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Summary

The advances in genetic engineering have enabled us to confer T cells new desired
functions or delete their specific undesired endogenous properties for improving their
antitumor function. Due to their efficient gene delivery, viral vectors have been
successfully used in T-cell engineering to provide gene transfer medicinal products
for the treatment of human disease. One example is adoptive cell therapy with T cells
that were genetically modified with gamma-retroviral and lentiviral (LV) delivery
vectors to express a CD19-specific chimeric antigen receptor (CAR) for cancer
treatment. This therapeutic approach has shown remarkable results against B-cell
malignancies in pilot clinical trials. Consequently, there is a strong desire to make
CAR T cell therapy scalable and globally available to patients. However, there are
persistent concerns and limitations with the use of viral vectors for CAR T cell
generation with regard to safety, cost and scale of vector production. In order to
address these concerns, we aimed to improve non-viral gene transfer and genome
editing tools as an effective, safe and broadly applicable alternative to viral delivery
methods for T-cell engineering.

In the first part of the study, we engineered CAR T cells through non-viral
Sleeping Beauty (SB) transposition of CAR genes from minimalistic DNA vectors
called minicircles rather than conventional SB plasmids. This novel approach
dramatically increased stable gene transfer rate and cell viability and resulted in
higher yield of CAR+ T cells without the need of long ex vivo expansion to generate
therapeutic doses of CAR+ T cells. Importantly, CD19-CAR T cells modified by MC-
based SB transposition were equally effective as LV transduced CD19-CAR T cells

invitro and in a murine xenograft model (NSG/Raji-ffLuc), where a single
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administration of CD8+ and CD4+ CAR T cells led to complete eradication of
lymphoma and memory formation of CAR T cells after lymphoma clearance.

To characterize the biosafety profile of the CAR T cell products, we did the most
comprehensive genomic insertion site analysis performed so far in T cells modified
with SB. The data showed a close-to-random integration profile of the SB transposon
with a higher number of insertions in genomic safe harbors compared to LV
integrants. We developed a droplet digital PCR assay that enables rapid
determination of CAR copy numbers for clinical applications.

In the second part of the study, we ablated expression of PD-1, a checkpoint and
negative regulator of T cell function to improve the therapeutic index of CAR T cells.
This was accomplished using non-viral CRISPR/Cas9 via pre-assemble Cas9 protein
and in vitro-transcribed sgRNA (Cas9 RNP). Finally, we combined our developed
Cas9 RNP tool with CAR transposition from MC vectors into a single-step protocol
and successfully generated PD-1 knockout CAR+ T cells. Based on the promising
results achieved from antibody-mediated PD-1 blockade in the treatment of
hematological and solid tumors, we are confident that PD-1 knockout CAR T cells
enhance the potency of CAR T cell therapies for treatment of cancers without the
side effects of antibody-based therapies.

In conclusion, we provide a novel platform for virus-free genetic engineering of CAR
T cells that can be broadly applied in T-cell cancer therapy. The high level of gene
transfer rate and efficient genome editing, superior safety profile as well as ease-of-
handling and production of non-viral MC vectors and Cas9 RNP position our
developed non-viral strategies to become preferred approaches in advanced cellular

and gene-therapy.



Zusammenfassung (summary in German)

Die Fortschritte des genetischen Engineerings erlauben uns, T-Zellen neue,
erwinschte Funktionen zu verleihen oder ihnen bestimmte, unerwiinschte
endogenen Eigenschaften zu nehmen, um ihre Antitumorfunktion zu verbessern.
Aufgrund ihrer Effizienz im Gentransport, werden virale Vektoren fur das T-
Zellengineering verwendet, um gentransferierte, medizinische Produkte zur
Behandlung humaner Krankheiten herzustellen. Ein Beispiel hierfir ist die adoptive
Zelltherapie mit T-Zellen, die mit gamma-retroviralen und lentiviralen (LV) Vektoren
genetisch modifiziert wurden, so dass sie einen CD19-spezifischen chiméren
Antigenrezeptor (CAR) exprimieren. In klinischen Pilotstudien zu B-Zellerkrankungen
zeigte dieser therapeutische Ansatz bereits beachtliche Erfolge. Hieraus resultiert
das Bestreben, die CAR-T-Zelltherapie fur Patienten skalierbar und weltweit
zuganglich zu machen. Aufgrund gesundheitlicher Risiken, finanzieller Kosten und
dem Umfang der Vektorenproduktion bestehen jedoch anhaltende Bedenken und
Grenzen bezuglich der Verwendung viraler Vektoren fur die Herstellung von
CAR-T-Zellen. Um diese Problematiken zu umgehen, beabsichtigten wir, den
nicht-viralen Gentransfer sowie genomveréandernde Techniken soweit zu verbessern,
dass sie als eine effiziente, sichere und umfassend einsetzbare Alternative zum

virusbasierten T-Zellengineering verwendet werden koénnen.

Im ersten Teil dieser Arbeit stellten wir durch die Sleeping Beauty (SB) Transposition
von CAR-Genen auf minimalistischen DNA Vektoren (sogenannten Minicircles) CAR-
T-Zellen her. Die Minicircles wurden anstelle von konventionellen SB Plasmiden

verwendet. Mithilfe dieser neuen Vorgehensweise wurden die Rate des stabilen
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Gentransfers sowie das Uberleben der Zellen drastisch erhoht und fuhrte zu einer
gesteigerten Rate an CAR"™ T-Zellen, ohne dass eine langwierige ex vivo Expansion
zur Herstellung therapeutisch relevanter CAR-T-Zelldosen nétig wurde. CD19-CAR-
T-Zellen, die mit MC-basierter SB-Transposition modifiziert wurden, zeigten in vitro
und in einem murinen Xenograftmodell (NSG/Raji-ffLuc) eine vergleichbar hohe
Effizienz, wie LV-transduzierte CD19-CAR-T-Zellen. Hierbei gentigte eine einzige
Verabreichung von CD4" und CD8" CAR-T-Zellen fiir eine komplette Eliminierung
des Lymphoms und der anschlieenden Gedachtnisbildung von CAR-T-Zellen. Um
die Biosicherheit der CAR-T-Zellprodukte zu charakterisieren, fihrten wir die bislang
umfassendste vergleichende Analyse von Genominsertionsstellen nach SB-basierter
Modifikation von T-Zellen durch. Im Vergleich zur LV Integration zeigten diese Daten
ein beinahe zufélliges Integrationsmuster des SB Transposons mit hdheren
Integrationsraten in genomisch ,sicheren Hafen“. Wir entwickelten eine Analyse
basierend auf digitaler Tropfchen-PCR, um eine rasche Ermittlung der Anzahl an

CAR-Genkopien in klinischen Anwendungen zu erméglichen.

Im zweiten Teil der Arbeit verminderten wir die Expression von PD-1, einer Prfstelle
und negativen Regulator der T-Zellfunktion, um den therapeutischen Index der CAR-
T-Zellen zu verbessern. Dies wurde durch die Verwendung eines nicht-viralen
CRISPR/Cas9, durch das Zusammensetzen von Cas9 Protein und in vitro-
transkribierter sgRNA (Cas9 RNP), erzielt. Schlie3lich verwendeten wir unsere
entwickelte Cas9 RNP-Technik in Kombination mit CAR-Transposition von MC-
Vektoren, um PD-1-knock out, CAR-positive T-Zellen herzustellen. Da die
antikorperbasierte PD-1-Blockade in der Behandlung hamatologischer und solider

Tumore vielversprechende Ergebnisse zeigt, sind wir zuversichtlich, dass PD-1-
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knock out CAR-T-Zellen die Effizienz von CAR-T-Zelltherapien verschiedener
Krebsarten verbessern kénnen und dabei die Nebenwirkungen der
antikorperbasierten Therapien umgehen.

Wir zeigen in der vorliegenden Arbeit Mdglichkeiten mit virusfreien, gentechnischen
Methoden CAR-T-Zellen herzustellen, die in der T-Zellkrebstherapie umfassend
Anwendung finden kénnen. Das hohe Level der Gentransferraten und der effizienten
Genomeditierung, ein zu bevorzugendes Sicherheitsprofil sowie die einfache
Handhabung und Produktion nichtviraler MC-Vektoren und Cas9 RNP machen es
maoglich, dass unser neuentwickelter, nichtviraler Ansatz zu einer bevorzugten

Herangehensweise in der kinftigen Zell- und Gentherapie werden kann.



1 Introduction

1.1 Gene-modified T cells for cancer immunotherapy

Cancer is one of the leading causes of morbidity and mortality worldwide.
Approximately, 14 million new cases and 8.2 million cancer related deaths were
reported in 2012. It is anticipated that annual rate of new cancer cases will reach 22
million within the next 2 decades'. Conventional therapies including surgery, radio-
and chemo-therapy as well as stem cell transplantation continue to be refined and
are often effective in eliminating tumors. These treatments may confer long-term
disease free survival and even cure in a proportion of patients. However, they are
associated with toxic side effects, require extensive care, and extended treatments.
Thus, there is a strong desire for more effective and safer treatment options with
fewer side effects.

Recently, an improved understanding of cancer pathogenesis and advanced
knowledge of immunology have given rise to novel treatments, including targeted
therapies and cancer immunotherapy. Targeted approaches aim to inhibit molecular
pathways that are crucial for tumor growth and maintenance; whereas,
immunotherapy endeavors to stimulate a host immune response against tumor cells?.
Nowadays, by the aid of genetic engineering via introducing new desired transgenes
or knock out of undesired endogenous genes it is possible to generate human T cells
that display desired specificities and enhanced functionalities compared with natural
immune system *°. Cancer immunotherapy with T cells that are genetically modified

to express a tumor-specific exogenous T cell receptor (TCR) or a tumor-targeting

chimeric antigen receptor (CAR) has shown remarkable responses in patients’.
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Intriguingly, a patient’s own T cells can be used for genetic manipulation; these cells
are expanded ex vivo and then infused back into the same patient based on the
adoptive cell transfer protocols (ACT)® ° (Figure 1.1a). As T cells are capable of
forming long-lasting memory, a single infusion may be sufficient to confer therapeutic
antitumor effects and subsequently life-long protection from re-lapse, even in patients
who show poor responses or are not responding to conventional treatments™®.
Consequently, cancer immunotherapy with TCR and CAR T cells is intensively
investigated as a novel treatment modality in patients with hematologic malignancies
and solid tumors” **2. T cells are conventionally engineered via viral vectors, which
are associated with biosafety concerns, high production cost and regulatory
demands. In this study, we aimed to enhance non-viral gene delivery and genome
editing tools to improve engineering of T cells for broad clinical implementation and

increase the therapeutic index of CAR T cells in cancer immunotherapy.

1.2 CAR design and mode of action

Chimeric antigen receptors (CAR) are synthetic receptors that link the antigen
specificity of a monoclonal antibody (mAD) to the killing and proliferation capabilities
of T cells. CARs are comprised of an extracellular domain derived from single-chain
variable fragment (scFv) of a mAb, which serves as the antigen binding moiety. The
extracellular spacer domain provides flexibility and reach for antigen binding. A
transmembrane (TM) domain links the extracellular domain to an intracellular
signaling/activation module, most commonly composed of a T cell receptor (TCR)-
derived CD3( chain and one or more co-stimulatory domains such as CD28 or 4-1BB

(Figure 1.1b). Compared with endogenous TCRs, the mAb-derived targeting domain
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of CARs provides them distinct attributes in antigen binding and tumor recognition 3.
In addition, CARs recognize intact cell surface proteins in a major histocompatibility
complex (MHC)-independent manner. Therefore, most of the CAR-based
approaches are insensitive to tumor escape mechanisms related to MHC loss
variants. However, in contrast to natural TCRs, CARs detection is limited to

antigens that are expressed on the tumor cell surface.

a b
3- Viral transduction— .. ~4- Enrichment and expansion
/ j _ f CAR+ T cells
5‘,‘,’ » 7_‘_/ : _ ‘ \ 45t ond grd
i
e ) 'Antigen binding moiety
2-Tcell isola‘iiipn | // Hinge/spacer
=i} / ™
1- PBMC collection-. 5- Infusion of CAR+ T cells
~ M ’ 4 & CcD28
}T 4-1BB
CD3¢
c
CD19 binding site: Spacer ™ Signaling domain Transduction

. scFv of FMC63 mAb o o . . marker

I [ — A
VL Linker VH  IgG4-Hinge CD28  4-1BB CcD3; 2A EGFRt

Figure 1.1. Immunotherapy with chimeric antigen receptor T cells.

(a) Clinical principle of chimeric antigen receptor (CAR) T-cell therapy. Desired T-cell subsets
are isolated from a patient's own PBMC and transduced with viral vector encoding CAR
construct. Afterwards, CAR+ T cells are enriched, expanded ex vivo and infused back into
the patient. (b) General structure of first, second and third generation CARs. While 1%
generation CARs only possess a CD3( activation domain, 2" and 3" generation CARs are
additionally equipped with one and two co-stimulatory domains, respectively. The
extracellular domain of CAR consists of antibody-derived antigen binding scFv with the
variable fragment of heavy chain, VH, and the variable fragment of light chain VL, which are
connected with a linker. The hinge region connects scFv with the transmembrane domain
(TM). The intracellular domain consists of the co-stimulatory domains (CD28 or 4-1BB) and
the activating domain, CD3¢. (c) Structure of the second generation CD19 CAR construct
used in this study. scFv is derived from FMC63 monoclonal antibody and fused to
intracellular CD3¢ and 4-1BB signaling domain via the hinge region of 1gG4. The
transmembrane domain is derived from CD28 and followed by human truncated epidermal
growth factor (EGFRt) as transduction and depletion marker.
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In this study, we used a second generation CD19 specific CAR that contains a scFv
fragment derived from FMC63 mAb linked to the intracellular CD3C and 4-1BB co-
stimulatory domain by IgG4-hinge as a spacer domain. This CD19-CAR has been
successfully used in clinical trials in acute lymphoblastic leukemia (ALL) and Non-
Hodgkin lymphoma (NHL) *.

The CAR transgene is expressed from a cassette with EF1/HTLV hybrid promotor
and is fused to a truncated form of human epidermal growth factor-receptor (EGFRY)
by a T2A ribosomal skip sequence. The EGFRt serves as a transduction marker and
a tool for enrichment of CAR expressing T cells (Figure 1.1c). Moreover, it can be

used for depleting CAR T cells via EGFR binding antibodies® *°.

1.3 Gene transfer strategies for CAR delivery into T cells

Transgenes can be transferred into cells through viral and non-viral delivery vehicles.
Integrative vectors are used to accomplish stable transgene expression. In contrast,
non-integrative vectors result in short term expression of desired transgenes.

To generate CAR T cells with sustained antitumor potency and potential for memory
formation, stable CAR expression is preferred. Lentiviral (LV) and y-retroviral (RV)
vectors have been successfully used for stable CAR expression with high CAR
transfer rate in T cells'’. However, they have several limitations as gene delivery
vectors for gene therapy. First, their integration-site profile is associated with
potential safety concerns. It is known that viral vectors have integration-site
preferences for distinct regions of genome including active genes and active

19

transcription units'® This integration-site preference can cause insertional

mutagenesis. It has been reported that two of ten patients with X-linked severe
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combined immunodeficiency that were treated by CD34+ hematopoietic stem cells
(HSC) being engineered by RV vector developed T-cell leukemia due to insertional
activation of LMO-2 oncogene®” #*. However, due to terminal differentiation, T cells
may have a lower risk to experience insertional mutagenesis compared with HSC. In
addition, the need for extensive purification and quality control to prevent
replication-competent virus as well as the costs associated with their production and
handling hampers their use for treatment of large cohorts of patients® 2. Further,
laboratories involved in CAR/TCR research need to rapidly screen panel of new CAR
designs and specifications. In this regard, non-viral vectors are preferred as they
have a faster and easier production procedure. Non-viral vectors such as plasmid
DNAs are cost effective for industrial and research scale production, stable during
storage and have low/moderate immunogenicity and genotoxicity once are
transferred into the host cells**. However, there are two major problems regarding
non-viral vectors in gene therapy. First, their episomal feature results in transient
gene expression and loss of therapeutic efficacy over time. Second, they show
inefficient gene delivery into specific cells® ?°. During the past decade, introduction
of a non-viral gene delivery system called Sleeping Beauty (SB) transposon has
addressed the problem of stable transgene expression ?’. This delivery system
combines the advantages of integrating viral vectors (i.e. long-lasting transgene
expression) with those of non-viral delivery systems (i.e. lower immunogenicity,
enhanced safety profile and reduced cost of manufacturing)?®. However, the problem

of gene transfer efficiency remains unsolved which we aimed to address in this study.
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1.4 Discovery and classification of transposable elements

The cytogeneticist Barbara McClintock discovered transposable elements (TE) that
are also known as jumping genes or transposons, in the 1940s in maize®® *°. TEs are
defined as discrete segments of DNA that have the distinctive ability to move and
replicate within genomes. The idea of mobile DNA was not valued at this time when
scientists saw genes as static structures in the nucleus. In the 1970s, other molecular
biologists confirmed the molecular mechanism she demonstrated in the genome of
maize. Finally, she was awarded the Nobel Prize in physiology and medicine in 1983
for her discovery.

TEs have been identified in all organisms and 45% of the human genome consists of
them*!, which are mostly inactive due to mutations or deletions. TEs can be divided
into two major classes according to their mechanism of transposition. The majority of
TEs, about 42%, belongs to the class | or retrotransposons. Transposition of
retrotransposons is performed by a “copy-and-paste” mechanism, which requires an
RNA intermediate. The RNA intermediate is reverse transcribed into a cDNA, which
is then integrated at a new donor site as double stranded cDNA. This mechanism
leaves the TE at the donor site intact and leads to insertion of an additional copy of
the TE at a new target site®?. About 3% of the human genome comprises members of
the class Il that are called DNA transposons. DNA transposons move directly as
DNA, by a “cut-and-paste” mechanism of transposition. The element gets excised

from the donor locus and is subsequently reinserted elsewhere®.
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1.5 SB transposon and its transposition

Sleeping Beauty (SB) transposon belongs to class Il of TEs. DNA transposons have
been inactive in vertebrate for millions of years. In 1997, an ancient transposon
fossils in salmonid fish was reactivated via reverse mutagenesis®’. This revived
transposon was called Sleeping Beauty since it was “kissed” alive after a long
inactive “sleep”. The original SB transposon is 1639 bp in length and contains one
terminal inverted repeat (IR) of about 230 bp at each end. Each IR contains two
direct repeats (DR) of about 32 bp. One DR is found directly on the outer end of the
IR and the other 165-166 bp inwards the transposon. Each DR contains a core site
for binding of the enzymatic component of the SB transposon system, so called the
transposase, resulting in four transposase binding sites per transposon, two within
each IR®. In its natural form, the two IRs flanks transposase. However, the
transposase gene can be separated from the IRs and be replaced by other DNA
sequences>*. This is because transposase can mobilize transposons in trans, as long
as they retain the IRs (Figure 1.2a). The transposase gene can be located on the
same DNA molecule as the transposon®?, or supplied on another DNA molecule®®, or
in the form of MRNA®’.

During the last years, SB has gone through a number of modifications in order to
enhance the potency of the system for gene engineering®®. These includes molecular
evolution of a hyperactive transposase called SB100X that yields enhanced stable
gene transfer in several human cell types including T cells * *°. SB transposition
process is a cut-and-pasted based event and is executed in four main steps: (1)
binding of the transposase to its sites within the transposon IRs; (2) formation of a
synaptic complex in which the two ends of the elements are paired and held together

by transposase subunits; (3) excision of the transposon from the donor site; and
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(4) joining of the transposon to a TA dinucleotide site in the target DNA and host-

mediated repair of the double strand break (DSB) at the donor site®® 4% 42

(Figure 1.2b).

Gene of interest SB100X
Transposon donor vector Transposase encoding vector
b -&I- -I£>—

(1) Transposon before mobilization (2) Binding of transposase to IRs

ket ¥, Zad 9

(3) Formation of synaptic complex
BB

(4) Joining of excised transposon into a TA site in target DNA

Figure 1.2. Sleeping Beauty and its mechanism of transposition.

(a) Components and structure of two-component Sleeping Beatuy gene transfer system. A
gene of interest is cloned between the terminal inverted repeats (IRs, pentagons) that
contain binding sites for the transposase (black chevrons inside IRs). The SB100X
hyperactive transposase (green box) is expressed from a separate vector. (b) The
transposase (shown as circles) binds to its sites within the transposon IRs. Excision takes
place in a synaptic complex. Excision separates the transposon from the donor DNA. The
excised transposon integrates into a TA site in target genome that will be duplicated and will
be flanking the newly integrated transposon.

One of the factors that affects the transposition activity is the molecular ratio of
transposon to transposase. Within a certain range of concentration, more
transposase in the cell results in an increase in transposition. However, when

transposase concentration exceeds an optimal concentration in a given cell, one
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experiences an inhibitory effect known as overproduction inhibition*®. Mechanism of
this phenomenon is still unknown. Consequently, the optimal ratio of transposon to

transposase needs to be determined in any given cell.

1.6 Use of SB transposition in T-cell engineering

The SB transposons have been used for gene delivery in animals and human cell
culture and has shown great promise for use in human gene therapy**.

The potential to use SB-mediated transposition to integrate CAR and TCR
transgenes in human T cells has been investigated in vitro 2 *>*’. The first-in-human
CAR T cell clinical trial presented a protocol for generating clinical grade CAR T cell
via SB transposition in the USA*. The trial illustrated some challenges for generating
CAR T cells. First, this approach resulted in very low gene transfer rate. Second, it
led to severe T-cell toxicity associated with electroporation of large sized plasmids.
Third, long ex vivo culture time was required to generate therapeutic doses of gene-
modified T cells, which led to an increase in the mRNA level of exhaustion markers*®
49 Therefore, most investigators continue to use viral vectors to manufacture CAR-
modified and other gene-engineered T cells'® **2. To address these problems, we
hypothesized that CAR transposition from smaller sized vector called minicircle DNAs
rather than conventional SB plasmids that were used in this approach may enhance

both transposition rate and cell viability and eventually reduce ex vivo culture time.

1.7 SB transposition from minicircle vectors
We have observed a correlation between the amount of electroporated plasmid and

T-cell toxicity. On the other hand it is known that SB transposition efficiency is
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correlated with the size of transposon donor plasmid®® >*. When the plasmid size is
reduced, lower amount of it can be used to achieve same molar amount for
transfection. Moreover, a reduction in the size of SB plasmids will bring the left and
right IRs closer to each other, which is known to lead in a better SB transposition

38,5354 n order to enhance SB transposition activity and improve T-cell

activity
viability after electroporation, we produced minicircle DNA vectors (MCs) as an
alternative to plasmids as sources of SB transposon and transposase. MCs are
minimal expression cassettes derived from conventional plasmids via an
intramolecular recombination step during propagation in E. coli **°". The
recombination step separates unwanted bacterial backbone from the desired
transgene and the sequences it requires for expression. It has been shown that MCs
are more stable and confer superior levels of transient gene expression compared to
conventional plasmids when transfected into mammalian cells®® *°. Further, MCs
have been implemented as SB-transposon donors that following transfection, allowed
stable genomic modification of HelLa cells®®. Transposition-mediated stable gene
delivery out of MC vectors in primary human cells has to date not been explored. In
order to enhance the efficiency of the SB system for T cell engineering, we set the

first aim of this study to investigate the potential of SB mediated transposition from

MC vectors for generating CAR-modified T cells.

1.8 Genome editing to improve the therapeutic index of CAR T cells
Introduction of CAR transgenes into T cells has substantially improved their antitumor
function in the treatment of hematological malignancies. Moreover, some research

groups have incorporated suicide genes like inducible caspase9 into CAR T cells to
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enhance their safety feature for clinical application®® °'. Apart from adding new
desired features like tumor-specificity via gene transfer strategies, currently targeted
nucleases have made it possible to edit the endogenous genes of T cells to improve
their antitumor reactivity*. These additional genetic manipulations are required for
improving the therapeutic index of CAR T cells to overcome the obstacles that have
hampered their antitumor efficacy mostly against solid tumors. The resistance of solid
tumors to CAR therapies may be due to multiple factors including physical and
metabolic barriers, tumor-derived soluble factors and cytokines, immunosuppressive
immune cells within tumor microenvironment as well as the intrinsic regulatory
mechanism of T cells®®. Consequently, in the second part of this study, we aimed to
knock out programmed cell death 1 (PD-1) in CAR+ T cells as an example of immune
checkpoint surface receptors that negatively regulates T cell antitumor response.
Some solid tumors and hematological malignancies that have been treated by CAR T
cells utilize this and other immune checkpoints to attenuate antitumor CAR T-cell

responses®®,

1.9 Influence of PD-1 on antitumor function of T cells

Programmed cell death protein 1 (PD-1), also known as CD279 is encoded by the
PDCD1 gene. PD-1 is an inhibitory receptor that exhibits minimal expression on
resting cells and is broadly induced on activated T cells®®. It has two distinct ligands
PD-1ligand 1 (PD-L1) and PD-L2. PD-L1 is expressed on both hematopoietic and
non-hematopoietic cells. Whereas, the expression of PD-L2 is more restricted to cells
of the immune system®®. Interaction between PD-1 and its ligands recruits inhibitory

signals that lead to reduction in T-cell cytokine production, proliferation and survival®”
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® The upregulation of PD-1 expression by tumor-infiltrating lymphocytes®® along with
the expression of PD-L1 by numerous tumor types’® suggest that this pathway might
be one of the limiting factors that induces T-cell anergy’* and hinders T cells in
mediating antitumor reactivity within the tumor microenvironment. In particular, the
broad expression pattern of PD-L1 on normal, non-hematopoietic cells is mirrored by
PD-L1 expression on carcinomas of lung, breast, colon, kidney, bladder, ovary, and
cervix, as well as non-epithelial tumors, including melanoma, glioblastoma, multiple
myeloma, T-cell lymphoma, and various leukemias’?"®. Systemic administration of
anti-PD-1 antibodies like nivolumab that inhibit PD-1/PD-L1 pathway has resulted in
durable objective responses in patients with non-small cell lung cancer, melanoma
and renal cell carcinoma and Hodgkin lymphoma’” @ 9% Of note, systematic
administration of anti-PD-1 antibodies can result in some immune-related adverse
events (IRAEs)"®.

Studies have shown that CAR T cells that lost their tumor reactivity after trafficking to
solid tumor microenvironment, could retain their antitumor function when were
isolated away from the tumor®. This supports the impact of inhibitory signals within
the tumor microenvironment in the failure of CAR T-cell therapy of solid tumors.
Moreover, it has been demonstrated that blockade of the PD-1 immunosuppressive
pathway significantly improves the function of human epidermal growth factor
receptor-2 (HER-2)-specific CAR T cells and leads to enhanced tumor eradication in
immune competent HER-2 transgenic mice®. Recently, studies have shown that
introduction of fusion receptors composed of PD-1 extracellular domain linked to the
cytoplasmic domain of CD28 can enhance the tumor reactivity of tumor-specific
T cells as well as the CAR T cells by reversing inhibitory effect of PD-1 binding®® &’

In addition, mesothelin-specific CAR T cells that were genetically engineered to
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obtain a PD-1 dominant negative receptor, could restore their effector function in vitro
and in vivo®. As an alternative strategy, PD-1 can be knocked out specifically in CAR
T cells using genome editing tools. Genome editing tools like clustered regularly
interspaced short palindromic repeats/CRISPR-associated Cas9 nuclease
(CRISPR/Cas9) may facilitate the generation of genome edited CAR T cells.
Therefore, we set the second aim of this study to knock out PD-1 in CAR+ T cells as

an example of immune checkpoint receptors.

1.10 T-cell genome editing with CRISPR/Cas9

Over the last decade, targeted nucleases as powerful genome editing tools have
revolutionized biological research and translational applications. Compared with
protein-guided nucleases like zinc finger nucleases (ZFNs) and transcription
activator-like effector nucleases (TALENs) RNA-guided nucleases such as
CRISPR/Cas9 are cost-effective, highly efficient and have simple and easy design
principles for broad genome editing application®. The CRISPR/Cas9 system is
originally a microbial adaptive immune system that uses RNA-guided nucleases to

cleave foreign genetic elements® %

. It confers targeted gene editing via a single
guide RNA (sgRNA) that guides the Cas9 endonuclease to the desired DNA locus
through complimentary base pairing. Cas9 endonuclease creates a site-specific
double strand break (DSB) on DNA substrates. This happens exclusively when a
short DNA sequence, known as the protospacer adjacent motif (PAM) exists next to
the twenty-nucleotide target site. The CRISPR/Cas9 system used in this study is

derived from Streptococcus pyogenes that requires a 5-NGG PAM in target site

(Figure 1.3)%8 °1 92 DNA cleavage triggers genome editing through two different DNA
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repairing mechanisms. First, DSB is repaired by non-homologous end joining

(NHEJ), which is an error-prone process that causes small insertions or deletions.

Second, in the presence of a homologous recombination (HR) DNA template DSBs

are repaired by homology-directed repair (HDR) mechanism. This enables targeted

insertion of a desired DNA sequence into the genome®

Genomic locus

DNA target

sgRNA

N\
/ Target (20bp) v PAM

5’..AATGGGGAGGACA%Q&ATGTCACCTCCAATGACTAGGGTGGGCAACCAC.. 3’
RSN NNNEERRRARRNE IIII%IIIIII

3’ TTACCCCTCCTGTAGCTACAGTGGAGGTTACTGATCCCACCC TTGGTG.. 5’
\IllllllllIIIIIIIIIII

5’ JGTCACCTCCAATGAC( GUU}.‘UAGAGCUAG
Sy 11 1111 o
GUUCAACUAUUGCCUGAUCGGAA[}A%\AAUU CGAUA
i / GAA
[ AAAGUGGCACCGA -
3\) e PTG
\ UUUUUUCGUGGCU

Figure 1.3. Schematic of CRISPR/Cas9 system.

A single guide RNA (sgRNA) is generated from 20 nucleotide guide (in blue) fused to a
scaffold (in red). The guide sequence pairs with the target site (blue bar on top strand), which
is followed by a requisite 5-NGG adjacent motif (PAM; pink). Cas9 creates a DSB ~3 bp
upstream of the PAM (red triangle)®.

A large body of gene editing preclinical works has been performed via CRISPR/Cas9

technology to edit mammalian germ line sequences and cell lines®* . Although,

most investigators commonly transfer cas9 and sgRNA into cells via plasmid delivery,

this method is not similarly efficient in T cells* ®°. Recent reports demonstrate that

pre-assembled recombinant Cas9 protein and in vitro-transcribed sgRNA (Cas9
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ribonucleoprotein complex; Cas9 RNP) can accomplish genome editing in cultured
mammalian cell lines with high specificity and precision compared with the plasmid
delivery of the Cas9 and sgRNA. Use of short-lived Cas9 RNP reduces the off-target
effects in this protocol®” %®. Moreover, it has been shown that Cas9 RNP enables
efficient ablation of target loci in human T cell genome® *%°. Eventually, this allows
T cells to be edited ex vivo and then reintroduced into patients. This strategy
underscores the therapeutic potential of a non-viral CRISPR/Cas9-mediated genome
editing method for disruption of immune inhibitory checkpoints, and other desired
genome sequences that have a significant impact on clinical application of adoptive
T-cell therapies of cancer® %°. Very recently, researchers managed to combine
lentiviral delivery of CAR transgene with RNA electroporation of CRISPR/Cas9 to co-
introduce the RNAs that encode the Cas9 and sgRNAs targeting endogenous TCR,
Beta-2 microglobulin (B2M) and PD-1 in T cell genome via a multi-step protocol™®*.
However, so far no complete non-viral strategy for generating genome edited CAR T

cells via a single-step protocol is reported.

1.11 Study objectives and specific aims

Immunotherapy with T cells that are modified with viral gene transfer to express a
chimeric antigen receptor (CAR) has shown remarkable efficacy against B-cell
malignancies in clinical trials’. However, the potential for insertional mutagenesis and
genotoxicity of viral vectors is a safety concern, and the costs associated with their
production, handling and regulatory demand a roadblock for rapid and broad clinical
translation. Recently, the first-in-human clinical trial used non-viral Sleeping Beauty

(SB) transposition for generating CAR T cells*. This trial revealed several challenges
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for generating CAR T cells via SB transposition. (1) This approach resulted in a very
low gene transfer rate. (2) It caused high T-cell toxicity associated with the
nucleofection of large sized plasmid DNAs. (3) Due to low gene transfer rate and
high T-cell toxicity, long ex vivo culturing with extensive expansion cycles
(median of 28 days) was required to generate therapeutic doses of gene-modified
T cells, which led also to T-cell exhaustion®® *°. To address these problems, we
hypothesized that CAR transposition from smaller sized vectors known as minicircles
may enhance both transposition rate and cell viability and reduce ex vivo culture time

(Figure 1.4). This hypothesis led to the first objective of this study, which was:

1) to enhance non-viral Sleeping Beauty transposition for introduction of chimeric

antigen receptors (CARs) into T cells using minicircle vectors.

Although adoptive transfer of CAR T cells has shown significant success in treating
B-cell malignancies like B-ALL, its clinical proof of concept has not yet been obtained
in solid tumor treatment. The resistance of solid tumors to CAR therapies may be due
to multiple factors as mentioned before (section 1.8). There are studies
demonstrating that utilization of checkpoint blockade antibodies like the ones that
target PD-1/PD-L1 pathway enhances antitumor effects of CAR T cells in the

treatment of solid tumors and lymphomas®® 8% 102

. However, there are some
problems associated with combined CAR and antibody therapies. (1) Rapid
expansion of PD-1-expressing CAR T cells due to stimulation by tumor antigens may
require sequential administration of anti-PD-1 antibody. (2) The sequential systematic

administration of the blocking antibodies carries the risk of severe IRAEs.

(3) Long-term antibody treatment is costly. To address these issues we thought to
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knock out PD-1 as an example of immune checkpoint receptors specifically in CAR T
cells. We hypothesized that combination of SB-mediated CAR transposition from MC
vectors with disruption of PD-1 via non-viral Cas9 RNP may lead to generation of PD-
1 knockout CAR+ T cells in a single-step (Figure 1.4). Hence, the second objective of

this study was:

2) to establish a single-step and fully non-viral T-cell engineering strategy for
generating PD-1 knockout CAR T cells through the combination of

SB-mediated CAR transposition from MCs and PD-1 knockout via Cas9 RNP.

2 = Erdogenous TCR
o @) -

T PD-1 IPD—U
Viral vectors Non-viral vectors SB MC Cas9 RNP

Aim 1: Aim 2:
Enhanced stable CAR expression from SB minicrcles Single-step non-viral engineering of T cells

Figure 1.4. Improving non-viral gene delivery and genome editing strategies in T-cell
engineering.

(a) The first objective of this study. We aimed to replace the conventional viral delivery for
stable CAR expression on T cells with enhanced CAR transposition from SB MCs. (b) The
second objective of the study. We aimed to generate PD-1 KO CAR+ T cells via a fully non-
viral strategy. In this single-step strategy, Cas9 RNP will edit PD-1 locus and SB MCs will
stably deliver CAR into T cells in a single electroporation reaction. SB MC: Sleeping Beauty
minicircle DNA vectors, Cas9 RNP: Cas9 ribonucleoprotein, PD-1 KO CAR+ T cells: PD-1
knocked out CAR+ T cells, TAA: tumor-associated antigen.



2 Materials

2.1 Equipment and consumables

Equipment, consumable specification

Supplier

25, 75 cm? surface area cell culture flasks
96 well half-area plates, Corning® Costar®

96 well PCR plate

96 well plate ,white, flat bottom, Corning® Costar®

96, 48, 12, 24 well plates, Corning® Costar® U bottom

Biocoll separating solution
Biological safety cabinets, Herasafe™ KS
Centrifuge tubes, 10, 15, 50 mL

Centrifuge, Heraeus Megafuge 40R
CO, Incubators, Heracell™ 150i and 240i

DG8™ Cartridges and Gaskets
Electrophoresis power supply, Consort E802
Flow cytometer, BD FACSCanto™ I

Flow cytometery tubes, Réhre 5 mL

Gel electrophoresis system, Owl™ Minigel
Gel imaging system, ChemiDoc™ MP

Heat block, neoBlock1

Ice maker

Incubator

Leucosep tubes

Corning, Kaiserslautern

Corning, Kaiserslautern

Peglab, Erlangen

Corning, Kaiserslautern

Corning, Kaiserslautern

Merck, Darmstadt

Thermo Fisher, Waltham, MA, USA
Geriener Bio-One, Frickenhausen

Thermo Fisher, Darmstadt,
Thermo Fisher, Darmstadt,

Bio-Rad, Munich

Consort, Turnhout, Belgium

BD Biosciences, Heidelberg
Sarstedt, Nimbrecht

Thermo Fisher, Darmstadt
Bio-Rad, Munich

neolab, Heidelberg

Scotsman, Vernon Hills, IL, USA
Memmert, Schwabach

Geriener Bio-One, Frickenhausen
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Equipment, consumable specification

Supplier

M220™ Focused-ultrasonicator ™

MACS separation columns, 25 LS
Microcentrifuge, Fresco 17

Microscope, Primo Vert

Multimode multiplate reader ,Infinite 200 PRO
NanoDrop 2000

Nucleofector, 4D-Nucleofector™ X Unit

PCR thermal cycler, Mastercycler, ep Gradient
PCR thermal cycler, Mastercycler, Personal
Pierceable Foil Heat Seal

PX1™ PCR Plate Sealer

QX100™ Droplet Generator

QX100™ Droplet Reader

Refrigerator, -4 and -20 °C

Rnase free Biosphere plus SafeSeal microtube,1.5
mL

Shaker Incubator

Ultracentrifuge, Sorvall WX80

Ultra-low temperature freezer, -80 °C FORMA 900
UV transilluminator

Water bath

Covaris, Woburn, MA, USA
Miltenyi, Bergisch Gladbach
Thermo Fisher, Darmstadt
ZEISS; Jena

TECAN- Mannedorf, Switzerland
Thermo Fisher, Darmstadt
Lonza, Basel, Switzerland
Eppendorf, Hamburg
Eppendorf, Hamburg

Bio-Rad, Munich

Bio-Rad, Munich

Bio-Rad, Munich

Bio-Rad, Munich

Liebherr, Bulle, Switzerland
Sarstedt, Numbrecht

INFORS HT, Basel, Switzerland
Thermo Fisher, Darmstadt
Thermo Fisher, Darmstadt
neolab, Heidelberg

Memmert, Schwabach
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2.2 Software

Software

Application

Company

BEDtools v2.17
Bowtie

FlowJo X 10.0.7
Graphpad Prism 6
Image Lab™
QuantaSoft
SegLogo tool

Shortread tool in R

lllumina data analysis
lllumina data analysis
FACS analysis
Statistical analysis
T7EIl analysis

ddPCR analysis
lllumina data analysis

lllumina data analysis

2.3 Chemicals and reagents

2.3.1 Molecular biology

Tree Star Inc. Ashland, OR, USA
La Jolla, CA, USA

Bio-Rad, Munich

Bio-Rad, Munich

Name

Manufacturer

0.5-10 Kb RNA Ladder
1 Kb DNA Ladder

100 bp DNA Ladder
Antarctic Phosphatase
Cas9 protein

CviQl

ddPCR™ Supermix
DEPC

dNTP Mix (10 mM)

Dpnl

Invitrogen, Karlsruhe

NEB, Frankfurt am Main

NEB, Frankfurt am Main

NEB, Frankfurt am Main

PNA Bio, Newbury Park, CA, USA
NEB, Frankfurt am Main

Bio-Rad, Munich

Sigma-Aldrich, Steinheim
Invitrogen, Karlsruhe

NEB, Frankfurt am Main
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Name

Manufacturer

Droplet Generation Qil for Probes

EcoRlI

Ethanol absolute for molecular biology
FspBI

GelRed™ Nucleic Acid Gel Stain

Isopropyl alcohol

LB Agar plates with 100 pg/mL Carbenicillin
LB Agar plates with 34 pg/mL Chloramphenicol
LB Agar plates with 50 pg/mL Kanamycin
LB broth 1x

NEBNext dA-Tailing Module

NEBNext End Repair Module

NEBNext High-Fidelity 2x PCR Master Mix
NEBuffer 2

NEBuffer 3.1

Nhel

Pacl

Phusion® High-Fidelity DNA polymerase

Pmel
RNaseZap® RNase

Sacl
Standard Taq DNA polymerase

T4 DNA Ligase

Bio-Rad, Munich

NEB, Frankfurt am Main
AppliChem, Darmstadt
Fermentas, St-Leon-Rot
Biotium, Fermont, CA, USA
Sigma-Aldrich, Steinheim
TEKnova, Hollister, CA, USA
TEKnova, Hollister, CA, USA
TEKnova, Hollister, CA, USA
Thermo Fisher, Darmstadt
NEB, Frankfurt am Main
NEB, Frankfurt am Main
NEB, Frankfurt am Main
NEB, Frankfurt am Main
NEB, Frankfurt am Main
NEB, Frankfurt am Main
NEB, Frankfurt am Main
NEB, Frankfurt am Main

NEB, Frankfurt am Main
Ambion, Carlsbad, CA, USA

NEB, Frankfurt am Main
NEB, Frankfurt am Main

NEB, Frankfurt am Main
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Name

Manufacturer

T4 Polynucleotide Kinase (TPK4)

T7 Endonuclease |

Tris-acetate-EDTA (TAE) 50x
Tris-EDTA Buffer Solution (TE, pH 8.0)

Water, molecular biology grade

2.3.2 Cellular biology and immunology

NEB, Frankfurt am Main
NEB, Frankfurt am Main
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim

AppliChem, Darmstadt

Name

Manufacturer

2-Mercaptoethanol

7-AAD

Anti-biotin MicroBeads

Anti-CD62L MicroBeads

Anti-PE MicroBeads

Cell trace CFSE

Dimethyl sulfoxide (DMSO)

D-Luciferin firefly, Potassium Salt

Dulbecco's Modified Eagle Medium (DMEM)
Dulbecco's Phosphate-Buffered Saline (DPBS)
Dynabeads® Human T-Activator CD3/CD28
Ethylenediaminetetraacetic acid (EDTA) 0.5 M
Fetal calf serum (FCS)

GlutaMax-1 100X

Life Technologies, Darmstadt
BioLegend, Fell

Miltenyi, Bergisch Gladbach
Miltenyi, Bergisch Gladbach
Miltenyi, Bergisch Gladbach
Life Technologies, Darmstadt
Sigma-Aldrich, Steinheim
Biosynth, Staad, Switzerland
Life Technologies, Darmstadt
Life Technologies, Darmstadt
Life Technologies, Darmstadt
Life Technologies, Darmstadt
Life Technologies, Darmstadt

Life Technologies, Darmstadt
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Name

Manufacturer

Glutamine 200 mM

HEPES 1M

Human AB Serum

lonomycin

PBS, pH 7.4, contains TWEEN® 20 (dry powder)
PE Streptavidin 0.2 mg/mL
Penicillin/Streptomycinn 10,000 U/mL

Phorbol 12-myristate 13-acetate (PMA)
Polybrene (Millipore, 10 mg/mL)

Purified Anti-human CD3 (OKT3)
Recombinant human IL-2 (PROLEUKIN ® S)
RPMI 1640, GlutaMAX™ Supplement, HEPES

Trypan blue

2.4 Kits from commercial vendors

Life Technologies, Darmstadt
Life Technologies, Darmstadt
Bayerisches Rotes Kreuz
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
BioLegend, Fell

Life Technologies, Darmstadt
Sigma-Aldrich, Steinheim
Merck, Darmstadt

Life Technologies, Darmstadt
Novartis, Basel, Switzerland
Life Technologies, Darmstadt

Life Technologies, Darmstadt

Kit

Manufacturer

CalPhos Mammalian Transfection Kit

DNA Clean and Concentrator Kit

ELISA Max™ Set Deluxe (IL-2 and IFNYy kits)
MEGAclear™ Kit

MEGAshortscript™ Kit

MMESSAGE mMACHINE® T7 Ultra Kit

NEBNext dA-Tailing Module

Clontech, Taraka
Zymo Research
BioLegend
Ambion

Ambion

Ambion

NEB
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Kit Manufacturer
NEBNext End Repair Module NEB
NucleoBond® Xtra Maxi EF MACHEREY-NAGEL
Nucleofector™ Kits for Human T Cells Lonza
PureLink Genomic DNA Mini kit Invetrogen
PureLink Quick Gel Extraction PCR Purification kit Invetrogen
PureLink Quick Plasmid Miniprep Kit Invetrogen
TOPO® TA Cloning® Kit Invetrogen
Zero Blunt® PCR Cloning Kit Invetrogen
2.5 FACS antibodies
Ligand Clone/Poly Conjugation Isotype Manufacturer
CD279 (PD-1) PD1.3.1.3 PE Mouse 1gG2b Miltenyi
CD3 BW264/56 APC Mouse 1gG2a, k  Miltenyi
CD4 SK3 PerCP Mouse 1gG1, k BD Biosciences
CD4 M-T466 VioBlue Mouse IgG1, k Miltenyi
CD45 HI30 FITC Mouse 1gG1, k BD Biosciences
CD45RA L48 FITC Mouse 1gG1, k BD Biosciences
CD45R0O UCHL1 PE Mouse 1gG2, k BD Biosciences
CD62L DREG-56 PE Mouse 1gG1, k BioLegend
CcDs8 BW135/80 VioBlue Mouse 1gG2a, k  Miltenyi
EGFR (Cetuximab) C225 Biotin Human IgG1, k ImClone LLC
EGFR (Cetuximab) C225 AlexaFluor 647 Human IgG1,k ImClone LLC
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2.6 Media and buffers
T cell medium (TCM)
1640 RPMI, with 25 mM HEPES and Glutamax 500 mL
Human AB Serum (heat inactivated at 56 °C for 30 min) 10%
Penicillin/Streptomycinn 10,000 U/mL 100 U/mL
GlutaMax-I 100X 1%
2-Mercaptoethanol 50 mM 0.1%
Mix all components and filter sterilize (0.22 um PES-membrane)
Tumor cell lines medium
1640 RPMI, with 25 mM HEPES and Glutamax 500 mL
FCS 10%
Penicillin/Streptomycinn 10,000 U/mL 100 U/mL
Glutamine 200 mM (100X) 1%
Mix all components and filter sterilize (0.22 um PES-membrane)
Adherent cell lines medium (cDMEM)
DMEM 500 mL
FCS 10%
Penicillin/Streptomycinn 10,000 U/mL 100 U/mL
Glutamine 200 mM (100X) 1%
HEPES 1M 2.5%

Mix all components and filter sterilize (0.22 um PES-membrane)
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T cell freeze-down medium
TCM 80%
Human AB Serum 10%
DMSO 10%
Mix all components and filter sterilize (0.22 um PES-membrane)
Tumor cell freeze-down medium
Tumor cell lines culture medium 50%
FCS 40%
DMSO 10%
Mix all components and filter sterilize (0.22 um PES-membrane)
MACS buffer
DPBS 500 mL
EDTAO.5M 0.4%
FCS 0.5%
Mix all components and filter sterilize (0.22 um PES-membrane)
FACS buffer
DPBS 500 mL
EDTAO.5M 0.4%
FCS 0.5%
Sodium azide (NaNjs) 0.1%
PBS/EDTA
DPBS 500 mL
EDTAO0.5M 0.4%
FCS 0.5%
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2.7 Cell lines

Name

Description/modification

JeKo-1 (ATCC: CRL-3006)
Jurkat (ATCC TIB-152)

K562 (ATCC: CCL-243)
K562/CD19

Lenti-X (Clontech)

Raji (ATCC: CCL-86)
TM-LCL

2.8 Human subjects

Lymphoma

Clone E6-1, acute T-cell leukemia

Chronic myelogenous leukemia, transduced with ffluc
K562 cell line transduced with ffluc and CD19

293-T HEK

Burkitt lymphoma, transduced with ffluc
Lymphoblastoid cell line, EBV-transformed B cell line,

donor initials: TM

Peripheral blood was obtained from healthy donors after written informed consent to

participate in research protocols approved by the Institutional Review Board of the

University of Wirzburg (UW).



3 Methods

3.1 Cell culture

3.1.1 Isolation of human T-cell subsets

Peripheral blood mononuclear cells (PBMCs) were isolated from healthy donor
peripheral blood by density centrifugation over Ficoll-Hypaque. Blood was mixed with
room temperature DPBS at maximum final volume of 35 mL and carefully added to a
50 mL Leucosep tube that was previously equilibrated with 15 mL of room
temperature Biocoll separating solution. Density centrifugation was performed for 15
min, at 310 x g, at 22 °C, with acceleration and deceleration settings of 9 and 2,
respectively. The PBMCs accumulate above of the Leucosep filter. These cells were
washed twice with cold (4 °C) PBS/EDTA buffer, and centrifuged for 10 min at
220 x g, at 4 °C. The cells were then directly used for MACS separation. CD8 and
CD4 bulk, naive or memory T cells were purified by negative isolation using Miltenyi
MACS MicroBeads and magnetic cell separation protocol according to
manufacturer’s instruction. Central memory T cells were purified from the memory
subsets by positive selection for CD62L. For magnetic separation, LS columns were
used for up to 150x10° cells. Isolated cells were cultivated overnight in
TCM (T cell culture medium) including 50 U/mL of recombinant human IL-2 (rh IL-2)
and were activated with anti-CD3/CD28 Dynabeads at a cell to bead ratio of 1:1

(Life Technologies) for further experimental procedures.
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3.1.2 Preparation of lentiviral vectors

Lentiviral vectors were produced in 293T-HEK cells (Lenti-X). To produce CD19-CAR
encoding lentiviral vector 15 pug of CD19 CAR-encoding lentiviral plasmid and 10 pg,
1 pg and 2 pg of three helper plasmids, PCHGP-2, PCMV-Rev2 and PCMV-G were
used per 10 cm? petri dish, respectively. For lentiviral vectors encoding Cas9 and
PD-1 specific single guide RNAs (sgRNAs), 20 pg of lentiCRISPR v2 plasmids
encoding Cas9 and different sgRNAs, 5 pug of pMD2.G and and 10 pg of psPAX2
were used per 10 cm? petri dish.

Lenti-X cells were cultured at 80% cell confluency in 10 cm? petri dishes, with three
plates being used for one batch of lentivirus and incubated for six hours to allow cells
to settle. Transfection with the lentiviral and helper plasmids was performed using a
calcium phosphate-based method (Clontech). The plasmids at the appropriate ratios
and amounts were diluted in 2 M CacCl, solution and the final volume set to 500 pL
per petri dish with dH,O (1500 pL for 3 plates). The plasmid mixture was drop wised
added to equal volume of 2x HEPES-buffered saline (HBS). The mixture (3 mL) was
incubated for 20 min at room temperature, equal amount of DMEM/10%FCS were
added to the mixture and 2 mL of the final DNA suspension was added to each plate
in a slow drop-wise manner and the plates were gently twirled to distribute the DNA
mixture evenly. Plates were incubated at 37 °C overnight. Viral supernatant from 3
plates was collected into one 50 mL centrifuge tube 72 hours after transfection. it was
centrifuged at 2160 x g for 15 min at 8 °C to remove any cell debris, passed through
a 0.45 pm vacuum filter unit and was added to one centrifuge tube underlaid with
4 mL of 20% sucrose. The sample was centrifuged at 138510 x g for 2 hours at 4 °C

by ultracentrifugation. The viral pellet was covered with 200 pL of PBS and after at
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least 3 hours incubation at 4 °C was resuspended and aliquoted in 20 pL fractions.

Viral vectors were stored at -80 °C for future use.

3.1.3 Titration of lentivirus

In order to determine the viral titer, Jurkat cells were plated in a 48-well plate at a cell
density of 1x10° cells/mL in 250 pL of tumor cell lines culture medium with 5 pug/mL
polybrene that facilitates viral entry into the cells. Serial dilutions of lentivirus (0.5, 1,
2, 5 or 10 yL) were added to consecutive wells and incubated for 4 hours at 37 °C.
Following incubation, the medium was topped up to 1 mL and the cells cultured for
another 48 hours. For CD19-CAR expressing vectors, CAR expression was analyzed
by flow cytometry using the EGFRt transduction marker encoded within the lentiviral
vector'®. For lentiCRISPR v2 construct which carries a puromycin resistant gene,
cells were treated with 1 pg/mL of puromycin and number of living cells were
determined using trypan blue staining method 3 days after puromycin addition. The
lentivirus titer in transforming units (TU)/mL was calculated using the following
equation based on the percentage of EGFRt positive cells for CAR constructs or

living cells for lentiCRISPR v2 constructs:

0, P
Cell count at day of transduction + % EGF. Rt;ro/(l)/vmg cells

e TUS
Virus titer ( '~/ mL) Volume of virus added (mL)

3.1.4 Lentiviral transduction of T cells
Prior to lentiviral (LV) transduction, T cells were cultured at a density of 0.25 - 0.5x10°
T cells/mL in a 48-well plate in TCM with 50 U/mL rh IL-2 and were activated with

anti-CD3/CD28 Dynabeads (Life Technologies). The following day, 2/3 of medium
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was removed; CAR-encoding lentivirus at a multiplicity of infection (MOI) of 5, and
polybrene at a final concentration of 5 ug/mL were added to the T cells, and
inoculation performed by centrifugation at 800 x g for 45 min at 32 °C. For
lentiCRISPR v2 viral vectors the MOI of 0.5 was used. Following centrifugation, the T
cells were immediately transferred to 37 °C, rested for 4 hours, and then 1 mL of
fresh, warm TCM and 50 U/mL rh IL-2 were added to each well. During subsequent
days, a half-medium change with pre-warmed TCM was performed and rh IL-2
supplemented to a final concentration of 50 U/mL every second day. The anti-
CD3/CD28 Dynabeads were removed using a hand-held magnet on day 6 post-
stimulation and the T cells were transferred to larger plates or tissue culture flasks

(12-well plate, then T25 flask) as appropriated to propagate.

3.1.5 Enrichment of CAR+ T cells prior to functional assays

Prior to functional testing, EGFRt-positive T cells that were generated whether via
lentiviral transduction or nucleofection of SB vectors were enriched using
biotin-conjugated anti-EGFR mAb and anti-biotin MicroBeads (Miltenyi), and were
expanded in an antigen dependent manner with irradiated TM-LCL feeder cells for 7

days.

3.1.6 Enrichment of PD-1 knockout T cells after genome editing

Prior to enrichment, T cells modified with CRISPR/Cas9 for PD-1 knockout were
activated with 1pL of each PMA (1 mg/mL) and lonomycin (1 mM) per 1x10° cell/mL
in TCM for 24-36 hours. PMA/lonomycin (PMA/lono) stimulation recruits the

expression of PD-1 on T-cell surface. In the next step, PD-1 knocked out T cells were
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enriched using anti-PD-1 PE antibody and anti-PE MicroBeads (Miltenyi) via negative

selection based on manufacturer’s protocol.

3.1.7 Antigen dependent expansion of CD19-CAR T cells

Following enrichment, and before functional assays, EGFRt+ CD8+ and CD4+ T-cell
subsets were expanded by irradiated TM-LCL (80 Gy) cells at a T cell to TM-LCL
ratio of 1:7. Next day, cultures were supplemented with 50 U/mL of rh IL-2 and cells
were fed with fresh TCM and 50 U/mL rh IL-2 every second day. The phenotype of

the expanded T cell lines was analyzed on day 7 of expansion.

3.1.8 Antigen independent expansion of PD-1 knockout T cells

Following the treatment with puromycin, T cells transduced with lentiCRISPR v2
vectors were expanded by stimulation with anti-CD3 mAb (OKT3) and irradiated
feeder cells as described'®. In brief, OKT3 was used at a final concentration of 30
ng/mL, irradiated TM-LCL (80 Gy) were used at a T cell to TM-LCL ratio of 1:100 and
irradiated PBMC (30 Gy) were used at a T cell to PBMC ratio of 1:600. The cell
cultures were supplemented with 50 U/mL of rh IL-2 on day 1. A complete medium
change performed on day 4, and the cell cultures were fed with fresh medium and 50

U/mL rh IL-2 every second day.
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3.1.9 Preparation of CAR T-cell clones by limiting dilution for transposon
copy number analysis
After EGFRt enrichment, T cells were cultured at concentrations of 0.5 to 2 cells/well.
For each setting (i.e. 0.5, 1, 2 cells/well), a master mix in a sterile reservoir that
contained T cell culture medium, irradiated TM-LCLs and PBMCs, 50 U/mL rh IL-2
and diluted T cells in a final volume of 200 pL/well was prepared, mixed well and
distributed to 96-well plates using a multichannel pipette. The plates were wrapped in
aluminum foil to prevent evaporation of medium and incubated for up to 10-14 days
in a CO; incubator. The plates were screened on day 10 or 11 for positive wells. Prior
to flow cytometry analysis a master-plate with positive clones was created. EGFRt+

clones were further expanded using antigen dependent expansion protocol.

3.2 Immunological methods

3.2.1 Immunophenotyping

T cells were washed by centrifugation at 200 x g for 4 min with FACS buffer and
stained with the following conjugated mAbs: CD4, CD8, CD45RA, CD45R0O and
CD62L, hCD45 and CD279 (for PD-1) in FACS buffer and incubated for 25 min at
4 °C, washed as above; cells were resuspended in FACS buffer before flow
cytometry measurement. Viability staining solution 7-AAD was used for exclusion of
dead cells. CAR+ (i.e. EGFRt+) T cells were detected by staining with
biotin-conjugated anti-EGFR antibody (ImClone Systems Inc.) and PE-streptavidin or
by staining with anti-EGFR antibody conjugated to AlexaFluor 647. Flow cytometry
measurements were performed on a BD FACSCanto Il and data analyzed using

FlowJo software (Treestar).
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3.2.2 Cytotoxicity assay

Target cells expressing firefly luciferase were incubated in triplicate at
5x10° cells/well with effector T cells at various effector to target (E: T) ratios in a
white 96-well flat bottom plate at a final volume of 150 pL. After 4-hour incubation,
luciferin substrate was added to the final concentration of 0.3 mg/mL to the co-culture
and the luminescence signal in wells that contained target cells and T cells was
measured using a luminometer (Tecan) and compared to target cells alone. Specific

lysis was calculated using the standard formula'®.

3.2.3 Cytokine secretion assay and ELISA

5x10* T cells were plated in triplicates with target cells at a ratio of 2:1
(Raji and Jeko-1), or 4:1 (K562/CD19 and K562). After 24-hour incubation,
concentrations of secreted IFN-y and IL-2 in supernatant of co-culture were

measured by ELISA kits (BioLegend) based on manufacturer’s protocol.

3.2.4 CFSE proliferation assay

For analysis of proliferation, 5x10* T cells were labeled with 0.2 pM
carboxyfluorescein succinimidyl ester (CFSE, Thermo Fisher). After quenching the
excess CFSE with FCS, cells were washed and plated in triplicates with target cells
at a ratio of 4:1 (K562/CD19 and K562) in medium without exogenous cytokines.
After 72-hour incubation, cells were labeled with anti-CD8/CD4 mAb and 7-AAD to
exclude dead cells from analysis. Samples were analyzed by flow cytometry and
division of living T cells was assessed by CFSE dilution. The proliferation index was

calculated using FlowJo software.
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3.3 Preclinical in vivo experiments
The University of Wirzburg Institutional Animal Care and Use Committee approved
all mouse experiments. Six- to eight-week old female NSG mice were obtained from

Charles River. The NSG/Raji model has been described before®.

3.3.1 Adoptive transfer of T cells in NOD/SCIDlyc-/- (NSG) mice

Six- to eight-week old female NSG mice were inoculated with 5x10° firefly luciferase
expressing Raji tumor cells by tail vein injection on day 0. On day 7, groups of n=5
mice received intravenous injections of 5x10° CAR-modified or unmodified control

(mock) T cells containing equal proportions of CD8+ and CD4+ T-cells.

3.3.2 Analysis of antitumor efficacy and persistence of CAR T cells

Bioluminescence imaging was performed weekly to determine tumor burden and
distribution in mice. Blood samples were obtained 3, 7 and 14 days after T cell
transfer (i.e. day 10, 14, 21 after tumor inoculation) and frequency of human T cells in
the peripheral blood was determined by staining with anti-human CD45, anti-hCD3,
anti-hCD4 and anti-hCD8 antibodies by flow cytometry analysis. Bone marrow of
mice were harvested upon termination of the experiment on day 35 after tumor
inoculation. Persistence of CAR T cells and presence of tumor cells in the bone
marrow were tested by flow cytometry. Finally, survival of mice was analyzed by

Kaplan-Meier analysis.
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34 Molecular methods

3.4.1 Construction of transposon and lentiviral vectors

A DNA cassette with EF1/HTLV hybrid promotor, Kozak and eGFP sequence
followed by a Stop codon was synthesized (GeneArt, Regensburg, Germany) and
subcloned into the pT2/HB transposon donor vector®® (kind gift from Perry Hackett,
Addgene plasmid #26557). Then, the eGFP sequence was replaced with a gene
encoding a CD19-CAR (FMC63 targeting domain, IgG4-Fc Hinge spacer, CD3¢ and
4-1BB co-stimulation) in cis with a T2A element and truncated epidermal growth
factor receptor (EGFRt), derived from the previously described lentiviral vector
epHIV7*® 1% The pCMV(CAT)T7-SB100X vector was a kind gift from Zsuzsanna
Izsvak (Addgene plasmid # 34879)*°. MCs encoding eGFP and CD19-CAR_EGFRt
transposons, and SB100X were generated from parental plasmids by PlasmidFactory
(Bielefeld, Germany) via site-specific recombination. Next, MC vectors were purified

by affinity chromatography.

3.4.2 Cloning of PD-1 sgRNAs into lentiCIRSPR v2 plasmid

lentiCRISPR v2 plasmid was a kind gift from Feng Zhang (Addgene plasmid
#52961). This plasmid contains two expression cassettes, hSpCas9 and the
chimeric guide RNA. It also includes a puromycin selection marker. The cloning

protocol is previously described™®’

. Briefly, lentiCRISPR v2 vector (5 pg) was
digested with BsmBI (3 uL), dephosphorylated using Antarctic Phosphatase (NEB) at
37 °C and gel purified. A pair of complementary oligos based on target site

(20 bp each) were designed using CRISPR Design Tool algorithm at

“http://crispr.mit.edu/”. The oligos were annealed and phosphorylated with
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T4 Polynucleotide Kinase (NEB) in T4 ligation buffer (NEB) in a total volume of 10 uL
in a thermal cycler using following conditions: 37 °C 30 min, 95 °C 5 min, and ramp
down to 25 °C at 5 °C/min. The annealed oligos were diluted at a ratio of 1:200 into
sterile water and were cloned into the digested lentiCRISPR v2 plasmid using T4
DNA ligase (NEB). The accuracy of sgRNAs’ sequences was confirmed by Sanger

sequencing.

3.4.3 Nucleofection of T cells with SB vectors

Desired T-cell subsets were activated with anti-CD3/CD28 Dynabeads at a cell to
bead ratio of 1:1. Transfection of transposon and transposase vectors was performed
36 hours after bead activation into 1x10° T cells in 20 pL of P3 primary cell
4D-Nucleofector supplemented buffer using 16-well Nucleocuvette strips and FI-115
program on a 4D-Nucleofector according to the manufacturer’s instructions (Lonza).
1ug of each conventional transposon and transposase plasmids was used per 1x10°
T cells. For MC vectors corresponding equimolar amount of each DNA vector, 0.6 ug
of CD19-CAR MC and 0.5 ug of SB100X donor MC were used. When combination of
CD19-CAR MC and SB100X mRNA (an optimal ratio of 1:4, 0.6 ng CD19-CAR MC:
2.4 ug SB100X mRNA) was used for transfection, RNase free tubes and pipette tips
were used and cells were washed once with room temperature PBS before
resuspension in buffer. After nucleofection, T cells were propagated in TCM
containing 50 U/mL of rh IL-2. Trypan blue staining was performed to quantify viable
T cells. Prior to functional testing, EGFRt-positive T cells were enriched and
expanded with irradiated TM-LCL cells for 7 days and functional analysis of CD19-

CAR T cells were performed as described earlier.
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3.4.4 Nucleofection of T cells with Cas9 RNP

CD8+ T cells were activated with anti-CD3/CD28 Dynabeads prior to nucleofection
as described before. 15 ug of Cas9 recombinant protein, 0.75 mg/mL, was mixed
with 10 pg of in vitro-transcribed sgRNA, 0.5 mg/mL, (a Cas9 to sgRNA molar ratio of
1:3) or 20 ug of in vitro-transcribed sgRNA, 1 mg/mL, (molar ratio of 1:6) in a RNase
free microtube and incubated for 10 min at room temperature to generate the pre-
assembled Cas9 ribonucleoprotein complex (Cas9 RNP). Next, the Cas9 RNP
complex was added to 1x10° T cells in 20 uL of P3 primary cell 4D-Nucleofector

supplemented buffer and the cell suspension was nucleofected as explained before.

3.4.5 Preparation of in vitro-transcribed RNAs

PolyA-tailed ARCA-capped SB100X mRNA was produced by in vitro transcription
from the T7 SB100X plasmid and column purified in-house using the
mMessage mMachine kit and purified by MEGAclear Kit (Ambion) or purchased at
EUFETS (ldar-Oberstein, Germany). For preparation of in vitro-transcribed single
guide RNA #2 (sgRNAZ2), first the sgRNA2 with a T7 promotor was cloned into a
pCR-Blunt vector using Zero Blunt® PCR cloning kit (Invitrogen). The cloned
sgRNA2 and its T7 promotor were separated from the vector by EcoRI digestion and
used as a template for in vitro transcription using MEGAshortscript T7 transcription kit

(Ambion). The in vitro-transcribed sgRNA was purified by MEGAclear Kit (Ambion).

3.4.6 T7 endonuclease | assay

In order to determine the target editing efficiency of designed PD-1 sgRNAs,

genomic DNA (gDNA) of modified cells was isolated using PureLink Genomic



Methods 52

DNA Kit (Invitrogen). Primers flanking the target site were designed (Table 1) and the
target site was amplified using 100 ng of gDNA and Phusion High-Fidelity

DNA polymerase (NEB) using following thermocycler setting:

Initial denaturation 98 °C 3 min

Denaturation 98 °C 10s

Annealing 68°C 25s 35 cycles
Extension 72 °C 30s

Final extension 72 °C 5 min

The desired PCR amplicon was purified from agarose gel and DNA concentration
was determined by a NanoDrop (Thermo Fisher). For generation of hetero- and
homoduplexes about 400 ng of purified PCR amplicon was heated in a thermal cycler

in 20 puL of 1x NEBuffer2 using following condition:

95 °C 10 min, 95 °C - 85 °C, -2 °C/s, 85 °C 1 min, 85 °C - 75 °C, -3 °C/s, 75 °C 1
min, 75 °C - 65 °C, -3 °C/s, 65 °C 1 min, 65 °C - 55 °C, -3 °C/s, 55 °C 1 min, 55 °C -
45 °C, -3 °C/s, 45 °C 1 min, 45 °C - 35 °C, -3 °C/s, 35 °C 1 min, 35 °C - 25 °C, -3

°Cl/s, 25 °C 1 min, 25°C-4 °C.

1 uL of T7 endonuclease | (diluted 1:1 with 1x NEBuffer2) was added to 100-200 ng
of the heated amplicon (in 11 uL of 1x NEBuffer2) and the 12 uL mixture was
incubated at 37 °C for not longer than 15-20 min in a water bath. The reaction was
stopped with 1.5 uL of 0.25 M EDTA and whole reaction was checked on a 2.5%
agarose gel. T7 Endonuclease | recognizes and cleaves non-perfectly matched DNA
hetero-duplexes generated during denaturing and reannealing cycles. The intensity

of the bands was measured using Image Lab™ Software (Bio-Rad) and gene
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modification efficiency (insertion or deletion %, indel%) for each sgRNA was

calculated using following formula:

Indel% = [ 1- [1-(<2°y | x100
nael’ = - _<a+b+c>

Where “b” and “c” are intensity of cleaved heteroduplexes and “a” is the intensity of

uncleaved homoduplex amplicon.

Table 3.1. Primers used for T7 endonuclease | assay.

Primer name Sequence (5->-3’) PCR product | Cleavage product

PD-1-Exonl1-Fwd TCTGTCACTCTCGCCCACGT

PD-1-Exoni-Rev | AGCCTGACCCGTCATTCTAC | 809bP 411+198 bp

PD-1-Exon2-Fwd AGGGGGTGAAGGCTCTTAGT

PD-1-Exon2-Rev | ACCACGCTCATGTGGAAGTC | °20 PP 369+157 bp

3.4.7 Integration site analysis of lentiviral and SB integrants

3.4.7.1 Construction of the SB insertion library and sequencing

Genomic DNA (gDNA) of CD8+ EGFRt+ T cells of three donors were isolated at least
one month post-transfection. 2 pg DNA was sheared with a Covaris M220
ultra-solicitor device to an average fragment size of 600 bp in Screw-Cap microtubes
in 50 uL, using the following settings: peak incident power 50W, duty factor 20%,

cycles per burst 200, treatment 28 s. 1.2 pg of the sheared DNA was blunted and
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5’-phosphorylated using the NEBNext End Repair Module (NEB), and 3’-A-tailed with
NEBNext dA-Tailing Module (NEB) based on manufacturer’s protocol. The DNA was
purified with the Clean and Concentrator Kit (Zymo) and eluted in
8 uL 10mM Tris pH8 (EB) for ligation with 50 pmol of T-linker (Table 2) with
T4 ligase (NEB) in 20 uL volume, at 16 °C, overnight. T-linkers were created by
annealing the 100-100 pmol of the oligonucleotides Linker TruSeq T+ and
Linker_TruSeq_T- in 10 mM Tris-Cl pH8, 50 mM NaCl, 0.5 mM EDTA. After
heat-inactivation, ligation products enclosing fragments of non-integrated transposon
donor plasmid DNA were digested with Dpnl (NEB) in 50 uL for 3 hours and the DNA
was column-purified and eluted in 20 uL elution buffer. 6 puL eluate was used for the
PCR | with 25 pmol of the primers specific for the linker and for the transposon
inverted repeat, Linker and T-Bal-Long primers, respectively (Table 2), with following

thermocycler setting:

Initial denaturation 98 °C 30s

Denaturation 98 °C 10s ] 10 cycles
Annealing 72 °C 30s -
Denaturation 98 °C 10s |
Annealing 1°C/sto62°C 30s 15 cycles
Extension 72 °C 30s -

Final extension 72 °C 5 min

All PCR reactions were performed with NEBNext High-Fidelity 2x PCR Master Mix
(for PCR primer sequences see Table 2). The PCR was column purified and eluted in
20 pL elution buffer and 10 pL used for PCR Il with the Nested and LAM-SB-50

primers, with the following thermocycler setting:
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Initial denaturation 98 °C 30s

Denaturation 98 °C 10s

Annealing 1°C/sto65°C 30s 12 cycles
Extension 72 °C 30s

Final extension 72 °C 5 min

One third of the column-purified PCR Il was used for PCR Il with the PE-nest-ind-N

and SB-20h-bc-ill-N primers (where N is the number of the lllumina TrueSeq indexes)

for barcoding the samples of different T-cell donors, using the following thermocycler

setting:

Initial denaturation 98 °C 30s

Denaturation 98 °C 10s

Annealing 1°C/sto64°C 30s 12 cycles
Extension 72 °C 30s

Final extension 72 °C 5 min

The final PCR products were separated on a 1% agarose gel and the smears of

200-500 bp were gel-isolated and purified. The libraries were sequenced on an

lllumina HiSeq instrument at Beckman Coulter Genomics on a rapid flow-cell using

single-end 100 nucleotide sequencing setup.
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Table 3.2. Primers and oligos used for integration library preparation.

Primer name Sequence (5-2>-3’)

GTAATACGACTCACTATAGGGCTCCGCTTAAGGGACTCAG

Linker_TruSeq_T+ A\ cGTGTGCTCTTCCGATCT

Linker_TruSeq_T- GATCGGAAGAGCACACG-Amino
T_Bal_long CTTGTGTCATGCACAAAGTAGATGTCCTAACTGACT
LAM_SB_50 AGTTTTAATGACTCCAACTTAAGTG

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
SB20h-bc-ill-N ACGACGCTCTTCCGATCT-TruSeq-lllumina-Index-
CTTAAGTGTATGTAAACTTCCGACT

CAAGCAGAAGACGGCATACGAGAT-reverse-complement-of-
PE-nest-ind1-N TruSeg-lllumina-Index-
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

3.4.7.2 Bioinformatic analysis

Reads were allocated to each donor using barcodes, trimmed using the Shortread
tool in R software'® and the remaining sequences quality-timmed as soon as 2 of 5
nucleotides had a phred score less than 20. The resulting reads were uniquely
mapped to the hg19 human genome assembly with Bowtie’®®. Any SB insertion site
was considered valid if there were at least 10 independent reads supporting it.
Nucleotide compositions of SB insertion sites were calculated and plotted using the
SegLogo tool in R software.

We used BEDtools v2.17.0"° for annotating the insertion sites or a set of
computationally generated 10.000 random genomic positions in annotated human
genomic features (http://genome.ucsc.edu). The set of cancer-related genes was
obtained from http://www.bushmanlab.org/links/genelists***. The category non-genic

was created by subtracting the coordinates of all annotated transcripts from the
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chromosome lengths of the hgl9 genome assembly. For relating insertion site
frequencies of SB and HIV to gene expression levels we used published gene
expression data of activated human T cells*?,

BED files of ChIP-Seq data obtained on activated human T cells were retrieved from
http://dir.nhlbi.nih.gov/papers/Imi/epigenomes/hgtcell.aspx'** and the MACS ChIP-
Seq peak-calling algorithm™* “macs14 -t *.bed -g hs --nomodel --nolambda --
space=30".

Genomic coordinates of ultraconserved elements were obtained™ and all human
microRNA genes downloaded (http://www.mirbase.org/ftp.shtmL). The ‘genomic safe

harbor’ coordinates were obtained by intersecting all coordinates of all safe harbor

subcategories for the hgl9 human genome assembly.

3.4.8 Copy number determination of SB insertions

3.4.8.1 Linker-mediated PCR

gDNA was isolated from EGFRt+ T-cell clones at least one month post-transfection
of SB100X mRNA and MC transposon. 1 pg of DNA per clone was digested with
FspBIl (Fermentas) and Dpnl (NEB). The latter digest was applied to fragment non-
integrated MCs, which could otherwise disturb the copy number determination. The
digested DNA was column purified, and eluted in 20 pL of elution buffer. 5 uL of
eluate was ligated with 50 pmol of FspBI overhang-specific linkers overnight at 16 °C.
Linkers were created by annealing the 100-100 pmol of the oligonucleotides L (+)
and L(-) FspBI in 10 mM Tris-Cl pH8, 50 mM NaCl, 0.5mM EDTA (Table 3). 1 uL of

the ligation reaction was used as the template for the first PCR reaction with the
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primers Linker (specific for the ligated linker) and T-Bal-rev (specific for the &’

inverted terminal repeat of the transposons) using the following thermocycler setting:

Initial denaturation 94 °C 3 min

Denaturation 94 °C 30s ]
Annealing 1°C/sto63°C 30s 10 cycles
Extension 72 °C 1min
Denaturation 94°C 30s ]
Annealing 1°C/lsto61°C 30s 15 cycles
Extension 72 °C 1min -

Final extension 72 °C 10 min

1 pL of 100-times diluted PCR reaction was used in the nested PCR with the primers

Nested and T-Bal using the following thermocycler setting:

Initial denaturation 94 °C 3 min

Denaturation 94 °C 30s

Annealing 1°C/sto65°C 30s 10 cycles
Extension 72 °C 1 min

Denaturation 94°C 30s

Annealing 1°C/sto63°C 30s 15 cycles
Extension 72 °C 1 min

Final extension 72 °C 10 min

5 pL of the nested PCR reaction was loaded on a 1.5% agarose gel to visualize the

bands, which correspond to the insertion sites with flanking genomic DNA.
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Table 3.3. Primers used for linker mediated copy number analysis.

Primer name Sequence (5’->-3’)

L(+) GTAATACGACTCACTATAGGGCTCCGCTTAAGGGAC
L(-)FspBI TAGTCCCTTAAGCGGAG-Amino

Nested AGGGCTCCGCTTAAGGGAC

Linker GTAATACGACTCACTATAGGGC

T_Balrev GAATTGTGATACAGTGAATTATAAGTG

T_Bal CTTGTGTCATGCACAAAGTAGATGTCC

3.4.8.2 Droplet digital PCR

Prior to droplet digital PCR (ddPCR), 300 ng of each gDNA were digested with 1 pL
of Dpnl (20,000 U/mL) in 3 puL of NEBuffer 3.1 at a final volume of 30 uL at 37 °C.
This restriction enzyme cleaves the vectors that are not integrated. Samples were
fragmented with 1 pL of CviQIl (10,000 U/mL) at final volume of 35 pL for 2 hours at
25 °C. Next, primers (600 nM of each), probes (200 nM) and 17 ng of each digested
template were added to the ready-to-used ddPCR Supermix at the final volume of
25 L at room temperature for efficient droplet generation. 20 uL of the PCR mixture
was added to a specific well in the DG8 Cartridges and 70 pL of Droplet Generation
Oil was added to all the wells and incubated for 2 min at room temperature. Then, the
cartridges were covered by a gasket and were put in a QX100 Droplet Generator.
After a couple of minutes, approximately 20,000 droplets are generated per well.
40 uL of generated droplets were transferred into a 96-well PCR plate and sealed
with a single sealing foil in the PX1 PCR Plate Sealer (Bio-Rad). The PCR reaction

was performed in a thermal cycler using the following setting:
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Initial denaturation 95 °C 10 min
Denaturation 94 °C 30s } 40
Annealing 2°C/sto 60°C 1 min

Final extension 98 °C 10 min

After the PCR reaction, fluorescence measurements for each droplet were performed
by a QX100 Droplet Reader. The results were analyzed using QuantaSoft software
and ribonuclease P/MRP 30 subunit (RPP30) gene was used as the copy number
reference (2 copies per genome).

The primers and probes used for amplification of integrated CD19-CAR transgene
(CAR-Fwd, probe and Rev), non-integrated CD19-CAR MC vector
(MC-Fwd, probe and Rev) and RPP30 (RPP30-Fwd, probe and Rev) are

summarized in Table 3.4.

Table 3.4. Primers and oligos used for ddPCR copy number analysis.

Primer name Sequence (5’-2>-3’)

CAR-Fwd ATCTGGATGTCGGGGATCAG

CAR-probe FAM-AGCAGCATGGTGGCGGCGCT-BH1
CAR-Rev GCTTGCTCAACTCTACGTCT

MC-Fwd CCGACCTTAATGCGCCTC

MC-probe FAM-GCGCTGTAGCCTCACGCCCACATATGT-BH1
MC-Rev AGGATTAAATGTCAGGAATTGTGAA

RPP30-Fwd GGTTAACTACAGCTCCCAGC

RPP30-probe HEX-TGGACCTGCGAGCGGGTTCTGACC-BH1

RPP30-Rev CTGTCTCCACAAGTCCGC
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3.5 Statistical analysis
Data are presented as mean = SD. Statistical analyses were performed by
Student’s t test, one-way ANOVA or Mann-Whitney test with GraphPad Prism

Software. Results with p<0.05 were considered significant.



4 Results

The first objective of this study was to improve the non-viral Sleeping Beauty (SB)
transposition to provide an alternative strategy for viral delivery of CAR transgenes
into T cells. To fulfil this aim, in the first step, we established a novel strategy that
leveraged the SB transposition of CD19-CAR in T cells. Next, we confirmed the
antitumor efficacy of CD19-CAR T cells generated by this strategy. Finally, we

carefully assessed the biosafety of our developed non-viral gene transfer strategy.

4.1 Generation of CAR T cells through non-viral SB transposition
from plasmids
Ratio of transposase to transposon is one of the factors that may affect efficiency of
SB transposition®. Therefore, we first explored the optimal ratio of transposon to
transposase by titrating the amounts of GFP transposon donor plasmid to SB100X
transposase plasmid (1:1 to 4:1) in T cells. The ratio of 1:1 resulted in the highest
GFP expression (Figure 4.1a)*®. We also tested different ratios of CD19-CAR
transposon-to-transposase (1:1, 2:1, and 1:2). Similarly, ratio of 1:1 resulted in the
highest CAR expression (Figure 4.1b). Consequently, we transfected T cells with
transposon and transposase plasmid vectors (1 ug of each) at an optimal 1:1 ratio.
However to increase the gene transfer rate achieved via SB-mediated CAR
transposition, we tested transgene transposition via transfection of minicircle vectors

encoding transposon and transpose into T cells.
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Figure 4.1. Titration of transposon and SB100X transposase DNA plasmids.

(a) CD8+ T cells were transfected with increasing amounts of GFP-encoding transposon
donor plasmid and 1 pug of SB100X transposase-encoding plasmid (ratios of 1:1, 2:1, 3:1 and
4:1). Flow cytometry analysis of GFP expression in CD8+ T cells was performed on day 14
post transfection (gated on living, i.e. 7-AAD negative cells). (b). CD8+ T cells were
transfected with 1 ug CAR-encoding transposon donor plasmid and different amount of
SB100X transposase-encoding plasmid (ratios of 1:1, 2:1 and 1:2). Flow cytometry analysis
of EGFRt expression in CD8+ T cells was performed on day 14 post transfection (gated on
living, i.e. 7-AAD negative cells).

4.2 Preparation of minicircle DNA vectors from conventional

transposon and transposase plasmids
First, we prepared minicircle DNA vectors (MCs) from a set of parental pT2
transposon donor vectors expressing eGFP or an optimized CD19-CAR in cis with an
EGFRt transduction marker, and from a plasmid encoding hyperactive SB100X
transposase. MCs are generated from minicircle producer parental plasmids via a

site-specific intramolecular recombination mediated by a phage integrase between
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recombination sites which separate the transgene and its promoter from bacterial

backbone sequences of the parental plasmid (Figure 4.2a).

CD19-CAR

Site specific
CD19-CAR recombination MC:CD19 CAR

parental plasmid > L7 3.9Kbp

SB100X

Site specific
recombination MC:SB100X
2.2 Kbp

Antibx®

Figure 4.2. Production of minicricle (MC) vectors.

(a) Schematic of MC vectors prepared from minicircle producer parental plasmids through
site specific intramolecular recombination. MCs contain exclusively the transgene and its
promoter, but no bacterial origin of replication and antibiotic resistance genes. EF1,
elongation factor-1 alpha promotor; CMV, cytomegalovirus promoter; ORI, bacterial origin of
replication; Antibx®, antibiotic resistance gene; LIR, left inverted repeat; RIR, right inverted
repeat; open circle, recombination site. (b) Restriction digestion analysis of conventional
plasmids and purified MCs. Lane 1, SB100X plasmid digested with Sacl; lane 2, MC-SB100X
digested with Pacl; lane 3, pT2/HB:CD19-CAR transposon plasmid digested with Nhel; lane
4, CD19-CAR MC digested with Pacl, lane 5, pT2/HB:eGFP plasmid digested with Nhel; lane
6, eGFP MC digested with Pmel; lane M, 1kb DNA ladder (NEB). The DNAs were analyzed
on 0.8% agarose gel.

This recombination process results in a smaller supercoiled MC DNA, which contains
exclusively the transgene and its promoter devoid of undesired bacterial plasmid
backbone. The size of the pT2 plasmids encoding CD19-CAR and eGFP were
reduced to 3.9 kbp and 3.4 kpb from 6.6 kbp and 4.8 kbp, respectively. SB100X

plasmid size was reduced from 4.7 to 2.2 kpb (Figure 4.2b).
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4.3 Transposition using minicircle DNA encoding transposase and
transposon enables high level stable gene transfer in T cells
We then analyzed the transposition rate and stability that could be accomplished
when transposon and transposase were encoded by MCs, and compared it to the
use of corresponding conventional plasmid DNA vectors. We performed gene
transfer into CD3/CD28-activated CD8+ and CD4+ T cells of healthy donors using
equimolar amounts of plasmid DNAs and corresponding MC DNAs. First, we
nucleofected T cells using MC vectors encoding eGFP transposon and

SB100X transposase as a general model.
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Figure 4.3. SB-transposition of eGFP from MC or plasmid vectors.

(a, b) CD8+ T cells were transfected with 1 pg of each plasmids encoding eGFP and
SB100X (P-P) or their corresponding equimolar amounts of MCs (MC-MC). eGFP expression
was assessed by flow cytometry on day 14 (gated on living, i.e. 7-AAD negative cells). Data
represent mean values = SD of three independent experiments, p<0.001. (c) Stability of
eGFP expression was assessed by flow cytometry over 28 after transfection (mean values +
SD of in three independent experiments). (d) Viability of T cells 48 hours post-transfection
was assessed by 7-AAD staining and flow cytometry analysis (mean values = SD of three
independent experiments). Statistical analysis was performed using Student’s t test, p<0.05.
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eGFP positive T cells were 3.2-fold higher in CD8+ T cells modified with MCs
compared to plasmids (n=3, p<0.05) (Figure 4.3a).

Next, we wanted to know if similar results can be produced when a functional
transgene like CD19-CAR is used. Serial analyses of transgene expression were

performed between d7 and d28 after gene transfer.
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Figure 4.4. CAR transposition using MC and plasmid-encoded SB-transposase and
transposon.

(a) Transposition rate after transfection of MC vs. plasmid-encoded SB100X transposase
and CD19-CAR transposon. On day 0, CD8+ T cells were transfected with 1 pg of each
plasmid (P-P) or an equimolar amount of MC DNA (MC-MC). Flow cytometry analysis was
performed to determine the percentage of T cells that express EGFRt marker encoded in cis
with the CD19-CAR on day 14 (gated on living, i.e. 7-AAD negative cells). Right diagram
shows mean percentage + SD of EGFRt+ T cells on day 14 (n=7; p<0.0001). (b)
Transposition rate and stability of EGFRt expression was determined by flow cytometry
within 4 weeks after transfection. CD8+ T cell were transfected with CD19-CAR MC without
SB100X transposase (left diagram). CD8+ T cells were transfected with MC-MC or P-P (right
diagram). Mean percentage + SD of EGFRt+ T cells from three different experiments is
shown. (c) mean percentage + SD of living T cells 48 hours after transfection assessed by
7-AAD staining (left diagram, n=3; p<0.05). Yield of CAR-modified T cells that were obtained
from 1x10° input CD8+ T cells within 14 days of culture following transfection (right diagram).
The yield was calculated from absolute number of living T cells, multiplied by the fraction of
EGFRt+ cells (n=4; p<0.05).
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The results revealed higher percentages of transgene positive T cells at all analyzed
time points after modification with MCs rather than plasmid DNAs. On day 14, the
mean percentage of CAR positive (i.e. EGFRt+) T cells was 49.8% with MCs but only
12.8% when plasmids were used. Thus, on average 4.4-fold higher CAR expression
was achieved after transfection of MC- rather than plasmid-encoded SB100X
transposase and CAR transposon (n=7, p<0.0001) (Figure 4.4a). No stable CAR
expression was detected in the absence of SB100X (Figure 4.4b). Furthermore, one-
month follow-up of the cells revealed that stable transgene expression is achieved
after day 14, confirming the stable gene transfer through MC Sleeping Beauty (SB)
transposition (Figure 4.4c, Figure 4.3b). Of note, in resting T cell lines modified with
CD19-CAR, the percentage of transgene positive T cells even moderately increased
over time (Figure 4.4b), potentially due to intrinsic signaling of the receptor®®.
Moreover, using MCs rather than conventional plasmids resulted in higher CD19-
CAR transposition in CD4+ T cells. This confirmed our observation that MCs are

superior to conventional plasmids in mediating transposition (Figure 4.5).
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Figure 4.5. SB transposition from MCs in CD4+ T cells.

CD4+ T cells were transfected with 1 pg of each conventional plasmids encoding a
CD19-CAR transposon and SB100X transposase (P-P) or equimolar amounts of
corresponding MCs (MC-MC) (n=3). A representative flow cytometry dot plot of EGFRt
expression on day 14 is shown (gated on living, i.e. 7-AAD-negative cells).
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4.4 Use of minicircle DNA rather than plasmid DNA reduces
electroporation-induced toxicity
The introduction of plasmid DNA by electroporation into T cells is associated with
severe toxicity to the cells and has thus far limited the ability to rapidly produce
therapeutic doses of gene-modified T cells with this approach®®. We observed that in
addition to mediating superior transposition, the use of MCs rather than plasmids is
associated with a significantly lower degree of toxicity to T cells. The percentage of
living T cells assessed by 7-AAD staining 48 hours after nucleofection was 1.44-fold
higher for CAR-modified (n=3) and 2.02-fold higher (n=3) for control eGFP when T
cell were modified with MCs rather than plasmids (p<0,01,Figure 4.4c, Figure 4.3c).
The higher transposition rate and lower toxicity of MCs translated into approximately
6-fold higher yield of CD19-CAR T cells that could be obtained within 14 days of
culture without antigen dependent expansion (n=4, p<0.05, Figure 4.4c). Our data
demonstrate that the use of MCs as transposon and transposase donor vectors is
feasible, highly efficient and superior to plasmid DNAs in mediating transposition in

human T cells.

4.5 Transposition from MCs using mRNA-encoded SB-transposase

Next, we investigated whether providing SB100X as mRNA instead of MC DNA is
sufficient for accomplishing transposition from MC transposon donor vectors. We
prepared the SB100X mMRNA via in vitro transcription using pcGlobin2-SB100X
plasmid, which contains a T7 promoter. Agarose gel electrophoresis of the poly-A

tailed SB100X mRNA shows a size between 1 and 1.5 kbp (Figure 4.6a). Next, we
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performed titration experiments to determine the optimal ratio of SB100X mRNA and

MC (1:1, 2:1, 4:1, 8:1).
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Figure 4.6. mRNA as the transient source of SB100X transposase.

(a) Electrophoresis of in vitro-transcribed poly-A tailed ARCA capped SB100X mRNA on 1%
agarose gel. Lane M, RNA marker, lane 1, SB100X mRNA. (b) Flow cytometry analysis of
EGFRt expression on day 14 post-transfection (gated on living, i.e. 7-AAD negative cells).
CD8+ T cells were nucleofected with 1 pg each of transposon and transposase-encoding
plasmid (P-P), corresponding equimolar amounts of MC DNA (MC-MC) or SB100X mRNA
and CD19-CAR MC (mRNA-MC ratio of 4:1). Mock controls were nucleofected without vector
and mRNA. (c) Titration of SB100X mRNA. CD8+ T cells were transfected with different
ratios of SB100X mRNA and CD19-CAR MC. EGFRt expression was assessed on day 14
after transfection by flow cytometry (mean values + SD obtained of three independent
experiments). Statistical analysis was performed using Student’s t test. *p<0.05 and
**p<0.005 indicate statistically significant differences. (d) Comparison of transposition rate
and stability after transfection with plasmid-encoded transposase and transposon (P-P), and
SB100X mRNA in combination with CD19-CAR MC transposon at optimal ratio of 4:1. The
percentage of EGFRt+ T cells was determined by flow cytometry at distinct time points
(mean values + SD obtained of three independent experiments). (e) T cell viability was
assessed 48 hours post-transfection by 7-AAD staining (left diagram; p<0.05), and the total
yield of gene-modified T cells that was obtained within 14 days of culture after transfection
calculated (right diagram; p<0.05) (mean values + SD of three independent experiments).
Statistical analysis was performed using Student’s t test.
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EGFRt expression was analyzed by flow cytometry on day 14 post-transfection. We
found superior transposition rates with the mRNA-MC combination compared to
plasmids at all ratios (Figure 4.6b,c). The highest transposition rate was achieved
when SB100X mRNA and CD19-CAR MC were used at a 4:1 ratio, which yielded a
3.7-fold higher gene transfer rate than the plasmid combination (P-P) (n=5; p<0.005)
(Figure 4.6b-d). A further increase in the amount of SB100X mRNA (8:1 ratio)
resulted in a decline of transposition efficacy, potentially due to overproduction
inhibition effect®®. The use of SB100X mRNA in combination with MC transposons
was also associated with a significantly higher proportion of living T cells 48 hours
post-transfection compared to plasmids (1.4-fold higher; n=3; p<0.05). This led to a
substantially higher yield of gene-modified T cells at the end of a 14-day culture
period (mean 3.6-fold higher; n=4; p<0.05) (Figure 4.6e¢).

Importantly, the high transposition rate that we accomplished with the optimal
SB100X mRNA and CD19-CAR MC combination (4:1 ratio) was reproducible in

purified naive, central memory and effector memory CD8+ T cells (Figure 4.7).

TN TEM TCM
A ] ]
o0 - ~A:, E 3
[ ” i i
Of: E E
DRARLARES |  BARAMAY ] MRS RAL man e i) AL ) 7 AL RAAE | RAdd ML S R S S S TRAMLRRT |, RARR LT LR LA S T
>
EGFRt

Figure 4.7. SB transposition from MC in CD8+ naive and memory T-cell subsets.

CD8+ naive (CD45RA+R0O-62L+, Ty), effector memory (CD45RA-RO+62L-, Tgy) and central
memory (CD45RA-RO+62L+, Tcy) T cells were purified and transfected with SB100X mRNA
and CD19-CAR MC. Flow cytometry dot plots show EGFRt expression on day 14 after
transfection (gating on living, i.e. 7-AAD-negative cells).
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This indicates that our gene transfer strategy does not have a bias for introducing
CD19-CAR into a phenotypically and functionally distinct subset within a bulk CD8+ T
cell population. In summary, our data demonstrate that providing SB100X as
relatively short-lived mRNA is sufficient to accomplish transposition from MC
transposon donor vectors. This leads also to superior levels of stable gene transfer

and enhanced T-cell viability compared to plasmids (Figure 4.6d,e).

4.6 MC-mediated SB-transposition confers potent antitumor functions
to CD19-CAR T cells in vitro

We next sought to compare the functionality of T cells that were CAR-modified by

SB-transposition from MCs and plasmids, to those that were modified with the same

CD19-CAR construct via LV transduction.
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Figure 4.8. Phenotype of CD8+ and CD4+ CD19-CAR T cell lines prior to functional
assays.

Flow cytometry dot plots show EGFRt expression after EGFRt-specific enrichment and
expansion with TM-LCL (CD19+ feeder cells) for 7 days. The EGFRt marker is encoded in
cis with the CD19-CAR in SB-transposon donor and lentiviral vectors. P-P: transposon and
transposase encoded both by plasmids; MC-MC: transposon and transposase encoded both
by MCs; mRNA-MC: SB100X mRNA and minicircle transposon donor; Mock: no mRNA and
vector; LV: lentiviral transduction.
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T cells that were selected for EGFRt and expanded with CD19+ feeder cells showed
stable transgene expression over multiple expansion cycles and for at least another 6
weeks in culture.

First, we evaluated cytolytic activity using K562 cells stably expressing CD19, Raji
and JeKo-1 lymphoma cells as targets, which all stably express firefly luciferase. The
CD8+ CD19-CAR T cell lines generated by mRNA-MC, MC-MC, P-P transposition or

LV transduction conferred similar potent and specific lysis (Figure 4.9).
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Figure 4.9. Specific cytolytic activity of CD8+ CD19-CAR T cells within 4 hours.

CD8+ T cells were co-cultured with target cells stably expressing firefly luciferase. 4 hours
later luciferin was added to the culture and the cytotoxicity was evaluated with a
bioluminescence-based assay. Right diagram: specific lysis of K562/CD19 target cells
(E:T=10:1) by T cell lines prepared from n=3 different donors were compared by one-way
ANOVA. No statistically significant difference in lytic activity was detected. P-P: transposon
and transposase encoded both by plasmids; MC-MC: transposon and transposase encoded
both by minicircles; mMRNA-MC: SB100X mRNA and minicircle transposon donor; Mock: no
MRNA and vector; LV: lentiviral transduction.

Quantitative cytokine analysis after co-culture with CD19+ lymphoma cell lines also
showed similar production of IFN-y and IL-2 in all CD8+ and CD4+ CD19-CAR T cell

lines (Figure 4.10).
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Figure 4.10. Cytokine production of CD8+ and CD4+ CD19-CAR T cells.

(a) CD19-CAR T cells were co-cultured with target cells for 24 hours. Cytokine levels in
supernatants were measured by ELISA (assay performed in triplicates). Data show mean
values + SD of one representative experiment. (b) IFN-y and IL-2 production of CD8+ and
CD4+ T cells from three different donors were analyzed by one-way ANOVA. No statistically
significant difference in cytokine production was detected. P-P: transposon and transposase
encoded both by plasmids; MC-MC: transposon and transposase encoded both by
minicircles; mMRNA-MC: SB100X mRNA and minicircle transposon donor; Mock: no mRNA
and vector; LV: lentiviral transduction.

Further, we found similar proliferation levels (23 cell divisions in 72 hours) in all CD8+
and CD4+ CD19-CAR T cell lines by CFSE dilution assay, regardless whether the

cells had been gene-modified by SB-transposition or LV transduction (Figure 4.11).
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Figure 4.11. Proliferation of CD19-CAR T cells within 72 hours.

CFSE labeled T cells were co-cultured with K562/CD19+ target cells. Number of proliferation
cycles was assessed by CFSE dye dilution. No exogenous cytokines were added to the
assay medium. The index of cell proliferation (i.e. average number of cell divisions) was
calculated from data obtained in n=3 independent experiments using FlowJo software. Data
were analyzed by one-way ANOVA and Student’s t test (**p<0.005). P-P: transposon and
transposase encoded both by plasmids; MC-MC: transposon and transposase encoded both
by minicircles; mRNA-MC: SB100X mRNA and minicircle transposon donor; Mock: no mRNA
and vector; LV: lentiviral transduction.

4.7 CD19-CAR T cells generated via MC transposition show potent

antitumor activity in vivo
Next, we analyzed antitumor efficacy of generated CAR T cells in a systemic CD19+
lymphoma xenograft model (NSG/Raji-fflLuc). We focused on CAR T cells that were
modified with SB100X mRNA and CD19-CAR MC, as this would be the most relevant
combination for clinical translation. A potent antitumor effect was mediated by a
single dose of SB-modified CD8+ and CD4+ CD19-CAR T cells. These cells rapidly
eradicated tumor cells in all treated mice (n=5), whereas the mice receiving control T

cells showed progressive, deleterious lymphoma (Figure 4.12a,b).
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Figure 4.12. In vivo antitumor reactivity of CD19-CAR T cells prepared by
SB-transposition.

(@) NSG mice were inoculated with Raji-ffluc/eGFP cells and 7 days later treated with 5x10°
CD19-CAR T cells (1:1 ratio of CD8+ and CD4+ T cells, 2.5x10° each), unmodified control T
cells (mock) or left untreated. CD19-CAR T cells were generated by transfection with
SB100X mRNA and CD19-CAR MC (4:1 ratio) or by LV transduction. Bioluminescence
images were obtained on day 7 (before T-cell infusion, upper row) and on day 14
(7 days after T-cell infusion, lower row). (b) Mean values of bioluminescence signals
obtained from regions of interests encompassing the entire body of each mouse are plotted
for each group at each time point. The red line marks the day of T-cell infusion. Data were
analyzed using the Mann-Whitney test (*p<0.05). (c) Kaplan-Meier analysis of survival in
groups of mice treated with CD19-CAR T cells that had been prepared by SB-transposition
(SB100X mRNA and CD19-CAR MC) (n=5) and LV transduction (n=5), mock T cells (n=3),
or that had received no treatment (n=2). (d) Detection of tumor cells in the bone marrow of
scarified mice by flow cytometry analysis. Tumor cell lines were checked for eGFP
expression. (a-d) Data are representative for results obtained in at least 2 independent
experiments with T cells prepared from different healthy donors.

The mice treated with SB CD19-CAR survived until the end of the observation period,
as did the mice that were treated with LV-transduced CD19-CAR (Figure 4.12c). We
confirmed complete lymphoma eradication from bone marrow in these mice by flow

cytometry (Figure 4.12d).
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SB-modified CAR T cells were detected in the peripheral blood of treated mice at the
peak of response (7 days after T cell infusion), and persisted in the bone marrow of
all mice after tumor clearance (Figure 4.13a,b). Collectively, our data demonstrate
that CD19-CAR T cells generated through SB-transposition from MC transposon
donor vectors are highly potent in vitro and in vivo, and mediate equally effective

antitumor responses as CD19-CAR T cells generated by LV transduction.
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Figure 4.13. In vivo persistence of CD19-CAR T cells prepared by SB-transposition.

(a) Frequency of human T cells in the peripheral blood (PB) and bone marrow (BM) of mice
treated with CD19-CAR T cells. Blood samples were obtained 3, 7 and 14 days after T cell
transfer (i.e. day 10, 14, 21 after tumor inoculation), and bone marrow harvest upon
termination of the experiment on day 35 after tumor inoculation. (b) Representative flow
cytometry dot plots show CD8+ and CD4+ T cells (gated on living i.e. 7-AAD negative,
CD45+ cells) in the peripheral blood and bone marrow of mice treated with SB100X mRNA
and CD19-CAR MC.

4.8 Transposon insertion site analysis reveals a close-to-random
genomic integration pattern in the genome of CD19-CAR T cells

We constructed an insertion site library from polyclonal CD8+ CD19-CAR T cells for

massive parallel sequencing on the lllumina MiSeq platform. We mapped and

characterized 26,834 unique insertion sites of our MC-derived CAR transposons. A
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database of LV integration sites in human CD4+ T cells served as a reference and for
comparison**’.

Analysis of nucleotide frequencies in a 20-kbp window around the transposon
insertion sites revealed that transposition from our MC had occurred into regions with
close to random nucleotide frequency. In contrast, LV insertions were biased towards
GC-rich chromosomal segments (Figure 4.14a). However, in a smaller, 1.5-kbp
window around the insertion sites, both vector systems exhibited a preference for
AT-rich DNA (Figure 4.14b). We detected the palindromic ATATATAT motif, which
contains the TA dinucleotide target sequence of SB adjacent to all our MC-derived
transposons. This observation is in accordance with what has been found for
transposons mobilized from conventional donor plasmids*? (Figure 4.14c).

We then analyzed whether there was a preference of CD19-CAR transposon
insertions into distinct sites of the genome, e.g. exons and introns, genes and cancer
related genes. We found that transpositions from MCs had occurred with only a
modest, yet statistically significant (p<0.001) bias towards genic categories; however,
in all evaluated categories this preference was substantially smaller than what we
found for LV integrations (Figure 4.15a).

Importantly, transposon insertions showed only a 1.15-fold enrichment in genes and
a 1.29-fold enrichment in cancer-related genes relative to the expected random
frequency, whereas there was a 2.11-fold and a 2.64-fold enrichment of

LV-associated insertions in these categories, respectively (p<0.01 and p<0.05).
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Figure 4.14. Nucleotide composition of chromosomal DNA around SB and LV insertion

sites in T cells.

Each data point represents the average TA-content of 5 nucleotide bins in the chromosomal
DNA around SB and LV insertion sites in T cells. Depicted are analysis windows of 20 kbp
(@) and 2.6 kbp (b). The random dataset depicts the TA content around 10.000
computationally generated arbitrary loci of human chromosomes. (c) Base composition of SB
target sites on human T cell chromosomes. The 60 nucleotide long nucleotide frequency
matrix was plotted using the SeqgLogo tool in R software. The triangle marks the insertion site
of integrants. The degree of base conservation is depicted by the height of the letters.

Concordantly, CD19-CAR transposons were also inserted into non-genic regions in a

close-to-random manner (0.89-fold compared to random), while LV transgenes were

found to be underrepresented in these regions (0.23-fold compared to random)

(Figure 4.15a).
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Figure 4.15. Insertion site properties of SB and LV in human T cells.

(a) Comparison of LV and SB insertion frequencies in gene-associated features of the
human genome. Fold-enrichment of SB and LV insertion sites over the random expected
frequency are plotted. The dashed line stands for fold-enrichment of 1 over the insertion
frequency expected by random chance in the categories on the x-axis. TSS and TES:
transcriptional start and end sites, respectively. (b) Correlation between genic insertion site
frequencies and transcriptional status of the genes. Genes of activated T cells were clustered
into 10 groups of equal size based on their growing expression levels (from left to right). The
dashed line marks the expected random insertion frequencies normalized to 1. The trend line
for SB was fitted using linear settings. Exponential setting was used to fit the trend line for
the first 9 data points of LV dataset (R-squared value shown). The increase of insertion
frequencies in the group of most active genes does not follow the exponential trend.

Further, we determined whether there was an association between intragenic

transposon insertion frequency and gene expression level. We used available

112

transcriptome profiles for activated human T cells™™, clustered genes according to
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their expression levels into ten groups of equal size and counted transposon and LV
insertions in each group. The data show that MC-derived transposons were
integrated into both low and highly-expressed genes in a close-to-random manner,
and only displayed a minute preference for highly-expressed genes (Figure 4.15b). In
contrast, lentiviral vector showed a strong preference for integration into
highly-expressed genes, and there was an exponential correlation between insertion

frequency and expression level of the respective gene (R? = 0.976) (Figure 4.15b).

Enrichment of insertions

Polll H3K36me3 H3K79me3>< H4K20me H3K27me3 H3K9me3>

Active chromatin state Repressed chromatin state

Figure 4.16. Representation of SB and LV insertion sites in transcriptionally active and
repressed chromatin of T cells.

Chromosomal regions covered by RNA polymerase Il (Polll), or possessing specific histone
modifications (listed on the x-axis) were determined from available datasets obtained on
activated human T cells. Fold changes in the representation of integration sites in the
ChIP-Seq peaks compared to random control (dashed line) are shown on the y-axis.

We also found a strong enrichment of LV insertions in chromosome regions with
H3K36- and H3K79-trimethylation and RNA polymerase Il tags, all of them being
chromatin marks for highly-expressed genes. LV insertions were underrepresented in

transcriptionally inactive and heterochromatic chromosomal segments, signified by
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H4K20-, H3K27-, and H3K9-trimethylation (Figure 4.16). In contrast, transposon
insertions showed only a slight affinity towards markers of active transcription and
equally favored integrating into transcriptionally-silenced chromatin domains
(Figure 4.16). These data show that SB-transposons mobilized from MCs display a
near-random integration pattern in the genome of human T cells, and in contrast to

LVs do not have a preference for highly-expressed or transcriptionally active genes.

4.9 CD19-CAR transposons mobilized from MCs are frequently
integrated into genomic safe harbors
Ideally, transposition would occur into genomic regions where insertion of the CAR
transgene would not compromise the transcriptional integrity of the gene-modified T
cell. We applied criteria that have been established to define such genomic safe
harbors (GSH)'" ™2 to our insertion site library of MC-modified CD19-CAR T cells,
and compared them to the LV insertion site dataset. Computer-generated random
positions in the genome map to GSHs at a frequency of 28%. We found that 20.8%
of CD19-CAR transposon insertion sites but only 3% of the LV integration sites
fulfilled all of the 5 GSH criteria (Figure 4.17b). In particular, a significantly higher
proportion of transposon insertion sites compared to LV was located >300 kbp
outside of cancer related genes (59% vs. 38%) and outside of genes (48% vs. 12%)
which constitute the two paramount criteria (Figure 4.17a). In our analysis, none of
the SB-transposon and LV insertions occurred in known oncogenes', and no
insertion occurred in ultraconserved genomic regions which constitute only a minor
fraction of the genome. In summary, we demonstrate for the first time that functional

CAR T cells can be generated by SB-mediated transposition from MC DNA. MC-
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derived transposons possess a highly favorable genomic integration profile, strongly
suggesting that our enhanced SB-transposition strategy provides a safety advantage

over LV-based gene transfer.
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Figure 4.17. Integration frequencies of SB and LV in genomic safe harbors of T cells.
Genomic safe harbors are regions of the human chromosomes that concurrently meet the
following 5 criteria of the x-axis: not ultraconserved, more than 300 kb away from microRNA
genes, more than 50 kb away from transcriptional start sites (TSS), more than 300 kb away
from genes involved in cancer and outside transcription units. (a) Percentage of SB, LV and
random insertions fulfilling each criterion. (b) Percentage of insertions fulfilling all 5 criteria.

4.10 CD19-CAR MC transposon copy number analysis in the genome
of T cells
The biosafety of an integrative gene delivery system is usually assessed based on its
integration site profile as well as the transgene copy number analysis'*®. Therefore,
we performed copy number analysis in T cells that had been modified with SB100X
MRNA and CD19-CAR MC. We performed the copy number analysis on single cell
T-cell clones obtained by limiting dilution using two different methods. First we
performed a linker-mediated based PCR assay. Although this method is

cost-effective for research based analysis but it is a laborious and time-consuming
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procedure. On the other hand, the accuracy of its results depends on generation of
TA overhang and their ligation to TA-specific linker oligos and sensitivity of gel
electrophoresis detection. This limitation led us to develop a rapid and precise
TagMan-based droplet digital PCR (ddPCR) assay. This assay can be easily
integrated into the time flow of assessment and producing CAR T cells for clinical
applications. The linker-mediated PCR showed an average of n=5 (range 3—-8) CD19-
CAR transposon copies in CD8+ T-cell clones, and n=6 (range 3-12) transposon

copies in CD4+ T-cell clones (Figure 4.18a,b).
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Figure 4.18. Determination of CAR copy number in CAR T cells.

(a) Linker-mediated PCR was performed on genomic DNA (gDNA) obtained from CD19-CAR
expressing CD8+ and CD4+ T-cell clones (modified with SB100X mRNA and CD19-CAR MC
at 4:1 ratio) using specific primers anchoring in the transposon left terminal inverted repeats
(forward) and at the T-cell genome junction site (reverse). CAR copy numbers were
determined by gel electrophoresis analysis. Lane M: 100 bp DNA ladder; lane 1-10: PCR
product obtained from 10 distinct CD19-CAR expressing CD4+ T-cell clones; lane 11 and 12:
input gDNA from samples nucleofected with CD19-CAR MC alone (no SB100X mRNA) and
mock nucleofected samples (no MC, no SB100X mRNA); lanel13: no DNA control. Numbers
below the gel image correspond to number of bands and gene copy numbers. (b) Gene copy
number of CD4+ (n=10) and CD8+ (n=9) CD19-CAR T cell clones, modified with SB100X
MRNA and MC CD19-CAR (4:1 ratio) determined by linker-mediated PCR. (c) ddPCR was
performed on same clones using specific primers anchoring in inverted repeat region
(forwarded) and CAR region (reverse). Inside each amplicon there is a fluorescent TagMan
probe for target detection in the Droplet Reader. MC alone shows the result from samples
nucleofected with CD19-CAR MC alone without SB100X mRNA.
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Next, we determined CAR copy numbers in same clones using our established
TagMan-based ddPCR assay. We used specific primers anchoring in inverted repeat
region, which indicates random integration, and in the CAR region, indicating the
CAR transposition events. We found that CAR copy numbers determined based on

ddPCR were directly correlated to the ones determined by linker-mediate PCR.
However, because of the higher sensitivity of the ddPCR compared with
linker-mediated PCR which relies on gel electrophoresis detection, an average of
n=7 (range 3-16) CD19-CAR transposon copies in CD8+ T-cell clones, and
n=9 (range 4-17) transposon copies in CD4+ T-cell clones were determined
(Figure 4.18c). Importantly, using ddPCR we could detect the SB100X-independent
CD19-CAR integration into the gDNA of T cells that were nucloefected with

CD19-CAR MC without the SB100X with an average n=0.02.
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Figure 4.19. Absolute level of transgene expression in CD8+ and CD4+ T cells
generated by SB or LV system.

(a) Correlation of mean fluorescent intensity (MFI) and transgene copy number. EGFRt+
CD8+ T cells were sorted into 3 fractions with either high, medium (mid) or low EGFRt
expression level and the CAR copy number was determined by ddPCR assay. (b) Transgene
expression was evaluated using the EGFRt marker encoded in cis with the CD19-CAR in
SB-transposon donor and lentiviral vectors. CD8+ and CD4+ T cells were transfected with
CD19-CAR MC and SB100X mRNA or transduced with LV. T cells were enriched for EGFRt
expression and expanded with TM-LCL (CD19+ feeder cells) for 7 days. MFI was calculated
based on FACS data analysis. mMRNA-MC: SB100X mRNA and minicircle transposon donor;
LV: lentiviral transduction. Data shown are mean values + SD obtained from three different
donors. Statistical analysis was performed using Student’s t test.
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Nevertheless, CD19-CAR protein was not detectable on T-cell surface after 5 days
as shown by flow cytometry analysis (Figure 4.18c, Figure 4.4b).

Moreover, we observed that there is a direct correlation between the mean
fluorescence intensity (MFI) measured with flow cytometry analysis and the CAR
copy numbers. The CAR T cells sorted for high EGFRt expression (higher MFI)
showed dramatically higher CAR copy numbers (n=31.1) compared with CAR T cells
sorted for medium (n=17.9) or low (n=7.7) MFI (Figure 4.19a). Consequently, we
determined the absolute level of transgene expression base on MFI measurement by
flow cytometry on polyclonal CD8+ and CD4+ CAR T-cell lines, which correlated well
with the copy number analysis data (Figure 4.18, Figure 4.19b). Collectively, these
data reveal that the average number of CAR transposon copies in both CD4+ and
CD8+ T cell population at single cell level is in the range (n<20) that is accepted by

regulatory authorities for clinical application at Paul-Ehrlich-Institute (PEI).

4.11 CAR transposon copy numbers can be modulated using titrated
amounts of MC DNAs
The prevailing paradigm is that a higher number of a transgene genomic integration
is correlated with the better functional efficiency of the modified cells; however, it may
also increase the risk of insertional mutagenesis. Consequently, a lower copy
number as far as it does not impair with functional efficiency of the engineered cells
is preferable. In order to achieve lower CAR copy numbers, we reduce the amount of
MC DNA vectors. CD8+ T cells were transfected with 2-fold serial dilutions of
CD19-CAR MC and MC-SB100X vectors, from the optimal amount of 600 ng to 37.5

ng for CD19-CAR MC and from the optimal amount of 500 ng to 31 ng for
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SB100X MC (no CAR expression was detectable with lower DNA amounts). On day

14 after transfection, CAR expression was determined by flow cytometry
(Figure 4.20a). As expected, CAR expression directly correlated with the amount of
vectors used, as well as with the measured MFI (Figure 4.20b). To avoid the
possibility of enriching highly EGFRt+ T cells with biotin-conjugated anti-EGFR mAb
and anti-biotin MicroBeads, this time, the CD8+ T cells were sorted for EGFRt+ cells

using FACS sorting to a purity of approximately 90%.
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Figure 4.20. Correlation between MC DNA vector amounts and copy number.

(a) A representative flow cytometry analysis of EGFRt expression on day 14 post-
transfection (gated on living, i.e. 7-AAD negative cells, gating is done based on mock cells).
CD8+ T cells were nucleofected with 600 ng of CD19-CAR MC DNA and 500 ng of SB100X
MC DNA, these optimal amounts were 2-fold serially reduced until EGFRt expression was no
longer detectable. The amount of each vector in ng is shown at the top of each dot plot. (b)
EGFRt expression (left graph) and mean fluorescence intensity (right graph) of CD8+ T cells
were measured by flow cytometry analysis. (c) gDNA of the polyclonal EGFRt+ CD8+ T cells
was used for copy humber analysis using ddPCR. (b, ¢) Data represent mean values * SD of
two independent experiments.
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The gDNA of polyclonal EGFRt+ T cells was isolated, fragmented and used for the
copy number analysis by ddPCR. As expected, we observed a direct correlation
between the amount of transfected MC vectors into T cells and copy number
variation.

The copy number was decreased from an average of 11.3 for the highest amount of
MC DNA vectors to an average of 2.8 for the lowest amount of MC DNA vectors used
(Figure 4.20c). Notably, reducing optimal amount of MC vectors to half decreased
average CAR copy number from 11.3 to 7 while a transfection rate of approximately
30% was achieved. Therefore, when lower transgene copy number is mandatory for
clinical application, half of the optimal amount of MC vectors could be potentially
used. In summary, these data show that the CAR copy number can be modulated by
the amount of MC vectors used. Hence, we are able to generate CAR T cell with

lower CAR transgene copy numbers as may be required for particular applications.

4.12 Interim conclusion for first aim

In summary, our data demonstrate that CAR T cells can be engineered through
non-viral SB transposition of CAR transgene from MC vectors. We observed that
electroporation of SB MCs is substantially more effective and less toxic compared to
conventional plasmids, and enables rapid generation of therapeutic CAR T-cell
doses. CD19-CAR T cells engineered with our enhanced SB approach conferred
potent reactivity in vitro and eradicated lymphoma in a xenograft model in vivo. Next,
we analyzed genomic distribution of SB and LV integrations and showed that a
significantly higher proportion of MC-derived CAR transposons compared to LV

integrants had occurred outside of highly-expressed and cancer-related genes into



Results 88

genomic safe harbor loci that are not expected to cause mutagenesis or genotoxicity.
Moreover, we developed a rapid and precise TagMan-based ddPCR assay for CAR
transposon copy number analysis. We determined CAR copy numbers in both CD8+
and CD4+ CAR+ T cells which were in the acceptable range determined by
regulatory authorities for clinical application. Finally, we showed that CAR transposon
copy number can be fine-tuned using titrated amounts of MC DNAs.

In conclusion, we enhanced engineering of CAR T cells using non-viral SB
transposition from MC DNAs with a superior biosafety profile compared with lentiviral
gene delivery approach, which resulted in accomplishment of our first objective. In
the second part of this chapter, we focus on the second aim of this study, which was
the establishment of a single-step and fully non-viral T-cell engineering strategy for

generating PD-1 knockout CAR+ T cells with improved therapeutic index.

4.13 Editing of human PD-1 in Jurkat cells using lentiCRISPR/Cas9

Blockade of key immune checkpoints such as PD-1 may enhance function of
CD19-CAR T cells’® Here, we used RNA guided endonuclease (RGEN)
CRISPR/Cas9 system for deleting PDCD-1 (PD-1) in T cells. Knockout (KO) of PD-1
is anticipated to be synergistic with the function of CD19-CAR T cells. In order to
genetically knock out PDCD1 (PD-1), we used an in silico prediction tool to design a
panel of single guide RNA (sgRNA) candidates to guide Cas9 to this locus. One
previously designed sgRNA targeting PD-1 was used as a positive control®®. We
directed our sgRNAs to loci that correspond to exons of PD-1 and at N-terminus of
PD-1 protein to avoid creating a truncated but functional PD-1 protein. sgRNAs with

higher quality score (290%) were selected for assuring the highest editing efficiencies
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and lower off-target effects (Figure 4.21a,b,d). The sgRNAs were then cloned into a
lentiviral vector (lentiCRISPR v2) encoding Cas9 and puromycin, which the latter
serves as a selection marker (Figure 4.21c). To test the ability of each sgRNA to
direct Cas9-mediated ablation of PD-1, we transduced Jurkat cells that are
PD-1+ (>70%) with sgRNA-encoding viral vectors. Three days after viral
transduction, cells were treated with puromycin (1ug/mL) to select successfully
transduced cells. At this puromycine concentration, the cells that have not been

transduced and are not resistant to this antibiotic will die.

a
sgRNA No. | Target sequence PAM | Target site Quality score
1 CGTCTGGGCGGTGCTACAAC TGG | Exon1 (100-122) 93%
2 GTCTGGGCGGTGCTACAACT GGG | Exon1 (101-123) 90%
3 CACGAAGCTCTCCGATGTGT TGG | Exon2 (6022-6044) | 93%
0 CGACTGGCCAGGGCGCCTGT GGG | Exon1 (83-103) Positive control sgRNA
C .
Human PDCD-1 locus Guide sequence
—.—2—34 - 37 GCAGACCOGGCACGATGTTGA -5
5-. CTTCCGTGTCACACAACTGCCCA.;;‘.:I'_(-EEE(SE;.'I:-'3 Socaco
Target site PAM _@>_LE_F§>[ p-as ]D{Puro]
d
Exon 1: signal pfptide (#0,1, 2) Exon 2: immunoglobulin-like d’o/main (#3)

MQIPQAPWPVVWAVLQLGWRPGWFLDSPDRPWNPPTFSPALLVVTEGDNATFTCSFSNTSESFVLNWYRMSPSNQTD
KLAAFPEDRSQPGQDCRFRVTQLPNGRDFHMSVVRARRNDSGTYLCGAISLAPKAQIKESLRAELRVTERRAEVPTAHP
SPSPRPAGQFQTLVVGVVGGLLGSLVLLVWVLAVICSRAARGTIGARRTGQPLKEDPSAVPVFSVDYGELDFQWREKTPE
PPVPCVPEQTEYATIVFPSGMGTSSPARRGSADGPRSAQPLRPEDGHCSWPL

Figure 4.21. Selection of sgRNAs in the human PD-1 locus.

(a) Designed sgRNAs and their criteria. A protospacer adjacent motif (PAM) domain at the 3’
end of the target site is required for Cas9 function. Quality score shows the accuracy of
on-target activity computed as 100% minus sum of off-target hit-scores in the target genome.
(b) Schematic of human PDCD-1 locus with 5 exons shown as grey boxes. Target site of
SgRNA #2 is shown as an example which is underlined, PAM is shown in bold. (c) Schematic
of bicistronic viral expression vector (lentiCRISPR v2) for U6 promoter-driven sgRNA and
EFS promotor-driven human codon-optimized S.pyogenes Cas9 (SpCas9) with puromycin
(puro) selection marker. (d) Amino acid sequence and targeted domain in PD-1 protein by
sgRNA. Targeted sites in extracellular domain of PD-1 are shown with arrows. sgRNA #1
and #2 target signal peptide within exon 1 and #3 targets immunoglobulin-like domain within
exon 2. Grey underlined: transmembrane domain; grey italic: cytoplasmic domain.
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Next, we performed T7 endonuclease | (T7El) assay to measure insertions or
deletions (indels) at PD-1 locus and observed that PD-1 was significantly abrogated
up to 58-66% in Jurkat cells depending upon the sgRNA used (Figure 4.22a). To
further evaluate the efficiency of sgRNA-mediated PD-1 disruption in Jurkat cells, we
analyzed PD-1 protein level by flow cytometry and MFI measurement. We found that
PD-1 expression was reduced from 88% in Jurkat cells treated with Cas9 alone to
36.1%, 24% and 39% after treatment with sgRNA #1, #2 and #3, respectively.
Moreover, we observed 4-fold reduction in MFI of PD-1 expression when Jurkat cells
were treated with sgRNA #2 (Figure 4.22b). Consequently, sgRNA #2, which showed
the highest editing efficiency among all the sgRNAs including the positive control

sgRNA, was used in following experiments.
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Figure 4.22. Modification efficiencies of different sgRNAs targeting PD-1 in Jurkat cell
line

(a) A representative of T7 endonuclease | (T7El) assay. T7El assay was used to estimate
sgRNA #1, #2, #3 and control sgRNA editing efficiency in Jurkat cells. gDNA from the
transduced cells was extracted. The target sites were PCR amplified to test PD-1 disruption.
The two T7EIl digested fragments are indicated by stars. Intensity of each band was
measured by Image Lab™ Software. Indel% was measured using the standard formula. Lane
M, 100bp DNA ladder; lanes Citrl, #1, #2, #3 and #0, Jurkat cells transduced with Cas9 alone
or sgRNA #1, 2, 3; and positive control sgRNA, respectively. (b) PD-1 (CD279) surface
expression analysis by flow cytometry. PD-1 expression percentage and MFI are shown at
left and right site of the histogram, respectively. Jurkat cells stained with a corresponding
isotype antibody were considered as a negative control for staining. Flow cytometry analysis
was done using FlowJo software.
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4.14 Editing of human PD-1in CD8+ T cells using lentiCRISPR/Cas9

Next, to check the efficiency of sgRNA #2 in primary T cells, we transduced
CD8+ T cells with this sgRNA. We could successfully achieve PD-1 KO in T cells.
Although the cleavage efficiency of the sgRNA was dramatically reduced from 66% in
Jurkat cells to 9.8 % (mean of n=2) in primary CD8+ T cells (Figure 4.23a). Moreover,
we observed 1.4-fold reduction (mean of n=2) in MFI of PD-1 expression in

PD-1 KO T cells as compared with control CD8+ T cells (Figure 4.23b).
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Figure 4.23. LentiCRISPR/Cas9 mediated ablation of PD-1 locus in CD8+ T cells.

(a) A presentative T7El assay in CD8+ T cells for estimation of sgRNA #2 cleavage
efficiency. CD8+ T cells were transduced with lentiCRISPR v2 encoding sgRNA #2. gDNA
from the cells was extracted and target site was PCR amplified to test PD-1 disruption by
T7El assay. The two T7EIl digested fragments are indicated by stars. Lane M, 100bp DNA
ladder; lanes #2, Ctrl, WT, CD8+ T cells transduced by sgRNA #2, Cas9 alone or left
untransduced, respectively. (b) A representative PD-1 (CD279) surface expression analysis
by flow cytometry (n=2). CD8+ T cells were transduced with lentiCRISPR v2 viral vectors
encoding sgRNA #2, Cas9 alone (Ctrl) or left untransduced (WT). PD-1 expression
percentage and MFI are shown at left and right site of the histogram, respectively. The cells
stained by a corresponding isotype antibody were considered as a negative control for
staining. Flow cytometry analysis was done using FlowJo software.
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We had observed that T cells upregulate PD-1 after stimulation with
PMA/lonomycin (PMA/lono). We decided to use this as a maneuver for distinguishing
and isolating PD-1 KO T cells from unmodified cells. This will facilitate the
assessment of PD-1 expression by flow cytometry analysis or PD-1 KO effect on
functional potency of edited cells compared with wild type T cells. We enforced
T cells to display PD-1 on their surface through unspecific PMA/lono stimulation*?°.
Wild type T cells displayed PD-1 up to 90% which confirms the efficiency of

PMA/lono stimulation for PD-1 upregulation (Figure 4.24a).
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Figure 4.24. Enrichment of PD-1 knockout T cells.

(8) Upregulation of PD-1 on T cell surface using PMA/lonomycin (PMA/lono). Prior to
enrichment, CD8+ T cells transduced with lentiCRISPR v2 sgRNA#2 (upper panel) or
lentiCRISPR v2 without sgRNA were stimulated with 1uL of each PMA (1 mg/mL) and
ionomycin (1 mM) per 1 x10° cell/mL for 24-36 hours. (b) Enrichment of PD-1 knockout T
cells. 24-36 hours post-stimulation with PMA/lono. PD-1 knockout T cells were enriched
using anti-PD-1 PE antibody and Anti-PE MicroBeads (Miltenyi) via Macs magnetic
procedure and negative selection (upper panel) and were re-stimulated similarly with
PMA/lono to confirm the efficiency and accuracy of enrichment (lower panel).
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Post-stimulation with PMA/lono, PD-1 KO CD8+ T cells were enriched to
approximately 90% purity via staining with anti-PD-1 mAb conjugated to PE and
anti-PE MicroBeads (Miltenyi). We next re-stimulated the resting enriched PD-1 KO
cells with PMA/Iono to check their purity. The cells did not display PD-1 surface
expression, which confirms that the isolation protocol results in selection of PD-1 KO

T cells with high purity.

4.15 Non-viral ablation of PD1 in CD8+ T cells via Cas9 RNP

Persistence of Cas9 when is delivered as DNA plasmid or its stable integration into
the T cells genome via viral vectors has been shown to increase the off-target activity
of the system and may increase the risk of genotoxicity®®. Consequently, we
investigated whether performing PD-1 ablation via delivery of pre-assembled
recombinant Cas9 protein and in vitro-transcribed sgRNA as a ribonucleoprotein
complex (Cas9 RNP) instead of viral delivery is sufficient for accomplishing PD-1 KO
in CD8+ T cells. We cloned sgRNA #2 and its scaffold into a plasmid which contained
a T7 promoter and produced the in vitro-transcribed sgRNA that has a size of 120 bp
after agarose gel electrophoresis (Figure 4.25a). Next, we used two different molar
ratios of Cas9 to sgRNA (1:6 and 1:3) to determine the optimal ratio for
nucleofection. On day 12 post-nucleofection, cleavage efficiency and PD-1 surface
expression were analyzed by T7EI assay and flow cytometry, respectively. Delivery
of PD-1 specific Cas9 RNP with molar ratios of 1.6 and 1:3 induced indels at
frequencies of 27% and 22% in CD8+ T cells, respectively, which was approximately

2-fold higher than what observed with virally modified CD8+ T cells (Figure 4.25b).
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Moreover, MFI of PD-1 expression was reduced 3.5-fold as compared with wild type

unmodified CD8+ T cells based on flow cytometry analysis (Figure 4.25c).
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Figure 4.25. Disruption of PD-1in CD8+ T cells via delivery of Cas9 RNP.

(a) sgRNA #2 and its scaffold were cloned into a pCR™-Blunt vector which contains a T7
promoter and in vitro-transcribed sgRNA was produced. The sgRNA has a size of 120 bp
after agarose gel electrophoresis. (b) A representative T7EIl assay for estimation of cleavage
efficiency in CD8+ T cells (n=2). 1x10° cells CD8+ T cells from healthy donor were
nucleofected with 0.75 ug/uL cas9 protein (15 pg) premixed with 1 pg/uL of in vitro-
transcribed sgRNA,20 pug, (Cas9: sgRNA molar ratio of 1:6) or 0.5 pg/uL in vitro -transcribed
sgRNA, 10 nug, (Cas9: sgRNA molar ratio of 1:3) in 20 uL of nucleofection solution. gDNA
from the cells was extracted on day 12 after transfection. The target site was PCR amplified
to test PD-1 disruption by T7El assay. The two T7EIl digested fragments are indicated by
stars. Lane M, 100bp DNA ladder; lane WT, gDNA from mock CD8+ T cells, lane 1:6 and 1:3
show the two different Cas9:sgRNA molar ratios used. (c) PD-1 (CD279) surface expression
analysis by flow cytometry in CD8+ T cells. PD-1 expression percentage and MFI are shown
at left and right site of the histogram, respectively. The cells stained by a corresponding
isotype antibody were considered as a negative control for staining. Flow cytometry analysis
was done using FlowJo software. (d) A representative flow cytometry analysis of PD-1
expression in CD8+ T cells after PMA/lonomycin stimulation. CD8+ T cells nucleofected with
Cas9 RNP complex in a Cas9: sgRNA molar ratio of 1:3 are shown.
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Stimulation of T cells with PMA/lono also confirmed the efficient KO of PD-1 in
transfected cells with Cas9 RNP complex. CD8+ T cells that were modified via
Cas9 RNP dramatically expressed lower percentage of PD-1 (12%) on their surface
while wild type cells showed 86% PD-1 expression based on flow cytometry analysis
(Figure 4.25d). Notably, RGEN via Cas9 RNP delivery was less toxic to the cells than
the viral delivery. The latter requires selection of transduced cells by puromycin
treatment, which needs to be followed by an expansion cycle with feeder cells for

obtaining required T cell number for analyses.

4.16 Single-step fully non-viral generation of PD-1 KO CD19-CAR+
T cells via MC-based CAR transposition and Cas9 RNP
Finally, we combined the SB-mediated CAR transposition from minicircles
(Aim 1 of the study) with PD-1 disruption via Cas9-RNP to generate PD-1 KO CAR+
T cells through a complete non-viral strategy (Aim 2). To achieve this goal, CD8+ T
cells were nucleofected with MC-derived CD19-CAR transposon donor vector,
SB100X MC or SB100X mRNA and in the same reaction, the cells were additionally
nucleofected either with Cas9 RNP complex targeting PD-1 or without Cas9 RNP.
CD19-CAR and PD-1 expression were analyzed on day 14 post-nucloefection by
flow cytometry. To assess PD-1 expression the cells were stimulated for 24-36 hours
with PMA/lono before analysis. PD-1 expression was dramatically reduced from 86%
to 13% in CAR+ CD8+ T cells when the cells were nucleofected in combination with
Cas9 RNP. Of note, CD19-CAR expression was reduced approximately 2 times as
compared with the CD8+ T cells that were nucleofeced with CD19-CAR MC and

SB100X MC without Cas9 RNP complex (Figure 4.26a). Since the use of SB100X
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MRNA rather than SB100X MC increases the safety of cell products for clinical
application, we replaced SB100X MC with SB100X mRNA. Similar results were
achieved when SB100X mRNA was used as a transient source of SB100X

(Figure 4.26b).
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Figure 4.26. Generation of PD-1 KO CD19-CAR+ CD8+ T cells using a complete non-
viral system.

(a) Generation of PD-1 KO CAR+ T cells using MC vectors encoding CAR transposon and
SB100X transposase in combination with Cas9 RNP targeting PD-1. CD8+ T cells were
nucloefected with 0.6 pg and 0.5 pg of each CD19-CAR transposon and SB100X
transposase donor MC DNA (left dot plot) or in combination with Cas9 RNP complex, molar
ratio of 1:3, 15 ug Cas9 protein: 10 ug in-vitro transcribed sgRNA, (right dot plot) in 20uL of
nucleofection buffer. (b) Replacement of SB100X MC DNA with SB100X mRNA as transient
source of transposase. Cells were nucleofected with CD19-CAR MC DNA (0.6 pg) and
SB100X mRNA (2.4 ng, ratio of 1:4, left dot plot) or in combination with CasO9RNP complex,
molar ratio of 1:3 (right dot plot). The cells were gated on living, i.e. 7-AAD negative cells for
EGFRt analysis (upper panels) and were gated on EGFRt+ cells for CD279 (PD-1)
expression analysis (lower panels). The results are the representative of two separate
experiments.
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Next, we sought to confirm the efficiency of our novel fully non-viral T-cell
engineering strategy for generating genome edited CAR T cells other than
CD19-specific CAR T cells. In this regard, we replaced the CD19-CAR MC with
SLAMF7-CAR MC. We have previously observed that SLAMF7 is highly expressed in
multiple myeloma cells, which is among malignancies that our group is interested in
for future clinical trials. We successfully generated PD-1 KO SLAMF7-CAR+ CD8+
T cells by the combination of SLAMF7-CAR transposition from MC with PD-1 KO via

Cas9 RNP (Figure 4.27).
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Figure 4.27. Generation of PD-1 KO SLAMF7-CAR+ CD8+ T cells using a fully
non-viral system.

CD8+ T cells were nucloefected with 0.6 ug and 0.5 pug of each SLAMF7-CAR transposon
and SB100X transposase donor MC DNAs (left dot plot) or in combination with
Cas9 RNP complex, molar ratio of 1:3, 15 pg Cas9 protein : 10 pg in-vitro transcribed
SgRNA, (right dot plot) in 20uL of nucleofection buffer. The results are a representative of two
separate experiments.
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Collectively, our data demonstrate that SB transposition when CAR transgene is
transposed from a minicircle vector in combination with CRISPR/Cas9 genome
editing tool when Cas9 RNP complex is used to target PD-1 is a powerful strategy for
generating PD-1 KO CAR+ T cells. This single-step and fully non-viral gene transfer
and genome editing strategy will pave the way for stable, fast and efficient genetic
modification of T cells for various T-cell therapy approaches and addresses the

biosafety concerns related to viral-based gene transfer strategies to a great extent.

4.17 Interim conclusion

In this study, we had two different but related objectives to improve non-viral gene
transfer and genome editing tools as an alternative to viral gene delivery strategies
for engineering of CAR T cells. As the first objective, we aimed to address three
problems related to CAR transposition from conventional SB plasmids into T cells: (1)
low CAR transfer rate, (2) high T-cell toxicity and (3) long ex vivo culturing time due
to low CAR transfer rate and T-cell toxicity, which has led to T cell exhaustion as

well*8

. We hypothesized that SB transposition of CAR transgene from smaller sized
vectors called minicircle vectors (MCs) may solve these problems. Our data revealed
that SB transposition from MC vectors is substantially more effective and less toxic
compared to conventional plasmids, and enables rapid generation of therapeutic
CAR T-cell doses. CD19-CAR T cells engineered with our enhanced SB approach
conferred potent reactivity in vitro and eradicated tumor in a xenograft mouse model
in vivo. Next, we analyzed genomic distribution of SB and LV integrations and

showed that a significantly higher proportion of MC-derived CAR transposons

compared to LV integrants had occurred outside of highly-expressed and
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cancer-related genes and into genomic safe harbor loci that are not expected to

cause mutagenesis or genotoxicity.

As the second objective of this study we aimed to knock out PD-1 in CAR+ T cells
and accomplished CAR gene transfer and PD-1 KO through a single-step and fully
non-viral strategy. Generation of PD-1 KO CAR+ T cells may address some
problems associated with combined CAR and antibody therapies: (1) the need for
sequential administration of anti-PD-1 antibody due to rapid expansion of PD-1
expressing CAR T cells after encountering their specific antigens, (2) induction of
severe immune-related adverse events due to sequential systematic administration
of anti-PD-1 antibody and (3) high expenses of long-term administration of anti-PD-1
antibodies. By combining CAR transposition from MC vector with PD-1 disruption via
Cas9 RNP we managed to knock out PD-1 in CAR+ T cells in a fast and single-step

protocol.

In conclusion, we designed a novel and cutting-edge T cell genetic engineering
platform, which can be applied for introducing other CARs or transgenes of interest
into T cells. It is also applicable for edition of other target genes deemed suitable to
enhance T-cell therapeutic index. Our developed strategies pave the way for broader
and advanced clinical application of T-cell therapies for treatment of cancers and

other diseases.



5 Discussion

5.1 Efficiency of SB transposition from MC DNAs for generating CAR
T cells
CAR T-cell therapy is a transformative novel way for treating advanced malignancies.
Prior work has shown that CAR T cells can be generated by Sleeping Beauty (SB)
transposition®®. In this study, we aimed to enhance the SB transposition of CAR
transgene into T cells. During the last years, SB has gone through a number of
modifications in order to enhance the potency of the system for gene engineering of
primary cell types®. These include molecular evolution of the hyperactive SB100X
transposase. SB100X shows about 100-fold enhancement in transposition as
compared with first-generation transposases. However, despite the use of
hyperactive SB100X transposase, low gene transfer rates and severe T-cell toxicity
associated with electroporation of plasmid DNAs to deliver transposase and
transposon have impeded its use in the field*> %8 4% 121122 prigr work showed that
minicircle DNAs (MCs) when are used as SB-transposon donors increase stable
expression of eGFP in mammalian cell lines as compared with conventional SB
plasmids®®. However, transposition-mediated stable delivery for a therapeutically
relevant gene out of MC vectors in primary human cells has to date not been
explored. In this study, we show for the first time that CAR transposons can also be
mobilized from MCs instead of plasmids and the CAR encoding gene is stably
integrated into the genome of primary human T cells. Our data demonstrate that
SB-transposition from MC transposon donor vectors through MC- or mRNA-encoded

SB100X transposase is significantly more effective, and less toxic to T cells
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compared to the current plasmid-based approach. This advance leverages non-viral
SB-transposition to provide an effective and broadly applicable gene-transfer
strategy, which might be preferable alternative to viral vectors because of its superior
safety profile (see section 5.2). Several mechanisms likely contribute to the higher
transposition rate from MCs compared to plasmids, including better transfection,
longer half-life and easier migration through cytoplasm and into the nucleus, as well
as easier mobilization of the transposon from small supercoiled MCs compared to
large circular plasmids>® °* 23,

The reduction in toxicity correlates proportionally with lower amounts of transfected
DNA. Most prior studies do not report the actual SB-transposition rate after
transfection and use repetitive expansion cycles with antigen-positive feeder cells to
rescue CAR-modified T cells that survived the gene-transfer procedure®. This long
ex vivo culturing is time and cost intensive and even more important, may lead to
progressive T-cell exhaustion. Moreover, for generating good manufacturing practice
(GMP) grade CAR T cells, use of feeder cells increases the regulatory requirements
and the risk of contamination of CAR product during the long manufacturing
process®®. Due to the higher transposition rate and lower toxicity, no feeder cell
expansion is required to obtain therapeutically relevant CAR T cell numbers with our

novel MC-based approach’. Protocols that enable MC production of clinical grade

and quantity have been established®’.

A relevant advantage of MCs compared to plasmids is the lack of antibiotic
resistance genes, which excludes the potential for horizontal transfer of these genes
to host bacteria and unintended integration into the host genome. Importantly, our

data also show that mRNA can serve as a transient source of SB100X transposase
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and in combination with MC-encoded CD19-CAR transposons achieves
near-equivalent levels of gene transfer in comparison to MC-encoded SB100X. The
use of MRNA rather than MC- or plasmid-encoded SB100X transposase is preferable
for at least two reasons. First, because transposase is short-lived, there is a much
lower risk that already integrated transposons are ‘re-mobilized’. Second, supply of
the transposase as MRNA eliminates the risk of unintentional integration of a
transposase expression cassette into the host genome, which could lead to

uncontrollable, continuous transposition of genomically integrated transposons®” 22,

5.2 Biosafety aspects of SB transposon insertions mobilized from
MCs
Genotoxicity through inadvertent activation or disruption of host genes, leading in the
worst case to malignant transformation, is a concern associated with gene-modified
cell products?:. Prior work in mammalian cells has shown that SB integrates with an
almost random pattern into the host genome, and in comparison to lentiviral (LV) and
y-retroviral vectors (RV) has a lower preference for integration into highly-expressed
genes and oncogenes*® ** 1% Qur analysis of SB chromosomal target sites and
genomic distribution is the most comprehensive study of SB integrations in human
T cells performed so far, and the first study to analyze SB insertions after mobilization
from MCs. Despite substantially higher transposition rates from MCs, CD19-CAR
transposon integrations remained close-to-random and neither acquired a preference
for highly-expressed, transcriptionally active nor cancer-related genes. We analyzed
the number of transposon integrations into genomic safe harbor (GSH) sites, which

fulfill five criteria based on their position relative to coding genes, microRNAs and
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ultraconserved regions** 118 126

. Intriguingly, we found 7 times more (21% of all
integrants) insertion sites of SB in GSHs than for LV (3%), coming close to the 28%
of GSH integrations assuming completely random integration. We hypothesize that
enhanced transposition from MCs can also be accomplished with other transposon
systems such as piggyBac (PB) and Tol2. However, each transposase demands a
separate GSH assessment, as prior data have shown that e.g. PB integrations are
per se less favorable than SB**" '8 To date, no case of malignant transformation
has been reported with T cells modified by viral or non-viral gene transfer. However,
preferential growth and expansion of selected T-cell clones carrying HIV integrants
has nurtured the notion that albeit low risk for transformation may originate from
integrating viral vectors also in terminally differentiated T cells’®®. Based on our

integration data and an extensive body of prior work, SB may be considered as a

‘safer’ and therefore more preferable gene transfer system compared to LV and RV.

A prime future goal is to increase the safety of the SB system by targeting GSH or a
defined locus in the T cell genome. The first attempts to combine the DNA targeting
ability of zinc finger nucleases with SB transposons gene insertion consisted of

Bl These

adding a zinc finger DNA-binding domain to SB transposase®®
approaches resulted in diminished transposition activity and marginal targeting. As
an alternative, we have prepared the platform for combining CRISPR/Cas9 DNA

targeting feature with SB via a peptide linker for targeted integration of CAR

transgene.
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5.3 Compatibility of CAR transposon copy numbers with clinical
application

Apart from the integration site profile, the number of CAR transposon integrations in
T cell genome is an important biosafety criterion for assessment of potency and risk
of genotoxicity and malignant transformation for clinical application.

Here, we developed a precise TagMan-based droplet digital PCR (ddPCR) assay for
determination of CAR copy number using a single-copy endogenous reference gene
as a control. Our copy number analysis on CAR T cells generated through
MC transposition confirmed that the average number of CAR copies in both CD4+
and CD8+ T cell population at single cell level is in the acceptable range (n<20). This
range of CAR copy numbers has been confirmed to be satisfactory by
Paul-Ehrlich-Institute (PEI) scientific advisory board for the clinical trial (personal
communication with Dr. Michael Hudecek).

It would be desirable to be able to fine-tune CAR copy number based on each
patient’s specific treatment requirements. In this case, patients with high and low
tumor burden can receive the CAR T cell with higher and lower potency and CAR
copy numbers, respectively. We found that the CAR copy number can be modulated
by the amount of vectors transfected into the cells. Two-fold reduction in optimal
amount of MC DNAs that led to the highest CAR expression, dramatically reduced
CAR copy numbers (from 11.7 to 7, approximately 1.6-fold reduction) in polyclonal
CAR+ T cell population while nearly equivalent gene transfer rate was achieved (10%
less than optimal condition). Consequently, half of the optimal amount of MC vectors
could be potentially used for clinical application when lower transgene copy number

is desired. In this regards, functional assays have yet to be performed to assess the
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impact of CAR copy number variation on the antitumor reactivity of CAR+ T cells in
terms of killing, cytokine production and proliferation.

Moreover, a rapid and easy protocol for CAR copy number determination is
preferable for broad clinical application. In ddPCR the sample is fractionated into
20,000 droplets and PCR amplification of the template molecules occurs in each
individual droplet. As a result, this method is not only sensitive for copy number
determination in single cell clones but also allows estimation of transgene copy
number from polyclonal cell population. Since no single cell clone preparation is
needed, required time for copy number analysis will be substantially reduced. Hence,
CAR copy numbers can be determined rapidly before infusion into patients when fast
turnaround time is needed in routine and clinical application.

Furthermore, we found that there is a direct correlation between the mean
fluorescence intensity (MFI) of CAR expression measured by flow cytometry analysis
and copy number variation. However, there are some considerations that we should
take into account for estimation of CAR copy numbers based on MFI measurements.
First, in a very high and low transgene expression level FACS-based method may
lose its precision. Therefore, it is necessary to determine the highest and lowest copy
number that can be determined based on MFI measurements. On the other hand,
one should consider that the cell machinery cannot handle unlimited CAR transgene
insertions and infinite amount of CAR protein expression probably due to genomic
instability and limitation in protein production, respectively. Hence, the protein
expression will reach a saturation point when certain amount of vectors is used. This
saturation point needs to be determined as well. Consequently, more analyses and
statistical data are required to formulate and standardize the estimation of CAR copy

numbers based on MFI measurements. This method may lead to estimation of CAR
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copy numbers based on a fast, simple and more cost-effective flow cytometry
analysis compared with ddPCR. However, this MFI-based assay may be less
accurate than ddPCR, but when it is carefully standardized it can be potentially
sufficient for estimation of CAR copy numbers and rapid release of CAR T cell

products for clinical use.

5.4 Generation of CD19-CAR T cells using MC-mediated transposition
for clinical application
Clinical trials with CD19-CAR T cells are currently ongoing at several institutions. It
has been noted that studies employing SB-transposition for gene-modification have
thus far not reported as impressive results as those with LV and RV gene transfer®.
However, comparisons between trials are difficult due to variations in multiple
parameters, including patient population and disease entity, prior treatment and
conditioning®** '3, In addition, we have shown in our own prior work that CAR design
and subset composition of CAR T-cell products - that differ extensively between trials

105, 106, 134

- profoundly influence efficacy . In the work presented here, we used a

CD19-CAR that has been functionally optimized'®®

and conferred durable complete
remissions in a clinical trial of LV-based CAR T-cell therapy®!. We demonstrate that
our novel MC-based transposition strategy is equally effective in CD8+ and CD4+
T-cell subsets and supports formulating CAR T-cell products with defined cell
composition*®® *°. Our study is the first to perform a head-to-head comparison of

SB-modified and LV-transduced CAR T cells and to demonstrate equivalent

antitumor function and potency in vitro and in vivo.
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In conclusion, we anticipate that CD19-CAR T cells generated by SB-transposition
from MCs will also be effective in a clinical setting. Based on our discussions with PEI
clinical trials advisory committee, we are confident that our non-viral gene transfer
strategy will facilitate clearance of regulatory hurdles and accelerate clinical

translation to increase access of patients to CAR T-cell therapy.

5.5 Non-viral KO of PD-1 using Cas9 RNP to improve the therapeutic
index of CAR T cells
Though adoptive transfer of CAR T cells has shown significant success in treating
acute lymphoblastic leukemia (CR =2=70%) by CD19-specific CAR T cells,
unfortunately, the clinical results have been less promising in treatment of chronic
lymphoblastic leukemia, lymphomas (CR= 50-60%) and solid tumors****%. There are
studies demonstrated that utilization of checkpoint blockade antibodies targeting
PD-1/PD-L1 immune inhibitory axis enhances antitumor effects of CAR T cells in the
treatment of solid tumors and B-cell lymphoma®® 8 %2, However, rapid expansion of
PD-1 expressing CAR T cells by the stimulation of tumor antigens may require
sequential administration of anti-PD-1 antibody. The long-term systematic
administration of the blocking antibodies is costly and carries the risk of severe
immune-related adverse events. These side effects include breaking of immune
tolerance that may cause immune attack of normal tissues, severe diarrhea, skin
rash and mucosal irritations**® **°. Due to the severe side effects, the administration
of immune checkpoint blocking antibodies needs to be discontinued in a substantial
number of patients. Consequently, specific disruption of PD-1 in CAR+ T cells may

be a strategy to avoid these side effects. In this study, for the first time, we managed
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to generate PD-1 knockout (KO) CAR+ T cells in a complete non-viral format. We
combined the SB-mediated CAR transposition from MC vectors with RNA guided
endonuclease Cas9 (RGEN) system for editing PD-1 via transient delivery of Cas9
protein complexed with in vitro-transcribed sgRNA (Cas9 RNP). The sgRNA used in
this study resulted in more efficient disruption of PD-1 compared with two previously
reported studies that have used RGEN system for disruption of PD-1 in human T
cells and in CD4+ T-cell subsets via plasmid DNA delivery and Cas9 RNP,
respectively* *. Besides, transient delivery of Cas9 and sgRNA via Cas9 RNP has
some advantages over plasmid-mediated or viral delivery of RGEN. First, delivery of
RGEN via plasmid DNA is often inefficient and stressful in primary T cells®.
Secondly, unwanted integration of plasmid DNA sequences can cause host immune
responses ***. Finally, prolonged expression of RGENSs from plasmid DNA, which can
persist in cells for several days post-transfection, can increase Cas9 off-target
activities®® 2. Viral delivery of RGEN is more efficient in T cells compared with
plasmid based gene delivery. However, it substantially aggravates the risk of
off-target mutation at sites that are highly homologous to on-target sites by
persistence expression of the Cas9 and sgRNA'. In this regard, further analyses
are required to assess the potential off-target effect of our developed Cas9 RNP
system. However, Cas9 RNP has a fast editing action and rapid protein turnover in
the cells as it is degraded within 24 hours of delivery®. As a result, delivery of RGEN

via short-lived Cas9 RNP addresses the biosafety issues largely.

Apart from the genome engineering side, there are safety aspects that need to be
carefully addressed when PD-1 KO CAR+ T cells are administrated in a clinical

setting. Deletion of PD-1/PD-L1 pathway as one of the immune inhibitory strategies
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in T cells may lead to prolonged activation of CAR T cells, though the cells still are
equipped with other immune checkpoint mechanisms. To address this issue the
suicide genes like inducible caspase9 or depletion markers like EGFRt can be
expressed on CAR T cells for eliminating the cells when is needed'® ®*. The EGFRt
depletion marker is included in the CD19-CAR cassette we used in this study and its
ability to deplete CAR T cells has been demonstrated'®. Another possible strategy
would be simultaneous KO of endogenous TCR and PD-1 to avoid uncontrolled
T cell responses to other unwanted antigen peptides through binding to endogenous
TCR.

Furthermore, checking the efficiency of genome editing is challenging in context of
PD-1 expression that varies depending on the activation status of T cells. Here, we
observed that stimulation of T cells with PMA/lonomycin leads to PD-1 upregulation
on T-cell surface. In this method, following the stimulation, PD-1+ T cells can be
easily distinguished from edited cells and editing efficiency on protein level can be
determined by flow cytometry. Moreover, the PD-1+ T cells can be removed by FACS
or MACS based separation procedures post-stimulation. This will facilitate future
studies, which are necessary to be performed for analyzing the functional
characterization of PD-1 KO CAR+ T cells and unmodified control CAR+ T cells in
terms of tumor eradication. Of note, because of the high efficiency of
PD-1 KO (=80%) in CAR+ T cells, the pool of the edited and non-edited

CAR+ T cells can potentially be infused into the patients in a clinical setting.
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5.6 Conclusion and perspective: roadmap to clinical translation

In this study, we successfully developed a non-viral gene engineering strategy with
two essential components for effective and stable genetic manipulation of T cells for
cancer immunotherapy. First, we leveraged the Sleeping Beauty transposon system
via transposition from minicircle DNA vectors to a level that now is efficient for
generation of CAR T cells. Our comprehensive genomic insertion site analysis
showed a close-to-random integration profile of MC-derived CD19-CAR transposons
with a significantly higher proportion of SB integrations in genomic safe harbors as
compared to LV integrations.

In the second step, we successfully combined the established SB-mediated CAR
transposition from MC vectors with Cas9 RNP complex for generating
PD-1 KO CAR+ T cells. For the first time, we managed to generate
PD-1 KO CAR+ T cells via a single-step and complete virus-free gene transfer and

genome editing.

In conclusion, we demonstrate efficient engineering of T cells using a fully non-viral
production procedure with a safer integration pattern as compared with LV gene
delivery protocols. The developed strategy in this study yield therapeutic doses of
T cells with desired phenotype (i.e. PD-1 KO CAR+ T cells). Use of PD-1 KO CAR+
T cells instead of systematic administration of blocking antibodies is cost and time
effective. Besides, patients will not require sequential administration of antibody and
hospitalization. Moreover, the ease-of-handling of non-viral systems and their shorter
production time is anticipated to reduce the cost and lengthy regulation procedure
required for clinical approval. Hence, it may facilitate the access of large cohort of

patients to T-cell immunotherapies via gene engineered T cells not only in developed
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countries but worldwide. The developed strategies in this study can serve as a
preferred genome engineering tools in advanced cellular and gene therapy for
treatment of broad spectrum of cancers, autoimmune and infectious diseases.

The achieved results as well as the established T-cell engineering tools in this study
set new directions for future research. Studies assessing off-target activities of
Cas9 RNP and functional efficacy of PD-1 KO CAR+ T cells have to be performed.
The next anticipated goal of the study would be precise targeted integration of
CAR gene into the PD-1 locus via homology directed repair mechanism using the
Cas9 RNP. This targeted CAR insertion will accelerate both the safety and function
of CAR T cells, which is a prime and long-sought objective in the field of gene

therapy and CAR T-cell cancer therapy.
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