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Abstract

Next-generation cancer therapies using genome-edited immune cells are a rapidly evolving yet
promising avenue for personalized medicine. Human induced pluripotent stem cells (iPSCs) are a
genetically tractable platform for scalable in vitro production of engineered immune cells;
however, multiplex editing using Cas9 nucleases to enhance effector function and overcome the
immunosuppressive tumor microenvironment (TME) poses significant risks for genotoxicity and
chromosomal translocations. To mitigate risks associated with double-stranded breaks (DSBs)
induced by CRISPR/Cas9 nucleases, we utilized base editing (BE) to install precise nucleotide
edits without DSB induction, achieving highly efficient, single-step multiplexed genome editing
in human IPSCs with minimal genotoxic side effects. Comparing Cas9 nuclease and adenosine
base editor (ABE8e) delivered as synthetic MRNA, we simultaneously edited 9 genes previously
shown to enhance function in patient-derived immune cells. Cas9 and ABES8e achieved >90%
editing efficiencies in single plex at a single target (B2M). Conversely, in the multiplex setting,
ABES8e achieved high editing rates (70% +/- 30%) compared to only 9% (+/- 8%) for Cas9. Cell
toxicity was nearly undetectable with ABE8e but was notably higher with Cas9, as evidenced by
lower cell recovery and a (5-35x fold) induction in levels of p21 transcription, a protein involved
in DNA damage response and cell cycle arrest. This result confirmed substantial impacts on
genomic stability, stress, and DNA damage with Cas9 that are absent with ABE8e. Furthermore,
cytogenetic analysis of Cas9-edited populations revealed chromosomal abnormalities, inversions,
and random loss events linked to targeted loci that were notably absent in cells edited with ABESe.
These findings confirm that base editing allows single-step, highly multiplexed editing of human

IPSCs without the genotoxicity associated with nuclease-induced DSBs. Our platform supports the
iii



rapid production of highly multiplex-engineered iPSCsusing ABE8e, which is ideal for thein vitro
characterization of diverse engineered immune cells with enhanced function for cancer
immunotherapy and beyond. After the differentiation of these cells, we observed better
Haemopoietic (CD34+CD43+) and improved NK cell fate (CD56+CD7+CD3-), along with

significantly higher cytotoxicity.
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Chapter 1: Introduction



Induced Pluripotent Stem cells:

The ability to reprogram somatic cells into a pluripotent state, [1], has ushered in a new era
in stem cell research and regenerative medicine. The discovery of induced pluripotent stem cells
(iPSCs) has revolutionized our understanding of cellular plasticity and created opportunities for
innovation in personalized medicine, disease modeling, and drug discovery [2].

The generation of iPSCs involves the introduction of a defined set of transcription factors,
known as the Yamanaka factors (Oct4, Sox2, Klf4, and c-Myc), into somatic cells, such as skin
fibroblasts or blood cells [1, 3]. This reprogramming process induces de-differentiation of the
somatic cells, reverting them to a pluripotent state highly similar to ESCs. The resulting iPSCs
possess hallmark characteristics of pluripotency, including the ability to self-renew and
differentiate into cells of all three germ layers (ectoderm, mesoderm, and endoderm) [4, 5].

One of the most significant advantages of iPSCs over ESCs is their derivation from somatic
cells, eliminating the need for the destruction of human embryos, which has been a major ethical
concern in stem cell research [6]. Additionally, iPSCs can be generated from virtually any
individual, enabling the creation of patient-specific cell lines that carry the unique genetic
background and disease-associated mutations [7]. This personalized approach holds immense
potential for studying the molecular mechanisms underlying genetic disorders, developing tailored

therapeutic interventions, and advancing the field of precision medicine.

Applications in Disease Modeling and Drug Discovery

IPSCs have emerged as a powerful tool for modeling a wide range of human diseases,
including neurological disorders [8], cardiovascular diseases [9], metabolic disorders [10], and
various forms of cancer [11]. By reprogramming somatic cells from patients with specific genetic
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conditions, researchers can generate IPSC-derived cell types that recapitulate the disease
phenotype, enabling the study of disease pathogenesis in a controlled in vitro environment. These
disease-specific iPSC models have proven invaluable for elucidating the molecular and cellular
mechanisms underlying disease progression, identifying potential therapeutic targets, and
evaluating the efficacy and toxicity of candidate drugs [12, 13].

One significant advantage of iPSC-based disease modeling is the ability to capture the
genetic complexities of individual patients, allowing for the investigation of disease mechanisms
in a context-specific manner [14]. This approach has the potential to unveil novel pathways and
molecular signatures that may have been overlooked in traditional animal models or cell culture
systems.

Furthermore, iPSC-derived cells can be used for high-throughput screening of small
molecule libraries, facilitating the discovery of new therapeutic compounds and accelerating the
drug development process [15]. By evaluating the effects of potential drug candidates on patient
derived cells, researchers can gain valuable insights into the efficacy, toxicity, and mechanism of
action of these compounds, ultimately improving the chances of successful clinical translation
[16].

Challenges and Future Perspectives

While the potential of iPSC technology is undeniable, several challenges remain to be
addressed before its full potential can be realized. One of the primary concerns is therisk of genetic
and epigenetic abnormalities that may arise during the reprogramming process or subsequent
differentiation steps [17]. These aberrations can potentially affect the fidelity of disease modeling

and the safety of iPSC-derived cells for therapeutic applications.[18]



Additionally, the precise control of differentiation into specific cell types remains a
significant challenge, as the molecular mechanisms governing cell fate determination are not fully
understood [18]. Researchers are actively exploring various strategies, such as the use of small
molecules, growth factors, and three-dimensional culture systems, to improve the efficiency and
reproducibility of directed differentiation protocols [19, 20].

Another area of active research is the development of gene editing technologies, such as
CRISPR/Cas9, to correct disease-causing mutations in patient-derived iPSCs [21]. This approach
holds promise for generating isogenic controls and creating genetically corrected cell lines for
therapeutic applications, further enhancing the utility of iPSCs in regenerative medicine.

To ensure the safe and effective translation of iPSC-based therapies into clinical practice,
it is essential to establish robust quality control measures and regulatory frameworks [22].
Collaborative effortsbetween the scientific community, regulatory agencies, and industry partners
have been established to develop standardized protocols for the generation, characterization, and
long-term preservation of iPSCs, as well as guidelines for their clinical application [23, 24].

The discovery of IPSC has ushered in a new era of personalized medicine, offering
unprecedented opportunities for understanding human biology, modeling complex diseases, and
developing novel therapeutic strategies [25].While challenges remain, ongoing research efforts
and interdisciplinary collaborations are paving the way for the realization of the full potential of
IPSC technology, ultimately leading to improved health outcomes and personalized treatments for

patients worldwide.



Non-Viral Genome Engineering of Induced Pluripotent Stem cells:

Non-viral genome engineering techniques have emerged as promising alternatives to viral
vectors for modifying the genome of iIPSCs. These methodsmitigate the risks associated with viral
vectors, such as random insertional mutagenesis and potential immunogenicity, while offering
precise and efficient genome editing capabilities. Among the non-viral approaches, the
CRISPR/Cas9 system and its variants, including base editors, have gained significant attention for
their versatility and ease of use.

By utilizing iPSCs, researchers can generate genetically modified immune cells with
improved functionality within the tumor microenvironment (TME)[25]. CRISPR/Cas9 can be
employed to disrupt the expression of inhibitory receptors and checkpoint molecules that are often
upregulated in the TME, thereby overcoming the suppressive signals that dampen immune cell
cytotoxicity [26, 27]. Additionally, iPSCs can be engineered to express chimeric antigen receptors
(CARs) or other therapeutic transgenes, enhancing the targeting specificity and potency of the
derived immune cells against tumor cells [28, 29].

CRISPR/Cas9: A Versatile Genome Editing Tool for iPSCs

The CRISPR/Cas9 system has revolutionized genome editing by providing a powerful and
flexible tool for introducing targeted genetic modifications[30]. In the context of iPSCs,
CRISPR/Cas9 has been widely adopted for various applications, including gene knockout, gene
correction, and targeted integration of transgenes [30, 31].

One of the primary advantages of using CRISPR/Cas9 for iPSC genome engineering is its
ability to precisely target specific genomic loci with high efficiency. The system relies on a guide
RNA (gRNA) that directs the Cas9 nuclease to the desired target sequence, where it creates a

double-strand break (DSB) [32]. The resulting DSB can then be repaired through either non-
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homologous end joining (NHEJ) or homology-directed repair (HDR) pathways, enabling gene
knockout or precise gene editing, respectively [33].

Numerous studies have demonstrated the successful application of CRISPR/Cas9 for
engineering IPSCs, including the correction of disease-causing mutations [34], the generation of
reporter cell lines [35], and the targeted integration of transgenes for cellular therapies [36].
Moreover, the CRISPR/Cas9 system has been used to generate isogenic IPSC lines, which are
invaluable for studying the effects of specific genetic alterations in a controlled manner [37].
Base Editors: Precise Single-Base Modifications in iPSCs

While CRISPR/Cas9 is a powerful tool for introducing DSBs, base editors offer an
alternative approach for precise single-base modifications without the need for DSB formation or
donor DNA templates. Base editors are fusion proteins that couple a Cas9 nickase (Cas9n) to a
deaminase enzyme, enabling the direct conversion of one base to another [38]. CRISPR-Cas9
genome editing, while revolutionary, faces several significant challenges and potential drawbacks.
Off-target effects, where unintended genomic sites may be modified, can cause unforeseen
consequences. Cas9- DSBs can result in large deletions and complex chromosomal
rearrangements, potentially disrupting gene function beyond the targeted site. The cellular
response to Cas9-induced DSBs presents another major issue. Additionally, p53-mediated DNA
damage response can lead to cell cycle arrest or apoptosis in edited cells. This not only reduces
editing efficiency but also risks selecting for p53-deficient cells, which could promote cancer
development. Additionally, there is a potential for translocations, rearrangements, and other
associated forms of genomic instability [21,60,67,119].

Two main classes of base editors have been developed: cytosine base editors (CBEs) and

adenine base editors (ABEs). CBEs catalyze the deamination of cytosine (C) to uracil (U), which
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is subsequently repaired to a thymine (T), effectively converting C base pairs to T [39].
Conversely, ABEs deaminate adenine (A) to inosine (1), which is recognized as guanine (G) during
DNA replication, resulting in the conversion of A base pairs to G [40].

The application of base editors in iPSCs has gained significant traction due to their ability to
introduce precise single-nucleotide modifications without the potential risks associated with DSB
formation, such as unwanted indels or large deletions [41] One major concern is the activation of
p53-mediated responses due to Cas9-induced double-strand breaks (DSBs), which can lead to cell
cycle arrest or apoptosis, reducing editing efficiency and potentially promoting cancerous
transformations in p53-deficient cells [86]. Additionally, DSBs can trigger chromothripsis,
causing unpredictable genomic rearrangements and instability, particularly in cells with
compromised DNA repair mechanisms. Off-target effects pose another critical issue, where Cas9
may induce unintended edits at non-target sites, potentially disrupting critical genes involved in
cancer regulation [38]. Repair of DSBs can also result in large deletions, chromosomal
translocations, and mitochondrial DNA alterations, further complicating therapeutic applications
[60,67]. Base editors have been successfully employed in iPSCs for correcting disease-causing
point mutations [42].

In a recent report, Liu's team reported prime editor (PE), further expanding our ability to
precisely engineer DNA without inducing DSBs [58]. PE uses a reverse transcriptase fused to
dCas9 and.Prime editing guide RNA (pegRNA) contains a sequence to be introduced. PE is
capable of introducing all possible transversion and transition mutations, as well as small insertions
and deletions [58]. At its current stage, PE has only been tested in a very limited number of
mammalian cells, including 293T and K562, with up to 70% and 30% editing efficiency,

respectively Moreover, designing pegRNAs for prime editing can be complex and requires careful
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consideration of sequence specificity and efficiency. Unlike CRISPR/Cas9 and base editors, which
have established protocols and tools for guide RNA design, pegRNA design for prime editing
demands meticulous optimization and validation, which can limit its widespread adoption and
utility in different cell types, including iPSCs.Furthermore, the delivery efficiency of PE
components into target cells, especially iPSCs and other difficult-to-transfect cell types, remains a
significant hurdle. Ensuring uniform uptake and sufficient expression of PE components within
the cells is critical for achieving reliable editing outcomes without off-target effects.[59]. However,

sharing a similar mechanism as BE, it is worth testing PE in iPSCs.

In summary, non-viral genome engineering techniques, particularly CRISPR/Cas9 and
base editors, have emerged as powerful tools for precisely modifying the genome of iPSC. These
approaches offer several advantages over viral vectors, including reduced risks of insertional
mutagenesis, transient expression, and the ability to multiplex genetic modifications. The
successful application of non-viral genome engineering in iPSCs has enabled various applications,
including disease modeling, gene therapy, and cellular engineering for cancer immunotherapy.
While challenges remain, ongoing research efforts are continuously refining and optimizing these

techniques, paving the way for safer and more efficient genome editing in iPSCs for translational

applications.

Induced Pluripotent Stem Cell Transfection Strategies

Transfection is a crucial technique for delivering genome editing tools and exogenous genetic

materials into iPSCs. Non-viral transfection methods offer several advantages over viral vectors



including a reduced risk for random integration into the host genome, thereby minimizing the
potential for insertional mutagenesis and associated safety concerns [45]. Additionally, non-viral
delivery systems typically result in transient expression of the genome editing components,
reducing the likelihood of sustained off-target effects or unwanted long-term expression [46].
CRISPR/Cas9 and base editors can be easily multiplexed to target multiple loci simultaneously,
enabling more complex genetic modifications in a single step [47]. Moreover, these techniques
can be applied to a wide range of cell types, including difficult-to-transfect cells, extending their

utility beyond iPSCs [48].

However, several challenges and limitations must be considered when employing non-viral
genome engineering in iPSCs. Achieving high delivery efficiency and uniform uptake of the
genome editing components can be challenging, particularly in difficult-to-transfect cell types
[49]. While CRISPR/Cas9 and base editors are generally more specific than previous genome
editing technologies, careful design and validation of guide RNAs are necessary to minimize off-
target effects[50]. Incomplete editing can lead to a mosaic population of edited and unedited cells,
requiring additional screening or enrichment steps [51]. Although non-viral delivery methods are
generally less immunogenic than viral vectors, potential immune responses against the delivered
components should be evaluated, especially in therapeutic applications [52]. Addressing these
considerations will be crucial for harnessing the full potential of non-viral genome engineering in
IPSCs while ensuring safety and efficacy in clinical and research settings. Despite these challenges,
the continuous development of improved delivery methods, optimized gRNA design, and

advanced screening techniques address many of the limitations associated with non-viral genome



engineering in iPSCs, the two commonly employed non-viral transfection methods for iPSCs are

lipofection and electroporation.

Lipofection involves encapsulating nucleic acids or proteins within cationic liposomes,
which can fuse with the cell membrane and release their cargo into the cytoplasm [53]. Several
studies have successfully utilized lipofection for delivering CRISPR/Cas9 components and other
genetic materials into iPSCs. For instance, Chen et al. [85] employed lipofection to deliver
CRISPR/Cas9 ribonucleoproteins (RNPs) into iPSCs, achieving efficient gene editing with
minimal off-target effects. Similarly [86] used lipofection to introduce CRISPR/Cas9 RNPs and
donor templates for homology-directed repair, enabling precise gene correction in iPSCs.

Electroporation, on the other hand, relies on the application of electrical pulses to create
transient pores in the cell membrane, allowing the entry of nucleic acids or proteins into the
cytoplasm [83,84]. This technique has been widely used for delivering CRISPR/Cas9 components
and other genetic materials into iPSCs. Mandegar et al. utilized electroporation to introduce
CRISPR/Cas9 RNPs and single-stranded oligodeoxynucleotide donors for gene editing in iPSCs,
enabling the generation of isogenic disease models and genetically corrected cell lines. Similarly,
Kwart et al. employed electroporation to deliver CRISPR/Cas9 RNPs and donor templates for
precise gene editing in iPSCs, demonstrating efficient gene correction and transgene integration.
[83,84]

While both lipofection and electroporation have been successfully employed for genetic
engineering of iPSCs, electroporation generally offers higher transfection efficiencies and better

control over the delivery of genetic materials [54]. However, electroporation can also be more
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cytotoxic, and optimization of parameters is crucial to maintain cell viability and pluripotency
[55].

It's important to note that while transfection methods enable efficient genetic engineering
of iPSCs, careful consideration must be given to the potential off-target effects, mosaicism, and
potential epigenetic changes introduced during the process. Rigorous screening and
characterization of genetically modified iPSC lines are essential to ensure their safety and efficacy

for downstream applications, such as disease modeling and cell therapy [56, 57].

iPSC Hematopoietic Differentiation

iIPSCs possess remarkable potential to differentiate into various hematopoietic cell types, offering
promising avenues for understanding immune system development and therapeutic applications.
Differentiation of iPSCs into hematopoietic stem and progenitor cells (HSPCs) typically involves
multi-step processes mirroring embryonic hematopoietic development. Various protocols have
been devised that involve modulating signaling pathways and employing specific growth factors
and cytokines to guide differentiation.

Crucial to iPSC hematopoietic differentiation is mimicking the developmental stages of in
vivo hematopoiesis [87]. Recent advancements incorporate modulation of Wnt activation and/or
activin inhibition during early mesoderm formation, yielding cells akin to erythro-myeloid
progenitors (EMPs) formed during fetal liver hematopoiesis and with similarity to adult
hematopoiesis [88]. Among these methods, the improved 2D-multistep approach developed by
members of our laboratory stands out for its efficiency and robustness. This method has been
shown to produce significantly higher numbers of CD34+ progenitor cells, CD34+CD45+

hematopoietic progenitors, and functional hematopoietic progenitors, as assessed by colony-
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forming unit (CFU) assays, compared to other commonly used methods. Additionally, the 2D-
multistep approach is more time- and cost-effective, making it a practical choice for large-scale
research and potential therapeutic applications.

The ability to generate HSPCs from patient-derived iPSCs has significant implications for
studying genetic hematological disorders. While significant progress has been made in the
differentiation of iPSCs into HSPCs, several challenges remain [89]. These include achieving
higher purity and yield of HSPCs, ensuring long-term engraftment potential, and faithfully
recapitulating the complex regulatory mechanisms involved in hematopoietic development.
Ongoing research efforts are focused on addressing these challenges and further refining the
differentiation protocols to generate HSPCs with improved functional properties and clinical
relevance.

improved 2D-multistep method has proven to be a robust and efficient approach for
generating HSPCs. Additionally, standardization and direct comparative reporting of IPSC
hematopoietic differentiation methods will facilitate stepwise improvements and ensure the
faithful recapitulation of normal and aberrant hematopoietic development [90], increasing the
versatility and sensitivity of iPSC-based models for medical research and future therapeutic

applications.

Induced Pluripotent Stem Cells: Differentiation into Immune Cells

One of the most intriguing applications of iPSCs is their ability to differentiate into various
immune cell types, including natural killer (NK) cells, T cells, macrophages, and B cells. This has
opened up new opportunities for understanding the development and function of the immune

system, as well as providing potential therapeutic opportunities.
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Differentiation of iPSC to natural killer cells
The ability to generate induced NK (iNK) cells from iPSCs has been a significant breakthrough in

the field of immunotherapy. INK cells possess the cytotoxic properties of their primary
counterparts, but while primary NK cells are effective, their use is limited by several factors. iINK
cells offer distinct advantages over primary NK cells, including the potential for large-scale
production, enhanced consistency in cell quality, and the ability to genetically modify the cells
more easily. Additionally, iINK cells can be derived from patient-specific iPSCs, potentially
reducing the risk of rejection and allowing for more personalized treatments., making them
attractive candidates for cancer immunotherapy and viral infections.[26,91]

Several studies have developed protocols for the efficient differentiation of iPSCs into iNK
cells. One such study by Knorr et al. (2013) [91] described a three-stage protocol involving the
formation of embryoid bodies, co-culture with stromal cells, and cytokine stimulation. The
resulting iNK cells exhibited phenotypic and functional characteristics similar to primary NK cells,
including cytotoxicity against cancer cell lines.

Another study by Zeng et al. (2017) [92] employed a feeder-free, serum-free system to
generate INK cells from iPSCs. The protocol involved the use of defined cytokines and small
molecules, resulting in a highly pure population of functional INK cells capable of targeting cancer
cells in vitro and in vivo.

Additionally, there are other methods for generating INK cells from iPSCs. For instance, a
study by Post M et al. (2017) [93] utilized a lentiviral transduction system to introduce NK cell-
specific transcription factors into iPSCs, resulting in the direct conversion of iPSCs into iNK cells.
This approach bypasses the intermediate stages of differentiation and may offer advantages in

terms of efficiency and purity.
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Differentiation into iT cells
The generation of induced T cells (iT cells) from iPSCs has been an area of active research, as it
holds promise for developing cell-based therapies for various immune disorders and cancers.
One notable study by Nishimura et al. (2013) [94] demonstrated the successful
differentiation of iPSCs into functional iT cells. The protocol involved the co-culture of iPSCs
with OP9 DLL stromal cells and the addition of specific cytokines and growth factors (SUCH
AS?). The resulting iT cells exhibited a diverse T cell receptor (TCR) repertoire and were capable
of cytokine production and cytotoxic activity against target cells.
Similarly, Mohtashami M, et al. (2013) [95] developed a protocol for generating iT cells
from iPSCs using Notch signaling modulation and cytokine stimulation. The iT cells displayed
characteristics of mature T cells, including TCR expression, cytokine production, and cytotoxic

activity against cancer cell lines.

Differentiation of iPSC into Macrophages

Cao et al. (2019) [96] reported a highly efficient protocol for generating iMacrophages
from iPSCs. The protocol involved the sequential addition of cytokines and small molecules,
resulting in the production of iMacrophages with phagocytic activity, cytokine secretion, and
functional responses to polarizing stimuli.

Another study by Haenseler et al. (2017) [97] demonstrated the successful differentiation
of iPSCs into iMacrophages using a serum-free, feeder-free system. The iMacrophages exhibited
characteristics of primary macrophages, including phagocytic activity, cytokine secretion, and

responses to inflammatory stimuli (cite).
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Differentiation into iB cells

Sturgeon et al. (2015) [88] reported the successful differentiation of iPSCs into iB cells
using a stepwise protocol involving the co-culture with stromal cells and exposure to specific
cytokines and growth factors. The resulting iB cells exhibited B cell-specific surface markers,
immunoglobulin gene rearrangements, and the ability to undergo class-switch recombination.

Similarly, Kwon et al. (2019) [98] developed a feeder-free, serum-free system for
generating iB cells from iPSCs. The protocol involved the sequential addition of cytokines and
small molecules, resulting in the production of functional iB cells capable of antibody production

and antigen-specific responses.

In conclusion, the differentiation of iPSCs into various immune cell types, including iNK cells, iT
cells, iMacrophages, and iB cells, has Created Opportunities for studying the immune system,
disease modeling, and developing novel therapeutic approaches. These advances have been
facilitated by the development of efficient differentiation protocols and the characterization of the
functional properties of the resulting immune cell types. However, further research is needed to

refine these protocols and ensure the faithful recapitulation of primary immune cell functions.
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Chapter 2: Methods



Production of editing reagents

ABES8e plasmid was obtained from Addgene (https://www.addgene.org/138489/) and cloned into
a pmRNA vector. ABE8e mMRNA was produced by Trilink Biotechnologies. CD19 CAR were
synthesized by gen script technologies

Guide RNA design

Guide RNAs (sgRNAs) for knockout (KO) were designed using the base editing splice-site
disruption sgRNA design program SpliceR (https://z.umn.edu/splicer), which is implemented in
the R statistical programming language (v. 3.4.3). This tool utilizes a target Ensembl transcript
ID, a base editor PAM variant, and a species as inputs. Initially, SpliceR extracts exon and intron
sequences from Ensembl and then identifies regions surrounding splice sites within a user-
specified window. The N20-NGG motif is matched to the antisense strand of these extracted
sequences. The matched patterns are subsequently scored based on the position of the target
motif within the editing window, leveraging insights from prior publications. sgRNAs are further
scored based on their position within the transcript, with those earlier in the transcript receiving
higher scores.For ncCD16a, a specific SgRNA was manually designed to introduce the S197P
mutation. This mutation was chosen due to its known functional impact on the target protein.
The manual design process ensures that the sgRNA efficiently targets the desired site and
minimizes off-target effects. By focusing on the specific genomic context and optimizing the
sgRNA sequence, the design aims to maximize editing efficiency while maintaining genomic
integrity. This approach integrates computational predictions with manual curation to achieve

precise genome editing outcomes.
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Cell lines and tissue culture

Two commercially available iPSC lines were used in this study, one derived from a fibroblast,
1210 iPSCs (ATCC) and an off T IPS line (Stem Cell Technologies) were cultured on geltrex
coated plates maintained in MTeSR plus media (Stem Cell Technologies), and were passaged
every 3 days (70% confluency).

iNK production from human iPSC

Onday1, a 24-well plate was coated with the lymphoid differentiation coating material (Stem Cell
Technologies). Onday 0, fifty thousand iHPCs (CD34+/CD43+) were transferred to each well of
the 24-well plate. The NK differentiation medium was prepared by supplementing IMDM-based
medium (ThermoFisher) with human platelet lysate (5%) (Biomedical EliteCell Corp.), glutamate
(1%) (ThermoFisher), and penicillin/streptomycin antibiotic solution (1%) (Gibco). Additionally,
IL-3 (5 ng/mL) was added for the first week of differentiation, along with SCF (20 ng/mL), I1L-7
(20 ng/mL), 1L-15 (10 ng/mL), and FIt3 ligand (FIt3L) (10 ng/mL) (PeproTech). The medium was
refreshed every 2-3 days, replacing half with fresh NK differentiation medium. Weekly
assessments were conducted to monitor NK cell differentiation and viability (CD56+/CD7+/CD3-
), adjusting the medium volume and supplement concentrations as necessary. On day 14, all the
cells were harvested and plated onto plastic at a density of one hundred thousand cells. We have
found that this re-plating of the cells prevents overcrowding of these iINK progenitors and leads to
a better NK-like phenotype. The differentiation was continued in the same media with the same
assessment strategy. The endpoint of the protocol involved harvesting the differentiated INK cells
after 35 days of initial seeding and expanding them with feeder-based approaches for downstream

applications and functional analysis of these IPSC-derived mature NK cells. It's worth noting that
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a seeding density of fifty thousand iHPCs per well in the 24-well plate was found to be optimal

for efficient differentiation.

Antibodies and flow cytometry

The following antibodies and dyes were used: APC-, FITC-, or BV650-conjugated anti-CD56
(clone 5.1H11, BioLegend; clone REA196, Miltenyi Biotec; or clone HCD56, BioLegend), FITC-
conjugated anti-CD3 (clone OKT3; BioLegend), PE/Cy7-conjugated anti-PD-1 (clone EH12.2H7;
BioLegend), eFluor 450- or Alexa FluorTM 700-conjugated anti-TIGIT (clone MBSA43;
eBioscience), PE/DazzleTM 594- or FITC-conjugated anti-human CD45 (clone 14C2A07,
BioLegend; clone SA231A2, BioLegend), PE/Cy7 anti-human CD16 (clone 3G8, BioLegend),
BV421-conjugated anti-human CD45 (clone 2D1; BioLegend), BV605-conjugated anti-mouse
CD45 (clone 30-F11; BioLegend), Brilliant violet 421-conjugated anti-IFNy (clone 4S.B3;
BioLegend), Alexa FluorTM 700-conjugated anti-TNF-a (clone MAb11; BiolLegend), PE-
conjugated anti-CD34 (clone QBENd-10, Invitrogen), APC-conjugated anti-PD-L1 (clone B7-H1,
BioLegend), FITC-conjugated anti-CD155 (clone SKII.4, BioLegend), FITC-conjugated anti-
DNAM-1 (clone 11A8, BioLegend), Brilliant violet 510-conjugated anti-CD161 (clone HP-3G10,
BioLegend), PE/Cyanine7-conjugated anti-Tim3 (clone F38-2E2, BioLegend), APC-conjugated
anti-NKG2D (clone 1D11, BioLegend), PE-conjugated anti-NKG2A (clone S19004C,
BioLegend), Alexa FluorTM 700-conjugated anti-NKp46 (clone 9E2, BioLegend), PE/DazzleTM
594-conjugated anti-NKp30 (clone P30-15, BioLegend), FITC-conjugated anti-CD107a (clone
H4A3; BD Biosciences), SYTOX Blue dead cell stain (ThermoFisher), and Fixable viability dye
eFluor 780 (eBioscience). Flow cytometry was performed on a CytoFLEX S flow cytometer
(Beckman Coulter), and all datawere analyzed using FlowJo version 10.4 software (FlowJo LLC).

Derivation of CD34+ HSPC from human iPSC:
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To derive CD34+ hematopoietic stem and progenitor cells (HSPCs) from human iPSCs, we
initiated hematopoietic differentiation by plating cells onto Matrigel-coated plates in mTeSR1
medium on Day 1. The following day, iPSCs were washed and transferred to basal hematopoietic
differentiation medium supplemented with SCF, BMP4, VEGF, and FGF2. From Days 5 to 13,:
A Minimal Cytokine media with bFGF . After 13 days of differentiation, we harvested cells by
gently washing them with a spent differentiation mediumto collect floating cells. Flow cytometry
analysis showed an increase in the number of CD34+CD43+ and CD34+CD45+ cells.
Subsequently, Day 13 iHPCs were used for further experiments or cultured in a colony forming
unit (CFU) assay for 10-14 days to assess their potential to form hematopoietic colonies.

iPSC electroporation

Electroporation was performed using the Neon Transfection System (ThermoFisher) with iPSCs
resuspended in the provided electroporation buffer. For each condition, 1x10° cells were combined
with the designated amounts (1 million) of uninsulated plasmid DNA and transposase enzyme in
atotal volume of 100 puL. The cel/DNA/enzyme mixture was electroporated withtwo 20 ms pulses
at 1200 V. Immediately after electroporation, the cells were transferred to 6-well plates pre-coated
with Geltrex basement membrane matrix (ThermoFisher) and cultured in mTeSR™Plus medium
(STEMCELL Technologies) supplemented with rock inhibitor Y-27632 (Selleck Chemicals). The

electroporated cells were cultured for 48 hours before analysis or further differentiation.
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Primer and sequence

Primer Name

Primer Sequence

AHR Exon 2 Splice Donor forward

TAC CATGCATCATIT CAGTG

AHR Exon 2 Splice Donor reverse

TTT CAG AGT AAA GCC AATCC

CISH Exon 2 Splice Donor forward

AAT TAG CTG GGG TAA CCA AT

CISH Exon 2 Splice Donor reverse

CCTTCT AGACCTCGTCCTTT

TIGIT Exon 1 Splice Donor forward

GTC TGC AAA GTC CTT CATCT

TIGIT Exon 1 Splice Donor reverse

ATATGGTIT TTG CCA AACTT

KLRG1 Exon 4 Splice Donor forward

CCC AAA CAG CAG AAG AATTA

KLRG1 Exon 4 Splice Donor reverse

TAG GAA TCC AAT GTG GAA AG

PD-1 Exon 1 Splice Donor forward

ACC CTC CCTTCA ACC TGA CC

PD-1 Exon 1 Splice Donor reverse

AAG CCA CACAGCTCAGGGTA

CD16A S197P mutation forward

TAA AGG ATA TAC GAG ATT AA

CD16A S197P mutation reverse

AAC TGG GTA ATT TAT AAC

B2M ex. 1 SD forward CCTAGAATGAGCGCCCGGTG
B2M ex. 1 SD reverse CTTCCCCGAGATCCAGCCCT
TGFbR2 DN forward AAGGCAGCTCTGGGGTTTGG

TGFbR2 DN reverse

ACCCCTGGAATAATGCTCGAAG

Fas DN forward

GTGTTATGTATTGTGGCCCAGGTT

Fas DN reverse

TGCCAATTACGAAGCAGTTGAAC

Genomic DNA analysis

The DNA isolation was performed on IPSCs harvested 10 days after electroporation, followed by
PCR amplification of CRISPR-targeted loci using accuprime Tag DNA polymerase
(Thermofisher). Base editing efficiency at the genomic level was assessed by Sanger sequencing

of the PCR amplicons. The Sanger sequencing traces were analyzed using the web app EditR

(baseeditr.com) and ICE by synthego to determine the editing outcomes.

NK cell cytotoxicity assays:

Cancer cell lines (Burkitt’s Lymphoma cell line Raji)were seeded into a black round-bottom 96-
well plate at a density of 50,000 cells per well. NK cells were added to the wells in triplicate at the
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indicated effector-to-target (E:T) ratios. Wells containing only target cells served as a negative
control for spontaneous cell death, while wells with target cells treated with 1% Triton X-100
served as a positive control for maximum Killing. Co-cultures were then incubated at 37°C for 48
hours. After incubation, D-luciferin (potassium salt; Gold Biotechnology, St. Louis, MO) was
added to each well at a final concentration of 25 pg/mL and incubated for 5 minutes with gentle
shaking. Luminescence was measured in endpoint mode using a BioTek Synergy microplate

reader.
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Chapter 3: Results



Highly Efficient Single Gene Beta-2-Microglobulin (B2M) Knockout in Human IPSC’s Using

ABE and CRISPR/CAS9 Technology

Our initial investigation aimed to determine if single gene KOs could be effectively achieved using
BEsin iPSCs, as BE offer the ability to achieve highly efficient gene KOs without inducing DSBs
seen in Cas9 [60-65].
while assessing any subsequent impacts on cell functionality. Enhancing iPSC-based therapies
often involves the suppression of inhibitory signals. This approach aims to optimize the function
and efficacy of iPSC-derived cells in therapeutic applications. Inhibitory signals can include
checkpoint molecules, such as PD-1 or CTLA-4, which normally regulate immune responses. In
the context of cell therapies, particularly those targeting cancer, suppressing these inhibitory
pathways can unleash the full potential of the engineered cells. This may involve genetic
modifications to knock out genes encoding inhibitory receptors, or to enhance the expression of
stimulatory molecules. Additionally, suppression of inhibitory signals can extend to modifying
signaling pathways that limit cell persistence, proliferation, or effector functions. By carefully
tuning these molecular brakes, more potentand durable cellular therapies could be generated while
maintaining safety and specificity. Therefore, we sought to validate the editing of Beta-2-
microglobulin (B2M) in iPSCs using both BEs and CRISPR/Cas9, as previous studies, such as
those by Lotfi M et al. [99] have demonstrated the use of CRISPR/Cas9 for human iPSC editing.
For this purpose, we used a ratio of 1ug:1 ug ABE8e/Cas9: sgRNA.

We designed single guide RNAs (sgRNAS) targeting a splice donor (SD) site, found to be
the most efficient for gene disruption, using SpliceR, an in-house-developed online BE sgRNA
design and prediction tool [65]. The sgRNA was co-transfected with ABE8e mRNA and in tandem

with CRISPR/Cas9. KO efficiency was assessed at the genomic level through flow cytometry and
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Sanger sequencing. The quantification of A-to-G conversion rates was performed using EditR
software (Figure 3) [66], while Cas9 indels were quantified using Synthego Performance
Analysis, ICE Analysis. 2019. v3.0. Synthego [115], which directly correlates to the editing
efficiency. We found the editing efficiency using BEs was significantly higher compared to
CRISPR/Cas9-mediated editing (Figure 3B, C). This highlights the potential of BEs as a versatile
tool for gene editing in iIPSCs, offering lower incidences of deleterious DSBs and superior editing

outcomes.

Following the validation of B2M editing with both BEs and CRISPR/Cas9, we compiled a
panel of targets primarily consisting of intracellular and extracellular inhibitory proteins expressed
inNK and T cells (Table 1). The panel of targetsencompasses a diverse array of inhibitory proteins
expressed in natural killer (NK) cells and T cells, which play crucial roles in regulating immune
cell functions, each possessing distinct mechanisms of action with significant therapeutic
implications.

The intracellular checkpoints include the Aryl Hydrocarbon Receptor (AHR) and
Cytokine-Inducible SH2-Containing Protein (CISH). AHR is a ligand-activated transcription
factor that negatively regulates NK cell cytotoxicity upon binding to specific agonists like
kynurenine, commonly present in the tumor microenvironment (TME)[99]. By modulating AHR
signaling, it is possible to enhance NK cell-mediated anti-tumor responses [100]. CISH acts as a
negative regulator of interleukin-15 (IL-15) signaling, which is crucial for NK cell development,
survival, and effector functions. Targeting CISH could potentially augment NK cell responses by

enhancing 1L-15 signaling pathways [101].
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The targeted extracellular checkpoints include proteins such as Killer Cell Lectin-like
Receptor G1 (KLRG1), T-cell Immunoreceptor with Igand ITIM Domains (TIGIT), Programmed
Cell Death Protein 1 (PD-1), and CD16a (FcyRIITa). KLRG]1 is an inhibitory immune checkpoint
receptor expressed on various immune cells, including NK cells and T cells. It plays a role in
suppressing immune responses and has been implicated in tumor immune evasion [100]. Blocking
KLRG1 signaling may restore anti-tumor immunity and enhance the efficacy of cancer
immunotherapies [102,103]. TIGIT, another inhibitory immune checkpoint receptor, is expressed
on NK cells, T cells, and other immune cell subsets. It suppresses immune responses by binding
to its ligands, such as CD155 and CD112, which are often upregulated in various cancers[104].
Targeting TIGIT has shown promising results in enhancing anti-tumor immunity and improving
clinical outcomes in cancer immunotherapy [104,105]. PD-1 is a well-established immune
checkpoint receptor expressed on T cells, NK cells, and other immune cells. It plays a crucial role
in regulating immune responses and preventing autoimmunity. However, in the context of cancer,
PD-1 signaling can be exploited by tumors to evade immune surveillance. Blocking PD-1 or its
ligands (PD-L1/PD-L2) has been a successful strategy in cancer immunotherapy, leading to
improved clinical outcomes [106,107]. CD16a s a low-affinity Fc receptor expressed on NK cells
and other immune cells, playing a crucial role in antibody-dependent cell-mediated cytotoxicity
(ADCC). This mechanism enables NK cells to recognize and eliminate antibody-coated target
cells. Modulating CD16a expression or function could potentially enhance ADCC-mediated anti-

tumor responses [108,109].

In additiontothese checkpoints, the panel includes genetic modifications such as mutations in FAS

Enhance resistance to apoptosis to prolong NK persistence, TGFSR2 Block inhibitory cytokines
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to boost proliferation and function, and p2-microglobulin (B2M) responsible for Disruption of
MHC-I interaction to prevent inhibition by tumor cells and cloaking in the autologous setting

through removal of HLA-I [110-114]

Highly Efficient Single Gene Knockout in Human iPSCs Using ABE and CRISPR/Cas9

Technology

We next assessed the editing efficacy of BE and CRISPR/Cas9 across nine target genes
representing inhibitory proteins that can be modified to enhance immune cell function. Our
findings revealed that BE provided higher single gene KO editing efficiencies than CRISPR/Cas9
(Figure 4B-E).. During our initial optimization efforts [60], we titrated the amounts of the
enzymes (ABES8e/Cas9) and their respective guides (SgRNA). Through this process, we
determined that a ratio of 1.5 pg:1 pg and 7.5 pg:1 pug for ABE8e/Cas9: Guides was optimal for
achieving these edits. Each sgRNA was co-transfected with either ABE8e mRNA or Cas9 mRNA,
leading to significant editing efficiency across all targeted genes.

Specifically, the editing efficiencies for both Cas9-edited and BE-edited cells of 1.5 pg:1
Hug (ABEB8e/Cas9): (sgRNA) were assessed across multiple gene targets. Generally, BE-edited
cells demonstrated higher and more consistent editing efficiencies compared to Cas9-edited cells.
Notably, BE-editingachieved 100% efficiency for the B2M target, while most other targets showed
efficiencies above 80%. In contrast, Cas9-editing efficiencies were more variable, ranging from
approximately 57% to 89% (Figure 4B, C). Comparing Cas9 and BE efficiencies demonstrated
that BE achieved higher and more consistent editing efficiencies across most genes, specifically
KLRG1, TIGIT, AHR, CD16a, CISH Ex.2 SD, and PD1. Notably, the BE cells achieved

significantly higher editing efficiency for B2M, with zero variability, marking an exceptional
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improvement over the Cas9 edited Group. Conversely, TGFBR2 BE editing efficiency displayed
increased variability despite similar mean values, suggesting the need for further optimization.
Additionally, FAS DN showed slightly lower mean efficiency and higher variability using BE
compared to Cas9. Of note the BE-engineered cells displayed greater health and performance,
likely a direct result from the lack of DSB that are present in Cas9 edited populations (Figure 4B,

Q).

Building on this, we further assessed the editing efficiencies of the same target genes using a
concentration ratio of 7.5 pug ABE8e/Cas9 to 1 ug sgRNA; For the Cas9-treated cells, the
observed editing efficiencies were: KLRG1 (82 + 3.06), TIGIT (62.33 + 9.29), AHR (83.67 +
0.47), CD16a (77.33 + 0.47), CISH Ex.2 SD (56.33 + 2.49), PD1 (71.67 + 3.06), B2M (98.67 +
1.25), TGFB DN (76.33 £ 1.25), and FAS DN (80.67 = 0.94). In comparison, BE-treated cells
demonstrated higher efficiencies for most genes: KLRG1 (92 + 1.25), TIGIT (94.33 £ 0.47),
AHR (87 + 0.47), CD16a (94 + 1.41), CISH Ex.2 SD (97 + 2.36), PD1 (89.33 + 2.05), B2M (100

+0), TGFB DN (78 £ 1), and FAS DN (77.67 + 1.70).

These findings further highlight the superior performance of BE over Cas9, even in the
presence of a higher concentration of the Cas9 enzyme. Specifically, genes such as TIGIT, CD16a,
CISH Ex.2 SD, PD1, and AHR showed markedly higher mean BE editing efficiencies, along with
consistently lower standard deviations, underscoring the enhanced precision and reliability of BE.
Moreover, the higher editing efficiency achieved for B2M in the BE cells, maintained across both
concentrations, underscores the robustness of the BE. (Figure 4D, E) These results reinforce the
conclusion that BE offers substantial improvements in editing efficiency and consistency, making

it a more effective and reliable approach (Figure 4F).
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Since all experiments were conducted using the 1210 iPSC line derived from adult
fibroblasts, we aimed to replicate these findings in a different cell line, specifically an alpha-beta
T cell-derived iPSC line. The objective was to validate the results observed in the 1210 iPSC line
across this new cell type.

Comparing Cas9 and ABE8e-mediated editing in the alpha-beta T cell-derived iPSC line
revealed distinct editing efficiency patterns across the target genes. Cas9-mediated editing
efficiencies revealed increased variability, with KLRG1 exhibiting relatively lower efficiencies
(61% KO), while CD16a and B2M showed higher efficiencies (83% and 76% respectively).
Notably, TGFB DN had the lowest editing efficiency among the genes tested, approximately 50%.

In contrast, ABE8e-mediated editing exhibited higher and more consistent editing
efficiencies. Specifically, TIGIT, CD16a, and B2M demonstrated robust editing efficiencies,
ranging from 89% to 94% KO. Additionally, ABE8e-mediated engineering improved efficiency
for KLRG1and AHR compared to Cas9, approximately 83-85% and 81-88%, respectively (Figure
4G, H).

Collectively, these findings demonstrate that ABE8e-mediated engineering is more
effective than Cas9 in achieving higher and more consistent editing efficiencies across our nine
target genes in the alpha-beta T cell-derived iPSC line. This demonstrates BE-mediated

engineering ability to efficiently produce robust editing regardless of the iPSC line.

Highly efficient multiplex base editing in IPSCs using ABE

Future advancements in cellular therapies will likely necessitate numerous tailored gene

edits tooptimize efficacy, especially fortackling challenging solid tumor cancers. Previous studies
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have shown that multiplex base editing techniques can improve the functionality of CAR-T cells
[67] and NK cells [68] in this context.

Here, we investigated the feasibility of applying a similar approach to develop iPSC-based
cell therapies using ABES8e or CRISPR/Cas9 for multiplex editing. We incorporated all nine
targeted sgRNAs into a single electroporation master mix, including ncCD16a, AHR, KLRG1,
CISH, PDCD1, B2M, TIGIT, TGFB, and FAS DN sgRNAs (Figure 5A). Multiplex editing
efficiencies at the genomic level were evaluated by Sanger sequencing to quantify A to G
conversions at the target sites using EditR for ABE8e-mediated editing (Figure 5C, D) and
Synthego ICE tool for CRISPR/Cas9edited groups to quantify indels (Figure 5E, F). We used the
optimized ratios of 1.5 ug (ABE8e/Cas9):1 ug (SgRNA)and 7.5 pug (ABE8e/Cas9):1 ug (sgRNA)
to achieve highly efficient editing.

Robust editing was achieved across all nine targets with ABE8e (Figure 5). Comparing
ABES8e and CRISPR/Cas9 for multiplex base editing of 1210 adult fibroblast-derived iPSCs at a
ratio of 1.5 pg:1 pg (ABE8e/Cas9 sgRNA) reveals significant differences in editing efficiencies
across the targeted genes (Figure 5). Specifically, ABE8e showed robust editing efficiencies in
genes such as AHR, PD1, and CD16a, ranging from approximately 60% to over 90% (Figure 5C-
F). In contrast, CRISPR/Cas9-mediated editing showed generally lower editing efficiencies,
ranging from 0 to 16.2% across all targeted genes (Figure 5 E,F). CRISPR/Cas9-mediated
engineering did not produce any TGFbR2 DN and CISH Ex.2 SD KO (Figure 5E). Furthermore,
in the 7.5 pg:1 ug ABE8e/Cas9: sgRNA group, ABES8e consistently demonstrated higher editing
efficiencies. Genes such as KLRG1, TIGIT, AHR, CD16a, and PD1 showed significantly higher

mean editing efficiencies, ranging from 65% to 93%.
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ABES8e achieved higher editing efficiency for B2M ex. 1 SD, with minimal variability (99
* 1.7%). This represents a substantial improvement over Cas9, which showed editing lower than
10% for most of our genes of interest. Specifically, for B2M, Cas9 editing was approximately 16.2
+ 3.8%, the highest editing seen across all nine targets for the Cas9 group. This significantly limits

the use of Cas9 in a multiplex setting (Figure 5C-F).

Multiplex Base Editing in iPSCs Reduces p53 Response

CDKN1A (p21), a crucial cell cycle regulator, plays a pivotal role in maintaining cell cycle
integrity at the G1/S checkpoint. [68] It functions as a potent inhibitor of cell cycle progression in
response to various stress signals, including DNA damage and unfavorable growth conditions.
[68,69] High levels of p21 lead to cell cycle arrest, a critical process for DNA repair and preventing the
propagation of damaged cells. The p21 gene encodes a potent cyclin-dependent kinase inhibitor that
plays a crucial role in regulating cell cycle progression and mediating cellular responses to various
stress signals. The regulatory roleof p21in cell cycle control makes it significantin understanding diseases
with cell cycle dysregulation, particularly cancer. [69]

Initially recognized for its role in cell cycle arrest under the transcriptional regulation of p53, p21
has emerged as a multifunctional protein with diverse roles in cellular processes. Besides its classic tumor-
suppressor function, p21 exhibits oncogenic potential and anti-apoptotic effects, which are influenced by
its subcellular localization and the status of p53. P53 directly bindsto the promoter region of the CDKN1A

gene, stimulatingp21 expression in response to DNA damage and other stress signals. Thisdual role of p21
in both inhibiting cell cycle progression and promoting cell survival underscores its complexity and its
potential as a target for therapeutic interventions in diseases associated with abnormal cell

proliferation and survival [69] (Figure 6A).
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We wanted to investigate the modulation of p21 expression levels in response to various
treatment conditions involving CRISPR-associated components. We ran RT-gPCR to quantify p21
expression. Treatment with the Cas9 only, ABE only, and ABE8e + sgRNA resulted in virtually
no change in p21 expression compared to the Pulse-only condition where the cells didn’t get any
sgRNAs or BE/Cas9 (Figure 6B). Strikingly, the combination treatments involving sRNAs With
Cas9 led to a significant upregulation of p21 expression. The most potent induction of p21
expression was observed for Cas9 + gRNA, where p21 expression increased 70-fold compared to
the control condition, which is likely attributed tothe cellular stress response triggered by the DNA
damage and repair mechanisms activated by the CRISPR-Cas9 system (Figure 6B). These
findings suggest that Cas9-mediated engineering elicits a strong stress response, leading to a
significant upregulation of p21 expression. The p21 induction may serve as a molecular brake,
arresting cell cycle progression and allowing cells to repair potential genomic lesions or undergo
apoptosis in response to the genetic perturbations induced by the CRISPR-associated components.
Karyotypic Characterization of Multiplex Edited IPSC Populations
Karyotyping is a fundamental technique in cytogenetics that plays a crucial role in analyzing the
chromosomal composition within cells. The term "karyotype" refers to the complete set of
chromosomes found in an individual or species, arranged in a standardized format [71,72]
Karyotyping involves preparing metaphase chromosomes from cells and staining them with
specific dyes, such as Giemsa stain. This staining process reveals unique banding patternsthat help
identify and distinguish chromosomes under a microscope. Through visual examination,
cytogeneticists can determine the number, size, and shape of chromosomes within a cell or
organism [71]. Thus, karyotyping provides essential insights into genetic health and abnormalities

by studying the structure, number, and arrangement of chromosomes. Conventional karyotyping
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identifies major chromosomal defects, including aneuploidy, insertions, deletions, duplications,
inversions, and reciprocal translocations. It is instrumental in diagnosing conditions characterized
by specific chromosomal abnormalities, such as Down syndrome (trisomy 21) and Turner
syndrome (monosomy X), as well as in assessing mosaicism in tissues other than blood, such as
fibroblasts [71].

We wanted to elucidate any karyotypic abnormality that might be caused by the multiplex
engineering of these cells and wanted to analyze since its widely knownthat CRISPR based mRNA
editing is infamous for Chromosomal Instability and Rearrangements in Cell Lines, and is
Detectable by Cytogenetic Methods (72)

Upon careful examination of the karyotype data, distinct aberrations were observed in the
CRISPR/Cas9-treated group, while the karyotype of the ABE-treated group remained unchanged
(Figure 7 C, D), indicating that the cells maintained a healthy chromosomal structure. Specifically,
the CRISPR/Cas9-edited cells exhibited significant chromosomal inversion events. Chromosomal
inversion is a structural rearrangement where a segment of a chromosome is reversed in
orientation. Inversions can disrupt gene expression and lead to functional consequences, depending
on the genes affected and the size of the inverted segment. (73)

In the 1.5 pg:1 pg Cas9 group, a chromosomal inversion was observed in one of the
chromosomes (Figure 7E). Similarly, the group edited with 7.5 pg:1 pug Cas9 displayed one
distinct chromosomal inversion on chromosome 5—identified by their characteristic banding
patterns (Figure 7F). Chromosomal inversions are deleterious structural aberrations that can arise
from various factors, including exposure to radiation, certain chemicals, or genome editing
techniques such as CRISPR-Cas9. These inversions can have significant phenotypic

consequences, disrupting gene expression, promoting the formation of fusion genes, or altering the
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overall genomic architecture. Such alterations can impact cellular functions and contribute to

disease development or developmental abnormalities. (74)

Since we observed chromosomal inversion events in the Cas9 edited populations we next carried
out a more in-depth 60-cell cytogenetic screen (Figure 7G). Pulse control cells exhibited a normal
karyotype without any detectable chromosomal abnormalities. Chromosomal aberrations were
observed across different editing conditions. In the ABE-edited populations, approximately 5% of
chromosomal deletion events and 1% of chromosomal addition events were detected. However, in
populations edited with CRISPR/Cas9, the frequency of these aberrations was notably higher, with
about 32% chromosomal deletion events and 6.5% chromosomal addition events. The co-
occurrence of both deletion and addition events within a subset of the analyzed Cas9-edited

population suggests a more pronounced genomic instability in this group.

The higher frequency of chromosomal aberrations in the CRISPR/Cas9-edited group raises
concerns about potential deleterious effects on cell function and viability. As a result of these
findings, particularly the abnormal karyotypes observed in CRISPR/Cas9-engineered conditions,
we excluded these populations from further downstream applications to maintain the integrity of

our study and ensure the safety of potential therapeutic applications.

Differentiation of Multiplex edited IPSCs to iHPCs:
Hematopoietic stem progenitors possess the intrinsic capacity to generate all major blood

and immune cell types in vitro, including lymphoid, myeloid, and erythroid lineages. To leverage
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this capability and establish a more relevant source of these cells, we utilized a developed two-
dimensional monolayer differentiation protocol for multiplex-edited iPSCs, aiming to generate a
sustainable supply of iHPCs (Figure 8B). This approach allowed us to explore and optimize the
differentiation process, ensuring efficient and reproducible production of iHPCs.

Upon differentiation, we characterized the multiplex-edited iPSC-derived iHPCs, focusing
on the CD34+CD43+, a transmembrane protein expressed on most leukocytes subset contained
within the supernatant. (Figure 8A). Interestingly, multiplex-edited iPSCs exhibited a higher yield
of supernatant cells, indicating that our multiplex edits may enhance downstream hematopoietic
differentiation(Figure 8C). Further characterization using flow cytometry revealed that the
multiplex-edited iPSCs were highly efficient in generating HSPCs as evidenced by robust
expression of CD34+ and CD43+,(Figure 8D). Notably, iPSCs edited with 7.5 ug ABE8e:1 ug
sgRNA showed a significantly increased presence of CD34+CD45+, indicating a favorable HSPC
fate and broader pan-leukocyte expression across all hematopoietic cells (Figure 8E).

These findings underscore the utility of multiplex editing in iPSCs to enhance their
differentiation potential towards hematopoietic lineages, highlighting the therapeutic potential of
these cells in regenerative medicine and disease modeling. Future studies will further explore the
mechanisms underlying these enhanced differentiation capabilities and their implications for

clinical applications.

Downstream Differentiation of Multiplex edited IPSCs into NK cells:

NK cells play a crucial role in innate immunity, defendingagainst pathogens and malignant
cells. Dysregulation of NK cell function is linked to immune disorders, including
immunodeficiencies and autoimmune diseases [98]. Additionally, NK cells are effective in cancer
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immunotherapy, inducing cytotoxicity against tumors [93]. Differentiating engineered iPSCs into
NK cells offers advantages for developing "off-the-shelf" cell therapies. Unlike autologous
approaches, iPSC-derived NK cells can be generated from a genetically defined starting
population, enhancing product consistency and reducing variability [91]. iPSCs can self-renew
indefinitely, enabling large-scale production of NK cells from a single cell line, which is
advantageous for clinical applications and screening efforts [95].

The multiplex editing capabilities of iPSCs allow precise genetic modifications to study
specific genes involved in NK cell development, activation, or effector functions. This approach
can lead to enhanced or engineered NK cell products for therapeutic applications [92]. Leveraging
iIPSC technology's scalability, reproducibility, and genetic manipulability, researchers can advance
NK cell biology and develop immunotherapeutic strategies for diseases like cancer and immune
disorders. Differentiating multiplex-edited IPSCs into NK cells holds promise for translating
research into clinical applications, improving patient outcomes, and advancing regenerative
medicine and immunotherapy. Thus, we sought to differentiate iPSCs into NK cells and evaluate

the impact of multiplex editing on their functionality

We attempted to differentiate Day 13 CD34+ iHPCs into CD56+CD3-iNK cells. Day 13 CD34+
IHPCs were plated on a lymphoid differentiation coating material (DLL4, VCAM1) and
supplemented with IMDM human platelet lysate (5%) and IL-3for the first week of differentiation.
SCF, IL-7, IL-15, and FIt3L ligand were also added. On day 14, the cells were harvested, plated
onto plastic, and differentiation continued in NK media for an additional 21 days. On day 35 post-
seeding, iINK progenitors were harvested for final maturation and expanded with C9 feeder cells

(Figure 9A).
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Weekly flow cytometry was performed throughout the differentiation to analyze the phenotype.
The multiplex-edited cells exhibited a superior phenotype and increased proliferation compared to
unedited 1210 iNKs (Figure 9B). The multiplex-edited cells showed approximately 200-fold and
187-fold expansion from day 0 to day 14 in the 7.5 pg:1 pg and 1.5 pg:1 pg conditions,
respectively (Figure 9C). On day 14, cells were reseeded at a density of 100,000 cells per well,
and significant growth was observed from day 14 to day 35, with the iINK progenitors displaying
an exceptional NK phenotype. Approximately 95% of the cells were CD56+CD7+ at the end of
the 35-day differentiation (Figure 9D). Analysis of CD56+CD3- cells showed nearly 100%
CD56+CD3- cells (Figure 9F). We also see that during our differentiation our cells are
morphologically similar to the PBNKs and they attain this morphology within 14 days of

Differentiation (figure 9G).

Feeder Expansion of Multiplex engineering of iNK Progenitors Produces Mature and pure NK

cell population

After differentiating induced hematopoietic stem cells (iIHSCs) into induced NK (iNK)
progenitors, the cells were matured by expanding them using irradiated K562 feeder lines
(Clone9.mblL21 [C9]) in co-cultures supplemented with IL-2 at a ratio of 1:2 iINK progenitor to
feeder. Initially, 1 million progenitor cells were seeded [76,77], and every 7 days the cells were
harvested, characterized with flow cytometry, and reseeded at a density of 1 million INK cells per
flask, marking the start of the next round of expansion (Figure 10A). Progenitor cell populations
from Day 28 and Day 35 exhibited a similar phenotype with nearly identical CD56+CD7+
expression levels. Despite undergoing three rounds of expansion, we did not observe a significant

difference in the proportion of cells exhibiting the CD56+CD7+ phenotype between progenitors
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that were expanded from Day 28 or Day 35 (Figure 10B). Multiplex-edited iNKs and unedited
INKs showed comparable cell proliferation and yield in the first two rounds of expansion.
However, after a third round of expansion, there was a noticeable decrease in cell proliferation
across all groups, regardless of editing status (Figure 10C). This suggests that iNK cells mature
most effectively after two rounds of expansion, and the third round may induce signaling cascades
that impede further growth. Further research is necessary to explore this phenomenon. Despite
reduced proliferation, all groups were 100% CD56+ CD3- after feeder expansion showing the
Purity of the NK cell population (Figure 10D). Interestingly, all iPSC-derived groups showed
similar morphology to primary PBNK under brightfield microscopy at the end of the third round
of expansion, suggesting efficient production of mature Production of NK cell Population (Figure

10E).

Feeder-Expanded Multiplex Engineered iNK Cells Are Highly Functional and Cytotoxic
Against Burkitt's Lymphoma in-vitro

After expanding the INK progenitors for 2 rounds, they were functionally evaluated, by assessing
their INK cytotoxicity via luciferase-based co-culture Killing assay against Raji cells at different
E:T ratios (effector-to-target) ratios: 2:1, 1:1, 1:2, and 1:4 (68,77) We observed that during the first
24 hours, at 2:1 E:T, the multiplex-engineered iINK cells exhibited robust killing, reaching over
90% cytotoxicity against Raji cells. This potent cytotoxic activity was maintained across lower
E:T ratios of 1:1, 1:2, and 1:4, with the Killing percentage remaining above 80% in all cases.
Notably, the unedited INK displayed a lower level of killing, ranging from approximately 50-60%

across the different E:T ratios. (Figure 11A) This suggests that the multiplex engineering of the
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INK cells significantly enhanced their cytotoxic potential against the Raji cells, even at lower E:T
ratios.

A similar trend is observed, with the multiplex engineered iNK cells exhibiting robust and
consistent killing activity against Raji cells across all E:T ratios at the 48-hour time point At the
highest E:T ratio of 2:1, the killing percentage exceeded 90%, comparable to the 24-hour time
point. (Figure 11A, B). As the E:T ratio decreased, the killing efficiency remained high, with
values above 80% for the 1:1 and 1:2 ratios, and approximately 70% for the lowest 1:4 ratio.
Interestingly, the unedited iNK cells showed increased cytotoxic activity compared to the 24-hour
time point, indicating that their killing potential may have improved with extended co-culture time.
More importantly at both the timepoints, we saw improved cytotoxicity compared to the PBNK
control (Figure 11A, B). Given the robust response observed, we conducted a serial-killing assay
with all cell groups. The multiplex-engineered cells demonstrated significantly higher cytotoxicity
compared to unedited iINK cells through three rounds of serial killing. Notably, after four rounds,
the cytotoxicity of the multiplex-engineered cells exceeded that of the PBNK group, while the
unedited INK cells exhibited diminished functionality. These results highlight the superior
efficiency of multiplex-engineered cells in sustained cytotoxic activity. (Figure 11 C-H).

After four rounds of cytotoxic killing assays, Multiplex-edited iINK cells demonstrated
significantly higher efficiency in killing target cells compared to both unedited and PBNK
counterparts. This finding underscores our ability to successfully generate functional Multiplex-

engineered iNK cells with enhanced cytotoxicity.
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Concurrent multiplex base editing and non-viral transposon engineering

Chimeric antigen receptors (CARs) have emerged as highly promising tools for enhancing cell-
based cancer immunotherapy over the past decade (78). However, the delivery of CAR constructs
into iPSC-derived cells and NK cells has been predominantly limited to viral vectors [ 79-83]. The
high cost and extended manufacturing process associated with viral vectors have underscored the
need for a faster and more cost-effective alternative method for stable transgene delivery.

To address this, we developed non-viral engineered CAR-IPSC-derived cells using a
TcBuster transposon plasmid encoding an insulated CAG CD19 CAR (Figure 12A). iPSCs were
co-transfected with CD19 CAR, TcBuster transposase mMRNA, sgRNAs, and ABE8e mRNA
through electroporation (Figure 12B). Following recovery, CAR expression was confirmed by
quantifying GFP and CAR presence on the cells (Figure 12C). Approximately 48% of the cells
were GFP-positive and about 42% were CAR-positive using FMC63 anti-idiotype antibody
(Figure 12C). Recognizing the need to enrich our cell population, we performed FACS-based
sorting to achieve approximately 99% GFP-positive and 87% CAR-positive cells (Figure 12C)
Following this, the cells underwent assessment for editing, confirming significant modifications
across all nine targeted genes. Consistent with previous observations, an increase in editing
efficiency (A-G conversion) was evident across all experimental conditions (Figure 12D). This
establishes a co-transfection strategy with TcBuster transposase mMRNA and ABE8e mRNA for

simultaneous knockout and knock-in of cargo.
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CONCLUSIONS AND FUTURE DIRECTIONS

The findings presented in this study represent a significant stride towardsthe development of next-
generation cancer immunotherapies utilizing genetically engineered immune cells derived from
human iPSCs. By harnessing the precise and efficient capabilities base editing we successfully
demonstrated the feasibility of introducing multiplex genetic modifications in iPSCs while
mitigating the genotoxic risks and chromosomal aberrations associated with conventional
nuclease-based approaches.

One of the pivotal discoveries of this study is the remarkable performance of ABEs in
achieving high and consistent editing efficiencies across multiple target genes simultaneously.
Specifically, the ABES8e editor consistently outperformed CRISPR/Cas9 in the multiplex editing
setting, often exceeding 90% editing efficiency at target loci. This finding underscores the
versatility and robustness of ABEs in addressing complex genetic engineering maneuvers, where
the simultaneous modulation of multiple genes is essential for enhancing cellular functions and
overcoming therapeutic barriers.

The high editing efficiencies achieved with ABEs were accompanied by minimal cellular
stress and genotoxicity, as evidenced by the low induction of p21 expression, a crucial marker of
DNA damage response and cell cycle arrest [116]. In contrast, CRISPR/Cas9 nucleases elicited a
substantial upregulation of p21 expression, indicating the activation of cellular stress pathways
and potential genomic instability. This observation aligns with previous studies that have reported
the involvement of p21 in mediating cellular responses to DNA damage and regulating cell cycle
progression [60,117,118]. The ability of ABEs to circumvent these stress responses and minimize

off-target effects represents a critical advantage over conventional nuclease-based approaches,
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particularly in the context of developing cell-based therapies, where preserving genomic integrity
is paramount for ensuring safety and efficacy.

Furthermore, the cytogenetic analysis revealed a striking absence of chromosomal
abnormalities, inversions, and random loss events in ABE-edited cells, in stark contrast to the
significant aberrations observed in CRISPR/Cas9-edited populations. These findings corroborate
previous reports that have linked CRISPR/Cas9-mediated double-strand breaks (DSBs) to the
induction of chromosomal rearrangements and genomic instability [119, 120]. The absence of such
aberrations in ABE-edited cells further reinforces the safety profile of base editingand its potential
for minimizing the risk of adverse genomic events that could compromise the therapeutic potential
of engineered cells.

The robust and consistent editing capabilities of ABEs, combined with their minimal
genotoxic impact, position base editing as a powerful tool for the development of next-generation
cell therapies. The ability to simultaneously engineer multiple genes implicated in immune cell
function and tumor microenvironment (TME) resistance opens up new avenues for enhancing the
efficacy of cancer immunotherapies. By modulating a diverse array of intracellular and
extracellular checkpoints, such as AHR, CISH, KLRG1, TIGIT, PD-1, and CD16a, we can
potentially overcome the immunosuppressive barriers posed by the TME and unleash the full
potential of engineered immune cells against cancer.

In addition to the exceptional editing performance, our study demonstrated the successful
differentiation of multiplex-edited iPSCs into induced hematopoietic progenitor cells (iIHPCs) and
subsequently into induced NK (iNK) cells. Remarkably, the multiplex-edited cells exhibited
enhanced differentiation potential towards the hematopoietic lineage, as evidenced by the higher

yield of supernatant cells and robust expression of CD34+ and CD43+ markers, indicative of bona
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fide hematopoietic progenitor cells. These findings suggest that the precise genetic modifications
introduced by base editing may contribute to improving the differentiation efficiency and lineage
commitment of iPSCs, further enhancing their therapeutic potential.

The functional characterization of the multiplex-edited iNK cells revealed their superior
cytotoxic activity against target cells compared to unedited and primary NK cell counterparts. The
robust and consistent killing ability observed across multiple effector-to-target ratios and in serial
killing assays underscores the potential of this approach in generating highly potent and effective
NK cell products for cancer immunotherapy. These findings align with previous studies that have
demonstrated the potential of genetically engineered NK cells in enhancing anti-tumor responses
and overcoming immunosuppressive mechanisms [129,130].

Moreover, the successful integration of non-viral transposon engineering with concurrent
multiplex base editing demonstrated in this study paves the way for the efficient delivery of
chimeric antigen receptors (CARS) or other transgenes into engineered iPSC-derived cells. This
approach addresses the limitations associated with viral vectors, such as high costs and extended
manufacturing processes, providing a faster and more cost-effective alternative for stable
transgene delivery. The utilization of non-viral transposon systems for CAR delivery has been

explored in various studies, demonstrating their potential for clinical translation [131,132].

While the findings of this study are highly promising, several future directions and
considerations should be studied for further explorations. Mechanistic insights into enhanced
differentiation and functionality are needed, as the observed enhancement in hematopoietic
differentiation and cytotoxic potential of multiplex-edited cells warrants further investigation into

the underlying molecular mechanisms. Elucidating the interplay between the edited genes and their
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impact on cellular signaling pathways, transcriptional regulation, and epigenetic modulation could
provide valuable insights into optimizing the engineering process and developing more potent cell
therapies. Transcriptomic and proteomic profiling, as well as functional assays, could shed light
on the molecular determinants governing the improved differentiation and functional outcomes
observed in this study. In vivo validation and preclinical studies are essential, as the in vitro
characterization of multiplex-edited iINK cells demonstrated promising results. Validating their
safety and efficacy in relevant in vivo models is crucial. Preclinical studiesusing appropriate tumor
models would be crucial to assess the antitumor activity, biodistribution, and potential off-target
effects of these engineered cells. Additionally, evaluating their ability to overcome
immunosuppressive TME barriers and their persistence in vivo would be critical for translational
applications. These studies could involve xenograft models or patient-derived xenograft (PDX)
models, which have been widely used in preclinical cancer research. Expansion and scale-up
strategies must be developed as the field progresses towards clinical applications. Developing
scalable and cost-effective strategies for the expansion and manufacturing of multiplex-edited
IPSC-derived cells will be essential. Optimizing bioreactor systems, exploring alternative culture
conditions, and implementing automation and process control measures could facilitate large-scale
production while maintaining product consistency and quality. Strategies such as fed -batch culture
systems, microcarrier-based bioreactors, or the integration of advanced monitoring and control
systems could be explored. Exploration of alternative base editing systems is another
consideration. While this study focused on the use of ABES8e, the rapidly evolving field of base
editing offers a plethora of new tools and variants. Exploring alternative base editors, such as
cytosine base editors (CBES) or newly engineered variants like Prime editorwith improved editing

windows, target specificity, or reduced off-target effects, could further enhance the precision and
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versatility of multiplex engineering in iPSCs. Combinatorial approaches and additional genetic
modifications beyond the nine target genes investigated in this study could further enhance the
functionality of engineered immune cells. Integrating base editing with other gene editing tools,
such as CRISPR interference (CRISPRi) or CRISPR activation (CRISPRa), could enable fine-
tuning of gene expression levels and provide an additional layer of control over cellular functions.
Immune cell engineering beyond NK cells is also a potential avenue, as the potential applications
of base editing extend to other immune cell types. Exploring the multiplex editing of iPSC-derived
T cells, macrophages, or other immune cell subsets could open new avenues for developing
personalized immunotherapies targeting a wide range of diseases, including autoimmune
disorders, infectious diseases, and cancer. Finally, integration with other therapeutic modalities
could be explored. The engineered iPSC-derived immune cells developed through base editing
could potentially be integrated with other therapeutic modalities, such as small molecule inhibitors,
checkpoint inhibitors, or targeted therapies, to create synergistic and multi-pronged treatment
strategies. This combinatorial approach could potentially overcome resistance mechanisms and

enhance therapeutic outcomes.

In conclusion, the findings presented in this study represent a significant step forward in the
development of next-generation cancer immunotherapies using genetically engineered immune
cells derived from human iPSCs. By leveraging the precise and efficient capabilities of base editing
technology, we have successfully demonstrated the ability to introduce multiplex genetic
modifications while minimizing genotoxic risks and chromosomal aberrations associated with

conventional nuclease-based approaches.
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The superior editing performance, enhanced differentiation potential, and improved cytotoxic
activity of multiplex-edited iNK cells highlight the transformative potential of this approach in
overcoming the immunosuppressive barriers posed by the tumor microenvironment and
unleashing the full potential of engineered immune cells against cancer.

While significant progress has been made, this study also underscores the need for continued
research and exploration in areas such as mechanistic insights, in vivo validation, scalable
manufacturing strategies, and the integration of base editing with other therapeutic modalities. By
addressing these challenges and leveraging the rapidly evolving toolbox of gene editing
technologies, the field of personalized cancer immunotherapy can continue to advance, bringing
us closer to realizing the promise of highly potent and precisely engineered cell-based therapies

for improved patient outcomes.
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Figure 1. Schematic Representations of CRISPR/Cas9, Base Editing, and Prime Editing
Systems. (A) CRISPR/Cas9 System: The Cas9 protein cleaves a specific DNA sequence guided
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by a single guide RNA (sgRNA). (B) Adenine Base Editing Mechanism: Conversion of A«T base
pairs to G+C base pairs using a Cas9 nickase. (C) Prime Editing Mechanism: Cas9 nickase fused

to a reverse transcriptase and a prime editing guide RNA (pegRNA).
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Figure 3. Beta-2-Microglobulin (B2M) Knockout in Human iPSCs Using ABE and
CRISPR/Cas9 Technology. (A) Experimental setup and workflow for B2M knockout. (B) Flow
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cytometric plots for B2M knockout: 1210—unedited human adult fibroblast-derived line, Cas9—
IPSCs edited with the enzyme, ABE—-=cells edited with Adenine Base Editor (n=3, data from 3
independent electroporation’s). (C) Quantification of the flow phenotype of the cells. (D) Editing
efficiency at the genomic level quantified by A-to-G conversion at the target base for each gene
locus (n=3).
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Table 1 : Panel of Target Inhibitory Genes

Gene Subcellular

Names Protein Name Location SgRNA Scequence Target Site PAM

KLRG1 Killer cell lectin like receptor G1 Cell membrane Chromosome 12: 8,950,044-9,010,760 forward strand. | NGG
CCTTACCTTGAGAAGTTTAG

T cell immuncreceptor with ig and ItIM Cell membrane Chromosome 3: 114,276,913-114,310,298 forward NGG

TIGIT domains CAGGCCTTACCTGAGGCGAG strand.

AHR Aryl hydrocarbon receptor Intracellular Chromosome 7: 16,916,359-17,346,152 forward NGG
CTTACCATCAAAGAAGCTCT strand.

PDCD1 Programmed cell death protein 1 Cell membrane Scaffold HSCHR2_3 CTG15: 61,979-71,006 reverse NGG
CACCTACCTAAGAACCATCC strand.

CD16a Fc fragment of igG receptor llla Cell membrane chromosome 1g23 encoded by the FCGR3A gene NGG

Mutation TTGACACTGCCAAACCTATT

Fas DN Fas cell surface death receptor Cell membrane Chromosome 10: 88,953,813-89,029,605 forward NGG
AAATATATCACCACTATTGC strand.

TGFbR2 DN Transforming growth factor beta receptar 2 Cell membrane Chromosome 3: 30,605,601-30,694,142 forward NGG

Cell membrane GTAGACATCGGTCTGCTTGA strand.

B2M Beta-2-microglobulin Extracellular Chromosome 15: 44,711,358-44,718,851 forward NGG
ACTCACGCTGGATAGCCTCC strand.

CISH Cytokine inducible SH2 containing protein Intracellular Chromaosome 3: 50,606,489-50,611,774 reverse NGG
CTCACCAGATTCCCGAAGGT strand.
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FIGURE 4:
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Figure 4. Single Gene Knockout in Human iPSCs Using ABE and CRISPR/Cas9 Technology
Across 9 Targeted Genes. (A) Experimental setup and workflow for single knockout of 9 targeted
genes. (B) Editing efficiency at the genomic level in the 1210 human fibroblast-derived iPSC line,
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quantified by A-to-G conversion of the target base for each gene locus using an adenine base editor
with 1.5 pg:1 pg, ABES8e: Guides (n=3; data from 3 independent electroporations). (C) Editing
efficiency at the genomic level in the 1210 human fibroblast-derived iPSC line, quantified by A-
to-G conversion of the target base for each gene locus using an adenine base editor with 7.5 pg:1
Hg, ABES8e: Guides (n=3; data from 3 independent electroporations). (D) Editing efficiency at the
genomic level in the 1210 human fibroblast-derived iPSC line, quantified by ICE Synthego,
indicated by Indelsfor each gene locus with an adenine base editor with 1.5 pug:1 pg, Cas9: Guides
(n=3; data from 3 independent electroporations). (E) Editing efficiency at the genomic level in the
1210 human fibroblast-derived iPSC line, quantified by ICE Synthego, indicated by Indels for
each gene locus with an adenine base editor with 7.5 pg:1 pg, CAS9: Guides (n=3; datafrom 3
independent electroporations). (F) Schematic of single gene editing strategy. (G) Editing
efficiency at the genomic level in alpha-beta T cell-derived iPSC line, quantified by A-to-G
conversion of the target base for each gene locus using an adenine base editor with 1.5 pg:1 g,
ABES8e: Guides (n=3; data from 3 independent electroporations). (H) Editing efficiency at the
genomic level in alpha-beta T cell-derived iPSC line, quantified by ICE Synthego, indicated by
Indels for each gene locus with an adenine base editor with 1.5 pg:1 pg, CAS9: Guides (n=3; data

from 3 independent electroporations).
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Figure 5. Highly Efficient Multiplex Base Editing in iPSCs Using ABE. (A) Schematic of the
experimental setup and workflow for multiplexing 9 targeted genes with CAS or ABE8e. (B)
Schematic of single gene editing strategy. (C) Multiplex editing efficiency at the genomic level
quantified by A-to-G conversion of the target base for each gene locus, using 1.5 pg:1 pg ABESe:
Guides (n=3). (D) Multiplex editing efficiency at the genomic level quantified by A-to-G conversion
of the target base for each gene locus, using 7.5 pug:1 ug ABES8e: Guides (n=3). (E) Multiplex editing
efficiency at the genomic level quantified by ICE Synthego, indicated by Indels at the target base for
each gene locus, using 1.5 pg:1 pg CAS9: Guides (n=3) ( all data generated from 1210 iPSCs)
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Figure 6. (A) Schematic of the cell cycle model involving cyclin/cdk complexes essential at each

phase. CyclinD/cdk4-6 complexes play a crucial role by phosphorylating the Rb protein, thereby
suppressing its function and enabling cells to transition through the restriction R-point. This
regulation of cell cycle progression induces the expression of p21, a cyclin-dependent kinase
inhibitor. p21 binds to and inactivates various cyclin/cdk complexes, contributing to the
suppression of cell cycle progression. (B) Depiction of the fold change in expression levels of the
p21 gene under various treatment conditions involving CRISPR-associated components: Pulse
(control treatment or baseline condition), Cas9 Only (treatment with Cas9 nuclease alone), ABE
Only (treatment with an adenine base editor, specifically ABE9e, alone), ABE8e + gRNA
(combined treatment with ABE8e and guide RNAs targeting a specific genomic locus), and Cas9
+ gRNA (combined treatment with Cas9 nuclease and guide RNAs targeting a specific genomic

locus).
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Figure 7. Karyotypic Analysis of Multiplex Engineered iPSCs. (A) Normal human karyotype.
(B) Normal karyotype of unedited 1210 iPSC line. (C) Normal karyotype of multiplex base-edited
cells with 1.5 pug:1 pg ABE8e: sgRNA. (D) Normal karyotype of multiplex base-edited cells with
7.5 ug:1 pg ABES8e: sgRNA. (E) Karyotypic abnormality of multiplex CAS9-edited cells with 1.5
ug:1 ug CAS9: sgRNA. (F) Karyotypic abnormality of multiplex CAS9-edited cells with 7.5 pg:1
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png CAS9: sgRNA. (G) In-depth karyotypic characterization of 60 cells, including chromosomal

deletions and additions in unedited, base-edited, and CAS9-edited cells.
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Figure 8: Downstream iHPCs Differentiation of Multiplex Edited iPSCs. (A) Schematic of
IPSC differentiation to iHPCs workflow. (B) Schematic of the protocol to differentiate iPSCs to
IHPCs. (C) Brightfield images of the iPSCs through differentiation, with day 5 on the left and day
13 on the right, showing suspension cells detaching from the monolayer. (D) Total supernatant
cells produced during the differentiation process. (E-G) Flow phenotype of supernatant cells.
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Figure 9:
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Figure 9. Downstream Differentiation of Multiplex Edited iPSCs into NK Cells. (A)
Schematic of workflow from iPSC to NK stage. (B) NK differentiation protocol and the time points
for NK cell fate analysis. (C) Total NK cell count throughout the NK differentiation (n=3; all
experiments were done with 3 technical replicates). (D) Fold change of NK cells throughout the
differentiation. (E) NK cell phenotype (CD56+CD7+) throughout the NK differentiation. (F) NK
cell phenotype (CD56+CD3-) throughout the NK differentiation. (G) Brightfield images at day 0
and day 14 show similar morphology to PBNKS.
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process. (D) Flow cytometric analysis of CD56+CD3- cells at various timepoints during feeder
expansion. (E-H) Representative brightfield microscopy images illustrating the progression from

INK progenitors to mature NK cells during the third round of expansion (Scale bar = 100 um).
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Figure 11. Serial killing assay demonstrating multiple rounds of target cell elimination. (A-
B) Round 1 of the killing assay showing results at 24 hours (left) and 48 hours (right). (C-D)
Round 2 of the killing assay with outcomes at 24 hours (left) and 48 hours (right). (E-F) Round 3
of the killing assay presenting results at 24 hours (left) and 48 hours (right). (G-H) Round 4 of the
Killing assay displaying outcomes at 24 hours (left) and 48 hours (right).
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Figure 12. Concurrent multiplex base editing and non-viral transposon engineering. (A)
Schematic representation of the insulated CAG CD19 CAR construct. (B) Schematic illustration
of the concurrent multiplex and transposon engineering process. (C) Flow cytometry analysis
showing GFP+ (top) and CAR (bottom) expression levels before and after Tyto sorting of the
concurrent multiplexed and non-viral transposon-engineered cells. (D) Quantification of multiplex
editing efficiency at the genomic level, measured by A to G conversion of target base for each
gene locus, using a 1.5 pg:1 pg ratio of ABES8e to guides (n=3). (All editing data generated from

1210 iPSCs; error bars represent standard deviation).
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