAR NK-92
antitumor activity®®®. However, NK-92 biology differs from primary NK cells, and it can be possible
that NKG2A-HLA-E signaling does not represent a dominant inhibitory signal, especially in the
presence of an activating CAR molecule3®®, Furthermore, preliminary results from Kanaya et al.
in CAR iNK cells also demonstrated that complete elimination of NKG2A through gene editing
was counterproductive as it impaired NK cell licensing and, consequently, hindered NK cell
maturation®®. The lack of NK education has not been reported when knocking-out KLRC1 in

mature PB-NK cells and we have not observed it in our CAR CB-NK effectors, either.

NKG2A triggers an inhibitory signal through the activation of SHP1/2 phosphatases that
inactivate downstream targets such as SYK, ERK, VAV1, FYN or STATS5. Gong et al. demonstrated
that KLRC1 KO NK cells showed decreased phosphorylation of SHP1 as well as higher activation
of SYK, ERK, VAV1 and STATS upon tumor stimulation3®®. Our preliminary results suggest a similar
profile in 2KO CAR NK cells with a reduction of SHP1 phosphorylation and slightly higher
activation of SYK and STATS5 (Figure 81) although further complete phosphoproteomic studies,

including more donors, are needed to unveil the complete signaling pattern. With the aim to
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determine whether otherimmunomodulatory NK receptors may be responsible of the increased
killing capacity of 2KO CAR NK cells, we characterized immunophenotypic and transcriptional
changes after gene disruption (Figures 48 and 49). In agreement with other studies3¥¢737°, we
only observed minor changes in the expression of the main NK cell receptors. Among them, we
found an increase in NKG2C* NK cells in both single KLRC1 KO and 2KO CAR NK cells as Mac
Donald et al. reported for KLRC1 KO PB-NK cells**’. Moreover, 2KO CAR NK cells but no single KO
counterparts showed a slight decrease in the percentage of cells expressing NKG2D and TIGIT. At
the transcriptomic level, we did not find great changes, as Bexte et al. have recently observed
for CAR PB-NK cells®®, Therefore, NKG2A elimination, per se, is enough to boost NK cell

antitumor capacity.

On the other hand, TGFBR2 disruption did not directly increase CAR NK potency against MM cells
(Figure 50) or altered NK cell immunophenotype (Figure 48). However, it conferred resistance
against TGF-B-mediated inhibition. TGF-B exerts an inhibitory function in NK cells through the
downmodulation of activating receptors such as CD16, NKG2D, DNAM-1 and NKp30%064%,
Accordingly, after treatment of CAR NK cells with TGF-B for 48 hours, we observed lower
expression of these receptors in non-edited and KLRC1 KO CAR NK cells. However, this effect was
reduced in CAR NK cells in which TGFBR2 had been knocked-out (Figure 51). As a consequence,
2KO CAR NK cells maintained their tumor killing capacity even under the presence of TGF-8
(Figure 50). Although not in a MM setting, other groups have observed similar results after
disrupting TGFBR2 in PB-NK*16417426427 3nd CAR iNK*? cells as well as using other approaches
such as the expression of TGFBR2 DNRs in CB-NK**2423 CAR PB-NK>>* and CAR iNK** cells.
Surprisingly, we also found that treatment of CAR NK cells with TGF-B downregulates the
inhibitory receptor TIGIT, which could be associated to the natural balance of activation and

inhibition signals in NK cells.

Remarkably, CAR NK cytotoxicity against primary cell lines from MM patients was also analyzed
(Figure 82). In these experiments, CAR NK cells were co-cultured with BMMCs containing not
only MM PC but also other immunosuppressive cells as well as CD34" progenitor cells. Plasma
from BM samples, potentially containing soluble factors such as ADO, IDO or TGF-B as well as
platelets, was also added to the culture to sustain PC and test the efficacy of the CAR NK effectors
in a challenging scenario. To enhance TGF-B pressure on CAR NK cells, exogenous TGF-B was also
added. Regardless of this extra TGF-B supplement, we observed approximately 30% increase
(50.9% vs 16.2%) in CAR NK cytotoxicity against primary MM cells after simultaneously disrupting
KLRC1 and TGFBR2, corroborating that 2KO CAR NK cells have higher antitumor potential against

| 347

MM and outperforming the results from Bexte et a who only obtained a 10% increase using
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purified KLRC1 KO PB-NK cells. Although not comparable to our study, KLRC1 knock-out or NKG2A
PEBL expression in PB-NK cells also demonstrated a 20% higher NK antitumor capacity against

primary AML cells350370,

Another key aspect in designing more efficient CAR therapy should also be focused on minimizing
off-target activity in healthy tissues. CAR T on-target off-tumor toxicities have been observed in
the clinic. For example, B cell aplasia has been reported in B-ALL patients treated with a-CD19
CAR T effectors®®’ and a-GPRC5D CAR T therapy has been associated with onychomadesis or
mucosal toxicities®®®. Besides these target-dependent toxicities, another relevant off-target
toxicities that have been associated to CAR T effectors are long and severe cytopenia?®.
However, clinical trials have shown that patients treated with a-CD19 CAR NK cells only had
transient and reversible hematotoxic events (neutropenia and lymphopenia) although this was
mainly associated with the lymphodepleting chemotherapy rather than with CAR NK infusion
(NCT03056339%7:2%8 gnd NCT050206783%). Similarly, a-NKG2D-L CAR NK therapy caused grade 3
or higher cytopenia, probably related to the lymphodepletion treatment (NCT04623944)>%,
Most preclinical studies testing CAR NK cells do not study CAR NK cell toxicity against healthy
cells. Leivas et al. demonstrated low toxicity of a-NKG2D-L CAR NK against healthy PBMCs and a
lung cell line (around 20% specific lysis)'®*. They also reported a considerably toxicity against a
colon cell line. However, the use of cell lines is not representative of a healthy tissue, as NKG2D-
L are usually increased in these cells as a consequence of immortalization. In this study, we
checked the toxic profile of both mock and multi-edited CAR NK cells against healthy PBMCs and
CD34* cells from MM patients present in BM samples. We did not observe specific lysis against
PBMCs and the toxicity against CD34* progenitor cells was very low (around 10%), although it
varied among NK donors and patients (Figure 82). Importantly, despite increasing on-tumor
cytotoxicity, combined elimination of KLRC1 and TGFBR2 in CAR NK cells did not induce
significant hematologic toxicity, demonstrating the safety of this approach as a promising

strategy to avoid severe long-term cytopenia.

The efficacy of 2KO CAR NK effectors was tested in vivo using a U-266 ffLUcGFP disseminated
xenograft immunodeficient NSG-Tg (Hu-IL15) mouse model. We used this strain that
constitutively expresses physiological concentrations of human IL-15 (7.1 + 0.3 pg/ml)** to
sustain CAR NK cells in conditions that can partially ressemble patient microenvironment. We
also potentiated NK support by injecting hlL-2. Additionally, inspired by the MM model designed
by Alabanza et al.**° we administered several intraperitoneal doses of TGF- to test the efficacy
of our CAR NK effectors in an suppressive in vivo environment. Using an 18:1 NK:tumor dose, we

demonstrated that non edited a-BCMA CAR NK effectors reduced tumor burden and increased
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mean survival from 68-70 days to 80 days. Importantly, 2KO CAR NK cells showed better tumor
control and augmented mice survival up to 103 days (Figure 86). Other groups have
demonstrated higher in vivo efficacy of KLRC1 KO3%” NK cells and TGFBR2 KO NK cells*16417,
separately, compared to non-edited cells, using a 100:1%*7437 and 4:1%*® NK:tumor dose. However,
these studies focused on other hematological malignancies and solid tumors and used serial NK
cell infusions. In MM, Gong et al. also studied the in vivo efficacy of KLRC1 disruption in a U-266-
bearing NSG mouse model, although they administered tumor cells subcutaneously, generating
isolated tumors rather than a disseminated MM disease, therefore not being comparable with
our model®*®. Hence, our results demonstrate for the first time that combined gene editing of

KLRC1 and TGFBR2 enhances CAR NK efficacy against MM in vivo.

Taking altogether, we confirmed the efficacy improvement of directly targeting these two
inhibitory pathways in CAR CB-NK effectors without increasing the toxicity against healthy
hematological populations. However, as a result of the double gene elimination, we observed
diminished in vitro expansion capacity, as will be discussed later, which represents the main

limitation of this approach when thinking about its clinical application.

3. Disruption of PRDM1 represents a promising approach to enhance

expansion and persistence of CAR NK cells.

Another objective of this thesis was to explore PRDM1 knock-out as a possible strategy to
increase  CAR NK persistence, addressing other of the main limitations of CAR NK
immunotherapy. Moreover, the limited in vitro expansion capacity after disrupting KLRC1 and
TGFBR2 in the effector cells, supported the consecution of this objective. To this end, we deeply
characterized PRDM1 KO a-BCMA CAR CB-NK cells by flow cytometry and RNA-seq analysis and
investigated the functional consequences of disrupting this gene in terms of proliferation and NK
cytotoxicity. The selection of this target was based on previous studies in which PRDM1 gene
disruption or silencing in primary NK cells resulted in an increased in vitro proliferation and

reduced apoptotic state of the cells*®9472,

Moreover, two independent studies have
demonstrated that PRDM1 knock-out in CAR T cells conferred prolonged persistence of these
effectors, and therefore augmented efficacy, and reduced T cell exhaustion*’#4”>, Remarkably,
despite the important role of BLIMP1 in cell cycle control, no oncogenic transformation or
uncontrolled lymphoproliferation has been described after disrupting PRDM1 in CAR T effectors.
Regarding adoptive CAR NK cell therapy, to our knowledge, this is the first study that proposes a

combinatorial approach targeting PRDM1.
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To eliminate expression of BLIMP1, we designed two different sgRNAs targeting exons 4 and 5 of
PRDM1 gene thus disrupting expression of both a and B BLIMP1 isoforms. We tested both
sgRNAs independently obtaining, in most cases, similar functional results. Gene editing
efficiencies were high, both analyzed by Sanger sequencing (around 80-90% indels depending
on the sgRNA) as well as by western blot (70-80% protein reduction). Similarly to knock down
experiments of Kiiciik et al.#*® in primary PB-NK cells we found a positive selection of PRDM1 KO
CAR NK cells in culture and, as a result, the percentage of indels increased up to almost 100%
without the need of cell sorting purification of edited cells (Figure 54), representing a great
advantage for clinical applications. Interestingly, despite the low BLIMP1 protein levels, we
detected PRDM1 mRNA overexpression in PRDM1 KO CAR NK cells compared to non-edited cells.
This observation was also reported by Dong et al., who attributed this effect to the loss of

negative autoregulation of PRDM1%72,

Confirming our hypothesis, PRDM1 KO CAR NK cells showed 16.2-fold (with sgRNA-1) and 10-
fold (with sgRNA-2) increase in proliferation compared to non-edited cells one month after
nucleofection which was accompanied by a higher percentage of cycling NK cells in culture
(Figure 55). Interestingly, we additionally observed preferential selection of CAR expressing cells
in culture (Figure 59). This is the first time that PRDM1 expression is abrogated in CAR CB-NK
effectors. Hence, there is no available data to directly compare gene editing efficiencies and in
vitro proliferation. While Dong et al. used PB-NK cells for their experiments, they isolated PRDM 1
KO clones and studied cell proliferation in response to feeder stimulation but at a different time
point for each clone. Other groups have reported 2-fold increased expansion of NK cells after

one week culture as a result of using other strategies such as IL-15 armored CARs*#®

or
CRISPR/Cas9 editing of CISH*! although no long-term in vitro monitorization was performed. In
accordance with the higher proliferation capacity after PRDM1 disruption, transcriptomic
analysis revealed upregulation of several genes implicated in proliferation, survival and growth
(Table 16). Among them, expression of MYB, BCAT1 and FGFR1 was upregulated in PRDM1 KO
CAR NK effectors coinciding with transcriptomic analysis of Dong et al*’2. These authors also
remark on an upregulation of MYC and MYC signature in PRDM1 KO clones, although we have
not found statistically significant changes in the expression of this well-known protooncogene,
which is very relevant to reduce risks of oncogenesis transformation. The differences in RNA-seq
analysis outcomes are expected between studies, mainly due to the experimental setting,
impeding detailed comparations. For example, these authors, as has been previously described,

isolated PRDM1 KO clones. On the contrary, in this study, although we enriched specific cell

populations by cell sorting before RNA-seq analysis, our results are still representative of a
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heterogeneous cell group, thus showing a more realistic overview of the final CAR NK cell

product which will be administered as a pool to the cancer patients.

Importantly, PRDM1 has been described as a tumor suppressor gene usually inactivated in NK
cell lymphoma*®®4’1, The reconstitution of PRDM1 expression in PRDM1 null cell lines induces
cell-cycle arrest, demonstrating that this gene is an important inhibitor of malignant
transformation®®947%, |n this setting, safety concerns may arise regarding disrupting PRDM1 in NK
cells that will be later infused into patients due to the risk of oncogenesis. Of note, it is worth
noting that we observed a reduction in both Ki67 expression and percentage of cells in S-G2-M
phase in PRDM1 KO CAR NK cells as time progressed which suggests that the enhanced
proliferative capacity is limited in time. The same observation was reported by Dong et al. for
PRDM1 KO NK clones?’2. Besides, to our knowledge, there are no studies that demonstrate that
PRDM1 is a tumor-driver gene in NK cell malignancies. Moreover, 3KO CAR NK cells, in which
PRDM1 was knocked-out, did not show uncontrolled proliferation in vivo as will be later
described. Therefore, although more detailed studies should be performed to totally discard any
risk of oncogenic transformation, for the moment, PRDM1 knock-out using CRISPR/Cas9 seems
to be a safe approach to enhance CAR NK proliferation and can be considered as monotherapy

or in combinatorial regimen for treatment with CAR NK effectors.

Apart from restricting cell cycle progression, some studies have reported that PRDM1 induces
apoptosis in primary NK and NK cell lines*®®*’2, We therefore analyzed the percentage of
apoptotic cells in our edited CAR NK cultures at different expansion times. Viability of both non-
edited and PRDM1 KO cell cultures was maintained at 80% over time and, accordingly, the
percentage of apoptotic cells was low (Figure 57). Hence, in our experimental setting, there is
no apoptosis induction in CAR NK cells and, consequently, PRDM1 knock-out does not confer any

beneficial effect in this context.

BLIMP1 transcription factor is a master regulator of development and differentiation of different
immune cells, regulating expression networks differently in a cell type-specific manner. Besides

regulating cell cycle, BLIMP1 modulates maturation and differentiation of NK cells#6648,

For example, BLIMP1 has been reported as a master regulator of T cell terminal differentiation
being upregulated in KLRG1* senescent CD8* T cells>*#°3, In our experience, unmodified CAR NK
cells expanded with our stablished protocol exhibited a proliferative profile during the first four
weeks of cultivation. From that point, the expansion fold started to decrease over time until NK
cells acquired a replicative senescence-like state (unpublished results) in a similar way as it was

previously reported for in vitro expanded NK cells*°. In this context, in this study we have
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analyzed a possible regulating role of BLIMP1 in NK replicative senescence, which would
contribute to the enhanced expansion observed in PRDM1 KO CAR effectors. As expected, while
time progressed, we observed an augment in the percentage of cells showing SA-B-gal activity
in non-edited CAR NK cultures. However, we found a transitory reduction in the proportion of
senescent cells in PRDM1 KO cell cultures (Figure 58). Moreover, although KLRG1 expression
changes were not statistically significant by flow cytometry analysis, we observed a slight
downregulation of this exhaustion/senescent marker in PRDM1 KO NK cells which was confirmed
at the transcriptomic level (Table 16). These results suggest that PRDM1 may contribute to
senescence regulation in NK cells. Further telomere length and senescence-associated secretory

profile (SASP) analyses would be required to completely confirm this hypothesis.

Another direct target gene repressed by BLIMP1 is CD25, also known as IL2RA, which codifies for
the IL-2 receptor unit a (IL-2Ra). Indeed, BLIMP1 expression is upregulated in NK cells upon IL-2
stimulation, thus acting as a modulator and controller of IL-2 signaling. Specifically, it has been
described that reconstitution of PRDM1 in null NK cell lines strongly decreases CD25 mRNA levels
and reduces sensitivity of NK cells to IL-2 stimulation*’3. Accordingly, we observed a higher
expression of CD25 in PRDM1 KO CAR NK cells by flow cytometry (Figure 61) suggesting
increased sensitivity to cytokine stimulation and supporting an additional explanation of the

enhanced in vitro proliferation of these edited effectors.

On the other hand, BLIMP1 plays a key role in negatively regulating IFN-y and TNF-a secretion in
NK cells, as it directly binds to INFG and TNF regulatory sequences*®®. However, when we
analyzed CAR NK secretory profile in response to MM tumor cell stimulation, we did not observe
increased secretion of these immunomodulatory cytokines after PRDM1 disruption (Figure 64).
Moreover, INFG and TNF gene expression was not upregulated at the transcriptomic level (Table
16). Nevertheless, other genes related to these pathways such as TNFRSF8, TNFRSF11A and IRF4
were overexpressed in PRDM1 KO CAR NK cells in line with the observations of other groups in
PB-NK cells*’?. Besides, we found changes in mRNA expression of cytokines such as LIF, CABLES1,

IL-13 and CSF-1, although were not confirmed at the protein level.

A recent study in a-BCMA CAR T cells showed that PRDM1 disruption slightly diminished efficacy
of CAR T effectors against MM cell lines and modulated cytokine production of some cytokines
and cytolytic proteins®®. On the contrary, knock down experiments in PB-NK from Smith et al.
suggested that BLIMP1 was not associated with perforin-mediated NK cytotoxicity*®. In this
study, we detected notorious expression changes regarding activating receptors in NK cells
(Figures 60 and 61, Table 16). For example, there was a slight downregulation of CD16 expression

after PRDM1 elimination. Moreover, expression of activating receptors such as NKp30 and NKp44
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was downregulated while DNAM-1 expression, on the contrary, was enhanced in PRDM1 KO CAR
NK cells. Additionally, expression of inhibitory receptors such as NKG2A was also decreased. A
similar tendency was observed for TIGIT and, as mentioned before, for KLRG1. Some of these
changes were confirmed at the transcriptomic level. Additionally, we found differential gene
expression of other activating receptors not included in the flow cytometry panel. For example,
LILRA2 or KLRF2 were downmodulated while CD86 and TLR4 had increased expression. However,
despite all these immunophenotypic changes and the increased proportion of CAR* NK cells,
PRDM1 KO CAR NK cultures maintained the same killing and degranulation capacity against MM
cell lines (Figures 63 and 64) confirming that PRDM1 ablation can increase CAR NK proliferation
in vitro without compromising their killing capacity or affecting their cytokine secretion, thus
representing a promising tool to facilitate clinical dose achievement as well as to increase CAR

NK persistence.

4. Limited proliferation of double KO CAR NK cells can be overcome by

additional PRDM1 disruption

Although we demonstrated higher antitumor efficacy of CAR NK cells after simultaneous
disruption of KLRC1 and TGFBR2, we observed a limited expansion capacity of these cells in vitro,
compared to non-edited counterparts (Figure 53). Electroporation, per se, was not the
responsible of a diminished proliferation as there were no differences between mock and non-
nucleofected controls in terms of expansion. However, this is not the case of RNP delivery, that
clearly impacts on edited CAR NK expansion. We observed lower proliferation in single KO CAR
NK cells, especially in KLRC1 KO cultures, but the effect was more noticeable after targeting both
genes at the same time. As previously described, although 2KO CAR NK cells showed reduced
viability after nucleofection, it was later restored, suggesting that this is not the cause of the

reduced expansion of the cells.

With the aim to elucidate the mechanisms responsible for this effect, we analyzed the apoptosis
and senescence state of the CAR NK effectors on day 19 after nucleofection, time in which growth
differences between edited and control cells were prominent. Regarding other studies in PB-NK
cells, Gong et al. reported similar expansion of mock and KLRC1 KO NK cells*%, but proliferation
was only monitored until 6 days after nucleofection. On the contrary, two other groups have
observed reduced expansion capacity in KLRC1 KO CAR NK cells since nucleofection upto3to 6

367,370

weeks later suggesting that KLRC1 deletion, in some way, may impair NK cell expansion.

Accordingly, a recent study from Kaulfuss et al. demonstrates that NKG2A checkpoint plays a

214



DISCUSSION

direct role in maintaining expansion capacity of human NK cells by dampening both proliferative
activity and excessive activation-induced cell death®>2. However, contrary to these authors, when
we analyzed apoptosis in our CAR NK cell cultures, we did not observe an increase in apoptotic
cells in KLRC1 KO or 2KO effectors (Figure 53). On the other hand, as far as we know, there are
no studies analyzing the proliferation capacity of TGFBR2 KO NK cells or multi-edited effectors
which could explain the lower proliferation in 2KO CAR NK effectors compared to single KO
counterparts. Unfortunately, we did not observe any increase in the number of senescent cells
in edited cultures or found any relevant gene differentially expressed between mock and 2KO
CAR NK cells that could explain the limited expansion capacity. Importantly, although no
differences were observed at the transcriptomic level, a preliminary WB analysis, which should
be confirmed in more donors and with other techniques, reveals higher accumulation of p-H2AX
and p53in both single and 2KO CAR NK cells compared to non-edited cells suggesting that these
cells accumulate high DNA damage. Moreover, p16 expression was increased in 2KO CAR NK cells
(Figure 70). The higher p53 and p16 expression induced by gene disruption could be associated
with cell cycle arrest of multi-edited CAR NK cells explaining the limited expansion capacity.
Furthermore, time point of analysis may result crucial in these experiments. Although we chose
day 19 post-nucleofection as the time to perform the analyses because of the growth differences,
the mechanisms hampering expansion may be induced earlier explaining why we did not
observe any differences in apoptosis, senescence or even at the transcriptomic level. For
example, experiments from Kaulfuss et al. were performed 6 days after nucleofection®>2. Hence,

once the results have been seen, earlier analysis could be more informative.

Although we observed higher in vivo efficacy of 2KO CAR NK cells compared to non-edited cells,
the limited expansion capacity may reduce cell persistence and consequently, would limit long-
term efficacy. Moreover, a lessened in vitro expansion capacity could become a barrier to
achieving sufficient clinical doses of NK effectors. Due to the impressive proliferation
improvement after knocking-out PRDM1 in our CAR NK effectors, we proposed to include this
target gene in our multiplex CRISPR/Cas9 system to increase the expansion capacity of 2KO CAR
NK cells.

A first approach was tested by electroporating the three RNP targeting each gene in the same
nucleofection step (one-shot). In terms of efficacy, we achieved good editing rates similarly to
the ones obtained for single KO and 2KO cells (Figure 65). Nevertheless, similarly to Huang et
al.*’, we observed a decreased viability in 3KO CAR NK cultures. Regarding in vitro cell
expansion, although we did not directly compare 2KO and one-shot 3KO conditions, we observed

the similar fold expansion in 3KO cells compared to non-edited controls suggesting a moderate
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improvement compared to 2KO effectors. However, one-shot 3KO CAR NK cells did not expand
as strongly as single PRDM1 KO cells (Figure 66). Suspecting that simultaneous triple DSBs and
high amounts of total sgRNA-Cas9 RNP may be counterproductive, we designed an alternative
strategy using two sequential nucleofection steps, conferring NK cells the PRDM1 KO-mediated
proliferative advantage before targeting the other genes and dividing RNP dose in two steps.
Using this approach, gene editing efficiencies were also maintained with respect to single KO and
2KO (Figures 67 and 68). Cell viability was reduced, as expected following two electroporation
procedures, but, importantly, it did not affect in vitro expansion of CAR NK effectors, which was
significantly higher compared to the one-shot 3KO counterparts (Figure 69). The higher DNA
damage accumulation in one-shot 3KO cells compared to sequential 3KO cells, observed in a

preliminary WB analysis, may explain these growth differences (Figure 70).

We observed that the viability of sequential 3KO CAR NK cell cultures was lower and the
percentage of apoptotic cells was increased compared to non-edited cells and PRDM1 KO
parental cultures, on day 19 after the first electroporation (which corresponds to 11 days after
the second nucleofection round). This could be expected after two electroporation shots.
However, as time progressed, viability was restored (Figure 72). Indeed, 3KO CAR NK cells
showed similar in vitro expansion and proliferative potential as single PRDM1 KO CAR NK cells
(Figure 71). After 30 days of expansion after genetic modifications, the mean fold expansion of
the 3KO CAR NK cells was 400, being compatible with the achievement of the needed clinical
doses (1 x 10°- 1 x 107 cells/kg?’).

Similar to what we had observed in PRDM1 KO CAR NK cells, elimination of PRDM1 reduced the
percentage of senescent cells in 3KO CAR NK cell culture, contributing to the cumulative cell
expansion (Figure 74). Importantly, as we described before, the growth advantage derived from
PRDM1 ablation was limited, as proliferative potential of 3KO CAR NK cells decreased over time.
Besides, we observed that there was no clonal selection of specific edited populations as the
percentage of NKG2A  TGFBR2 NK cells and the percentage of indels in the three target genes

were maintained (Figure 75).

Overall, the combination of PRDM1 ablation with sequential nucleofection steps, has emerged
as a novel strategy to generate high numbers of multi-edited CAR NK cells without impairing

their proliferative potential.
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5. Multiplexed CRISPR/Cas9 technology represents a safe approach to

genetically modify CAR NK cells

While the new generation of Cas9 nucleases, such as HiFi variants, have demonstrated highly
precise gene editing capacity with reduced off target activity®®, sgRNA design is an important
factor to take into account to avoid undesired gene editing events. In this thesis, besides
predicted efficiency scores, the possible off-target recognition of specific loci constituted an
important characteristic to choose the best sgRNAs. Hence, sgRNAs with either high probability
of off-target recognition or possibly targeting off-target exonic regions were discarded during the
selection of optimal sgRNAs. However, none of the designed sgRNAs was exempt from a minimal
possible mismatched recognition. Therefore, to guarantee the safety of our CAR NK effectors and
confirm the high editing precision of the selected sgRNAs, we decided to analyze the presence
of indels in all the predicted off-target loci which could be recognized by our sgRNAs with up to
3 mismatches. To ensure the detection of the potential off-target activity, NGS was performed to
analyze the top in silico predicted loci, as previously performed in other studies3?33%’, Qur
preliminary results in one donor indicated practically null sgRNA off-target activity (Figure 83). A
small proportion of NGS reads with different sequences were found in 3 out of 12 TGFBR2 sgRNA
off-targets sites in both 2KO and 3KO CAR NK samples and in 1 out of 3 PRDM1 sgRNA off-target
sites in 3KO CAR NK cells. However, these altered reads were also present in mock samples in
the same proportion, suggesting that they could be donor-dependent variants or, most probably
due to their low proportion, sequencing artefacts. We only found a minimal off-target activity in
KLRC1 off-target site 3 in 3KO CAR NK cells. However, it is likely to be a sequencing artefact rather
than being derived from KLRC1 sgRNA as it was not detected in the 2KO CAR NK sample.
Additionally, this off-target site is located in an intergenic region. Therefore, we conclude that
the selection of sgRNAs was optimal, not only in terms of on-target efficacy, but also ensuring

lack of off-target activity.

On the other hand, it has been reported that inducing multiple DSBs at the same time can lead
to chromosomal translocations within the on-target sites in both triple edited NK-92 and PB-NK
cells*5497 35 well as in CAR T cells®’>*72, These groups designed strategies to specifically detect
translocations generated by on-target Cas9 activity. However, in this study, we opted for a whole
genome screening system to further confirm the lack of off-target DSB-induced translocations.

497 we did not observe any detectable

Contrary to the reports from Huang et al. in PB-NK cells
translocations in 2KO or 3KO CAR NK cells derived from 3 independent donors 19 days after gene

editing (Figure 84). The limit of detection of optical genome mapping (OGM) techniques range
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between 1-5% for this type of chromosomal structural variations. Huang et al. used PCR to detect
predicted translocations resulting in higher sensitivity but lacking frequency quantification.
Moreover, these authors did not specify the time in which they detected translocations with
respect to nucleofection. The studies performed in multi-edited CAR T cells used quantitative
techniques and detected translocations frequencies ranging from 0.01 to 6% in early times after
nucleofection (3 or 5 days)>’**’2. Importantly, a long-term analysis showed that the frequency
decreased over time both in culture and in vivo and reached the limit of detection in most cases,
suggesting that these structural variations did not confer a positive selection advantage to T

cells®’*

. Although we cannot discard the generation of DSB-induced translocations just after gene
editing, our results guarantee that our 2KO or 3KO CAR NK effectors do not harbor oncogenic-

risk translocations at the time as they would be infused into patients.

In relation to the appearance of translocations, other CRISPR/Cas9-related genotoxicities such
entire chromosome loss have been reported in edited T cells, especially when there is poor
expression of TP53°%. Cas9-produced DSBs induce the activation of the p53 pathway as a control
barrier which needs to be overcome by the edited cell to avoid cell cycle arrest or senescence or
apoptosis induction®”3. It has been described for cell lines and HSPCs, that CRISPR/Cas9-induced
TP53 upregulation may favor the expansion of mutant or inactive TP53 clones in culture®4°7,
Moreover, this would allow the proliferation of more DNA-damage tolerant>’®> or, even,
aneuploid clones. A clonal selection of cells with altered TP53 expression as well as containing
aneuploids could enhance the risk of oncogenic transformation of the CAR effectors. On the
contrary, CRISPR/Cas9-derived TP53 inactivation has not been observed in clinical trials using
CRISPR/Cas9-edited HSPCs>’®>”7, Our bulk RNA-seq analysis did not reveal repression of TP53 in
2KO or 3KO CAR NK cells. Additionally, we observed expression of p53 protein by WB analysis in
our multi-edited CAR NK effectors. Further single-cell transcriptomic analysis and even deep

sequencing of this important gene would be necessary to discard the presence of mutant or

inactive TP53 clones.

Furthermore, we could confirm the lack of entire chromosomal loss in multi-edited CAR NK
effectors with our OGM analysis. The whole genome screening allowed us to detect other types
of large structural variations such as insertions, deletions and duplications with a minimal size of
5000 bp as well as CNV gains and loss. Most of the chromosomal alterations were present in
mock counterparts, suggesting that they were not associated with Cas9 activity. Instead, we
hypothesize they are donor-dependent variants or acquired during the ex vivo expansion
process. Only a few alterations emerged in 2KO and 3KO (Table 19) although they seem not to

be a consequence of CRISPR/Cas9 activity as they do not co-localized with on-target or predicted
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off-target sgRNA sites and are different in each donor and condition (2KO and 3KO). Even so, we
analyzed the potential effects that could generate in the final CAR NK product using gene and
disease databases. For example, 2KO CAR NK cells from donor #1 had two duplications located
in chromosome 10 and chromosome X. Duplication in chromosome 10 englobed 7 different
genes (PTPN20, FRMPD2B, AGAP13P, BMC1P1, GLUD1P2, FAM25C and AGAP12P). As far as we
found in bibliography and genomic databases, none of these genes played an important role in
NK cell biology nor are related to oncogenesis. Duplication in chromosome X comprised
SNORA11D and MAGEDA4. High expression of MAGED4 has been reported as a poor prognosis
marker in melanoma, glioma, esophageal and oral squamous cell carcinoma, squamous cell lung
cancer and colorectal cancer®’®°%2, |n vitro studies have demonstrated that this protein promotes
cell proliferation and migration®’8°7%, However, it has been reported that cancer-related MAGED4

>80 Moreover, ClinVar database did not

overexpression is mainly regulated by DNA methylation
contain a duplication with similar to the one we found in this sample. Additionally, as far as we
know, no important role has been described for MAGED4 in NK cells. Therefore, considering that
these cells did not show any striking behavior in vitro, our data suggest that 2KO CAR NK
functionality is not affected by this spontaneous duplication. Within the same donor, 3KO CAR
NK cells had two different duplications. Duplication in chromosome 11 did not affect any gene
sequence. Duplication in chromosome 16 only affected NPIPB8 which codifies for a nuclear-pore
complex protein. However, we neither found any reported evidence that this protein could lead
to an oncogenesis process or alter NK cell biology. Regarding donor #2, we only found an
insertion in chromosome 5 of 3KO CAR NK cells. This insertion co-localized with SDHA and
PDCD6-DT loci. SDHA mutations have been associated with mitochondrial respiratory chain

deficiencies and neurodevelopment processes®® but not with special relevance in NK cell

biology. As for PDCD6-DT, it has been described as a IncRNA with unknown function.

Finally, concerning donor #3, 2KO CAR NK cells showed a duplication in chromosome 20 and an
insertion in chromosome X. Duplication englobed ZNF337, LOC105372582 and FAM182B genes.
ZNF337 has been described as a prognostic biomarker in different cancers. In vitro experiments
suggested that its function is directly associated with proliferation and migration®®*. FAM182B
has been reported to be overexpressed in hepatic tumor samples®® but not direct relation with
oncogenesis process has been yet demonstrated. Although these two genes are cancer-related
genes, specific duplication of this small region was not registered in ClinVar database and special
roles have not been reported in NK cells. As for insertion in chromosome X, its size was under
Bionano’s OGM detection threshold (5000 bp) and it was not located in any gene locus. Within

the same donor 3KO CAR NK cells showed two CNV gains in chromosomes 3 and 17. Although
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ClinVar database contains CNV gains similar in size, no clear phenotype is provided for them.
Within all the genes englobed in CNV gain in chromosome 3, UBXN7, RNF168, CEP19, HNRNPU-
AS1 and IQCG are cancer-related genes according to Network of Cancer Genes and Healthy
Drivers and The Cancer Genome Atlas database. Among these, only overexpression of RNF168
has been closely related to enhanced proliferation, migration and drug resistance in different

6

tumors®®®. Regarding genes englobed in CNV gain in chromosome 17, only PLXDC1 was

associated with cancer. Overexpression of this gene is a biomarker for poor prognosis in gastric

cancer and hepatocellular carcinoma>87-88

and it has been reported that promotes cancer cell
migration®®®. To our knowledge, none of these genes are directly related to NK cell function.
Although some of the affected genes seem to be implicated in tumor development, allelic
frequencies for these CNV were low (0.13 and 0.20) which suggests that they do not confer a
proliferative advantage to the cells. Moreover, these frequencies are near to the CNV detection

limit of OGM (15-20%) so should be confirmed by more directed techniques with higher

sensitivity.

In summary, in this thesis we have demonstrated that multiplex CRISPR/Cas9 using HiFi Cas9
variant and highly precise sgRNAs is a safe approach to genetically modify CAR NK effectors
without inducing detectable off-target activity or chromosomal translocations. Some random
structural variations could appear in the expansion process but are not related to gene editing

and should be individually studied for each NK donor.

6. Highly proliferative triple KO CAR NK cells preserve the antitumor
efficacy of 2KO CAR NK effectors in vitro

As expected, 3KO CAR NK cells harbor other features described for single PRDM1 KO CAR NK cells
besides the higher proliferation capacity, as a consequence of abrogating BLIMP1 expression.
Among them, we observed a higher CAR expression compared to non-edited cells together with
a positive selection of CAR* cells in culture over time (Figure 77). Phenotypic changes such as the
increase of DNAM-1, CD25 and TIGIT expression or the downregulation of NKp30 and NKp44
were also observed in 3KO CAR NK effectors (Figure 78). However, contrary to PRDM1 KO cells,
3KO CAR NK cells showed the same CD16 expression as non-edited cells. Paradigmatically,
although 2KO CAR NK cells showed higher expression of NKG2C by flow cytometry, the
expression of this receptor in 3KO CAR NK cells was lower than in non-edited cells probably due

to internal compensatory mechanisms of NK cells.
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At the transcriptomic level, most of the observed changes in PRDM1 KO CAR NK effectors were
detected in 3KO CAR NK cells, although new hits with special relevance that were not statistically
significant in single KO cells appeared in 3KO CAR NK cells. Based on the fact that KLRC1 and
TGFBR2 knock-out did not induce transcriptomic changes, these differences could arise from the
low number of samples (n=3) with high inter-donor variability. Moreover, when we compared
RNA-seq results from PRDM1 KO and 3KO CAR NK cells, no genes appeared to be differentially
expressed (data not shown). Independently of this, the general transcriptomic profile of 3KO CAR
NK cells in comparison to non-edited cells was similar to the one obtained for PRDM1 KO CAR
NK effectors (Figure 79, Table 17). In general, we observed enrichment in genes associated with
proliferation and cell survival as well as with TNF-a and IFN-y signaling. Interestingly, we found
that the suppressor of cytokine signaling CISH was upregulated in 3KO CAR NK cells. This could
be a compensatory mechanism to the upregulation of CD25 to control NK cell response to
cytokine stimulation. On the other hand, some activating and inhibitory receptors were also
downregulated. Other genes such as CD27, KLRG1 and IKZF3 which are associated with a late
maturation phenotype of NK cells and genes encoding for cytotoxic molecules such as PRF1 and
GZMB were repressed in 3KO CAR NK cells. Together, these results indicate that 3KO CAR NK cells
closely resembled a more immature CD56° " phenotype rather the CD56 9™ terminally
differentiated one and confirm the possible role of BLIMP1 in human NK cell maturation, as has
been recently shown by Liu et al’?. Finally, GSEA analysis showed enrichment of cell adhesion
molecules in 3KO CAR NK cells. Moreover, SELL (encoding for L-selectin) and the chemokine
receptor CCR7 stood out among the most upregulated genes, suggesting that 3KO CAR NK

effectors may show enhanced migration capacity towards secondary lymphoid tissues.

A more immature NK phenotype could be associated with a lower cytotoxic capacity of the cells.
However, the additional disruption of PRDM1 did not interfere with the enhanced cytotoxic
capacity and the TGF-B resistance which had been obtained by KLRC1 and TGFBR2 knock-out.
Our 3KO CAR NK effectors demonstrated to be as cytotoxic as 2KO CAR NK cells both against MM
cell lines and primary patient cells outperforming non-edited cells (Figures 80 and 82). At the
phosphoproteomic level, our preliminary results suggest that 3KO CAR NK cells have reduced
activation of SHP-1 phosphatase as a consequence of KLRC1 knock-out and therefore, SYK/ZAP70
activation was higher (Figure 81). Interestingly, 3KO CAR NK cells showed increased
phosphorylation of STAT5, a signaling transducer of IL-2 pathway, being in accordance with the
enhanced expression of CD25 in 3KO CAR NK cells. Importantly, our cytotoxicity assays against
healthy PBMCs and MM CD34" progenitor cells demonstrated the same low hematotoxicity as
2KO CAR NK cells (Figure 82).
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Altogether these results suggest that the increased activating signals derived from CAR
expression and IL-2 stimulation together with the elimination of the inhibitory NKG2A checkpoint
could counteract the less mature phenotype shown by 3KO CAR NK cells resulting in a final
product with the same in vitro antitumor capacity as 2KO CAR NK effectors but with higher

expansion potential.

7. Triple KO CAR NK cells show higher persistence and efficacy against MM
in vivo
In this study, the in vivo persistence and efficacy of 3KO CAR NK effectors was also evaluated and
compared to non-edited and 2KO CAR NK cells. The enhancement of the cell proliferative
capacity aims not only to achieve clinical doses ex vivo, which has been already demonstrated in
this thesis, but also to increase the in vivo persistence of the CAR NK therapy, thus obtaining
better outcomes. In this sense, we observed that 3KO CAR NK cells persisted longer in PB after
infusion than non-edited and 2KO CAR NK cells (Figure 85). Moreover, at necropsy, we could find
NK cells in the BM of some of the animals treated with 3KO CAR NK cells but not in the mice
treated with 2KO or mock CAR NK cells. Importantly, this higher persistence of 3KO CAR NK did
not result to be oncogenic, at least up for the 150-day follow-up. On the one hand, PB analysis
on day 30 after NK infusion and at necropsy demonstrated that 3KO CAR NK cells had completely
disappeared from circulation, confirming absence of uncontrolled systemic expansion and
suggesting the safety of multiplex edited CAR NK cells. On the other hand, the proportion of NK
cells found in BM at necropsy was low, even when minimal detectable disease is present in the
mouse, or in one free-detectable disease animal, which was maintained alive for 150 days after
therapy infusion. These results, together with the proliferation kinetics observed in vitro, support

the safety of 3KO CAR NK effectors in terms of oncogenesis.

Despite persistence differences, in general, PB NK infiltration was low for all the NK-treated
groups. In vivo experiments from Rezvani’s group showed 50% and 20% infiltration of non-edited
CAR CB-NK on day 7 and 14 after infusion, using similar doses of cells (10 x 10° cells)**%. However,
their CB-NK cells contained an IL-15 armored CAR. Indeed, in a previous study, CAR CB-NK cells

without IL-15 armoring were not detectable on day 21 after the infusion®3

. Moreover, contrary
to those studies, our model represents a more challenging environment generated by multiple
TGF-B infusions which may influence CAR NK in vivo persistence. Importantly, we observed NK
BM infiltration at necropsy in two 3KO NK-treated mice as well as an almost complete tumor

clearance in the BM of all animals from this group. These observations together with the BM-
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migration transcriptomic profile of 3KO CAR NK cells, suggest that these effectors efficiently
infiltrate BM thus explaining the lack of detection in PB. Further studies with different NK donors
should be performed including BM analysis at different time points to confirm the higher BM

infiltration of 3KO CAR NK cells.

Regarding antitumor efficacy, 3KO CAR NK cells showed better tumor control than 2KO CAR NK
cells (Figure 86). Untreated as well as both mock and 2KO CAR NK-treated animals developed
clinical symptoms of a late-stage BM resident MM (high MM infiltration causing paraplegia,
ataxia and bloodstream egression in some cases). On the contrary, a really low proportion of MM
cells were found in the BM of mice treated with 3KO CAR NK cells demonstrating the higher
efficacy of these effectors. However, three mice treated with 3KO CAR NK cells succumbed to the
disease because of tumor scape of PC to the cranial vault. Cranial plasmacytomas have been
described in MM patients and sometimes derive in MM intracranial involvement, a rare MM
complication with poor prognosis that has been associated with unfavorable cytogenetic
abnormalities in malignant PCs and therapy-induced TME changes®®!. The migration of U-266
cells towards the cranium due to an efficient immunosurveillance of 3KO CAR NK cells in BM
seems to resemble that clinical complication observed in MM patients. This aggressive
complication led to premature death of the animals probably justifying the lack of statistical
differences between 2KO and 3KO CAR NK effectors in terms of overall survival. Nevertheless, it
is worth mentioning that, while none of the animals treated with 2KO CAR NK survived, 40% of
mice from the 3KO group did not develop MM and 152 days after tumor injection, no malignant
plasma cells were detected in BM, CD or PB. These results demonstrate the higher in vivo

antitumor efficacy of 3KO CAR NK cells compared to 2KO CAR NK cells.

8. Study limitations

This study has certain limitations. For example, we have demonstrated that both 2KO and 3KO
CAR NK cells show great antitumor efficacy in vitro against primary malignant PC from MM
patients. However, only one MM sample was from a RRMM patient, due to the difficulty to
obtain BM samples from these patients with a minimal volume and PC infiltration to perform the
in vitro assays. As CAR NK therapies would be applied in a RRMM context and malignant PC from
these patients show higher therapy resistance than those from NDMM, it would be necessary to
test the efficacy of our CAR NK effectors against more RRMM patients, to support the clinical

application of this therapy.
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Regarding efficacy, we also tested in vivo activity of multi-edited CAR NK cells in NSG mice that
constitutively express human IL-15. Although we administrated exogenous hiIL-2 to support NK
cell grow as well as hTGF-B to mimic an inhibitory MM environment to test functionality of
TGFBR2 KO, this does not completely resemble MM TME. A humanized mouse model engrafting
not only primary MM cells, but also a complete immune system from the same patient, to study
the efficacy of these combinations in the human context would have reported more accurate
results. However, the difficulty of engrafting primary MM cells as well as a complete TME>?
reflect the lack of PDX-His MM mouse models to properly evaluate treatment efficacy and
adverse effects such as therapy derived off-tumor toxicities, CRS or cytopenia. Regarding our in
vivo studies, we have also found other limitations. U-266 migration to the head in response to
the efficient BM immunosurveillance of 3KO CAR NK effectors, caused premature death of some
of the animals. Therefore, despite two 3KO NK-treated animals were completely cured after 5
months from tumor injection, no statistical significances were found between 2KO and 3KO NK-
treated groups in terms of survival. To obtain more robust evidence of the efficiency of 3KO CAR
NK cells, replicate in vivo experiments should be performed to increase sample number. On the
other hand, as intravenous 3KO CAR NK therapy was not enough to fight aggressive cranial MM
complications in mice, further strategies should be considered in this cases, such as the localized

416,555,593

intracranial injection of CAR NK therapy which could be simultaneously administered to

the intravenous dose.

9. Future perspectives

We propose future experiments to continue with this line of work. For example, despite the
objectives of this thesis are mainly focused on the clinical translation of enhanced a-BCMA CAR
CB-NK effectors, we have slightly investigated the changes in molecular signaling mechanisms
after disrupting KLRC1, TGFBR2 and PRDM1 through CRISPR/Cas9 genome editing. A deepest
phosphoproteome study in more CAR NK samples as well as including other proteins
downstream NKG2A (VAV-1, SHP-2 and FYN), TGFBR2 (SMAD2/3) or cytokine signaling (JAK/STAT,
PI3K/AKT and RAS/MAPK/ERK), or proteins that participate in CAR NK cell synapsis, would
provide a deeper knowledge about the balanced intracellular signals that trigger effector

functions in multi-edited CAR NK cells.

Moreover, we hypothesized that higher CD25 expression after PRDM1 ablation may contribute
to the enhanced in vitro expansion of CAR NK effectors. However, we have not analyzed growth

kinetics in vitro and in vivo in the absence of cytokine stimulation. Daher et al. observed that
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CISH knock-out only conferred growth advantage in an IL-15 stimulation context*®. As PRDM1
plays other functions in directly modulating cell cycle, it is less probable that the growth
advantage totally disappeared in cytokine-restricted conditions. Nevertheless, these
experiments would be interesting to discard that PRDM1 KO-induced proliferation is not

completely cytokine-dependent.

Finally, although we have demonstrated that multiplex CRISPR/Cas9 is an efficient and safe tool
to disrupt the expression of genes and potentiate the efficacy of CAR NK immunotherapies, new
generation CRISPR approaches are currently breaking through such as base editing and prime
editing. These technologies allow DSB-free and precise genetic modification. Prime editing
efficiency needs to be yet improved before being applicated in a multiplexed context. However,
in continuation with this line of work, the use of base editors to disrupt expression of KLRC1,
TGFBR2 and PRDM1 could be an interesting approach to minimize DSB generation in edited CAR-
NK cells, and consequently, the induction of DDR pathways which, in turn, may favor NK cell

expansion.

In summary, we propose two CRISPR/Cas9 approaches to enhance CAR CB-NK therapies for the
treatment of RRMM. First preclinical data combining KLRC1 and TGFBR2 disruption in a-BCMA
CAR NK cells demonstrate an enhanced efficacy against MM cells and resistance to MM TME-
immunosuppression although impair NK proliferative potential. Furthermore, we have knocked-
out PRDM1, for the first time, in a-BCMA CAR NK effectors, demonstrating improved in vitro
expansion capacity. Finally, we combined these two independent strategies to obtain a first-in-
class triple KO a-BCMA CAR CB-derived NK product with improve in vivo persistence and efficacy
against MM (Figure 88).
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Figure 88. Multiplexed gene disruption using CRISPR/Cas9 genome editing enhances CAR NK
immunotherapy. A. CAR signaling, together with native activating receptors, augment NK cell cytotoxicity
against tumor cells. However, inhibitory signals triggered by the immune checkpoint NKG2A as well as by
TGF-B signaling impair efficient NK killing. CRISPR/Cas9-mediated gene disruption of KLRC1 and TGFBR2
improves CAR NK antitumor killing. B. Expression of BLIMP1 in ex vivo expanded CAR NK cells controls cell
proliferation limiting NK expansion capacity. PRDM1 knock-out in CAR NK cells using CRISPR/Cas9 increase
NK proliferative potential in vitro, without compromising CAR NK cytotoxic activity. C. Multiplex
CRISPR/Cas9 genome editing allows the generation of a CAR NK product with enhanced expansion
capacity and higher in vivo persistence and antitumor efficacy against MM. CAR: chimeric antigen
receptor; NKG2A: natural killer group 2 member A; HLA: human leukocyte antigen; TGF-f: transforming
growth factor B; TGF-BRII: TGF-B receptor Il; BCMA: B-cell maturation antigen; 2KO: double knock-out;
BLIMP1: B lymphocyte-induced maturation protein-1; 3KO: triple KO. Created with BioRender.com.
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Las principales conclusiones obtenidas en esta tesis doctoral se enumeran a continuacion:
Objetivo 1

1. La edicién gendmica multiplexada mediante CRISPR/Cas9 de KLRC1 y TGFBR2 en células a-
BCMA CAR NK derivadas de sangre de cordén umbilical es factible y no compromete la
viabilidad celular ni la expresién del CAR.

2. Lainterrupcidon combinada de KLRCI and TGFBR2 en células a-BCMA CAR NK incrementa su
eficacia antitumoral in vitro e in vivo comparado con los efectores sin editar, les confiere

resistencia a la inhibicion mediada por TGF-B pero disminuye su potencial proliferativo.
Objetivo 2

3. Elaumento de la eficacia in vitro de las células a-BCMA CAR NK doble editadas se asocia a
una mayor actividad de la célula NK mediada por un aumento de la sefializacion integrada
de quinasas y por la produccion de granzima B, sin alteraciones relevantes en el

inmunofenotipo y en el transcriptoma.
Objetivo 3

4. La eliminacién de la expresion de PRDM1 potencia la expansién in vitro de las células a-
BCMA CAR NK mediante el aumento de su capacidad proliferativa y el retraso de la
induccién de senescencia, sin comprometer la eficacia de los efectores CAR NK frente a

células de MM.
Objetivo 4

5. La eliminacién de PRDM1 en combinacién con KLRC1 y TGFBR2 en los efectores a-BCMA
CAR NK mejora su capacidad de expansion preservando la potencia citotodxica in vitro frente
a células de MM in vitro de la poblacién doble editada.

6. Las células a-BCMA CAR NK triple editadas no generan hematotoxicidad relevante sobre
células maduras de sangre periférica de donantes sanos ni sobre progenitores CD34* de
pacientes de MM.

7. Laeliminacidn simultanea de KLRC1, TGFBR2 y PRDM1 mediante CRISPR/Cas9 utilizando la
nucleasa Cas9 HiFi y sgRNAs altamente precisas es una estrategia segura que no produce
actividad detectable fuera de la diana en las regiones esperadas ni genera grandes
alteraciones cromosdémicas como translocaciones, inversiones y aneuploidias.

8. Los efectores a-BCMA CAR NK triple editados tienen una mayor persistencia in vivo en

sangre periférica y médula 6sea en comparacién con los efectores doble editados.
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9. El tratamiento con células a-BCMA CAR NK triple editadas demuestra una mayor eficacia

frente a MM in vivo y resulta curativo en 40% de los animales tratados.
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The main conclusions obtained in this doctoral thesis are the following:
Objective 1

1. Multiplex CRISPR/Cas9 genome editing of KLRC1 and TGFBR2 in a-BCMA CAR NK cells from

cord blood samples is feasible and does not compromise cell viability and CAR expression.

2. Combined disruption of KLRC1 and TGFBR2 in a-BCMA CAR NK cells potentiates their
antitumor efficacy both in vitro and in vivo compared to non-edited effectors and provides
them with resistance to TGF-B-mediated inhibition without cell selection, but lessens their

proliferative potential.
Objective 2

3. The enhanced in vitro efficacy of double KO a-BCMA CAR NK cells is associated with a higher
NK function mediated by an increase in kinase integrated signaling and granzyme B

production, without major immunophenotypic and transcriptomic alterations.
Objective 3

4. PRDM1 knock-out potentiates a-BCMA CAR NK cell in vitro expansion by increasing their
proliferative capacity and delaying senescence induction without compromising CAR NK

efficacy against MM cells.
Objective 4

5. Additional disruption of PRDM1 in combination with KLRC1 and TGFBR2 in a-BCMA CAR NK
effectors improves their expansion capacity preserving the in vitro cytotoxic potential

against MM cells compared to double KO population.

6. Triple KO a-BCMA CAR NK effectors do not produce relevant hematotoxicity against either

healthy mature PB cells or CD34" progenitor cells from MM patients.

7. Simultaneous CRISPR/Cas9 disruption of KLRC1, TGFBR2, and PRDM1 using HiFi Cas9
nuclease and highly precise sgRNAs is a safe approach that does not produce detectable off-
target activity in in silico predicted loci or large chromosomal aberrations, including

translocations, inversions or aneuploidies.

8. Triple KO a-BCMA CAR NK effectors show prolonged in vivo persistence in mouse PB and

BM compared to double KO CAR NK cells.

9. Triple KO a-BCMA CAR NK treatment demonstrates superior efficiency against MM in vivo

and manages to completely cure 40% of the treated animals.
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2KO: double knock-out
3KO: triple knock-out
4-1BBL: 4-1BB ligand

A

aAPC: artificial antigen presenting cell
AAV: adeno-associated viral vector
Ab: antibody

ADAM10/17: A disintegrin and
metallopeptidase 10/17

ADC: antibody-drug conjugate

ADCC: antibody-dependent cellular
cytotoxicity

ADO: adenosine

AKT: Ak strain transforming

AML: acute myeloid leukemia
ANOVA: analysis of variance

APC: allophycocyanin

APC/Cy7: allophycocyanin-cyanine7
APRIL: a proliferation-inducing ligand
ASCT: autologous stem cell transplant

ASCT-1/2: alanine/serine/cysteine
transporter 1/2

B
B2M: B-2 microglobulin

BaEV: Baboon endogenous virus

B-ALL: B-cell acute lymphocytic leukemia
BCL-2: B-cell lymphoma 2

BCMA: B-cell maturation antigen

BCR: B-cell receptor

BiAb: bispecific antibodies

BiTE: bispecific T-cell engager

BLI: bioluminescent imaging

BLIMP1: B-lymphocyte-induced maturation
protein 1

BM: bone marrow
BMMC: bone marrow mononuclear cell

bp: base pair

ABBREVIATIONS

BRCA1/2: breast cancer gene 1/2
Bregs: regulatory B cells

BSA: bovine serum albumin

BTZ: bortezomib

C

Calcein-AM: calcein-acetoxymethylester
CAR: chimeric antigen receptor

Cas9: CRISPR-associated protein 9

CB: cord blood

CB-NK: cord blood-derived natural killer
cell

CCL: CC chemokine ligand

CCR: CC chemokine receptor
CD: cranial dome

CD44v6: CD44 variant domain 6
CDK: cyclin-dependent kinase

CIITA: class Il major histocompatibility
complex transactivator

Cilta-cel: ciltacabtagene autoleucel

CIML NK: cytokine-induced memory-like
natural killer cells

CIS: cytokine-inducible SH2-contianing
protein; encoded by CISH gene

CLL: chronic lymphocytic leukemia
CNV: copy number variation
CR: complete response

CRAB: hypercalcemia, renal failure, anemia
and bone lesions

CRISPR: clustered regularly interspaced
short palindromic repeats

crRNA: CRIPSR RNA

CRS: cytokine release syndrome

CTLA-4: cytotoxic T-lymphocyte antigen 4
CXCL: CXC chemokine ligand

CXCR: CXC chemokine receptor

D

DAP10/12: DNAX-activating protein 10/12
DAPI: 4',6-diamidino-2-phenylindole
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DC: dendritic cell

DDAO: 7-hydroxy-9H(l,3-dichloro-9,9-
dimethylacridin-2-one)

DDAOG: 9H-(1,3-Dichloro-9,9-
Dimethylacridin-2-One-7-yl) B-d-
Galactopyranoside

DEG: differentially expressed genes
DNA: deoxyribonucleic acid

DNR: dominant negative receptor
DNAM-1: DNAX accessory molecule-1
DSB: double-strand DNA break
dsDNA: double-strand DNA

E

E:T: effector:target

ECL: enhanced chemiluminescence
EDTA: ethylenediaminetetraacetic acid
EMA: European Medicines Agency
EMD: extramedullary disease

ER: endoplasmic reticulum

ERK: extracellular signal-regulated kinase

F
FasL: Fas ligand

FBS: fetal bovine serum

FceRly: y-chain high-affinity IgE receptor
FcRy: Fc receptor y-chain

FcRH5: Fc receptor-homolog 5

FDA: Food and Drug Administration
FGFR3: fibroblast growth factor receptor 3
FITC: fluorescein isothiocyanate

FLC: free light chain

FMO: fluorescence minus one

FSC: forward side channel

Fw: forward

G

GalV: Gibbon ape leukemia virus
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GFP: green fluorescent protein

GM-CSF: granulocyte macrophage colony-
stimulating factor

v-RV: y-retroviral vector
GO: gene ontology

GPRC5D: G protein-coupled receptor class
C group 5 member D

Grb2: growth factor receptor-bound
protein 2

GVHD: graft versus host disease

H

HBV: hepatitis B virus

HCV: hepatitis C virus

HD: healthy donor

HDAC: histone deacetylase
HDR: homology-directed repair

HER2: human epidermal growth factor
receptor 2

hESC: human embryonic stem cell
HIV: human immunodeficiency virus
HLA: human leukocyte antigen

HNSCC: head and neck squamous cell
carcinoma

HRP: horseradish peroxidase
HSPC: hematopoietic stem/progenitor cell

hTERT: human telomerase reverse
transcriptase

i.p.: intraperitoneal
i.v.: intravenously
ICAM: intracellular adhesion molecule

ICANS: immune effector cell-associated
neurotoxicity syndrome

Ide-cel: idecabtagene vicleucel

IDO: indoleamine-pyrrole 2,3-dioxygenase
IFN-y: interferon-y

Ig: immunoglobulin

IGF-1: insulin like growth factor 1



IgH: immunoglobulin heavy chain
IgL: immunoglobulin light chain
IKZF1/3: Ikaros family zinc finger 1/3
IL: interleukin

IMDM: Iscove’s Modified Dulbecco’s
Medium

IMiD: immunomodaulatory drug
iNK: iPSC-derived natural killer cell
iPSC: induced pluripotent stem cell
IQR: interquartile range

ISS: international staging system

ITAM: immunoreceptor tyrosine-based
activation motif

ITIM: immunoreceptor tyrosine-based
inhibitory motif

J

JAK/STAT: Janus kinase/signal transducers
and activators of transcription

K
KI: knock-in

KIR: killer-cell immunoglobulin-like
receptor

KLC: kappa light chain

KLRC1: killer cell lectin-like receptor C1
KLRG1: killer cell lectin-like receptor G1
KO: knock-out

L
LAG-3: lymphocyte activation gene 3
LAP: latency-associated peptide

LCK: lymphocyte-specific protein tyrosine
kinase

LC: light chain
LDH: lactate dehydrogenase
LDL-R: low density lipoprotein receptor

LTC: latent complex

ABBREVIATIONS

M

mAb: monoclonal antibody

MAPK: mitogen-activated protein kinase
MDE: myeloma-defining event

MDS: myelodysplastic syndrome

MDSC: myeloid-derived suppressor cell
MFI: median fluorescence intensity

MGUS: monoclonal gammopathy of
undetermined significance

MH: microhomology
MHC: major histocompatibility complex

MICA/B: major histocompatibility complex
class | chain-related protein A/B

MIP: macrophage inflammatory protein
MM: multiple myeloma

MMP: matrix metalloproteinase

MNC: mononuclear cell

MOI: multiplicity of infection

MRD: minimal residual disease

MRI: magnetic resonance imaging
MRNA: messenger RNA

MSC: mesenchymal stromal cell

MUC-1: mucin 1

N

nCas9: Cas9 nickase
NCR: natural cytotoxicity receptors
NCT: national clinical trial

NDMM: newly diagnosed multiple
myeloma

NF-kB: nuclear factor k B

NGS: next generation sequencing
NHEJ: non-homologous end joining
NK: natural killer

NKG2A/B/C/D/E: natural killer group 2
member A/B/C/D/E

NKG2D-L: natural killer group 2 member D
ligand

NN: non-nucleofected

NSCLC: non-small cell lung cancer
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NSG-Tg (Hu IL-15): Non-obese diabetic
(NOD) Cg-Prkdcsd [12rg™Wil Tg(I1L15)1Sz/Sz)

(0

OGM: optical genome mapping
OPG: osteoprotegerin
OR: overall response

0S: overall survival

P
P/S: penicillin streptomycin

PAM: protospacer adjacent motif
PB: peripheral blood

PBMCs: peripheral blood mononuclear
cells

PB-NK: peripheral blood-derived natural
killer cell

PBS: phosphate-buffered saline

PC: plasma cell

PCA: principal component analysis

PCL: plasma cell leukemia

PCR: polymerase chain reaction

PD-1: programmed cell death 1

PD-L1/2: programmed cell death ligand 1/2
PE: phycoerythrin

PE/Cy7: phycoerythrin-cyanine7

PEBL: protein expression blocker

PerCP/Cy5.5: peridinin chlorophyll protein-
Cyanineb.5

PET-CT: positron emission and computed
tomography

PFS: progression-free survival
PI: propidium iodide

PI3K: phosphoinositide 3-kinase
pPC: pathologic plasma cell

PVR: poliovirus receptor
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Q

g-PCR: quantitative polymerase chain
reaction

R

R-ISS: revised international staging system

RANK: receptor activator for nuclear factor
KB

RANKL: receptor activator for nuclear
factor k B ligand

RAS: rat sarcoma
RFI: relative fluorescence intensity

rhBCMA: recombinant human B-cell
maturation antigen

RNA: ribonucleic acid

RNA-seq: ribonucleic acid sequencing
RNP: ribonucleoprotein complex
RPMI: Roswell Park Memorial Institute

RRMM: relapsed/refractory multiple
myeloma

RT: room temperature

Rv: reverse

S

SA-B-gal: senescence-associated -
galactosidase

sBCMA: soluble B-cell maturation antigen
scFv: single-chain variable fragment
SCGM: stem cell growth medium

SDS: sodium dodecyl sulfate

SDS-PAGE: sodium dodecyl sulfate
polyacrylamide gel electrophoresis

SEM: standard error of the mean
sgRNA: single-guide RNA

SHP-1: Src homology region 2 domain-
containing phosphatase-1

SLAMF7: signaling lymphocyte activation
molecule family member 7

sMICA: soluble MICA
SMM: smoldering multiple myeloma

SOCS: suppressor of cytokine signaling



SSC: side scatter channel
ssDNA: single strand DNA

STAT: signal transducer and activator of
transcription

Strep: streptavidin

SYK: spleen tyrosine kinase

T

TAM: tumor-associated macrophage
TBS: tris-buffered saline

TBS-T: tris-buffered saline with 0.1% Tween
20

TCR: T cell receptor
TGF-B: transforming growth factor B

TGF-BR: transforming growth factor 8
receptor

TGFBR2: transforming growth factor
receptor Il

TIGIT: T cell immunoreceptor with Ig and
ITIM domains

TIM-3: T cell immunoglobulin domain and
mucin domain-3

TME: tumor microenvironment
TNF-a: tumor necrosis factor o
TP53: tumor protein p53

TRAIL: tumor necrosis factor related
apoptosis-inducing ligand

TRAIL-R: tumor necrosis factor related
apoptosis-inducing ligand receptor

tracrRNA: transactivating CRISPR RNA

Tregs: regulatory T cells

U

ULBP: unique long 16 binding protein

\'

VCAM-1: vascular cell adhesion protein 1
VCN: vector copy number
VEGF: vascular endothelial growth factor

VLA-4: very late antigen-4

ABBREVIATIONS

VRd: Bortezomib, lenalidomide, and
dexamethasone

VSV-G: vesicular stomatitis virus
glycoprotein

VTd: Bortezomib, thalidomide, and
dexamethasone

W

WB: western blot

y4

ZAP70: zeta-chain-associated protein
kinase 70
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