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Abstract

Natural killer (NK) cells are a critical component of the innate immune system due
to their ability to kill a variety of target cells, including cancer cells. This innate anti-tumor
phenotype has driven intense interest in the use of NK cells for cancer immunotherapy, but
this has seen limited success in the clinic. Enhancing NK cell cytotoxicity by augmenting
activating signals or eliminating inhibitory signals could significantly improve NK-based
cancer immunotherapy.

We have developed highly efficient methods for editing the genome of human NK
cells. Specifically, to target inhibitory signals for elimination, we have developed methods
for CRISPR-Cas9-based gene knockout. We have also created platforms for delivery of
activating signals using either CRISPR-Cas9 in combination with recombinant adeno-
associated virus (rAAV) and a non-viral approach for engineering using DNA transposons.

We targeted relevant genes (ADAM17 and PDCD1) for knockout and delivering
activating receptors CD16a and a CD19-specific chimeric antigen receptor (CAR).
Importantly, we show direct functional consequences of engineering steps, using
preclinical in vitro and in vivo models. Furthermore, we demonstrate the clinical scalability
of all methods.

The focus of this work was to develop methods for engineering primary human NK
cells, with the goal of creating clinical products to treat human disease. Future work will

focus on combining approaches to generate NK cells expertly equipped to kill cancer.
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CHAPTER 1: Non-Viral Genome Engineering of Natural Killer

Cells!

Summary

Natural killer (NK) cells are cytotoxic lymphocytes of the innate immune system
capable of immune surveillance. Given their ability to rapidly and effectively recognize
and kill aberrant cells, especially transformed cells, NK cells are an attractive source for
cancer immunotherapy. NK cells do not express a T cell receptor (TCR) and thus do not
contribute to graft-versus-host disease (GvHD), nor do they induce the common toxicities
observed with T cell-based therapies. The clinical efficacy of NK cell-based therapies has
been hindered by limited in vivo persistence and the immunosuppressive tumor
microenvironment (TME) characteristic of many cancers. Enhancing NK cell efficacy
through genome engineering has the potential to improve NK cell persistence and restore
cytotoxic capabilities in the TME. Alongside silencing NK cell inhibitor receptors, NK cell
killing can be redirected or enhanced by the delivery of chimeric antigen receptors (CARs).
However, NK cells face technical and biological challenges not seen in T cells, resulting
in low genome editing efficiencies. Viral vectors are the most widely studied method for

NK cell engineering, but they carry the concern of random insertional mutagenesis. As

! This chapter has been accepted for publication: Robbins GM', Wang M', Pomeroy EJ*, Moriarity BS*.
Non-Viral Genome Engineering of Natural Killer Cells. Stem Cell Research and Therapy (2021).

1 These authors contributed equally

1 These authors contributed equally



such, this review focuses on non-viral methods of gene transfer within the context of

improving cancer immunotherapy using engineered NK cells.

Introduction

Cancer therapy has been revolutionized through the adoptive transfer of tumor
infiltrating lymphocytes (TILs) and genetically engineered T cells. However, clinical
efficacy has been largely limited to blood cancers'. Natural killer (NK) cells are innate
lymphocytes with cytotoxic and inflammatory effector functions in response to cancer and
thus represent an additional cell type of interest for cancer immunotherapy. Moreover, NK
cells have not been associated with some of the most detrimental side effects associated
with T cell-based therapies, such as graft-vs-host disease (GvHD) and cytokine release
syndrome (CRS), making NK cells an attractive candidate for cancer immunotherapy?.
However, studies to date have shown minimal clinical efficacy with unmanipulated
peripheral blood NK cells. Thus, improving NK cell function though genetic modification
is of high interest, but primary NK cells display resistance to many gene editing methods
that work well in T cells*. A current consideration for engineered T and NK cell therapy
is the method of gene transfer. The vast majority of engineered lymphocytes used in the
clinic are made using viral vectors to deliver genetic material'®. However, high cost of
production, long turnaround times, batch to batch variability, and safety concerns have
motivated the field to search for non-viral gene delivery and modification approaches.
Here, we review recent advances in the genetic modification of NK cells, with a focus on

non-viral strategies.



NK Cell Intransigence to Genetic Modification

Viral vectors including retrovirus and lentivirus have been used extensively to
stably deliver genetic material to a broad range of cell types’. They have been especially
useful in the cell therapy field for the generation of engineered T cell therapies and
hematopoietic stem/progenitor cell (HSPC) transplant. In contrast to T cells and HSPCs,
NK cells are notoriously difficult to transduce®®. High expression of pattern recognition
receptors (PRRs) activated in response to pathogen- and danger-associated molecular
patterns (PAMPs and DAMPs) may in part explain this phenomenon®'°. The RNA genome
of retroviruses and lentiviruses is known to activate PRRs including TLR3, RIG-I, and
MDA-5 in NK cells®. The result is poor NK cell viability and low transduction rates, which

hinders the efficacy of this approach for therapeutic use''.

NK Cell Transfection Strategies

Transfection is a powerful tool for the deliberate introduction of nucleic acids into
cells and can be used to deliver genome editing reagents for gene knockout or delivery of
exogenous transgenes. Non-viral methods of transfection most often result in rapid,
although transient, transgene expression when compared to viral-based methods*!?. A
major concern with the viral modification of NK cells is the risk for insertional mutagenesis
given the high viral titers necessary for transduction. Conversely, non-viral transfection-
based methods do not carry the aforementioned risk, making them more favorable from a

safety perspective, especially with an ultimate goal of developing novel immunotherapies.



The most common methods of gene transfer using transfection include lipofection and
electroporation.

With lipofection, nucleic acids or proteins are encapsulated in cationic liposomes,
which fuse with the target cell membrane!'®. Once fused, these liposomes release the cargo
directly into the cell. While lipofection of NK cells has historically been used more
sparingly, there are new bodies of research utilizing liposome-mediated transfection
strategies'®. One of the earliest studies using lipofection described the transfer of a murine
IL-2 expressing plasmid into primary NK cells using the cationic lipid N-(1-(2,3-
dimyristyloxypropyl)-N,N-dimethyl-(2-hydroxyethyl) = ammonium  bromide/dioleoyl
phosphatidylethanolamine (DMRIE/DOPE)'“. IL-2 promotes proliferation and enhances
the cytotoxicity of NK cells, including the secretion of granzyme. Investigators found that
melanoma xenograft tumors treated with transfected NK cells had significantly higher
levels of granzyme A activity'. The transformed NK cell line NK-92 (derived from
PBMCs of a non-Hodgkin’s lymphoma patient)!> was lipofected with stem cell factor
(SCF) cDNA and found to have significantly greater proliferation and stronger cytotoxicity
against a broad range of target tumors when compared to wild-type NK-92 cells'.
Lipofectamine 2000 has been used to transfect primary NK cells with an activating
chimeric antigen receptor (CAR) specific to HER-2, an oncogene frequently found
overexpressed in a number of solid tumors. These HER-2 specific CAR-NK cells were
selectively activated by HER-2 positive tumor cells and eradicated tumor cells in vivo'’.
Youness et al. identified miR-486-5p as a direct regulator of insulin-like growth factor-1

receptor (IGF-1R), which is a known modulator of hepatocellular carcinoma'®. miR-486-



Sp was lipofected into primary NK cells, resulting in improved NK cell cytotoxicity
through an increase in NKG2D and perforin expression. Regis et al. found that miR-27a-
Sp negatively regulates CX;CR1, which drives NK cells to peripheral tissues, including
tumor sites'®. Investigators utilized Lipofectamine 3000 to transfect primary NK cells with
a miR-27a-50 inhibitor and achieved a transfection efficiency of ~30%. Most recently,
Lipofectamine 2000 and 3000 were compared to a novel transfection reagent method
known as charge-altering releasable transporters (CARTSs). While lipofectamine-
transfected primary NK cells had GFP detection below 1%, CART-transfected NK cells
expressed GFP more efficiently (~10%) and showed improved viability with minimal
changes to NK cell phenotype and function®.

Electroporation-based methods are one of the earliest strategies used for nucleic
acid delivery in NK cells. Electroporation is a method based on the generation of electrical
pulses to induce small, temporary pores in the cell membrane'®. These pores allow for
charged molecules, such as DNA, RNA, and proteins, to move into the cell. Typically,
electroporation requires target cells to be dividing in an exponential growth phase in order
for optimal nucleic acids to have access to the nucleus. Previous studies demonstrate that
primary NK cells require cytokine stimulation and/or expansion using feeder cell lines to
allow for sufficient transfection efficiencies and post-electroporation viability!'32!.
Nucleofection-based methods were developed to allow for efficient gene transfer into the
cell nucleus without relying on cell division for nucleic acid transfer into the nucleus.

Nucleofection uses the physical methods of electroporation (induction of cell membrane



pores) but uses a unique device, known as a Nucleofector, as well as cell type-specific

reagents®.

Transfection of NK Cells with in vitro Transcribed (IVT) mRNA

While nucleofection-methods are still employed, many investigators found that
moving away from DNA-based cargo improved viability. Carlsten et al. electroporated
primary NK cells with mRNA to introduce a high affinity CD16 and chemokine receptor
CCR7%. Greater than 95% expression was achieved, and engineered cells showed
substantial migration to chemokine, CCL19, as well as greater cytotoxicity against
antibody-coated lymphoma cells. While electroporation-based methods have been utilized
with high efficiencies, viral transduction remains heavily used due to its ability for stable
gene transfer. A comparison of mRNA electroporation and lentiviral transduction of the
NK-92 cell line showed significantly greater transfection efficiencies and cytotoxicity from
mRNA electroporated cells?*. Interestingly, cord blood NK cells had higher efficiencies
when transduced virally, suggesting relevant differences between the NK-92 cell line and
primary NK cells isolated from peripheral blood**. Li et al. found electroporation
efficiencies greater than 80% when they introduced an mRNA encoding a CAR receptor
against CD19 into rested (unstimulated) and expanded primary NK cells*. Both rested and
expanded cells transfected with a CD19-CAR showed enhanced cytotoxicity against
CD19+ targets when compared to untransfected cells. Similarly, NK-92 cells have also
been transfected with mRNA to express a CD19-CAR, chemokine receptor CCR7, as well

as other reporter genes such as eGFP, YFP, and Azuride'?. Both viability and transfection



efficiencies achieved were between 50-60%, with CD19-CAR transfected cells showing
improved cytotoxicity against CD19+ cell lines during in vitro killing assays. Importantly,
delivery of activating receptors with mRNA or plasmid DNA results in transient
expression, so alternative approaches are necessary to achieve stable expression of

transgenes.

NK Cell Engineering with DNA Transposons

A common strategy for stable, non-viral gene delivery is the use of DNA
transposons. Transposons, also known as transposable elements, are naturally-existing
repetitive DNA sequences that are capable of mobilizing from one location to another in
the genome?. When used for gene delivery, DNA transposons are generally a two-
component system, with a transposon vector containing sequence to be mobilized flanked
by terminal inverted repeats (TIRs) and a transposase enzyme that identifies the TIRs and
excises and re-integrates the transposon?’. Since their discovery 70 years ago by
McClintock, the “cut and paste” mechanism of transposons has been used as a genetic tool
for multiple purposes, ranging from genetic screening to insertional mutagenesis and
transgenesis®*%. As we enter the era of gene therapy and personalized medicine,
transposons have been used extensively as an alternative to the viral vector system for
engineering human cells. Recently, transposon-engineered iPSCs and T cells have been
used in clinical trials, making the transposon system one of the most promising non-viral

vector systems for stable gene transfer?’%.



There are three major superfamilies of transposons commonly used for gene
transfer in human cells, namely Tc1/mariner, piggyBac, and hAT?®. The most extensively
studied transposon system for gene transfer, the Sleeping Beauty (SB) transposon system,
belongs to the Tcl/mariner superfamily?®. Since its discovery and reconstruction from the
genomes of salmonid fish*, SB has undergone improvements through the generation of
hyperactive mutants and transposon donor vector optimization®'2. The most hyperactive
variant developed so far, SB100X, is shown to have a 100-fold improvement of efficiency
compared to the original SB transposase, and is comparable to that of a viral vector
system?®2. PiggyBac (PB) is another well-developed transposon system for stable gene
transfer that was isolated from Cabbage Looper moth?®33. The PB system shares a similar
transposition mechanism with SB, and its efficiency has also been significantly improved
by hyperactive mutant screening and transposon/transposase vector optimization®*34. The
current hyperactive PB (super-PB) also exhibits a comparable efficiency of transposition
to viral vectors®. As a novel representative of the hAT family, the Tc Buster transposon
originated from the red flour beetle and is a rising star for gene transfer®. Tc Buster was
shown to be highly active in human cell lines, including HEK-293 and HelLa cells, and
have a comparable transposition efficiency to PB and SB3*¢%7.

Engineering NK cells using transposable elements has gained fairly limited
attention and even fewer publications so far. Among these published studies, NK-92 is
almost exclusively used?**®. For instance, in collaboration with the Kaufman laboratory,
we previously utilized NK-92 cells to screen mesothelin-specific CAR constructs to

enhance NK cell activity**. We successfully expressed a panel of novel CAR architectures



in NK-92 cells using PB or SB systems and demonstrated improved anti-tumor activities
of CAR-expressing NK-92 cells when co-cultured with mesothelin-expressing targets®.
Another study focused on expressing a CD73-specific CAR in NK-92%. Using the PB
system, Matosevic’s group delivered a CD73-CAR construct to NK-92 cells and showed
potent killing ability against both solid tumor target cells and humanized CD73+ lung
cancer patient derived xenograft (PDX) models*.

As an alternative to transfecting NK cells directly with transposon systems,
transfecting iPSCs and differentiating them into NK cells allows for the circumvention of
low transfection efficiency of plasmids in primary NK cells*#!. Using this approach, Li et.
al. were able to express optimized mesothelin-CAR constructs using a super-PB system in
human iPSCs, followed by differentiation into NK cells*. Like NK-92, stable expression
of mesothelin-CAR was achieved in iPSCs, and subsequent functional assays indicated
enhanced tumor specificity and killing in iPSC-derived CAR-NK cells*.

Our finite understanding of NK cells in general and their notorious aversion to
transgene uptake and expression are likely to blame for the limited study of transposable
elements in primary NK cells. Transposons, especially SB and PB, have been used
extensively in delivering CARs to T cells for treating both hematological and solid tumors,
with targets including CD19, CD33, CD133, EGFR, mesothelin, and GPC3***7. Among
them, a CD19-CAR and a SLAMF7-CAR, both generated using the SB system, have
already entered phase I/II clinical trial for treating leukemia or lymphoma*+° and multiple
myeloma (MM) (NCT 04499339)%, respectively. These achievements in T cells offer both

insight and a basis for applying the concept in primary NK cells. With a better



understanding of NK isolation and expansion, as well as the improvements in SB
technology through hyperactive mutant generation (SB11, SB100X) and transposon donor
vector optimization (pT4)*2, it is feasible to expand and apply transposon systems for
engineering primary NK cells. Our group performed proof-of-principle experiments
delivering mRNA encoding SB11 or SB100X in combination with a minicircle DNA
transposon encoding GFP to feeder cell-expanded primary human NK cells (Figure 1). We
show stable expression of GFP 21 days after electroporation, with 15% efficiency using
SB100X, suggesting this is a viable approach for non-viral, transposon-based gene delivery
to NK cells.

Because of their higher gene transfer efficiencies, viral vector systems, including
lentivirus, adeno-associated virus (AAV), and retrovirus, are still the preferred vector
systems used in NK cell engineering. Nevertheless, transposon systems have been shown
to overcome many limitations of the viral vector systems. Larger cargo size is one of the
most prominent features transposon systems have over viral vectors’!. Transposons have
demonstrated up to 200 kb of cargo capacity, with no known upper limit>2, while the largest
carrying capacity for viral vectors has an 8 kb size limitation®'. Moreover, as transposons
do not have a tendency to integrate within 5’ untranslated regions (UTRs) as retroviral
vectors do'3, transposons have a better safety profile, and they are also more cost-
effective and easier to produce and purify?®. With the recent improvements of gene transfer
efficiencies in transposon systems, especially that of SB and PB, the efficiencies are
comparable to that of viral vectors®****, making transposon system a very promising gene

editing tool for NK engineering.
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NK Cell Engineering with Cas9, Base Editors, and Prime Editors

The expression of an array of inhibitory receptors and checkpoint molecules that
can be upregulated in tumor microenvironment (TME) has made CRISPR/Cas9-based gene
targeting in NK cells a goal for scientists trying to augment NK cell anti-tumor efficacy.
Early efforts to use CRISPR/Cas9 in primary NK cells used Cas9 expressed via a DNA
plasmid or mRNA. This often resulted in low transfection efficiencies’*. Our group
developed a platform to efficiently and reliably target genes with CRISPR/Cas9 using
chemically modified guide RNAs and Cas9 mRNA?!. We targeted NK inhibitory genes
ADAM17 and PDCD]1 for knockout and developed a method for targeted integration using
recombinant adeno-associated virus as a donor template for homology-directed repair
(HDR). Gene knockout and knock-in efficiencies in this study reached 90% and 75%,
respectively, equivalent to reports of analogous approaches in primary T cells. Other
groups have solved the problem of low transfection efficiency by delivering Cas9 and guide
RNAs as ribonucleoprotein (RNP) complexes, as this approach has shown high editing
rates in primary T cells®. Through the use of RNPs, Rautela et al. were able to achieve
editing efficiencies of up to 75% across a number of genes in primary NK cells*. Others
have used RNPs to efficiently knockout TGFBR?2 in primary NK cells, as TGFf3 is a major
NK cell inhibitor>. Electroporation of cells with RNP complex to knockout TGFBR2
resulted in a 60% reduction in mRNA expression. Recently, Nguyen et al. developed
methods to improve the efficiency of site-specific CRISPR/Cas9-based gene delivery,
using Cas9-RNPs and DNA templates for HDR containing truncated Cas9 target sequences

(tCTSs). The tCTSs associate with the Cas9-RNPs and are thus shuttled to the nucleus

11



which enhances HDR efficiency®’. Using this approach, they achieved over 15% transgene
delivery to NK cells.

Base editors (BEs) are another gene editing tool that takes advantage of the
CRISPR-Cas system. BEs are composed of a catalytically inactive Cas9 protein fused to a
DNA deaminase domain’®. Unlike Cas9 nuclease, this feature enables precise introduction
of targeted single nucleotide changes without introductions of double-strand breaks
(DSBs)¥. There are two types of base editors to date, adenine base editor (ABE) and
cytosine base editor (CBE), and collectively they can achieve all possible transition
mutations (A<->G for ABE and C<->T for CBE)®¢!, Due to its relatively recent discovery,
applications of BE in the immunotherapy context are very limited. Studies using BE in T
cells have just started emerging, however, applications in NK cells are still lacking. Last
year, our group reported a multiplex knockout of T-cell receptor alpha constant (TRAC),
-2 microglobulin (B2M) and programmed cell death 1 (PDCDI) in CD19 CAR-T cells
using both CBE base editors®>. In this study, we achieved higher than 90% editing
efficiency across all 3 target genes, at both DNA and protein levels®2. Additionally, Zhang’s
group reported a down-regulation of PD-1 expression in CAR-T cells using ABE®. By
altering the coding sequencing of N74 in the PDCD1 gene, they reduced asparagine (N)-
linked glycosylation of PD-1 protein. This modification reduced its inhibitory effect on
CAR-T cells. These studies serve as a proof of principle for using both ABE and CBE in
T cells, and potentially NK cells, given the shared characteristics and functioning

mechanisms between these two cell types.
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Last year, Liu’s team reported prime editor (PE), further expanding our ability to
precisely engineer DNA without inducing DSBs>®¢. PE uses a reverse transcriptase fused
to dCas9 and prime editing guide RNA (pegRNA) containing a sequence to be introduced.
PE is capable of introducing all possible transversion and transition mutations, as well as
small insertions and deletions®. At its current stage, PE has only been tested in a very
limited numbers of mammalian cells, including 293T and K562, with up to 70% and 30%
editing efficiency, respectively®*. However, sharing a similar mechanism as BE, it is worth

testing PE in NK cells.

Materials and Methods

NK Cell Isolation and Expansion

PBMCs from de-identified healthy human donors were obtained by automated
leukapheresis (Memorial Blood Centers, Minneapolis, MN, USA). CD56+CD- NK cells
were isolated by negative selection using the EasySep Human NK Cell Enrichment Kit
(STEMCELL Technologies). After isolation, NK cells were expanded by co-culture with
irradiated (100 Gray) mbIL21- and 41BBL-expressing K562 feeder cells as described

previously®.

Electroporation of Expanded NK cells
Expanded NK cells were pelleted and resuspended at 3 x 107 cells/mL in T buffer (Neon
Transfection System Kit; Thermo Fisher Scientific). 1 yg minicircle plasmid DNA and 1

ug SB11 or SB100X mRNA were added to 10 L (3 x 10° cells) on ice. This mixture was

13



electroporated with the Neon Transfection System (Thermo Fisher Scientific) using two
pulses of 1850 V and 10-ms pulse width. NK cells were re-expanded with feeder cells for

21 days.

Flow Cytometry

The following antibodies were used: allophycocyanin (APC)-conjugated anti-CD56 (clone
REA196; Miltenyi Biotec), phycoerythrin (PE)-conjugated anti-CD3 (clone SK7; BD
Biosciences), SYTOX Blue dead cell stain (Thermo Fisher). Flow cytometry assays were
performed on LSR Fortessa flow cytometers (BD Biosciences) and data were analyzed

using FlowJo version 10.4 software (FlowJo).
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Figure 1-1. SB mRNA and minicircle delivery of GFP to primary human NK cells.
Primary human NK cells (n=2 independent donors) were isolated from peripheral blood
and expanded using mblL21-expressing K562 feeder cells. After expansion, NK cells were
electroporated with minicircle (MC) plasmid expressing eGFP alone or in combination
with SB11- or SB100X-encoding mRNA. (A) Representative flow plots of eGFP
expression 21 days after electroporation. (B) eGFP expression from 2 NK cell donors 7
and 21 days after electroporation.
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Concluding Remarks

NK cell-based therapies have shown great promise as a therapy for cancer, but there
is much work to be done to augment their anti-tumor efficacy. In the second chapter of this
thesis, I describe the development of methods for editing the genome of NK cells using
CRISPR-Cas9. Using these methods, I targeted NK inhibitory genes ADAM17 and PDCD]1
for knockout and demonstrate that engineered NK cells have enhanced anti-tumor activity.
I also show efficient knock-in of non-cleavable CD16a (FCGR3A) using CRISPR-Cas9 in
combination with a recombinant adeno-associated virus (rAAV) as a template for
homologous recombination (HR).

The third chapter of this thesis details the process for engineering chimeric antigen
receptor (CAR)-expressing NK and T cells using the Tc Buster transposon system. In
developing this process, I optimized methods to avoid DNA toxicity and maximize
efficiency and cell health. I demonstrate the target-specific anti-tumor activity of CAR-NK
and CAR-T cells engineered using this method. Together, the advances in NK cell
engineering described in this thesis may unleash the therapeutic potential of NK cells for

cancer treatment.
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CHAPTER 2: A Genetically Engineered Primary Human

Natural Killer Cell Platform for Cancer Immunotherapy?

Summary

Enhancing natural killer (NK) cell cytotoxicity by blocking inhibitory signaling
could lead to improved NK-based cancer immunotherapy. Thus, we have developed a
highly efficient method for editing the genome of human NK cells using CRISPR/Cas9 to
knock out inhibitory signaling molecules. Our method efficiently edits up to 90% of
primary peripheral blood NK cells. As a proof-of-principle we demonstrate highly efficient
knock-out of ADAM17 and PDCD1 — genes that have a functional impact on NK cells, and
demonstrate that these gene-edited NK cells have significantly improved activity, cytokine
production, and cancer cell cytotoxicity. Furthermore, we were able to expand cells to
clinically relevant numbers, without loss of activity. We also demonstrate that our
CRISPR/Cas9 method can be used for efficient knock-in of genes by delivering
homologous recombination template DNA using recombinant AAV6. Our platform
represents a feasible method for generating engineered primary NK cells as a universal

therapeutic for cancer immunotherapy.

2 This work has been previously published: Pomeroy EJ, Hunzeker JT, Kluesner MG, Lahr WS, Smeester
BA, Crosby MR, Lonetree CL, Yamamoto K, Bendzick L, Miller JS, Geller MA, Walcheck B, Felices M,
Webber BR, Starr TK, and Moriarity BS. A genetically engineered primary human natural killer cell
platform for cancer immunotherapy. Molecular Therapy. 2020 Jan 8;28(1)52-63. doi:
10.1016/jymthe.2019.10.009.
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Introduction

Natural killer (NK) cells are a critical component of the innate immune system due
to their ability to kill a variety of target cells, including cancer cells. NK cell cytotoxicity
is mediated by the integration of signals from activating and inhibitory receptors and
cytokines.% The ability of NK cells to kill tumor cells, along with the ease with which they
are isolated and expanded from peripheral blood, has made them an attractive source for
immunotherapy.’%® Moreover, as NK cells do not induce graft versus host disease,” they
can be generated from unrelated donors and, therefore, represent a potential ‘off the shelf’
therapeutic product. However, NK cell immunotherapy has seen limited success in the
clinic, due in part to lack of persistence and expansion after transplant’™. Changes in NK
cell receptor repertoire and ligand expression in the tumor microenvironment can also lead
to decreased NK cell activity.”!’? Thus, it is predicted that targeting the receptor repertoire,
specifically by decreasing inhibitory signals imposed upon NK cells, may lead to
enhancement of their anti-tumor activity.”” To date, multiple phase I and phase II clinical
trials are ongoing testing NK cell checkpoint blockade against KIR (NCT01714739,
NCT01750580) and NKG2A (NCT02331875) as a therapy for hematological and solid
tumors.

One of the most potent activating receptors on NK cells is CD16a (FcyRIIIa). This
Fc receptor binds the Fc portion of IgG-coated target cells and induces antibody-dependent
cell-mediated cytotoxicity (ADCC), which is a key molecular mechanism of several
clinically successful anti-tumor therapeutic mAbs.”*7 After activation, CD16a is rapidly

cleaved from the cell surface by A Disintegrin And Metalloproteinase-17 (ADAM17).76
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Inhibition of ADAMI17 leads to increased cytokine production by human NK cells,”
suggesting that the use of tumor-targeting mAbs combined with inhibition of ADAM17
could enhance the anti-tumor response.

Various cells within the tumor micro-environment express immunosuppressive
molecules that interfere with the complex array of receptors that regulate NK cells and their
ability to expand.” For example, some tumor cells upregulate PD-L1, which engages PD1
on NK cells reducing cytotoxic activity.?'#> This inhibition imposed on NK cells limits
effective NK immunotherapy and overcoming this immunosuppression could improve
therapeutic development. Strategies for overcoming these challenges have focused on
releasing NK cell inhibition through the use of small-molecule inhibitors and monoclonal
antibodies.®-*> However, there are limitations to these strategies: off-target toxicity is
common with these types of therapies and, importantly, no humanized antibodies or
chemical inhibitors exist for some high interest targets.

An alternative approach is to use CRISPR/Cas9 to edit genes relevant to NK
function in order to improve their utility as an immunotherapeutic agent. Changes made
with this approach are confined to NK cells, reducing undesirable systemic effects.
Additionally, design and optimization of CRISPR guide RNAs (gRNAs) is straightforward
and cost-effective, making it easy to target any gene of interest. Here, we present a method
for achieving high rates of gene editing in activated primary human NK cells. We can
expand edited NK cells to clinically relevant numbers and demonstrate that gene-edited
NK cells have enhanced function in vitro and in vivo. Our method is capable of knocking-

out genes at rates up to 90% and site-specifically knocking in genes at rates approaching
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80%. In summary, we present a rapid platform for generating high functioning genetically

modified NK cells for use in cancer immunotherapy.

Results

A platform for efficient gene editing of primary human NK cells

To improve NK cell cytotoxicity, we developed an optimized CRISPR/Cas9 system
capable of disrupting important regulatory genes in activated primary human NK Cells.
Based on our previous work with primary human T cells and B cells *#%” we hypothesized
that activating NK cells prior to electroporation would make them more amenable to
nucleic acid delivery. We delivered nucleic acid in the form of eGFP mRNA to NK cells
isolated from peripheral blood mononuclear cells (PBMCs) activated with irradiated feeder
cells expressing membrane-bound IL21 (Clone9.mbIL21, C9)% and cultured with IL-2 for
7 days prior to electroporation (Figure 1A). Using this approach, we routinely achieve
>98% transfection efficiency with >90% cell viability (Supplemental Figure 1A).
Although other feeder cell and feeder cell-free expansion methods exist, we chose to use
C9 feeder cells to activate and expand NK cells because this method has been shown to be
safe and effective in patients with multiple myeloma.’® However, the effectiveness of
CRISPR editing is based on the activation state of the NK cells, and thus our
electroporation parameters could potentially be used with NK cells expanded using
different methods.

To test our optimized protocol we delivered Cas9 mRNA alone as a control, or in

combination with chemically-modified gRNAs?* targeting ADAM17® or PDCDI® to
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activated NK cells from five independent human donors. Next-generation sequencing
(NGS) of amplified target regions revealed gene editing efficiency of 80.9 = 9.9% for
ADAM17 and 81.9 £ 7.4% for PDCD1 without the use of any enrichment methods (Figure
1B). The differences in editing efficiency at the chosen target sites is attributed to efficiency
of the specific gRNA and accessibility of the target locus.® We compared NGS and
Tracking of Indels by Decomposition (TIDE) analysis to quantify gene editing efficiency
in all samples. The TIDE web tool quantifies indel formation using Sanger sequencing
reactions.” We observed no significant difference between editing efficiency calculated
using TIDE versus NGS, in line with previous reports® (Supplemental Figure 1B), and

as such we used TIDE for all further analysis of gene editing.

Gene-edited NK cells can be expanded to clinically relevant numbers

The dose of infused NK cells in the clinical setting ranges from 1 x 10° -1 x 10®
cells/kg.”® Thus, a typical patient would require ~8 x 10? NK cells at a high dose. Critically,
we were able to maintain the gene edits at similar frequencies after multiple rounds of
expansion during 21 days of culture using C9 feeder cells (Figure 1C) and gene knockout
did not affect our ability to expand cells to the clinically relevant numbers referenced above

(Figure 1D).
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Protein expression is significantly altered in gene-edited cells and minimal off-target
activity is detected

Protein expression of targeted genes was significantly decreased (89.8 + 1.2% for
ADAMI17 and 869 + 7.8% for PD1) and mRNA expression followed a similar pattern
(Figure 1E; Supplemental Figure 1C-F). To assess clinical safety, the top 10 putative
off-target sites for each gRNA were computationally identified and analyzed for off-target
editing. Next-generation sequencing showed no indel formation at any of the predicted off-
target sites (Supplemental Figure 1G). Furthermore, with the goal of developing clinical
products, we sought to optimize cryopreservation of activated and gene-edited NK cells.
Previous groups have shown low NK cell recovery after cryopreservation.”* We found that
freezing 1x107 NK cells per mL using CryoStor CS10 preservation media yielded ~80%
recovery after thaw, and that gene editing did not affect this process (Supplemental Figure
1H). The use of C9 feeder cells has been shown to maintain integrity of the NK cell receptor
repertoire.®> We compared expression of 13 NK cell receptors in control and CRISPR-
edited samples (Figure 1F; Supplemental Figure 2A). While we found a reduction in
KIR2DL1 expression in PD1 KO NK cells, and some donor variability in expression of
CD16a, KIR2DL2,3, and KIR3DL1, overall expression levels were very similar in control

and engineered cells.

Efficient targeted gene knock-in using AAV
In addition to successful gene knock-out (KO), we adapted our method for gene

knock-in (KI) by co-delivering a DNA template for homologous recombination (HR) using
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recombinant adeno-associated virus serotype 6 (rAAV6) along with Cas9 mRNA and
gRNA. This approach has been used to achieve targeted integration of a transgene in
primary human T cells and CD34+ hematopoietic stem cells.”> This method has advantages
over conventional delivery of a transgene using lentiviral-based methods, including
maintenance of endogenous regulatory elements at the site of integration and preclusion of
deleterious effects due to insertional mutagenesis.”® As proof-of-principle, we delivered
Cas9 and gRNA targeting the AAVSI1 safe harbor locus downstream of the endogenous
promoter-splice donor (Figure 1G). Co-delivery of a promoter-less EGFP targeting vector
using rAAV6 resulted in successful HR in 75.6 = 3.0% of NK cells based on junction PCR
and EGFP expression (Figure 1H-I). Similar to gene KO, gene KI was stable through
several rounds of expansion using C9 feeder cells (Figure 1J). Together, these data
demonstrate that high-efficiency Cas9-mediated gene KO and KI is achievable in activated

primary human NK cells.

Knockout of ADAMI17 or modification of CDI16 can prevent CD16 shedding and
enhance ADCC

ADAMI17 is responsible for the rapid cleavage of the activating Fc-gamma receptor
IIla (CD16a) from the surface of NK cells after activation,”®’®?7 resulting in temporary
inhibition ADCC events and the ensuing NK cytotoxicity. Small molecule inhibitors of
ADAMI17 are currently in clinical trials in combination with antibody treatments as a
method of enhancing the therapeutic effect of NK cells (NCT02141451). We reasoned that

targeting ADAM17 directly in the NK cell could avoid systemic toxicities associated with
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off-target effects of chemical inhibitors. Using an artificial activation system (PMA)” we
demonstrate that ADAM17 KO NK cells maintain significantly higher surface expression
of CD16a compared to control NK cells (which received Cas9 mRNA alone) and are on
par with what is observed when NK cells are pre-treated with the ADAM17 inhibitor
INCB007839 (Figure 2A; Supplemental Figure 3A). Surface membrane levels of
CD62L, an additional target of ADAMI17,%% were also undiminished in activated
ADAMI17 KO NK cells (Supplemental Figure 3B). To test if ADAM17 KO NK cells
have enhanced ADCC we performed standard ADCC assays using the CD20-positive
Burkitt’s lymphoma cell line Raji. Raji cells were pre-treated with Rituximab, a
monoclonal antibody targeting CD20. Rituximab-coated Raji cells induced cleavage of
CD16ain 79.5 = 1.3% of control NK cells, but there were no differences in CD16a cleavage
in ADAM17 KO NK cells (Figure 2B; Supplemental Figure 3C). Moreover, ADAM17
KO NK cells displayed a significant increase in cytotoxic degranulation based on CD107a
surface expression (Figure 2C; Supplemental Figure 3D) and IFNy production (Figure
2D; Supplemental Figure 3E) in response to Rituximab-labeled Raji lymphoma.
Importantly, ADCC was significantly enhanced when using ADAM17 KO versus control
NK cells based on increased apoptosis as measured by cleaved Caspase 3 in Rituximab-
coated Raji cells (Figure 2E; Supplemental Figure 3F). Taken together, these data
demonstrate that genetic KO of ADAMI7 in NK cells prevents CD16a shedding
comparable to ADAM]17 inhibitors and leads to enhanced ADCC.

As an alternative approach, we used our gene KI strategy to deliver a non-cleavable

version of CD16a (CD16 S197P)”7 to the AAVSI1 locus (Figure 2F). Junction PCR
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confirmed targeted integration (Figure 2G). Droplet digital PCR was performed to
quantify a rate of 74.7 £ 5.53% targeted gene knock-in (Figure 2H), and CD16a expression
was retained in CDl16a S197P-KI NK cells after stimulation with PMA/ionomycin
(Supplemental Figure 3G). We confirmed enhanced function of CD16a S197P-KI NK
cells using the same co-culture methods described for ADAM17 KO cells. We observed
retained CD16a on the cell surface (Figure 2I) and enhanced NK cell activity and target
cell killing (Figure 2J-L). Interestingly, the enhanced ADCC effect of directly targeting
CD16 was less drastic than that achieved by knockout of ADAM17. It is possible that this
discrepancy is due to the slight difference in gene editing efficiency (82.7% ADAM17 KO
vs. 74.7% CDI16a KI). Alternatively, it could be due to retention of other targets of
ADAMI17 upon ADAM17 KO. This result warrants further investigation, but it is clear that

altering CD16 cleavage can enhance ADCC.

Knockout of PDI enhances NK cell anti-tumor response

NK cells are also capable of target cell killing independent of ADCC, through direct
interaction between activating receptors on NK cells and cell surface proteins on target
cells. However, tumor cells can block this cytotoxicity by inducing NK cell inhibitory
signals through cell-surface protein interactions such as PD-L1:PD1.8182% We used our
gene-editing method to generate PD1 KO NK cells and tested their ability to directly kill
four cancer cell lines compared to control NK cells that were electroporated with Cas9
mRNA only. We selected four cancer cell lines with various expression levels of PD-L1

and PD-L2 (Supplemental Figure 4A) — the chronic myeloid leukemia line K562 (PD-L1
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low), the acute monocytic leukemia line THP1 (PD-L1 high), the prostate carcinoma line
DU145 (PD-L1 high), and the ovarian carcinoma line MA 148 (PD-L1 low). In a co-culture
killing assay, PD1 KO NK cells had significantly higher levels of degranulation (Figure
3A; Supplemental Figure 4B) and production of IFNy (Figure 3B; Supplemental Figure
4C). Similar to our ADCC results, PD1 KO NK cells also led to increased apoptosis of
target cells compared to all controls (Figure 3C; Supplemental Figure 4D).

Because there is limited data on the PD1:PD-L1 axis in NK cell function, there
remains some discrepancy in the field as to its importance.®1%:1°! To confirm our results
were due to PD1:PD-L1 interaction, we repeated the functional assays using wild-type
(WT) and PD-L1 KO K562 (PD-L1 low) and DU145 (PD-L1 high) target cells.
Importantly, control NK cells display degranulation, IFNy production, and target cell
killing at the level of PD1 KO NK cells when co-cultured with PD-L1-deficient target cells.
(Figure 3D-F).

To test functionality in vivo, we used PD1 KO NK cells to treat an orthotopic mouse
xenograft model of ovarian cancer'’? (Figure 4A). After xenograft establishment, mice
were treated by a single intraperitoneal injection of rested control NK cells, donor-matched
activated control NK cells which received Cas9 mRNA only, or donor-matched activated
PD1 KO NK cells. Treatment with PD1 KO NK cells significantly prolonged survival
(Figure 4B) and reduced tumor burden (Figure 4C) compared to both activated and rested
control NK cells, indicating improved therapeutic efficacy. Supporting our hypothesis that
NK cells are inhibited by PD1:PD-L1 interaction, we found that PD-L1 levels increase

significantly on MA 148 cells present in the ascites of mice treated with activated NK cells
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during tumor progression (Figure 4D). At tumor endpoint, mice were sacrificed, and total
ascites fluid was collected, total cells were counted and analyzed by flow cytometry.
MAT148 cells were identified by GFP expression and NK cells were identified as
hCD45+/CD56+. We observed higher PD-L1 expression on MA148 cells from mice
treated with activated NK cells (both wild-type and PD1 KO) (Figure 4E). We also
observed a presence of NK cells in the ascites fluid at endpoint in mice treated with
activated NK cells, which was significantly higher in mice treated with PD1 KO NK cells,
both as a percentage and an absolute number (Figure 4F, G). These results are consistent
with the hypothesis that the inflammatory environment created by activated NK cells
stimulates PD-L1 expression on tumor cells and provides rationale for creating PD1-

deficient NK cells for cancer therapy.

Discussion

NK cell immunotherapy holds great promise as an off-the-shelf cell therapy that
does not require antigen specificity. However, the full potential of NK cell cancer therapy
has not been realized, due in part to negative regulation of NK cells in the tumor
microenvironment. Here we present a feasible method for generating clinical quantities of
gene-edited NK cells with enhanced cytotoxic capabilities.

We chose to target two genes predicted to have a functional impact on NK cells.
We were able to effectively induce efficient indel mutations in targeted genes and gene
editing was consistent across multiple independent human donors. Importantly, we show

genetic changes are stable through multiple rounds of NK cell expansion, with the
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generation of clinical doses in a short three-week time period. The method of expansion
using CO feeder cells has been deemed safe clinically and is currently being used in several
clinical trials. We have also performed analyses for off-target editing across the top ten
putative off-target sites for each gRNA. We observe no detectable indel formation at any
of the top ten sites. We confirmed concurrent knockout of target genes at the mRNA and
protein level.

In addition to gene knock-out, we demonstrate efficient gene knock-in using
rAAV6 as a template for homologous recombination. We show knock-in of EGFP at the
AAVSI safe harbor locus that is also stable through expansion. Beyond proof-of-principle,
we have shown a functional knock-in of a modified non-cleavable CD16a at this locus as
well. This simple method for stable gene knock-in provides a platform for delivery of other
relevant cargo including chimeric antigen receptors (CARs) and self-stimulating cytokine
receptors.

In vitro assays show that ADAM17 KO NK cells are more reactive to antibody-
labeled target cells and are capable of enhanced killing through ADCC. These data are
reiterated upon stable integration of non-cleavable CD16a. These results are in line with
previous studies using ADAM17 inhibitors, but likely come with reduced risk of unwanted
off-target effects. NK cells engineered for enhanced ADCC, whether via KO of ADAM17
or modification of CD16a, will need to be tested in further in vitro assays using other cancer
lines and mAb combinations, and in preclinical in vivo models.

In vitro and in vivo assays demonstrate that PD1 KO NK cells are capable of

enhanced killing through non-ADCC pathways. Our data show enhanced NK cell
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degranulation, cytokine production, and target cell killing across a panel of tumor cell lines.
There has been some discrepancy about the importance of PD-L1:PD1 interaction in NK
cell function, as this axis is much more well-studied in T cells than NK cells. Using PD-
L1 deficient K562 or DU145 target cells, we show that enhanced activity of PD1 KO NK
cells is indeed due to PD-L1:PD1 interaction.

We also delivered PD1 KO NK cells therapeutically using an in vivo model of
ovarian cancer. Interestingly, we see upregulation of PD-L1 in these tumors upon treatment
with activated NK cells, suggesting a response of the tumor cells to immune pressure.
Accordingly, PD1 KO NK cells reduced tumor burden and enhanced survival in our model
and persisted at higher numbers at endpoint in the ascites fluid of tumor-bearing mice.
However, despite promising functional effects in vitro, our in vivo results show only a
modest improvement in survival. We suspect this is due to a need to edit multiple regulatory
genes at once, as tumors can escape NK cell killing through other mechanisms, or a need
for multiple infusions of NK cells.

In summary, we demonstrate an easy-to-use method for efficient gene editing in
primary human NK cells. In addition, we have shown functional consequence and
therapeutic potential of knockout of two genes implicated in NK cell activity. Using these
optimized methods, future work will focus on editing multiple genes simultaneously along

with delivery of engineered receptors for enhancing NK cell immunotherapy.
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Materials and Methods

Donor NK Cell Isolation and Expansion

Peripheral blood mononuclear cells (PBMCs) from de-identified healthy human donors
were obtained by automated leukapheresis (Memorial Blood Centers, Minneapolis, MN)
and further isolated on a ficoll-hypaque (Lonza) gradient. CD56+CD3- NK cells were
isolated by negative selection using the EasySep Human NK Cell Enrichment Kit (Stemcell
Technologies). After isolation, NK cells were either rested by culture with 1 ng/mL IL15,
or activated by co-culture with Clone9.mbIL21 at a 2:1 or 1:1 (feeder:NK) ratio in BO
medium supplemented with 50 TU/mL IL2 (Peprotech), as described.®> [86](Denman et
al.,2012) Samples were obtained after informed consent with approval from the University

of Minnesota Institutional Review Board (IRB 1602E84302).

Cell Culture

NK cells were maintained in BO medium'® supplemented with 1 ng/mL IL15 unless
otherwise noted. NK cells were cryopreserved at 1x107 cells/mL in CryoStor CS10 (Sigma
Aldrich). The transgenic Clone9.mbIL21 cell line, the human Burkitt’s lymphoma cell line
Raji, the human erythroleukemia cell line K562, the human prostate cancer cell line
DU145, and the human monocytic leukemia cell line THP1 were maintained in RPMI 1640
(GE Healthcare Life Sciences) supplemented with 10% FBS (GE Healthcare Life Sciences)
and 100 U/mL penicillin (Corning) and 100 U/mL streptomycin (Corning). The human
ovarian cancer cell line MA 148 was maintained in DMEM (GE Healthcare Life Sciences)

supplemented with 10% FBS and 100 U/mL penicillin and 100 U/mL streptomycin. Cell
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lines were authenticated by the University of Arizona Genetics Core (UAGC) using short
tandem repeat profiling. All cell lines were routinely tested for mycoplasma contamination

(Lonza) and found to be negative.

Guide RNA design
Guide RNAs targeting ADAM17, PD1, AAVSI1, and PD-L1 were designed using the

CRISPR MIT webtool (http://crispr.mit.edu.ezpl .lib.umn.edu/) along with Cas-OFFinder.

Six gRNAs per target gene were tested in HEK293T cells and the most efficient gRNA
(Table 1) was purchased from TriLink Biotechnologies or Synthego with 2’-O-methyl and

3’ phosphorothioate modifications to the first three 5° and the last three 3’ nucleotides.

Electroporation of activated NK cells

Activated NK cells were pelleted and resuspended at 3x107 cells/mL in T buffer (Neon
Transfection System Kit, ThermoFisher Scientific). 1.5 g Cas9 mRNA (Trilink) and 1 pg
chemically modified guide RNA (Trilink or Synthego) were added to 10 uL (3x10° cells)
on ice. Cas9 mRNA alone, without guide RNA, was used as a control for all experiments.
This mixture was electroporated with the Neon Transfection System (ThermoFisher
Scientific) using 2 pulses of 1850 volts and 10 ms pulse width. NK cells were recovered in
warm BO medium containing 1 ng/mL IL15. For rAAV6 infection, TAAV6 (MOI=500,000)
was added to NK cells 30 minutes after electroporation. rAAV6 particles were produced

by the University of Minnesota Vector Core.
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Analysis of gene editing efficiency

PCR primers were designed to amplify a 400-500 bp region surrounding the gRNA target
site (Table 2). Five days after electroporation, genomic DNA was PCR amplified using
AccuPrime Taq DNA Polymerase (Invitrogen). For analysis by TIDE, PCR amplicons
were Sanger sequenced (ACGT, Inc. or University of Minnesota Genomics Center) and

Sanger chromatograms were uploaded to the TIDE webtool (https://tide-calculator.nki.nl).

For Next Generation Sequencing (NGS), primers with Nextera universal primer adaptors
(Illumina) were designed to amplify a 350-475 bp site surrounding the region of interest
(Table 2). Samples were submitted to the University of Minnesota Genomics Center for
subsequent amplification with indexing primers and sequencing on a MiSeq 2x200 bp run
(Ilumina). A minimum of 1000 read pairs were generated per sample. Raw .fastq files
were analyzed against a reference sequence and gRNA protospacer sequence using the

CRISPR/Cas9 editing analysis pipeline CRISPR-DAYV, as previously described.!*

Droplet digital PCR

Targeted integration of MND-CD16 at AAVS1 was quantified using droplet digital PCR
(ddPCR). Assays were designed using PrimerQuest software (Integrated DNA
Technologies) using settings for 2 primers + probe qPCR. Each sample was run as a
duplexed assay consisting of an internal reference primer + probe set (HEX) and an
experimental primer + probe set (FAM) (Table 3). Reactions were set up in duplicate using

the ddPCR Supermix for Probes (Bio-Rad) with 50 ng genomic DNA per assay according
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to manufacturer’s instructions. Droplets were generated and analyzed using QX200

Droplet-digital PCR system (Bio-Rad).

RT-qPCR

RNA was extracted using the PureLink RNA Mini Kit (Ambion). cDNA was generated
using the Transcriptor First Strand cDNA Synthesis Kit (Roche). Real-time PCR was
conducted using exon-exon junction primer sets (Table 2) and SYBR Green Master Mix
(Applied Biosystems) and analyzed using a CFX-96 (Bio-Rad). Gene expression levels

were calculated relative to B-actin and expressed as a fold change compared to control.

Antibodies and Flow Cytometry

The following antibodies were used: APC-, FITC-, PE-, or Biotin-conjugated anti-CD56
(clone REA196; Miltenyi Biotec), PE-conjugated anti-CD3 (clone SK7; BD Biosciences),
PE/Cy7-conjugated anti-CD16A (clone 3G8; BioLegend), Brilliant violet 421-conjugated
anti-CD16A (clone 3G8; BioLegend), Brilliant ultraviolet 395-conjugated anti CD158b
(BD Biosciences), PE-conjugated anti CD336 (clone P44-8.1, BD Biosciences), Brilliant
violet 421-conjugated anti CD337 (clone P30, BD Biosciences), FITC-conjugated anti
NKBI1 (clone DX9, BD Biosciences), PE-Cy7-conjugated anti CD314 (clone 1D11, BD
Biosciences), APC-conjugated anti NKp46 (clone 9E2, BD Biosciences), FITC-conjugated
anti CD226 (clone DX11, BD Biosciences), Brilliant violet 421-conjugated anti-IFNy
(clone 4S.B3; BioLegend), FITC-conjugated anti-CD107a (clone H4A3; BD Biosciences),

Brilliant violet 605-conjugated anti-CD62L (clone Dreg56; BD Biosciences), PE-
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conjugated anti-active caspase-3 (clone C92-605; BD Biosciences), SYTOX Blue dead cell
stain (ThermoFisher), Fixable viability dye eFluor 780 (eBioscience). Detection of
ADAMI17 was performed using anti-human TACE ectodomain (R&D Systems) followed
by biotinylated anti-mouse IgG (R&D Systems) and Brilliant violet 421-labeled
streptavidin (BioLegend). Detection of PD1 was performed using optimized mild acid
treatment followed by staining with PE-labeled anti-PD1 (clone PD1.3.1.3; Miltenyi
Biotec). Flow cytometry assays were performed on LSRII or LSR Fortessa flow cytometers
(BD Biosciences) and all data were analyzed with FlowJo version 10.4 software (FlowJo

LLC).

NK Cell Functional Assays

For PMA stimulation, NK cells were pre-treated for 1 hour with 10 uM ADAM17 inhibitor
(INCB007839) or DMSO control. NK cells were then stimulated with 1 ug/mL PMA for 1
hour and CD16a expression was measured by flow cytometry. For intracellular cytokine
staining, NK cells were plated at 2.5x10° cells per 100 xL. BO with no cytokines added.
After incubation overnight, target cells were added at the indicated E:T ratios (2:1 for
assays with ADAM17 KO NK cells, 1:1 for assays with PD1 KO NK cells). For ADCC
assays, Raji cells were pre-coated with Rituximab (Genentech) at 10 ug/mL for 30 minutes.
FITC-conjugated anti-CD107a was added to the culture and cells were incubated for 1 hour
at 37 C. Brefeldin A and monensin (BD Biosciences) were added after 1 hour and cells

were incubated for an additional 5 hours. Cells were stained with fixable viability dye and
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for extracellular antigens and then were fixed and permeabilized using BD

Cytofix/Cytoperm (BD Biosciences). Cells were then stained for intracellular IFNy.

Target Cell Killing Assays

NK cells were plated at 2.5x10° cells per 100 L. BO medium with no cytokines added and
incubated overnight. Target cells were pelleted and labeled with CellTrace CFSE
(ThermoFisher Scientific) for 10 minutes at room temperature, then washed in 10 mL FBS.
For ADCC assays, CFSE-labeled Raji cells were pre-coated with Rituximab (Genentech)
at 10 ug/mL for 30 minutes. CFSE-labeled target cells were added to NK cells (E:T=2:1
for ADAM17 assays, E:T=1:1 for PD1 assays). Co-cultures were incubated at 37C for 6
hours. Cells were stained with fixable viability dye and then were fixed and permeabilized

with ice cold 70% ethanol for 30 minutes. Cells were then stained for active caspase-3.

In vivo tumor model

All animal studies were approved by the University of Minnesota Institutional Animal Care
and Use Committee (IACUC 1610-34201A). NOD/SCID/yc”- (NSG) mice were purchased
from Jackson Laboratories and used for all in vivo experiments. Mice were given 2x103
luciferase-expressing MA 148 ovarian carcinoma cells!'?!% via IP injection four days prior
to NK cell delivery. One day before NK cell treatment, mice were sub-lethally irradiated
(225 Centigray), and tumor burden was measured by bioluminescent imaging (BLI) using
the Xenogen IVIS 50 Imaging System (Caliper Life Sciences). Mice were then grouped

based on BLI to ensure each treatment group started with the same average tumor burden.
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On day 0, NK cells (1x10° cells per mouse) were delivered IP. BLI was measured weekly.
Mice received IP injections of IL-15 (5 pg/mouse) every Monday, Wednesday, and Friday
for 3 weeks. Animal health was monitored daily, and mice were euthanized when
moribund. Upon sacrifice, ascites fluid was collected by IP wash. Cells in the ascites fluid
were washed, enumerated, and stained for flow cytometry for hCD45, CD56, CD3, and
PD-L1. Total NK cells in ascites fluid were calculated by applying percent hCD54+CD56+

to the total ascites cell count.

Predicted Off-Target Analysis and Next Generation Sequencing

Putative off-target sites were predicted for each gRNA using the offTargetAnalysis()
function from the CRISPRseek R package (version 3.8, PMID: 25247697) using UCSC
hgl9 and a maximum mismatch number of 4. Primers with Nextera universal primer
adaptors (Illumina) were designed to amplify a 350-475-bp site surrounding either the on-
target (OnT) or off-target (OT) region of interest using Primer3Plus

(http://bioinfo.ut.ee/primer3-0.4.0/). Genomic DNA was PCR amplified in one step using

AccuPrime Taq DNA polymerase, high fidelity according to the manufacturer’s protocol
(Invitrogen). Samples were run on a 1% agarose gel and gel extracted using QIAquick Gel
Extraction Kit (Qiagen). Samples were submitted to the University of Minnesota Genomics
Center for subsequent amplification with indexing primers and sequencing on a MiSeq
2x300-bp run (Illumina). A minimum of 1000 read-pairs were generated per OnT sample
and 10,000 read-pairs per OT sample. Raw fastq files were analyzed against a reference

sequence and gRNA protospacer sequence using the CRISPR/Cas9 editing analysis
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pipeline CRISPR-DAV as previously described!®. Output ‘sample_snp.xlsx’ and
‘sample_len xlxs’ were compiled and analyzed using a custom R markdown script
(RStudio v1.1.383, R v3.4.2). Raw .fastq files and custom script will be made available

upon request.

Statistical Analysis

The Student’s t-test was used to test for significant differences between two groups.
Differences between 3 or more groups were tested by one-way ANOVA analysis followed
by Tukey’s post-hoc test. All in vitro assays were repeated in 3-5 independent donors.
Mean values +/- standard error of the mean (SEM) are shown. The level of significance

was set at o = 0.05. Statistical analyses were performed using GraphPad Prism 7.0.
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Tables

Table 2-1. Guide RNA Target Sequences

ADAMI17 GAACCACGCTGGTCAGGAAT
PD1 CCTGCTCGTGGTGACCGAAG
AAVSI1 GTCACCAATCCTGTCCCTAG
PD-L1 TTGAAGGACCAGCTCTCCCT

Table 2-2. Primer sequences

Primer Name

Forward

Reverse

PCR

ADAMI17 PCR CCCGATGTGAGCAGTTTTC | GAGACAGGCCCATCTCCTTT
C

PD1 PCR GGGTGAAGGCTCTTAGTAG | CAGGCTCTCTTTGATCTGC
G

AAVS1 PCR ACTCCTTTCATTTGGGCAGC | GGTTCTGGCAAGGAGAGAGA

ADAMI17 NGS TCGTCGGCAGCGTCAGATG | GTCTCGTGGGCTCGGAGATGT
TGTATAAGAGACAGCGGTA | GTATAAGAGACAGCCCAAACA
GAATCTTCCCAGTAG CCTGATAGACC

PDI1 NGS TCGTCGGCAGCGTCAGATG | GTCTCGTGGGCTCGGAGATGT
TGTATAAGAGACAGCACCT | GTATAAGAGACAGCAGGCTCT
CTCTCCATCTCTCAG CTTTGATCTGC

ADAMI17 RT-PCR ACCTGAAGAGCTTGTTCAT | CCATGAAGTGTTCCGATAGAT
CGAG GTC

PD1 RT-PCR ACCTGGGTGTTGGGAGGGC | GGAGTGGATAGGCCACGGCG
A

B-actin RT-PCR CACAGGGGAGGTGATAGCA | CTCAAGTTGGGGGACAAAAA
T

AAVS1-GFP Jxn | GGACGAGCTGTACAAGTAA | GAGACAGTGACCAACCATCC

PCR CG

AAVS1-CD16  Jxn | TCTTGAGGGTCCTTTCTCCA | CTCTGTTCAGCCCTAAGAATCC

38




Table 2-3. ddPCR Sequences

Probe

MND-AAVSI1 | Experimental CTGAAATGACCCTGTGCCTTAT

Forward

MND-AAVS1 | Experimental GCGATCTGACGGTTCACTAAA

Reverse

MND-AAVS1 | Experimental ACCAATCAGTTCGCTTCTCGCTTCT

Probe (FAM)

B2M Exon 3 | Reference GGTTTCATCCATCCGACATTGAAGTTGAC
Forward

B2M Exon 3 | Reference GGGTGAATTCAGTGTAGTACAAGAGATAG
Reverse

B2M Exon 3 | Reference (HEX) | GACCAGTCCTTGCTGAAAGACAAGTCTG

39




Figures

Purified NK mbiL21 Expanded Further
Peripheral Blood cells Feeder cells NK cells g Expansion
@ @ o IUIML : e
‘Q Function
o
O
Day 0 Day 0

10 . C R . . e
® . T £+ +F FTF

°
3 o B
£ B3 ® ADAM17
2 4 PD1
2 T T T T T T
1(7d)  2(14d) 3 (21d) 1(7d)  2(14d)  3(21d)
ADA'M17 p[')1 Expansion (Days in Culture)

10"
D E o
1o’ z += 104 Sugee- % ® Control
§ ] ® ADAMI7KO
8" s i
8 3 g A PD1KO
g o
8 10 c 0.5+
= v g * Control = -
« ADAM17 H
107, + PD1 o dok
- - - *kk A
0 1 2 3 0. i‘
Expansion # ADAM17 PD1

o
§ I Control
£ BN ADAM17 KO
:é BN PD1KO
3
-8
*
; : : 1
G AAVE S | sA | GFp [pA LR H am— I o
(RN AAvs1 et — [— 8
Genome [ ————— ReA | -
; . +
™
(0]
sopirzel L En AN S
Promoter
Cas9 + + + + 2
AAV6-SA-GFP - + - + 0l —ee—x
1001 gRNA - - + + Cas9 + + + +
J AAVS1gRNA - - v+
80 oL rAAV6 -+ -+
=+
& 60+
L
(0]
R 407y Caso+AAVE
20 Cas9 + gRNA + AAV6
- - —
1 2 3 1 2 3
Expansion #

40



Figure 2-1. A highly efficient method of CRISPR/Cas9-based engineering of primary
human NK cells. (A) Protocol for expansion and gene editing of primary human NK cells.
Briefly, NK cells are isolated from PBMCs of healthy human donors and co-cultured for
one week with mbIL21 (C9) feeder cells in the presence of IL2. Expanded NK cells are
electroporated with Cas9 mRNA alone (control) or in combination with gRNA targeting a
gene of interest. Electroporated NK cells are recovered in media containing IL15 and then
analyzed for genomic editing, protein loss, and function. (B) Next generation sequencing
(NGS) analysis of indel formation after delivery of Cas9 mRNA + gRNA targeting
ADAM17 (maroon) and PD1 (blue) (n=5 independent donors). (C) Analysis of indel
formation by TIDE over serial expansions with Clone9.mbIL21 feeder cells: x-axis shows
expansion number and total days in culture (n=5 independent donors). (D) Expansion of
engineered cells to clinically relevant numbers using multiple rounds of Clone9.mbIL21
expansion (n=5 independent donors). (E) Protein expression in knock-out NK cells
(colored bars) compared to control cells (gray bars) normalized to 1. Flow cytometry
analysis of % ADAMI17+ NK cells (maroon, n=3 independent donors, ***P=0.0002,
Student’s t-test), flow cytometry analysis of % PD1+ NK cells normalized to controls (blue,
n=3 independent donors, **P=0.0011, Student’s t-test) after gene knockout. (F)
Expression of a panel of NK cell markers measured by flow cytometry in control or gene
modified NK cells (n=3 independent donors). (G) Gene knock-in strategy to integrate a
splice-acceptor-EGFP cassette to the AAVS1 locus using rAAV6 and CRISPR/Cas9. (H)
PCR primers were designed to span and amplify the 3’ junction of genomic AAVSI1 and
EGFP. (I) EGFP expression 14 days after gene knock-in with rAAV6 (n=4 independent
donors, ****P=0.0016, Student’s t-test). (J) EGFP expression after 3 rounds of expansion
with C9 feeder cells.
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Figure 2-2. ADAM17 KO and CD16 editing lead to enhanced ADCC. (A) Control NK
cells were treated for one hour with 10 uM ADAMI17 inhibitor (light gray with dark
outline) or DMSO (control = dark gray, ADAM17 KO = maroon). Cells were then
stimulated with PMA/ionomycin (1 pg/mL) for one hour and CD16a expression was
analyzed by flow cytometry (n=3 independent donors, ***P=0.0003, Student’s t-test). (B-
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E) Raji cells were labeled for 10 minutes with CellTrace CFSE then incubated for 30
minutes with 10 ug/mL Rituximab. Raji cells were then co-cultured at a 2:1 (E:T) ratio
with control (dark gray) or ADAM17 KO (maroon) NK cells for 6 hours (n=3 independent
donors). Flow cytometry assays detected increased NK cell CD16A expression (B)
(**P=0.0012, Student’s t-test), increased NK cell degranulation (C) (mock = no target
cells, *P=0.0162, Student’s t-test), increased NK cell IFNy production (D) (mock = no
target cells, ***P=0.0006, Student’s t-test), and increased Raji cell apoptosis (E) (mock =
no effector cells, **P=0.007, Student’s t-test). (F) Gene knock-in strategy to integrate an
MND-driven non-cleavable CD16a (S197P) to the AAVS1 locus using tAAV6. (G)
Primers were designed to span the 3’ junction of genomic AAVS1 and CD16. (H) Targeted
knock-in of MND-CD16 S197P was quantified using droplet digital PCR (n=3 independent
donors, ***P=0.001). (I-L) CD16 S197P-KI NK cells were co-cultured with rituximab-
coated Raji cells and analyzed as described above for (B-E) (n=3 independent donors,
**P<0.01, ***P<0.001, two-way ANOVA with Tukey’s post-hoc test).
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Figure 2-3. PD1 KO NK cells demonstrate enhanced anti-tumor function 7n vitro. (A-
C) Control NK cells were rested in 1 ng/mL IL15 (light gray) to support survival as
previously described!®. Control (dark gray) and PD1 KO (blue) NK cells were activated
for 1 week with C9 feeder cells. NK cells were then co-cultured at a 1:1 (E:T) ratio with
target cell lines K562, THP1, DU145, and MA148 for 6 hours (n=3 independent donors,
**P<0.01, ***P<0.001, two-way ANOVA with Tukey’s post-hoc test). (A) NK cell
degranulation (mock = no target cells), (B) NK cell IFNy production (mock = no target
cells), and (C) target cell apoptosis (mock = no effector cells). (D-F) Control (dark gray)
and PD1 KO (blue) NK cells were activated with C9 feeder cells and co-cultured at a 1:1
(E:T) ratio with wild-type (WT) or PD-L1-deficient K562 or DU145 target cells for 6 hours
(n=3 independent donors, *P<0.05, ***P<0.001, ****P<0.0001, two-way ANOVA with
Tukey’s post-hoc test).
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Figure 2-4. PD1 KO NK cells demonstrate enhanced anti-tumor function in vivo. (A-
C) 2x10° luciferase expressing MA148 cells were delivered IP to NSG mice. Four days
after tumor injection, PBS (black), or 1x10° rested control (light grey), activated control
(dark gray), or activated PD1 KO (blue) NK cells were delivered IP. NK cells were
supported with a 5 pg dose of IL15 3 times weekly for 3 weeks. Tumor burden was assessed
with bioluminescence imaging weekly (n=8-10 mice per group). (B) Overall survival
(**P=0.0029, Log-rank test) and (C) tumor burden (*P<0.05, **P<0.01, Student’s t-test).
(D) A subset of mice (n=4 mice per timepoint) treated with activated NK cells were
sacrificed at week 1, week 5, and week 10 after treatment. MA148 cells were collected
from ascites via IP wash and PD-L1 expression was measured by flow cytometry
(***P<0.001, Student’s t-test). (E-G) Ascites fluid was also collected from all treatment
groups at sacrifice. Cells from the ascites were washed, enumerated, and analyzed by flow
cytometry for PD-L1 expression on GFP+ MAI148 cells (E), and for presence of
hCD45+CD56+ NK cells (F, G) (n=4-10 mice per group, *P<0.05, **P<0.01, One-way
ANOVA with Tukey’s post-hoc test).
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Supplemental Figure 2-1. Analysis of gene knockout in activated NK cells. (A)
Activated NK cells were electroporated with PBS (gray) or mRNA encoding eGFP (green).
Cell viability (left) was measured using Trypan blue exclusion and transfection efficiency
(right) was measured by eGFP expression 48-hours after electroporation. (B) Indel
formation in ADAMI17 and PD1 measured by NGS and compared to TIDE (n=5
independent donors). (C-E) Representative flow cytometry plots for loss of ADAM17 and
PD1. (F) mRNA loss after gene knockout was confirmed by RT-PCR. Target RNA
expression was normalized to expression of ACTB (G) Percent of cells with on-target
(OnT) and off-target (OT#) amplicons after PCR using primers designed to amplify the top
10 predicted off-target sites for each gRNA. Percentage based on Next Generation
Sequencing of amplicons. Note: PD1 OT8 did not amplify. (H) Control or gene-edited NK
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cells were frozen in CryoStor medium at 1x107 cells/mL. Percent recovery was calculated
by counting viable cells using Trypan blue exclusion 1 hour after thawing cells, after
culture in 1 ng/mL IL15.
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Supplemental Figure 2-2. CRISPR-edited NK cells maintain expression of common
NK cell receptors. (A). Representative flow cytometry plots of expression of NK cell
receptors in control or genetically modified NK cells. Gates were defined using
fluorescently labeled isotype controls for each marker.
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Supplemental Figure 2-3. ADAM17 KO NK cells display enhanced ADCC. (A-B)
Representative flow cytometry plots of NK cell CD16a (A) and CD62L (B) expression
after stimulation with 1 ug/mL PMA. (C-F) Representative flow cytometry plots of NK
cell CD16a expression (C), CD107a expression (D), IFNYy production (E), and target cell
cleaved caspase 3 expression (F) after 6-hour co-culture of NK cells with Rituximab-
coated Raji cells (E:T=2:1). (G) CD16a (S197P)-KI NK cells or controls were stimulated
for 1 hour with PMA/ionomycin (1 pg/mL) and CD16a expression was analyzed by flow
cytometry (n=4 independent donors, ****P=<0.0001, two-way ANOVA with Tukey’s
post-hoc test).
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Supplemental Figure 2-4. PD1 KO NK cells display enhanced antitumor activity. (A)
Target cell lines were incubated overnight with 500 IU/mL IFNy and PD-L1 and PD-L2
expression was measured by flow cytometry (n=3 biological replicates). (B-D)
Representative flow cytometry plots of NK cell CD107a expression (B), NK cell IFNy
production (C), and target cell cleaved caspase 3 expression (D) after 6-hour co-culture of
NK cells with MA148 target cells (E:T=1:1).
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CHAPTER 3: Non-Viral Engineering of CAR-NK and CAR-T

Cells using the 7c¢ Buster Transposon System™

Summary

Cancer immunotherapy using T cells and NK cells modified with viral vectors to
express a chimeric antigen receptor (CAR) has shown remarkable efficacy in clinical trials.
However, viral vectors are limited in their cargo size, carry the risk of insertional
mutagenesis, and large-scale manufacturing for clinical use can be cost-prohibitive. Thus,
CAR delivery via DNA transposon engineering has been pursued as an alternative due to
convenient and cost-effective production and a better safety profile. Engineering via
transposition is accomplished using a two-component system: a plasmid containing a gene
expression cassette flanked by inverted terminal repeats (ITRs) and a transposase enzyme
that binds to the ITRs and integrates the transposon into the genome.

Here, we used the newly developed Tc Buster™ (BioTechne) transposon system to
deliver a transposon containing a CD19-CAR-DHFR-EGFP expression cassette to primary
human peripheral blood (PB) NK cells and T cells. We optimized methods to avoid DNA
toxicity and maximize efficiency. Our cargo contained a mutated dihydrofolate reductase
(DHFR) which allowed us to select for stable transposon integration using methotrexate
MTX). We tested CAR-NK and CAR-T cells in functional assays against CD19-
expressing Raji cells. CAR-expressing NK and T cells produced more cytokines than CAR-

negative controls and efficiently killed target cells.
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Our work provides a platform for robust delivery of multicistronic, large cargo via
transposition to primary human NK and T cells. We demonstrate that CAR-expressing cells
can be enriched using MTX selection, while maintaining high viability and function. This
non-viral approach represents a versatile, safe, and cost-effective option for the

manufacture of CAR-NK and CAR-T cells compared to viral delivery.

Introduction

DNA transposons are natural DNA transfer vehicles that can be used for DNA
delivery in a manner similar to integrating viruses. In nature, they exist as well-defined
elements in which the transposase gene is flanked by inverted terminal repeats (ITRs) that
encode transposase binding sites. They can be used as a tool for stable genomic insertion
by surrounding a gene-of-interest with ITRs and co-delivering the transposase enzyme via

an expression plasmid or mRNA.

Transposon Families

Several DNA transposons have been used in such a manner in mammalian cells. In
the 1990s, the Sleeping Beauty (SB) transposon system was molecularly reconstructed by
eliminating inactivating mutations found in members of the Tcl/mariner family of
transposons isolated from fish®. The reactivated transposon system has since been used for
stable gene transfer and insertional mutagenesis in many vertebrate cell types including
human cells. Subsequently, the piggyBac (PB) and Tol2 transposable elements were

isolated from insects and fish, respectively, and have been optimized for enhanced activity
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in mammalian cells!'?”-1%¢, SB, PB, and Tol2 can be used as efficient non-viral tools for
stable gene delivery, and each of these has been used for gene delivery in primary human
lymphocytes!®. The hAT superfamily of transposons (including Tol2) are found in diverse
species®”. A novel representative of this family is Tc Buster, originally isolated from the
red flour beetle*. Tc Buster has been shown to be active in human cell lines and has a
comparable transposition efficiency to SB and PB**". Bio-Techne (Minneapolis, MN) has
developed a hyperactive mutant of Tc Buster to be used for the non-viral manufacture of

cellular therapies.

Advantages of Transposons

Transposons have some meaningful advantages as an alternative to viral vectors for
gene therapy. Several clinical gene therapy products have been developed using genetically
modified CD34+ hematopoietic stem cells or T cells. The majority of these products rely
on transduction of target cells with recombinant viruses, namely ?y-retroviruses, and
lentiviruses''®!'!. These delivery methods carry the risk of insertional mutagenesis via
activation of proto-oncogenes or inactivation of tumor suppressor genes. In addition, large-
scale manufacturing of these viral vectors for clinical use can be cost-prohibitive and
impede progression through clinical trials. Thus, the use of transposon systems instead of
viral vectors has been pursued as an alternative due to convenient and cost-effective
production and a better safety profile!'>!*. Any vector that integrates into chromosomes
poses the risk of insertional mutagenesis. A comparative study of the target site selection

properties of SB and PB transposons as well as gammaretroviral and lentiviral systems in
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primary human CD4+ T cells ranked their safety profiles based on multiple criteria. The
group defined a genomic safe harbor as the intersection of five criteria: 1) the sequence is
not evolutionarily conserved across species; 2) the locus is at least 300 kb from any cancer-
related gene; 3) the locus is at least 300 kb from any miRNA; 4) the locus is at least 50 kb
from any transcriptional start site (TSS); 5) the locus is not within any gene. Using these
criteria, the likelihood of transposon integration in a genomic safe harbor is 21% while for

viruses (retroviruses and lentiviruses) it is only 5%!'.

Plasmid-Based Transposon Systems

The use of transposon systems for gene delivery in human lymphocytes has been
most widely studied as a method for generating human T cells engineered to express
chimeric antigen receptors (CARs)!¢!17. Clinically, the SB system has been used to
introduce CD19-specific CARSs to patient- and donor-derived T cells*-!!8. Many preclinical
studies and clinical trials thus far have introduced SB transposase and CAR by
electroporation of bulk peripheral blood mononuclear cells (PBMCs)* 119122, CAR-
expressing T cells were subsequently expanded over several weeks in culture using feeder
cells engineered to express the target antigen and co-stimulatory molecules*. Efforts are
now being made to shorten the culture time before patient infusion. One such trial is
underway in which PBMCs are transferred into the patient within 2 days after
electroporation with SB transposase, CDI19-CAR, and membrane-bound IL15
(NCTO03579888). Signaling through the CAR and mbIL15 gives genetically-modified T

cells a selective advantage after transplant, favoring their outgrowth!?.
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Reduced-Toxicity Transposon Approaches

Another approach for shortening culture time ex vivo is to electroporate T cells
directly, rather than as bulk PBMCs from which T cells need to be selected. This has been
challenging as the delivery of transposons via plasmids leads to DNA toxicity in T cells
due to a type I interferon (IFN) response!'?*!2°. Thus, efforts have been made to minimize
the amount of DNA introduced to the T cell. Minicircle vectors are DNA delivery vehicles
that do not carry a bacterial origin of replication or bacterial resistance genes, reducing the
size of the vector to only that of the expression cassette!?°. This approach has been used to
achieve stable expression of transgenes in primary human T cells with efficiencies over 50
percent!2+127.128_ However, minicircle vectors rely on the complex and laborious removal of
the plasmid bacterial regions after plasmid purification, often leading to low plasmid yield.
More recently, nanoplasmids have been developed that contain a small (<500 bp) backbone
that encodes the R6K origin of replication and the RNA-OUT (antisense RNA) selectable
marker. This small backbone is below the limit of susceptibility for DNA toxicity and thus

nanoplasmids can be made with high yield and without complex purification methods!*-1%.

NK Cell Modification with Transposons

Thus far, the use of transposons for NK cells has been mostly applied to the NK-92
cell line*. Recently, the SB transposon system has been used to deliver a CAR to cytokine-
induced killer cells for targeting CD33 on chemoresistance acute myeloid leukemia (AML)

in patient-derived xenografts**. However, lessons can be learned from T cells on the use of
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transposons for CAR delivery to primary NK cells. The initial approach of electroporating
PBMCs with transposon-based CARs suggests that NK cells could be selectively outgrown
instead of T cells. indeed, some reports have shown outgrowth of NK cells reaching 50%
of the PBMC population after co-culture with feeder cells!?. Thus, this approach could be
optimized for selection of CAR-expressing NK cells, or delivery of a mixed population of
CAR-T and -NK cells might be advantageous as NK ells have been shown to produce
inflammatory cytokines to help shape the adaptive immune response'3!.

Alternatively, the use of minicircle or nanoplasmid vectors to deliver transposons
directly to purified NK cells is an option. NK cells share many properties with T cells, and
delivery of DNA to NK cells has been shown to induce similar toxicity!*?. Thus, reducing
the amount of DNA delivery by using mRNA-encoded transposase in combination with
minicircle- or nanoplasmid-encoded transposon may be ideal.

The use of transposons for engineering NK cells is not limited to the delivery of
CARs. Other modifications have been proposed for enhancing aspects of NK cell activity
including persistence, migration, and cytotoxicity. This includes the introduction of self-
stimulating cytokine receptors'??, strong activating receptors or dominant negative versions
of NK cell inhibitors’*. This method could be used to non-virally introduce the non-
cleavable CD16a described in Chapter 2 of this thesis. Such modifications could be used
in combination to create an NK cell expertly equipped to kill a broad range of tumor types.
Transposons provide a non-viral strategy to introduce these transgenes that could be scaled
up for clinical use. Here we show such a method for clinically scalable production of CAR-

NK and CAR-T cells using the Tc Buster Transposon System. We achieve manufacturing
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of enriched (>99%+) CAR-expressing cells in a matter of 3 weeks and show functional

efficacy of CD19 targeting CAR-NK and CAR-T cells.

Results

Optimized Engineering of CAR-NK Cells using Hyperactive Tc Buster

We sought to develop a robust platform for the manufacture and enrichment of
CAR-expressing NK and T cells. We used the newly developed hyperactive Tc Buster™
(Hyp-TcB, Bio-Techne) system to deliver a nanoplasmid containing a CD19-CAR-DHFR-
EGFP expression cassette (3.7 kb transposon, Figure 3-1A) to primary human peripheral
blood (PB) NK cells.

In Chapter 2, I described a method for efficient RNA delivery to primary human
PB NK cells. Briefly, we stimulated NK cells by co-culture with mbIL21- and 41BBL-
expressing K562 feeder cells for 7 days before electroporating them with mRNA using the
Neon Transfection System?'. We initially tried using this same process to deliver the
nanoplasmid transposon and mRNA Tc Buster transposase. As DNA toxicity has been
observed in NK cells, we modified the protocol to include DNase I in the recovery media
to prevent cell clumping and subsequent cell loss'3>. We observed low delivery efficiency
as measured by GFP expression (2.07 + 0.37%) and poor recovery (12.00 £ 0.58%) of
electroporated cells (Supplemental Figure 3-1A and 1B).

We suspected that cytosolic DNA sensors may be upregulated in NK cells during
the activation process leading to the poor delivery efficiency and cell recovery!**. We

surmised that by delivering DNA earlier in the activation process, we may circumvent the
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upregulation of DNA sensors. Thus, we tested delivery of the transposon with Tc Buster
(TcB) or the hyperactive Tc Buster mutant (Hyp-TcB) on day 2, 3, or 4 of feeder cell-
mediated activation (Figure 3-1B). Indeed, we observed higher transposition efficiency in
these earlier timepoints, with the highest efficiency on day 4 of activation (11.85 £ 1.26%
for TcB and 24.05 £+ 1.36% for Hyp-TcB).

As we were delivering the transposase as mRNA, and activation of NK cells is
known to lead to the upregulation of ribonucleases'?’, we tested the treatment of NK cells
with a ribonuclease (RNase A, RNase B, and RNase T2) inhibitor for 5 minutes prior to
electroporation with transposase mRNA (Figure 3-1C — 1E). We found that the addition
of the RNase inhibitor enhanced transposition efficiency, and again observed the highest
transposition efficiency when electroporation was performed on day 4 of NK cell activation
(Figure 3-1C, 13.23 + 1.89% for TcB and 49.63 + 4.64% for Hyp-TcB). We re-expanded
the NK cells 48-hours after electroporation for one week and compared viability and fold-
expansion for each electroporation day. We observed minimal differences in cell viability
(Figure 3-1D) but found that NK cells electroporated on day 4 of activation had
significantly higher fold-expansion than those electroporated on day 2 or day 3 (Figure 3-
1E). Thus, the optimal protocol for transposon delivery to NK cells includes
electroporation on day 4 of expansion and pre-treatment with RNase inhibitor before

electroporation.
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Enrichment of CAR-NK Cells using Methotrexate

The antifolate methotrexate (MTX) inhibits wild-type dihydrofolate reductase
(DHFR), which is essential for cell growth and proliferation!'3*!13°. Our cargo contained an
MTX-resistant DHF mutant, which allowed us to select for stable transposon integration.
We incorporated this selection step into an additional round of feeder cell-mediated
expansion and implemented this in our production timeline (Figure 3-2A). We tested three
doses of MTX to determine the minimal dose needed to kill control cells and enrich
engineered cells while maintaining high cell viability and recovery (Figure 3-2B and 3-
2C). We found the dose of 250 nM MTX to completely kill control cells (Figure 3-2B)
and enriched cells engineered with either TcB or Hyp-TcB to >99% GFP+ (Figure 3-2C).

Our optimized protocol achieves manufacturing in 20 days and results in 99.2% (+ 0.5%)

CAR+ NK cells expanded 1380-fold (£ 104.4) from electroporation input (Figure 3-2D).

Functional Validation of CAR-NK Cells

We used NK cells engineered with Hyp-TcB and selected with 250 nM MTX for
testing in functional assays against the CD19-expressing Burkitt’s lymphoma cell line Raji.
NK cells electroporated with the transposon nanoplasmid alone (without transposase) and
expanded without selection served as CAR-negative controls. We co-cultured CAR-
negative and CAR-positive NK cells with Raji cells for 5 hours at various effector-to-target
(E:T) ratios. CAR-NK cells produced more inflammatory cytokines IFNy and TNFa than
CAR-negative NK cells after co-culture (Figure 3-3A and 3-3B). CAR-NK cells also

expressed more CD107a on their surface, a marker of degranulation (Figure 3-3C). In a
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luciferase-based killing assay, CAR-NK cells killed over 90% of Raji cells in 24 hours at
the lowest E:T ratio of 1:3 (Figure 3-3D).

Our ultimate goal is for this platform to be used clinically, and thus
cryopreservation and banking of manufactured CAR-NK cells will be necessary. Thus, we
tested cytotoxicity of CAR-NK cells immediately after thaw or after overnight culture in
media containing 100 IU/mL IL2 (Figure 3-3D). We observed reduced cytotoxicity of
CAR-NK cells immediately after thaw compared to fresh cells. However, target cell killing
was still efficient at higher E:T ratios (3:1). Cytotoxicity was restored after an overnight
rest in media containing IL2. We did not observe a reduction in cell number after the
overnight rest, but we did observe a slight reduction in cell viability (Supplemental Figure

3-2A and 3-2B).

Efficient Engineering of CAR-T Cells using Tc Buster Transposition

A long-term goal of our work is to develop a combination therapy of CAR-NK and
CAR-T cells. Thus, we next wanted to apply this optimized production protocol for the
manufacture of CAR-T cells. We stimulated CD3+ primary human T cells with
aCD3/aCD28 DynaBeads for 2 days then electroporated them with the nanoplasmid alone
or in combination with TcB or Hyp-TcB mRNA. We included DNase I in the recovery
media to prevent cell clumping and then re-stimulated cells with DynaBeads. Three days
after electroporation, we selected for transposon expression with 250 nM MTX for an
additional 7 days, for a total production timeline of 12 days (Figure 3-4A). We observed

successful enrichment of engineered cells with MTX while maintaining high cell viability
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(Figure 3-4B - 3-4D). We similarly tested CAR-T cells in a killing assay against CD19-
expressing Raji cells and near complete killing of target cells at higher E:T ratios (3:1)

(Figure 3-4E).

Discussion

Current methods for the manufacture of CAR-T and especially CAR-NK cells for
clinical use largely rely on viral transduction. The nature of NK cells as first responders to
viral infection has likely led them to evolve resistance to viral infection and explains their
resistance to viral transduction'?. In addition, the use of viral vectors for CAR-T and CAR-
NK production has several other downsides. Production and handling of viral vectors is
time consuming and costly, and viral vectors are limited in the size and complexity of their
cargo and carry the risk of insertional mutagenesis. Engineering using transposons is an
attractive alternative approach as production is convenient and cost-effective, and
transposons have been shown to have a better safety profile with reduced preference for
integration near gene regulatory elements'!s.

The ultimate goal of our work was to develop a protocol for manufacturing CAR-
NK and CAR-T cells using the Tc Buster transposon system. The Tc Buster transposon is
a member of the hAT superfamily of transposons and was originally isolated from the red
flour beetle. Tc Buster has been optimized for transposition in mammalian cells and a
hyperactive mutant (Hyp-TcB) has been evolved by Bio-Techne (Minneapolis, MN). We
obtained wild-type TcB and Hyp-TcB mRNA from Bio-Techne and used them to deliver

a model expression cassette containing a second generation CDI19-CAR, mutant
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dihydrofolate reductase (DHFR), and enhanced GFP (EGFP) flanked by Tc Buster inverted
terminal repeats (ITRs) to primary human PB NK and T cells.

The use of transposons in NK cells has been limited by DNA toxicity. To avoid
this, we delivered the transposase as modified mRNA! and the transposon via
Nanoplasmid vectors which have a small backbone, high supercoiling, and are readily
scaled under cGMP compliance'*!. We also optimized activation, electroporation,
recovery, and expansion conditions to achieve 49.63% (+ 4.64%) integration efficiency
without selection (Figure 1). One such modification we made to our protocol included pre-
treating NK cells with an RNase inhibitor prior to electroporation. This enhanced
transposition efficiency from 24.05% (+1.36%) to 49.63% (+4.64%). This is likely due to
degradation of the transposase mRNA by RNases produced by NK cells without RNase
inhibition. However, there is very limited data available on the expression of ribonucleases
in NK cells in resting or activated states. We used a broad RNase inhibitor (RNase A,
RNase B, and RNase T2) based on the available limited data'*’. It would be useful to profile
NK cells for expression of a full panel of RNases at resting state and during several
activation timepoints. There may be other RNases produced by NK cells that could be
inhibited to further enhance efficiency, or it may be unnecessary to inhibit some of the
RNases included in the broad inhibitor.

We included a methotrexate (MTX)-resistant dihydrofolate reductase (DHFR)
mutein (L22F, F31S) in our cargo'#?. This allowed us to enrich our engineered population
using MTX, without the need for GMP-compliant cell sorting facilities or clinical-grade

monoclonal antibodies. Further, MTX is approved for clinical use and the concentrations
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we used for selection are clinically relevant (Figure 2). Overall, we developed a CAR-NK
cell manufacturing protocol that includes 4 days of feeder cell activation before
electroporation, re-expansion 2 days after electroporation, and a third expansion with MTX
selection (Figure 2A). This process results in 1380-fold expansion from electroporation
input when cells are engineered with Hyp-TcB (Figure 2D). Current clinical trials using
CAR-NK cells have treated patients with doses ranging from 1x10° — 1x107 cells/kg of
body weight®. Thus, the average North American patient (80 kg) would receive a dose of
8x10° NK cells on the low end and 8x10® NK cells on the high end. A single dose of 1x107
cells/kg could be produced in 20 days from a starting number of just 5.8x10° NK cells. We
routinely obtain apheresis products from healthy donors containing an average of 1x10°
NK cells (n=12 donors). Thus, we could generate an average of 1724 high (1x107 cells/kg)
doses from each donor.

Importantly, we validated the function of CAR-NK cells produced using our
protocol in comprehensive in vitro assays. CAR-NK cells showed high levels of
degranulation, inflammatory cytokine production, and target cell killing compared to CAR-
negative controls (Figure 3A — 3D). It has been suggested that cryopreservation may lead
to reduced cytotoxicity of NK cells. We understand the importance of producing a clinical
product that can be cryopreserved and banked. We did observe reduced cytotoxicity of
CAR-NK cells immediately after thaw, but this phenotype was rescued after an overnight
rest in media containing 100 IU/mL IL2 (Figure 3E). However, it may not be feasible to
include this type of overnight rest period in a clinical protocol. We observed efficient target

cell killing immediately after thaw when we used higher E:T ratios. Therefore, instead of
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implementing an overnight rest in a clinical protocol, it may be more practical to simply
deliver a higher dose of cells. This is feasible as the administration of CAR-NK cells
clinically has not been associated with cytokine release syndrome, neurotoxicity, or graft-
versus-host disease (GVHD), and the maximum tolerated dose has not been reached®.

Finally, we applied our protocol for the production of CAR-T cells. CAR-T cells
have been generated for clinical use with Sleeping Beauty (SB) transposition. We
demonstrated the feasibility of their production using Tc Buster and validated their function
(Figure 4).

Our work provides a platform for robust delivery of multicistronic, large cargo via
transposition to primary human PB NK and T cells. Importantly, we are currently using
this platform to deliver even larger cargo of interest, that exceeds the carrying capacity of
viral vectors. Our results demonstrate that CAR-expressing NK and T cells can be enriched
using MTX selection at clinically relevant doses, while maintaining high viability and
function, and we can manufacture a large number of doses in a matter of three weeks. This
approach represents a versatile, safer, and more cost-effective option for the manufacture
of CAR-NK and CAR-T cells compared to viral production methods. Future work will
focus on the validation of CAR-NK and CAR-T cells in preclinical in vivo models. We will
also explore the use of other CARs targeting solid tumors and combining CAR-NK and

CAR-T cells in a single infusion.
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Materials and Methods

Vectors and Reagents

Tc Buster (TcB) and Hyperactive Tc Buster (Hyp-TcB) sequences were obtained from Bio-
Techne (Minneapolis, MN) and cloned into pmRNA production vectors. mRNA was
produced commercially (Trilink Biotechnologies, San Diego, CA; and Aldeveron, Fargo,
ND). CD19-DHFR-EGFP flanked by Tc Buster ITRs was cloned into a Nanoplasmid

backbone (Nature Technology, Lincoln, NE).

Donor T and NK Cell Isolation

Peripheral blood mononuclear cells (PBMCs) from de-identified healthy human donors
were obtained by automated leukapheresis (Memorial Blood Centers, Minneapolis, MN).
CD3+ T cells or CD56+CD3- NK cells were isolated from the PBMC population using the
EasySep Human T Cell Isolation Kit or EasySep Human NK Cell Isolation Kit
(STEMCELL Technologies, Cambridge, MA). T cells were frozen at 1-2 x 107 cells/mL
and NK cells were frozen at 5 x 10° cellssfmL in CryoStor CS10 (STEMCELL
Technologies, Cambridge, MA) and thawed into culture as needed. Samples were obtained

after informed consent with approval from the University of Minnesota Institutional

Review Board (IRB 1602E84302)

T Cell Culture
T cells were cultured in OpTimizer CTS T Cell Expansion SFM containing 5% CTS

Immune Cell SR (ThermoFisher, Waltham, MA), L-Glutamine, Penicillin/Streptomycin,
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N-Acetyl-L-cysteine (10 mM), IL-2 (300 IU/mL), IL-7 (5§ ng/mL), and IL-15 (5 ng/mL). T
cells were activated with DynaBeads Human T-Activator CD3/CD28 (ThermoFisher,
Waltham, MA) at a 2:1 bead:cell ratio for 48 hours prior to electroporation. Following
electroporation, T cells were re-stimulated with DynaBeads and maintained at ~1 x 10¢

cells/mL.

NK Cell Culture

NK cells were cultured in CTS AIM V SFM containing 5% CTS Immune cell SR
(ThermoFisher, Waltham, MA), Penicillin/Streptomycin, and IL-2 (100 IU/mL). NK cells
were activated by co-culture with X-irradiated (100 Gray) feeder cells (K562 expressing
membrane-bound IL21 and 41BB-L) at indicated feeder:NK ratios (2:1 prior to

electroporation, 5:1 48 hours after electroporation, or 1:1 for all subsequent expansions).

T Cell Electroporation

After 48 hours of stimulation, DynaBeads were magnetically removed, and T cells were
washed once with PBS prior to resuspension in electroporation buffer. The 4D-
Nucleofector (Lonza, Basel, Switzerland) and P3 kit was used with 1 x 10° T cells per 20
uL cuvette, 1 ug transposase mRNA, 1 yg transposon nanoplasmid, and the Nucleofector
program FI-115. Transposon nanoplasmid alone was used as a control for all experiments.
T cells were allowed to recover in antibiotic-free medium containing 1 ug/mL DNase I

solution (STEMCELL Technologies, Cambridge, MA) at 37 C, 5% CO2 for 30 minutes
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following gene transfer, and then were cultured in complete T cell medium and re-

stimulated with DynaBeads.

Electroporation of activated NK cells

Feeder cell-activated NK cells were washed once with PBS and resuspended at 3 x 107
cells/mL in electroporation buffer. Protector RNase inhibitor (Sigma Aldrich, St. Louis,
MO) was added to the mixture at a concentration of 0.8 U/uL and incubated for 5 minutes
at room temperature. The cell mixture was added to 1 ug of transposase mRNA and 1 ug
transposon nanoplasmid on ice. Transposon nanoplasmid alone was used as a control for
all experiments. This mixture was electroporated in a 10 uL tip using the Neon Transfection
System (ThermoFisher, Waltham, MA) under the following conditions: 1850 volts, pulse
width of 10 ms, two pulses. NK cells were allowed to recover at a density of 1.5 x 10°
cells/mL in antibiotic-free medium containing 1 ug/mL DNase I solution (STEMCELL
Technologies, Cambridge, MA), and were then cultured in complete NK cell medium at a
density of 6 x 10° cells/mL. 48 hours after electroporation, NK cells were expanded with

feeder cells at a 5:1 feeder:NK ratio.

Antibodies and Flow Cytometry

The following antibodies were used: APC- or PE-conjugated anti-CD56 (clone REA196;
Miltenyi Biotec), PE-conjugated anti-CD3 (clone SK7; BD Biosciences), Brilliant violet
421-conjugated anti-IFNy (clone 4S.B3; BioLegend), APC-labeled anti-TNFa (clone

Mabl1, BioLegend), Brilliant violet 650-conjugated anti-CD107a (clone H4A3; BD
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Biosciences), SYTOX Blue dead cell stain (ThermoFisher), Fixable viability dye eFluor
780 (eBioscience). Flow cytometry assays were performed on a CytoFLEX S flow

cytometer (Beckman Coulter) and all data were analyzed with FlowJo version 10.4

software (FlowJo LLC).

NK Cell Functional Assays

For intracellular cytokine staining, NK cells were plated at 2.5 x 10°cells/mL in NK cell
medium without cytokines. After incubation overnight, the CD19+ Burkitt’s Lymphoma
cell line Raji was added at the indicated effector-to-target (E:T) ratios. Brilliant violet Anti-
CD107a was added to the culture and cells were incubated for 1 hour at 37 C. Brefeldin A
and monensin (BD Biosciences, San Jose, CA) were added and cells were incubated for an
additional 4 hours. Cells were stained with fixable viability dye, then for extracellular
antigens. Cells were fixed and permeabilized using BD Cytofix/Cytoperm (BD
Biosciences, San Jose, CA) following manufacturer’s instructions. Cells were then stained

for intracellular IFNy and TNFa and analyzed by flow cytometry within 1 hour.

Target Cell Killing Assays

T cells or NK cells were cultured overnight in medium without cytokines. Luciferase-
expressing Raji cells were seeded into a black round-bottom 96-well plate (3 x 10* cells
per well). T cells or NK cells were added to the wells in quadruplicate at the indicated E:T
ratios. Target cells without effectors served as a negative control (spontaneous cell death)

and target cells incubated with 1% NP-40 served as a positive control (maximum killing).
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Co-cultures were incubated at 37C for 24 hours. After incubation, D-luciferin (potassium
salt; Gold Biotechnology, St. Louis, MO) was added to each well at a final concentration
of 25 ug/mL and incubated 10 minutes. Luminescence was read in endpoint mode using a

BioTek Synergy microplate reader.

Statistical Analysis

The Student’s t-test was used to test for significant differences between two groups.
Differences between 3 or more groups were tested by one-way ANOV A analysis followed
by Tukey’s post-hoc test. All assays were repeated in 3-5 independent donors. Mean values
+/- standard error of the mean (SEM) are shown. The level of significance was set at o =

0.05. Statistical analyses were performed using GraphPad Prism 8.0.
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Figure 3-1. Delivery of a CD19-CAR-DHFR-EGFP transposon to NK cells using the
evolved hyperactive Tc Buster Transposon System. (A) The 3.7 kb transposon flanked
by Tc Buster ITRs, containing an MND promoter, second generation CD19 CAR,
methotrexate resistant DHFR mutant, and enhanced GFP. Elements are separated by 2A
self-cleaving peptides. This cargo was cloned into a Nanoplasmid (NP) backbone for
delivery. (B-E) Primary human peripheral blood (PB) NK cells (n=3 human donors) were
expanded for 2, 3, or 4 days with mbIL21- and 41BBL-expressing K562 feeder cells at a
2:1 (feeder:NK) ratio. NK cells were electroporated with the nanoplasmid transposon (NP)
alone or in combination with mRNA encoding either Tc Buster (TcB) or the evolved
hyperactive mutant Tc Buster (Hyp-TcB). Two days after electroporation, NK cells were
expanded with feeder cells (5:1 feeder:NK ratio) for 1 week to allow for the loss of transient
NP expression. After expansion, GFP expression was measured by flow cytometry,
viability was measured by Trypan Blue exclusion, and fold expansion was calculated. (B)
NK cells electroporated without pre-treatment with RNase inhibitor. (C-E) NK cells
electroporated after 5-minute pre-treatment with RNase inhibitor.
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Figure 3-2. Enrichment of engineered NK cells with methotrexate (MTX) selection.
(A) Timeline for production of CAR-NK cells: Primary human peripheral blood NK cells
(n=3 human donors) are activated with mbIL21- and 41BBL-expressing K562 feeder cells
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at a 2:1 (feeder:NK) ratio for 4 days. On day 4, NK cells are treated with RNase inhibitor
and electroporated with transposition reagents. Two days after electroporation, NK cells
are expanded for one week using a 5:1 (feeder:NK) ratio. NK cells are expanded again for
one week at a 1:1 (feeder:NK) ratio in media containing methotrexate (MTX). After
production, NK cells are cryopreserved. (B) NK cells were expanded a third time in media
containing increasing doses of MTX and fold expansion was calculated from input into the
third expansion. (C) GFP expression was measured by flow cytometry. (D) Total cells were
tracked over the course of the full production timeline and fold expansion was calculated
from electroporation input.
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Figure 3-3. CD19-CAR-expressing NK cells show enhanced activity and tumor cell
killing. CAR-positive cells were engineered with Hyp-TcB and selected with 250 nM
MTX. CAR-negative control cells were electroporated with NP alone and were not
selected. (A-C) CAR-positive and CAR-negative NK cells were co-cultured with CD19+
Raji cells at the indicated effector-to-target (E:T) ratios for 5 hours. Co-cultures were set
up in triplicate. After co-culture, NK cells were analyzed by flow cytometry for the
expression of CD107a (A), IFNy (B), and TNFa (C). (D-E) CAR-positive and CAR-
negative NK cells were co-cultured with luciferase-expressing CD19+ Raji cells at the
indicated E:T ratios for 24 hours. Co-cultures were set up in quadruplicate. After co-
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culture, cells were incubated with d-luciferin for 10 minutes and luminescence was read on
a plate reader. The assay was performed with fresh NK cells immediately after production

and with cryopreserved NK cells immediately after thaw or after an overnight rest in media
containing 100 IU/mL IL2.
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Figure 4. Production of CD19-CAR T cells using Tc Buster transposition. (A) Timeline
for production of CAR-T cells: Primary human peripheral blood T cells are activated with
aCD3/aCD28 DynaBeads for 2 days. On day 2, DynaBeads are removed, and T cells are
electroporated with transposition reagents and then re-stimulated with DynaBeads after a
30-minute recovery in DNase I-containing media. 3 days after electroporation,
methotrexate (MTX) is added to the media at a concentration of 250 nM. 7 days after MTX
selection, production is complete and T cells are cryopreserved. (B-D) Production was
performed with and without MTX selection. At the end of production, T cells were counted
and fold expansion from electroporation input was calculated (B), GFP expression was
measured by flow cytometry (C), and viability was measured by trypan blue exclusion (D).
CAR-positive cells were engineered with Hyp-TcB and selected with 250 nM MTX. CAR-
negative control cells were electroporated with NP alone and were not selected. CAR-
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positive and CAR-negative T cells were co-cultured with luciferase-expressing CD19+
Raji cells at the indicated E:T ratios for 24 hours. Co-cultures were set up in quadruplicate.

Co-cultures were incubated with D-luciferin for 10 minutes and luminescence was read on
a plate reader.
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Supplemental Figure 3-1. Primary human peripheral blood (PB) NK cells were expanded
for 7 days with mbIL21- and 41BBL-expressing K562 feeder cells at a 2:1 (feeder:NK)
ratio. NK cells were electroporated with the nanoplasmid transposon (NP) alone or in
combination with mRNA encoding Tc Buster (TcB). Two days after electroporation, NK
cells were expanded with feeder cells (1:1 feeder:NK ratio) for 1 week to allow for the loss
of transient NP expression. After this expansion, GFP expression was measured by flow
cytometry and cells were counted to calculate recovery from electroporation input.
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Supplemental Figure 3-2. CAR-positive and CAR-negative NK cells were cryopreserved
after the 20-day production timeline. After thaw, cells were counted, and viability was
measured by trypan blue exclusion. Cells were immediately plated in killing assays or
plated at a density of 1x10° cells/mL in media containing 100 IU/mL IL2 overnight. After
overnight rest, cells were counted, and viability was measured again.
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CHAPTER 4: Conclusions and Future Directions

Natural killer (NK) cells are cytotoxic lymphocytes of the innate immune system
that function to surveil the body and kill transformed cells. They are derived from the
common lymphoid progenitor and reside in primary and secondary lymphoid tissues as
well as lungs, liver, and peripheral blood!'*. They represent an attractive source for cancer
immunotherapy because they can kill tumor cells with reduced or absent major
histocompatibility complex (MHC) expression'** and they induce a pro-inflammatory
environment that primes other immune cells!#*. Beyond these functional attributes, they are
readily available and easy to isolate from peripheral blood and can then be expanded in
vitro to clinical relevant numbers using feeder cells engineered to express membrane-
bound IL21 (mbIL.21) and other co-stimulatory molecules such as 41BB-L%.

These characteristics have driven interest in the use of NK cells for cancer therapy.
This is underscored by the fact that endogenous NK cells in cancer usually have impaired
function due to changes in receptor expression, including the downregulation of activating
receptors and/or the upregulation of inhibitory receptors'“6. The first autologous NK cell
transplant to treat cancer was initiated at the National Cancer Institute in 1980'¥. Since this
pioneering work, NK cells have been used in many clinical trials as a treatment for a
number of cancers. Despite these efforts, NK cell-based therapy has not enjoyed the
success of T cell-based immunotherapies.

Changes in NK cell receptor repertoire and ligand expression in the tumor
microenvironment (TME) lead to decreased NK cell activity. The same impairments
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observed in endogenous cancer patient NK cells are often observed after exogenous NK
cell transplant®. Tumor cells, stromal cells, and other cells in this environment can either
secrete immunosuppressive molecules or express ligands to interfere with the complex
array of receptors that regulate function of NK cells and their ability to expand in vivo®.
This inhibition imposed on NK cells in the tumor microenvironment is likely the largest
limiting factor in the success of NK immunotherapy; overcoming this immunosuppression
is necessary for viable therapeutic development.

There are two general approaches for improving NK cell activity in the TME: 1)
augmentation of activating signals and 2) blockade or removal of inhibitory signals.
Several groups have worked toward the former, using chimeric antigen receptors (CARs)
in NK cells or a modified antibody platform termed bi- or tri-specific killer engagers
(BiKEs and TriKEs)“8. Although traditional CARs with T cell-specific signaling
components have activity in NK cells, our group has developed novel CAR constructs that
contain signaling domains that mediate strong antigen-specific NK cell activity®. The
activity of these CARs was demonstrated using iPSC-derived NK cells, but we have also
generated preliminary data showing their activity after efficient delivery to peripheral-
blood NK cells. Strategies for overcoming inhibition of NK cells in TME have focused on
the use of pharmaceutical inhibitors and monoclonal antibodies against common immune
suppressors termed immune checkpoints®-5.

The focus of my work in the Moriarity Lab was to develop methods for engineering
primary human NK cells, with the goal of creating a clinically scalable cellular product

that could treat cancer. The ability to genetically engineer NK cells allows us to hardwire
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changes that can both enhance activating signals and eliminate inhibitory signals. Future
work will focus on identifying the optimal combinations of engineering steps to create

living drugs for cancer patients.

In Chapter 2 of this thesis, I developed a method for editing the genome of primary
human NK cells using CRISPR-Cas9. At the onset of this work, genetic modification of
NK cells was challenging if not impossible — gene delivery was inefficient (<10%) and
electroporation or nucleofection was toxic to the cells resulting in poor viability and
recovery. Other methods for engineering (via viruses or lipofection) were also inefficient
and NK cells were long considered intransigent to genetic modification. Previous work in
T cells gave us a framework of what an engineering platform would look like: consisting
of steps of cell activation, gene delivery, and recovery. We systematically tested conditions
at each stage to identify an optimal protocol. NK cells can be activated by cytokines
(namely IL2, IL12, IL15, IL18, and IL21), by antibodies that ligate activating receptors
(namely NKp46 and CD?2), or by culture with feeder cells engineered to express activating
molecules, or a combination of these. The most robust method for NK cell activation uses
feeder cells (K562) engineered to express membrane-bound IL21 and 41BB-L. NK cells
are co-cultured with these feeder cells in the presence of one or more activating cytokines
(usually IL15 or IL2). This is the method we used for NK cell activation prior to
electroporation. The use of feeder cells to expand NK cells has since been approved and
used clinically®!#15. However, there is a desire in the field for a feeder-free method for

NK cell activation. Ongoing work in our lab has focused on altering the NK engineering
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protocol to use feeder-free expansion conditions, including the use of other cytokines and
antibodies targeting activating receptors.

In our quest to develop the optimal engineering platform, we also tested multiple
methods of nucleic acid delivery in NK cells, including viral transduction, electroporation,
and nucleofection. In Chapter 2, we demonstrate that electroporation with the Neon
Transfection System (ThermoFisher). We tested a range of voltages from volts to 2400
volts using this machine and found the optimized condition of 1850 volts, 2 pulses, at a
pulse width of 10 ms. Our lab has since used the Neon Transfection System to engineer T
cells for clinical use.

We also tested recovery conditions after gene delivery — including multiple media
formulations and timing of re-activation. We have since modified this further, allowing
engineered NK cells to recover in low-dose (100 IU/mL) IL2 for 48 hours before re-
expanding them with a high feeder:NK ratio (5:1). Thus, we have methodically optimized
all steps in the process to develop platform NK cell genetic modification.

Using this protocol, I wanted to modify NK cells to enhance their anti-tumor
activity. I targeted ADAM17 and PDCD1 — genes that were predicted to have a functional
impact on NK cells — for knockout with CRISPR-Cas9. Delivery of Cas9 mRNA in
combination with guide RNA targeting these genes led to insertions and deletions at the
target site and subsequent protein loss. Importantly, these changes were stable through
repeated expansions and did not affect the NK cells’ ability to expand, demonstrating the

clinical scalability of this method (Figure 2-1).
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I further modified the engineering protocol for targeted integration of a transgene.
After delivery of Cas9 mRNA and a guide RNA targeting the safe-harbor site AAVSI1, I
transduced NK cells with recombinant adeno-associated virus serotype 6 (rAAV6)
containing homology arms to the locus flanking a gene of interest. This allows for the
delivery of activating signals such as non-cleavable CD16a (shown in Chapter 2) or
chimeric antigen receptors.

To show a functional consequence of targeting ADAM17, I tested their ability to
perform antibody-dependent cellular cytotoxicity (ADCC). This method of target cell
killing is carried out through the CD16a receptor expressed by the majority of NK cells.
CD16arecognizes the Fc-region of IgG antibodies bound to target cells. Ligation of CD16a
leads to activation of the NK cell and subsequent degranulation and target cell killing.
CDl16a is cleaved by the metalloprotease ADAMI17. In Chapter 2 (Figure 2-2), I
demonstrated that ADAMI17 knockout leads to retention of CD16a on the NK cell surface
and enhances NK cell activity killing of antibody-bound target cells. Similar results were
observed when rAAV6 was used to deliver non-cleavable CD16a to the AAVS]1 safe-
harbor locus. This in vitro data is promising and warrants further study of targeting this
interaction, namely in other models of ADCC and in vivo.

To test the effect of targeting PDCD1 for knockout, I used a panel of cancer cell
lines (K562, THP1, DU145, and MA148) to test activity in vitro. PD1-knockout NK cells
displayed enhanced degranulation, cytokine production, and target cell killing. Testing
against PD-L1 deficient cell lines suggested that this was indeed due to the PD1:PD-L1

interaction (Figure 2-3).
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I further tested PD1 knockout NK cells in vivo in a model of ovarian cancer using
luciferase expressing MA148 cells. Treatment of tumor-bearing mice with PD1 knockout
NK cells led to modest increase in survival and control of tumor burden, although the mice
eventually succumbed to their tumors (Figure 2-4).

During my time in the Moriarity Lab, the role of PD1 in NK cells has become a
subject of intense debate in the field. One group demonstrated that NK cells lack PD1
expression under multiple conditions™!, while other groups insist it is expressed and
important for regulating NK cell function!*. Indeed, our group had challenges detecting
PD1 on NK cells despite convincing functional evidence of its importance. We recently
observed PD1 expression on NK cells by flow cytometry after antigen retrieval using mild
citric acid treatment'>. Still, there is much to be learned about how, when, and why PD1 is
expressed on NK cells and the signaling pathways downstream of PD1 that lead to their
inhibition.

A key learning from this work is that despite promising in vitro data with PD1
knockout NK cells, they were not as effective in vivo. This suggests an adaptation by tumor
cells in response to NK cells pressure. We suspect that multiplexed NK cell editing,
targeting multiple inhibitory genes for knockout in combination with delivery of activating
signals such as CARs may be able to overcome this arm’s race between NK cell and tumor.
As such, we are currently using base editors to knockout out multiple genes in NK cells by

targeting early exon splice sites, as has been demonstrated by our lab in other cell types®>!5+.

84



In light of the need to efficiently deliver activating signals to NK cells, I developed
a platform for the manufacture of CAR-NK and CAR-T cells in Chapter 3 of this thesis.
Although this has been pursued using viral methods, there is a push in the field for non-
viral engineering methods given the resistance of NK cells to viral transduction. As such,
I pursued engineering via transposition using the Tc Buster Transposon System, including
a hyperactive mutant evolved by Bio-Techne (Minneapolis, MN).

The transposon construct I used for proof-of-principle experiments contained a
second generation CD19-CAR, methotrexate resistant mutant dihydrofolate reductase
(DHFR), and enhanced GFP (EGFP) (Figure 3-1). Typical plasmids contain 1.5-2 kb of
unnecessary bacterial regions that can lead to DNA toxicity in sensitive cell types like
primary NK and T cells, and can also trigger plasmid silencing leading to reduced
efficiency!'?!4!. Several vectors, including minicircles, have been developed in which the
bacterial regions can be trimmed after plasmid purification. In Chapter 1, I showed
Sleeping Beauty transposition in NK cells using a minicircle to deliver an EGFP transposon
(Figure 1-1). However, the trimming of these vectors after purification is a complex and
laborious process. More recently, nanoplasmids have been developed that do not require
this type of processing and instead contain a small (<500 bp) backbone that doesn’t lead to
the same DNA toxicity and plasmid silencing seen with traditional plasmid vectors.
Importantly, since there is no post-purification processing, these vectors can be readily
produced in our lab. Thus, I chose to use a nanoplasmid to deliver the transposon in

combination with mRNA encoding the Tc Buster transposase.
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I first wanted to optimize electroporation methods to achieve efficient transposition
while maintaining high cell viability and recovery. In my previous CRISPR-Cas9 work
using all mRNA, I found that activating NK cells for 7 days with mbIL21- and 41BBL-
expressing feeder cells before electroporation led to efficient gene knockout. However, this
approach was not successful for delivering DNA (Supplemental Figure 3-1). I tested
delivery on earlier timepoint in activation and found day 4 to result in the best transposition
efficiency, viability, and fold-expansion (Figure 3-1). In addition, pre-treatment of NK
cells with RNase inhibitor prior to electroporation enhanced efficiency. This is likely due
to secretion of RNases by NK cells that degrade the transposase mRNA, however, this
needs to be systematically validated. Future studies should include assessing NK cells in
resting states and during activation for expression of RNases.

I next wanted to enrich for CAR-expressing cells using methotrexate. Methotrexate
(MTX) is an antifolate that inhibits the enzyme dihydrofolate reductase (DHFR), which
catalyzes the production of tetrahydrofolate, a necessary factor for cell proliferation!-15.
MTX is used clinically to treat a broad range of cancer types'’. The mutant DHFR (L22F,
F31S) in our transposon construct is resistant to MTX inhibition. Thus, cells that did not
integrate the transposon vector will die in the presence of methotrexate while cells that
have transposon integration will be enriched. I tested several doses of MTX in a third
expansion and found 250 nM MTX to be the minimum effective dose needed to select for
engineered cells (Figure 3-2). Thus, with the optimized production protocol detailed in
Figure 3-2, I was able to expand nearly pure (>99%) CAR+ NK cells 1380-fold from

electroporation input using Hyp-TcB.
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I next validated the function of the CD19-CAR in comprehensive in vitro assays
against CD19+ Raji cells (Figure 3-3) and applied the production protocol to T cells (Figure
3-4). Importantly, I tested the feasibility of cryopreservation of the engineered product. For
the CAR-NK cells, I found decreased cytotoxicity after thaw, but was able to rescue this
by increasing the dose of NK cells or by allowing for overnight rest in media containing
IL2 (Figure 3-2). This suggests that simply giving a higher dose of NK cells to the patient
may be a practical approach for clinical use, since NK cells are well tolerated by patients
and large numbers of cells are easy to produce. This needs to be validated in preclinical in
vivo models.

An important next step in this work is testing these CAR-NK and CAR-T cells in
vivo. I am particularly interested in the delivery of a cellular therapy that contains both
CAR-T and CAR-NK cells. CAR-T cells are the gold standard for cancer immunotherapy,
but they can lead to severe toxicities including cytokine release syndrome, neurotoxicity,
and graft-versus-host disease (GvHD)!*8. In addition, their effectiveness can be hindered
by inhibition in the tumor microenvironment (TME) of solid tumors'>. I envision giving a
lower dose of CAR-T cells in combination with CAR-NK cells, which can produce
inflammatory cytokines to help activate CAR-T cells and alter the inflammation state of
the TMEZ.

Another future direction of this work includes modifications to the transposon
construct. We are currently working to deliver other CARs, specifically to target solid
tumor antigens like mesothelin, HER2, B7-H3, and others. In addition, we are identifying

other activating signaling molecules to include in the construct, such as secreted IL15 and
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IL15 receptor alpha (IL15RA). The large cargo capacity for transposons means we can add
multiple signaling molecules and even dual CARs (such as CD19 and CD20) to avoid
tumor antigen escape which has been an issue in CAR-T cell therapy!®.

Finally, I would like to combine the methods developed in Chapter 2 and Chapter
3, delivering Tc Buster transposons for integration in combination with CRISPR-Cas9 or
base editors for targeted gene knockout in a single electroporation event. This non-viral
approach for multiplex editing of NK and T cells would be a versatile, safe, and cost-

effective option for the manufacture of cellular therapies for cancer.
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