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ABSTRACT

A NOVEL APPROACH IN CANCER IMMUNOTHERAPY:

NATURAL KILLER CELLS EXPRESSING T CELL RECEPTORS

AYHAN PARLAR

Molecular Biology, Genetics and Bioengineering

M.Sc. Thesis, 2017

Thesis Supervisor: Tolga SUTLU

Keywords: TCR gene therapy, NK cells, Cancer Immunotherapy

T cell receptor (TCR) gene therapy is developed to redirect cytotoxic T cells towards
selected epitopes of tumor antigens. However, due to the heterodimeric nature of the TCR
molecule, alpha and beta chains introduced by gene delivery have a risk of pairing with
the endogenously expressed complementary alpha or beta chains in the T cell. This
phenomenon named as “mispairing” gives rise to TCRs of unpredictable specificity and
causes potentially lethal side effects.

Natural killer (NK) cells were discovered 40 years ago, by their ability to recognize
and kill tumor cells without the requirement of prior immunization or stimulation. Since
then, NK cells have grown to be promising agents for adoptive immunotherapy of cancer.
In the last decade, several NK cell based anti-cancer products have been taken to clinical
trials with promising results. However, to manufacture more efficient NK cell therapy
products, it is essential to develop novel strategies to increase safety, efficiency and
specificity with approaches such as retargeting NK cells against specific antigens which
to date has only been possible with chimeric antigen receptors (CARs).

In this thesis, we propose to use NK cells for TCR gene therapy aiming to reprogram
them to selectively target tumor or virus antigens in complex with major
histocompatibility complex. Our results convincingly demonstrate that the introduction
of a functional TCR complex to NK cells via lentiviral gene transfer dramatically
enhances the efficiency to mount antigen-specific cytotoxic activity.

To our knowledge, the transfer of a TCR into an NK cell has never been reported
before. Our strategy does not only have the potential to open up a whole new chapter in
the field of cancer immunotherapy but also provides a final and definitive solution for the
mispairing problem observed in TCR gene therapy.
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OZET

KANSER IMMUNOTERAPISINDE OZGUN BiR YAKLASIM:

T HUCRE RESEPTORU SENTEZLEYEN DOGAL OLDURUCU HUCRELER

AYHAN PARLAR
Molekiiler Biyoloji, Genetik ve Biyomiihendislik

M.Sc. Tez, 2017

Tez Danismani: Tolga SUTLU

Anahtar Kelimeler : TCR gen terapisi, NK hiicreleri, Kanser immunoterapisi

T hiicre reseptorii (TCR) gen terapisi T hiicrelerinin sitotoksik aktivitesini belirli bir
timOr antijeni epitopuna karsi yonlendirebilmek icin gelistirilmis bir yontemdir. TCR
molekiiliiniin heterodimerik yapist sebebiyle, disaridan verilen alfa ve beta zincirlerinin
hiicrenin icerisinde sentezlenen alfa ya da beta zincirleriyle eslesme riski vardir. Bu olgu
yanlis eslesme problemi olarak adlandirilmakta ve 6zgilliigii bilinmeyen, potansiyel
olarak hayati yan etkileri olabilecek T hiicre reseptorleri olusturma riski tagimaktadir.

Oncesinde bir bagigiklamaya ve uyarilmaya gerek duymadan timér hiicrelerini
tanima ve oldiirme yetenekleri ile bilinen Dogal Oldiiriicii (NK) hiicreleri 40 yil énce
kesfedilmistir. Bu tarihten giiniimiize, NK hiicreleri adoptif kanser immiinoterapisinde
umut verici ajanlar olarak 6n plana ¢ikmistir. Son on yilda, bir¢ok NK bazli anti-kanser
iirlinleri klinik ¢alismalarda denenmis ve umut vadeden sonuclar elde edilmistir. Fakat
daha etkili NK hiicre terapisi iiriinleri iiretmek icin, glivenlik, etkinlik ve belirli bir
antijene kars1 6zgilliik gibi 6zellikleri artiran yeni yaklasimlar gelistirmek gereklidir. Bu
amacla simdiye kadar yapilan ¢alismalarda uygulanan yontem kimerik antijen
reseptorleri (CAR) kullanilarak NK hiicrelerini spesifik bir antijene kars1 hedeflemek
olmustur.

Bu tezde, TCR gen terapisi i¢in NK hiicrelerinin kullanim1 6nerilmektedir. TCR geni
transferiyle NK hiicrelerinin tiimdr ve viriis antijenlerini se¢ici olarak tanimak i¢in tekrar
programlanmasi amaglanmaktadir. Sonuglarimiz, lentiviral gen transferi araciligiyla TCR
kompleksini NK hiicrelerinde ifade etmenin antijen-spesifik sitotoksisite aktivitesinin
carpici bir sekilde artirdigini géstermistir.

Bildigimiz kadariyla NK hiicresine TCR gen transferi ¢alismasi daha 6nce hig
yapilmamistir. Buldugumuz bu yontem kanser immunoterapisi alaninda yeni bir yaklagim
olmakla kalmay1p ayn1 zamanda TCR gen terapisinde goriilen yanlis eslesme sorununun
nihai ve kesin ¢oziimiidiir.
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1. INTRODUCTION

1.1. The Immune System

The immune system is a complex of different cell types and soluble factors that
together defend an organism against extrinsic and intrinsic threats ranging from
pathogenic microorganisms to neoplasia. Typically, immune system is divided into two

main branches that are named innate immunity and adaptive immunity.

Innate immunity is the first barrier in the body to respond against microbial attacks
and tissue injury (damaged self). Innate immune system is composed of different cell
types (dendritic cells, macrophages, neutrophils, mast cells, eosinophils, basophils and
natural killer cells) as well as soluble factors (complement system, acute phase proteins,
cytokines and chemokines) that together show a remarkably fast response against
pathogenic invaders. The innate immune system has the capacity to recognize
microorganisms and destroy them within minutes (Medzhitov & Janeway, 2000).
Furthermore, it generates an inflammatory response and helps to activate the subsequent
adaptive immune response. This prompt response by the innate immune system gives the
organism time to constitute a more targeted immune response by antigen specific

components of the adaptive immune system.



Innate immunity has a limited repertoire of receptors recognizing conserved
microbial components shared by large groups of pathogens. The receptor repertoire of
innate immunity has no genetic recombination. Genetically predetermined germline-
encoded receptors recognize highly conserved and common structures among microbes
or biologic consequences of infections. Therefore, innate immunity functions mostly rely
on recognizing common molecules typical of microbes that are called Pathogen-
associated Molecular Patterns (PAMPs) (Janeway Jr. & Medzhitov, 2002) or self-
molecules grouped under the name Damage-associated Molecular Patterns (DAMPs)
which are metabolic consequences of infection and inflammation (Bianchi, 2007).
DAMPs are mostly biological molecules upregulated and released in the course of cell
lysis and tissue damage. PAMPs and DAMPs are recognized by the germline encoded
pattern recognition receptors (PRRs), which are expressed on innate immune cells and
trigger an immune response to eliminate pathogens (Kawai & Akira, 2010; Takeuchi &

Akira, 2010).

Although the innate immune system shows a rapid reaction to a wide range of
pathogens, recognition of common PAMPs is limited. The massive variability of
antigenic molecules has driven the evolution of the adaptive immune system (M. D.
Cooper & Alder, 2006). In contrast to antigen detection by innate immunity whose
receptors are encoded in fully functional form in the germline genome, adaptive immune
recognition is based on receptors that undergo a process of somatic recombination in gene

segments.

Adaptive immunity is specialized to recognize and distinguish self from non-self
antigens. Another defining characteristic of adaptive immunity is the formation of
memory, which means that after initial pathogen encounter, a secondary exposure to the
same pathogen will trigger a more rapid response. The cells of the adaptive immune
system include T and B lymphocytes that are central players in cellular immune
responses. The recognition of antigens by both T and B cells rely on receptors that go
through genetic recombination, which generates receptor diversity, enabling antigen-
specific responses to be generated against any non-self entity. This thesis is mainly
focused on advancing the power of adaptive immunity and innate immunity to target and
eliminate cancer cells through the use of genetically modified cytotoxic lymphocytes.
Thus, in the following section, I will be discussing the unique features of cytotoxic

lymphocytes and their potential use in cancer immunotherapy.



1.2. Cytotoxic Lymphocytes of the Inmune System

1.2.1. Natural Killer Cells

Natural killer cells are bone marrow-derived lymphocytes belonging to the innate
immune system. They are derived from CD34" hematopoietic progenitor cells and need
cytokines such as IL-15 to develop into mature NK cells (Di Santo, 2006; Yokoyama,
Kim, & French, 2004). They are among the first responders to fight against pathogen
invasion and malignant transformation. The percentage of NK cells among human
peripheral blood lymphocytes is approximately 5-10% (Comans-Bitter et al., 1997,
Shearer et al., 2003). NK cells were originally described in mice in 1975 as a type of
lymphocyte that has the capacity to lyse target cells without prior stimulation or
immunization (Waldhauer & Steinle, 2008). Today, the crucial role of NK cells in
infection, autoimmunity and tumor immunosurveillance is well recognized (Caligiuri,

2008; Vivier, Tomasello, Baratin, Walzer, & Ugolini, 2008).

Human NK cells express the surface protein CD56 and lack the expression of CD3,
which makes it possible to identify them as CD56 CD3" lymphocytes. Two main types
of NK cells which have distinctive functional roles are defined according to the density

of CD56 expression on the cell surface (Figure 1.1).

The majority of NK cells in the blood (90%) have low expression of CD56
(CD56™), whereas the remaining 10% express CD56 at a distinctively higher level
(CD56™"). CD56™€" NK cells express the IL-2 receptor alpha chain (CD25) but not (or
low levels of) FcRIII (CD16). Conversely, CD56"™ NK cells exclusively express CD16
but lack expression of CD25. Early functional studies showed that CD56“™ NK cells are
proficient in effector functions such as natural cytotoxicity or antibody-dependent cellular
cytotoxicity (ADCC) (L L Lanier, Le, Civin, Loken, & Phillips, 1986) while CD56"¢"
NK cells have important roles as regulatory cells in the immune system and produce

various cytokines such as Interferon-gamma (IFN-y), Tumor Necrosis Factor alpha (TNF-



a), IL-10, IL-13 and Granulocyte Macrophafe Colony Stimulating Factor (GM-CSF) to

act as a link between innate and adaptive immune responses (Perussia, 1991).

CDIGdim/neg

CD56
AR
.1\“’?&
e
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NKRs
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+++CD94/NKG2A
Effector Functions
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® @ TNF-
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.1\“’?&
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NKRs
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Effector Functions
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+++Natural Cytotoxicity
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Figure 1.1 Phenotypic and functional comparison of CD56""*" and
CD56"™ NK cells. CD56™¢" NK cells express high levels of IL-2 receptor
alpha chain (CD25) and are potent producers of immunoregulatory cytokines.
Cytotoxic activity is mainly carried out by CD56%™ NK cells which are
equipped with KIRs and high levels of CD16.



1.2.2. T cells

T cells are the central actors of the adaptive immune system. T cell-mediated
immunity is a complex effort coordinated with other cells of the adaptive and innate
immune systems. They develop antigen specific immune responses to eliminate invaders
and mediate adaptive immunity against viral, bacterial or parasitic infections and tumor

cells.

Development of T lymphocytes from CD34" hematopoietic stem cells takes place
in many steps and crucially involves genomic DNA rearrangements in the T Cell
Receptor (TCR) locus (Cobb, Oestreich, Osipovich, & Oltz, 2006). This rearrangement -
known as V(D)J recombination- is the assembly of V (variable), D (diversity) and J
(joining) gene segments of TCR chains that results in the expression of a unique TCR in
each T cell, generating a tremendous receptor diversity (Figure 1.2). The germline TCR
loci are composed of many V, D and J gene segments which undergo rearrangements that

lead to the expression of functional TCR genes.

Germline configuration

V gene segments D gene segments J gene segments Constant region

———e—u—/ - ——----—-

D to J recombination

———a————a—-—-

V to DJ recombination

————— - - —
— il -

Transcription, splicing

Figure 1.2: Schematic representation of V(D)J recombination. For the
generation of a functional TCR gene, one segment from sets of V, D and J
gene segments is brought together with sequences coding for the constant
regions of the TCR.



Recombination activating gene (RAG)1 and RAG2 are responsible for V(D)J
recombination. RAG1/2 complex forms a specific endonuclease in immature lymphoid
cells and causes double-strand DNA cleavage at recombination signal sequences (RSS)
that are located between V, D and J gene segments (Oltz & Osipovich, 2007). These
breaks are then repaired by downstream DNA repair complexes that give rise to
rearranged gene structure leading to the expression of a functional TCR gene. In each
developing T cell, this process randomly chooses among a wide selection of different V,
D and J segments to bring them together with constant region sequences for generation
of functional TCR sequences. This random rearrangement lies at the heart of the

tremendous diversity in TCR repertoire.

Phenotypically and functionally, T cells are divided into various subtypes. Among
these the majority of T cells express alpha and beta chains, namely the o/p T cells, a small
group of T cells expressing TCRs composed of y and & chains named as y/5 T cells and a
group of T cells expressing an invariant TCR (Va24/VB11) along with the NK cell marker
CD56 known as natural killer T (NKT) cells cover a gray zone in the link between innate

and adaptive responses.

Conventional classification of T cells relies on the presence of the CD3/TCR
complex on the cell surface along with one of the co-receptors CD4 or CDS. The largest
group of T cells in humans is the CD4" aff TCR-expressing helper T cells (Ty). These
have a central role in stimulating response by innate and adaptive components of the
immune system by secretion of cytokines. Ty cells have two main groups (Tul and Ty2)
which have distinct cytokine secretion profiles. Tyl cells are characterized to secrete
mainly IFNy and IL-2, evoking adaptive immune responses through mainly cytotoxic T
cells. Ty2 cells are main producers of IL-4, IL-5, IL-10 and IL-13, enhancing antibody
production and cell mediated response mainly through innate components of the immune

system.

Another CD4" T cell group is regulatory T cells (Tyg) Which constitutively express
the transcription factor FoxP3 and high levels of the IL-2 receptor alpha chain, CD25.
Regulatory T cells have a crucial role for maintenance of immune self-tolerance and

homeostasis by suppressing aberrant or excessive immune responses harmful to host [96].

CD8" af TCR-expressing cytotoxic T lymphocytes (CTLs) are major actors

showing cellular cytotoxicity against target cells harboring intracellular pathogens and



neoplastic cells. CTLs recognize target antigens presented in complex with classical
MHC Class I molecules and kill target cells by means of contact-dependent mechanisms.
After the recognition of antigenic peptide-loaded MHC class I through TCR, apoptotic
cell death is activated in target cells due to the exocytosis of cytotoxic granules by T cells.

The mechanisms of T cell recognition will be discussed further in the next chapter.

1.3. Recognition of Target Cells by Cytotoxic Lymphocytes

1.3.1. NK cell target recognition

Unlike T cells, NK cells do not go through genomic DNA rearrangement to express
a variety of antigen-specific receptors on the cell surface. This constitutes a basis for
classifying them into the innate immune system rather than the adaptive immune system.
Instead of rearranged antigen-specific receptors, the function of NK cells are controlled
by cooperating signals from two main sets of receptors that are germline-encoded: (i)
activating receptors and (ii) inhibitory receptors (Biassoni, Bottino, Cantoni, & Moretta,
2002; Lewis L. Lanier, 2003). NK cell cytotoxicity depends on the balance between
signals coming from inhibitory and activating receptors(L L Lanier, Corliss, & Phillips,

1997) (Lewis L. Lanier, 2003)(Bryceson, March, Ljunggren, & Long, 2006) (Figure 1.3).

Recognition of a ligand by an activating receptor leads to signaling events that
trigger the killing of the target cell (A. Moretta et al., 2001). Activating receptors either
carry Immunoreceptor Tyrosine-based Activation Motifs (ITAMs) (Lewis L Lanier,
Corliss, Wu, Leong, & Phillips, 1998) in their cytoplasmic tail or interact with signaling
adaptors that contain ITAMs. Activating ligand engagement leads to ITAM
phosphorylation at the tyrosine residues and the Src homology 2 domain containing
kinases such as Syk and ZAP70 are recruited for downstream signal
transduction(Sutherland et al., 2002; Wu et al., 1999). These pathways trigger the

polarization of cytotoxic granules to the interface between the NK cell and the target (the



immunological synapse) and their release towards the target cells

(degranulation)(Tomasello, Blery, Vely, & Vivier, 2000).

Some examples of activating receptors are NKG2D (Zompi et al., 2003)(Billadeau,
Upshaw, Schoon, Dick, & Leibson, 2003; Zompi et al., 2003), signaling lymphocytic
activation molecule (SLAM) family molecule 2B4 (CD244), the natural cytotoxicity
receptors NKp30, NKp44, NKp46 and NKp80 and the DNAX accessory molecule
(DNAM-1, CD226). The engagement of activating receptors with their ligands leads to

direct cellular cytotoxicity and triggers cytokine secretion.

These processes of activation are tightly controlled by inhibitory receptors whose
ligands are mainly self MHC class I molecules. Killer cell immunoglobulin-like receptors
(KIRs) are the main inhibitory receptor family on NK cells. KIR ligands are HLA-A,
HLA-B and most importantly HLA-C molecules (L. Moretta & Moretta, 2004). Upon
engagement to their ligands, they transmit a signal inhibiting the effects of activating
receptors. Therefore, the presence of MHC class I on target cells is an inhibitory signal

for NK cytotoxicity.

Inhibitory receptors signal through Immunoreceptor Tyrosine-based Inhibitory
Motifs (ITIMs) in their cytoplasmic tails. Phosphorylation of tyrosine residues in ITIMs
upon inhibitory ligand engagement leads to the recruitment Src homology 2 domain
containing phosphatases (SHP1 or SHP2) (Tomasello et al., 2000) that dephosphorylate
signaling intermediates shared with the activation pathways. This crosstalk leads to the
integration of activation and inhibition signals since the kinases from activating receptor
signaling and the phosphatases from inhibitory receptor signaling act on shared signaling
intermediates (Biassoni et al., 2002; Lewis L Lanier, 2005, 2008; Yokoyama, 2005). If
the inhibitory signals are dominant, triggering of cellular cytotoxicity cannot take place

(Long, 2008; Veillette, Latour, & Davidson, 2002).
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Figure 1.3 General overview of intracellular signaling pathways triggered by
activating and inhibitory NK cell receptors.

Unlike T cells, NK cells do not recognize the identity of the peptide loaded onto the
MHC molecule but rather sense the presence of a sufficient amount of MHC molecules
on the target cell surface that is the indication of a healthy cell. In cases of viral infection
or malignant transformation, the loss of MHC expression on the cell surface is a
commonly encountered phenomenon. In such cases, NK cells have the capacity to detect
the absence of MHC Class I on the target cell surface by a mechanism named as the

“missing-self recognition” (Ljunggren & Karre, 1990)(Figure 1.4).
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Figure 1.4: Missing-self recognition. The balance of inhibitory and
activating signals received from a healthy cell keeps the NK cell at rest and
no triggering of cytotoxic activity will occur. The loss of MHC-I expression
on the target cell will free the engagement of inhibitory receptors on the NK
cell, shifting the balance towards activation which will result in triggering of
natural cytotoxicity.

According to this hypothesis, the presence of MHC class I molecules in normal
target cells are inhibitory ligands for NK cells. If the target cell loses MHC class 1
expression on the cell surface as a result of infection or transformation, activating signals
become dominant and NK cell activation occurs; resulting in target cell lysis. Thus, NK
cells show cytotoxicity against the downregulation or loss of MHC in target cells due to

tumoral, viral and other cellular stresses (Carbone et al., 2000; Uhrberg et al., 1997).
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1.3.2. T cell target recognition

During the maturation process in the thymus, each T cell expresses a unique TCR
recognizing a specific antigen on its cell surface. All T cells undergo a selection in the
thymus to make sure this receptor has the ability to differentiate self from non-self.

Therefore, T cells expressing TCRs against self-antigens are generally eliminated.

T lymphocytes that have not yet faced the antigen are called naive T cells. They
reside in lymphoid organs and circulate in the body via blood and the lymphatic system.
For a naive T cell to become activated, antigens have to be presented by other cells such
as dendritic cells in secondary lymphoid organs. Dendritic cells are main antigen
presenting cells (APCs) and on their cell surface, antigenic proteins are presented in
complex with the major histocompatibility complex (MHC). APCs generate small
peptides from pathogenic agents or self-proteins by antigen processing machinery
(Figure 1.5). These small peptides bind to MHC molecules in the endoplasmic reticulum

and are presented on the cell surface in complex with MHC (Wucherpfennig et al., 2007).
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Figure 1.5: Antigen processing machinery.

The TCR recognizes a complex of the peptide and MHC (pMHC). Engagement of
the TCR with pMHC triggers intracellular signaling events resulting in activation of T
cell cytotoxicity. The activated T cells undergo clonal expansion and migrate into the

tissues to kill target cells that present the specific pMHC complex.

11



TCR

Figure 1.6: Structure of the CD3/TCR complex

The TCR is a heterodimer consisting of two chains: TCR a and . TCR
heterodimers come together with the CD3 complex that consists of CD3d, CD3y, CD3¢e
and CD3( (Figure 1.6). This complex is responsible for intracellular signal transduction
leading to T cell activation. All CD3 chains contain ITAMs in their cytoplasmic domains.
Activation of naive T cells requires the TCR complex, co-receptors and accessory
molecules on the surface of T cells. Co-receptors such as CD4 and CDS facilitate the TCR
signaling. Costimulatory molecules like CD28 and CTLA-4 enhance TCR signaling in
the cytoplasm. Also accessory proteins such as LFA-1 or CD2 provide extra stability for
the interaction between the T cell and APC.

CD4" T cells interact with peptide-bearing MHC class II molecules (HLA-DR,
HLA-DQ and HLA-DP). MHC class II molecules are expressed by professional APCs
which are specialized to pick up and present antigens from their immediate environment.
APCs generally localize at sites where pathogen encounter is most likely to occur and
digest exogenous proteins by mechanism of phagocytosis and endocytosis in order to load

these peptides onto MHC Class II molecules.

On the other hand, CD8" T cells recognize peptides (9-11 amino acids) loaded onto
MHC class I molecules (HLA-A, HLA-B and HLA-C) that are expressed by almost all
cell types in the body. These MHC class I restricted peptides come from proteins
translated inside the cells which are generally endogenously expressed proteins but can

also be pathogenic in case of intracellular infections such as viruses.
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T cell activation is initiated, when a TCR binds to a pMHC complex on the target
cell. The interaction between TCR and pMHC leads to the accumulation of TCR-
associated molecules at the cell surface between T cell and APC in the so-called
immunological synapse (Dustin, 2009) and triggers signal transduction cascades inside
the T cell. This interaction causes biochemical changes in the cytoplasmic domain of CD3
complex that are essential for TCR signaling (Figure 1.7). CD3 chains (y, 9, € and {) and
TCR complex specifically bind to the pMHC and CD4 or CDS8 co-receptors interact with
MHC class II or MHC class I respectively to stabilize the TCR-pMHC interaction. CD4
and CDS associated Src family protein tyrosine kinases Lck and Fyn (Weiss & Littman,
1994) phosphorylate tyrosine residues of the cytoplasmic ITAMs of TCR-associated CD3
chains. This phosphorylation leads to the recruitment of adaptor molecule, {-associated
protein (ZAP70) which binds to ITAMs and phosphorylates downstream targets, leading

to activation of effector T cell functions.
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Figure 1.7: General overview of intracellular signaling pathways triggered
by TCR engagement to pMHC.
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1.4. Cellular Immunotherapy of Cancer

1.4.1. NK cells in cancer immunotherapy

NK cells are essential components of the innate immune system and play a critical
role in host immunity against cancer by showing cytotoxicity function against various
malignancies (Evren Alici et al., 2007). Recent progress in our understanding of NK cell
immunobiology has paved the way for novel NK cell-based therapeutic strategies for the

treatment of cancer(E. Alici & Sutlu, 2009).

Cancer cells can develop various mechanisms such as altering the expression of
adhesion molecules, costimulatory ligands or activating ligands to escape
immunosurveillance during tumor progression. Modulation of MHC class I expression,
secretion of soluble MIC, FasL or, secreting immunosuppressive factors such as IL-10,
TGF-B and indoleamine 2,3-dioxygense (IDO) and resisting Fas- or perforin-mediated
apoptosis (Costello et al., 2002; Maki, Krystal, Dougherty, Takei, & Klingemann, 1998;
Waldhauer & Steinle, 2008) are among other mechanisms that can lead to escape
immunosurveillance. Moreover, in cancer patients, NK cell abnormalities have been
observed; including decreased cytotoxicity, defective expression of activating receptors
or intracellular signaling molecules, overexpression of inhibitory receptors, defective
proliferation, decreased numbers in peripheral blood and in tumor infiltrate and defective

cytokine production (Zitvogel, Tesniere, & Kroemer, 2006).

NK cell based immunotherapy focuses in improving antitumoral activity and
promoting NK cell expansion. The first approach is modulation of endogenous NK cell
activity in cancer patients by supplying extrinsic factors such as cytokines. interleukin 2
(IL-2) is the most important factor responsible for proliferation and expansion of NK cells
(Becknell & Caligiuri, 2005; Sim & Radvanyi, 2014). IL-2 is a cytokine effecting many
types of lymphocytes such as Ty, cells, CTLs, B cells and NK cells and has received FDA
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approval for cancer treatment in 1992 (Margolin, 2008). IL-2 treatment increases in vivo
activation of NK cell cytotoxicity depending on dose and schedule of administration
(Gratama et al., 1993; Phillips, Gemlo, Myers, Rayner, & Lanier, 1987) and boosts the
number of circulating NK cells (J S Miller et al., 1997). It is also shown to induce NK
cell cytotoxicity against malignancies (Robinson & Morstyn, 1987; Rosenberg et al.,
1987). IL-2 activation of NK cells in vitro demonstrates enhanced tumor killing (E

Lotzova, Savary, & Herberman, 1987; Eva Lotzova, Savary, & Herberman, 1987).

NK cell based adoptive immunotherapy represents one of the most promising future
strategies to combat cancer. To our knowledge, clinical trials using NK cells have clearly
demonstrated a significant benefit in patients with various malignancies. However, none

of the clinical products are routinely available or approved to be used in the clinic yet.

Allogeneic NK cell products have been used in treatment of a range of malignancies
such as; leukemia, renal cell carcinoma, leukemia, colorectal cancer, hepatocellular
cancer, lymphoma and melanoma (Geller & Miller, 2011; Jeffrey S. Miller et al., 2005;
Rizzieri et al., 2010). In the first phase I clinical trial using the feeder-free ex vivo-
expansion platform, adoptive transfer of NK cells from HLA identical siblings into
patients with leukemia or carcinoma was well tolerated and safe alongside in vivo NK

cell expansion, with only some infusion related complications (Barkholt et al., 2009).

Completed clinical trials with haploidentical donors are safe with only few reports
of infusion-related complications such as dyspnea, nausea, hypertension, stroke, febrile
reaction, and vomiting (Geller et al., 2011; Geller & Miller, 2011). So far, allogeneic NK
cell transplantations derived from PBMCs or CD34" cells have shown promising results
with engraftment, in vivo expansion of NK cells, complete remission, and a 100% 2-year
event-free survival in one clinical trial by Rubnitz et al (Curti et al., 2011; Nguyen et al.,

2011).

Several clinical studies have been performed with adoptive autologous NK cells in
an attempt to target tumors such as; breast cancer, lymphoma, glioma renal cell
carcinoma, non-small cell lung cancer and adenocarcinoma (Escudier et al., 1994; Lister
et al., 1995). In general, autologous NK cell trials are safe with no known toxic side effect

(Escudier et al., 1994; Krause et al., 2004; Lister et al., 1995).

Taken together, NK cell based medicinal products are safe to infuse with promising

clinical benefits, however, there is still need for improvement in order to optimize
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manufacturing for clinical applications and cost efficiency. There are numerous variables
that may impact quality and quantity of NK cell products. Future pre-clinical research
and results from more clinical trials will evaluate the contribution of each factor to the
product purity, potency, and safety as well as assisting in acquiring NK cell products that

can be manufactured reproducibly with the optimal safety and anti-tumor responses.

1.4.2. T cells in cancer immunotherapy

Up to now, there have been three types of treatment for cancer patients which are
surgery, chemotherapy and radiotherapy. But recently, immunotherapy has started to
become famous in this field. Adoptive T cell therapy has emerged as a potentially
powerful approach to cancer treatment(Abad et al., 2008; Kessels, Wolkers, van den
Boom, van der Valk, & Schumacher, 2001) (Yee et al., 2002). To date, adoptive T cell
therapy has been shown to be the most effective method in cancer immunotherapy and
has achieved promising results in cancer clinical trials (Cheadle et al., 2014; Dotti,
Gottschalk, Savoldo, & Brenner, 2014; Hinrichs & Rosenberg, 2014; Jensen & Riddell,
2014; Ruella & Kalos, 2014).

The numerous advantages of T cells make them great candidates for cancer
immunotherapy: they can distinguish foreign and self-antigens since they have specificity
against a particular antigen. T cell activation leads to high clonal expansion after priming
and because they have memory, after initial treatment, therapeutic effect goes on for many

years.

T cells can recognize and target specific antigens expressed abundantly on the
tumor cells but in low levels on healthy tissue. This kind of antigens are called tumor-
associated antigens (TAAs). Lymphocytes, especially T cells, migrate into site of tumor
and recognize them by TAA expression. These T cells fighting tumor cells are called
tumor infiltrating lymphocytes (TILs) and have specificity against TAAs. In clinical

trials, adoptive T cell therapy is currently used by targeting several TAAs, including
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MART]I, gb100 and tyrosinase in melanoma; however the number of targeted TAAs is

dramatically increasing.

T cells reactive against any specific antigen isolated from the tumor tissues of
cancer patients are grown and expanded to large numbers in vitro, and then infused back
to the patient(de Witte et al., 2008). The potent antitumor effect of this therapy was shown
clinically, with the example of melanoma (Yee et al., 2002) (Figure 1.8).

Although this therapy approach has huge potential, it also has some factors that
limit application. It is difficult to isolate and expand sufficient amount of TAA-specific

T cells to reinfuse to patients.

Reinfusion inV\
l Antigen-Specific T

cells expansion

T cells are harvested T cells are stimulated
from a patient’s

to grow and expand
blood or tumor in an in vitro culture
‘ system

Figure 1.8 Schematic representation of adoptive T cell therapy
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1.5. Genetic Modification of Lymphocytes for Cancer Immunotherapy

1.5.1. Gene delivery by lentiviral vectors

Gene therapy can be broadly defined as set of techniques that are based on the
transfer of genetic material (DNA or RNA) into cells in an attempt to prevent or treat
disease. Moreover, the ability of gene transfer into a cell surpasses the boundaries of this
classical definition. The purpose and the exact technique of gene delivery vary greatly
depending on the specific application. In the field of cancer immunotherapy, this ability
has fueled applications based on the genetic modification of immune effector cells to use
them as microscopic agents that have the capacity to find and destroy the malignant cells
(Cusack & Tanabe, 2002). Traditionally, the focus of such applications has been T cells,
but other players of the immune system such as NK cells also show promise in the

development of cancer immunotherapy approaches.

The physical delivery of nucleic acid sequences carrying a certain gene-of-interest
(GOI) into the cell constitutes a major hurdle in gene therapy. A commonly used approach
is to use viruses as gene delivery vectors (Breyer et al., 2001). The natural life cycle of a
virus depends on hijacking cellular defense mechanisms and carrying genetic information
into the cell. Contrary to non-viral vectors, viral delivery of genes is generally highly
efficient. This study makes use of HIV-1-based lentiviral vectors (Adamson & Jones,
2004) that belong to the Retroviridae family (Coffin, Hughes, & Varmus, 1997),
consisting of single stranded RNA viruses with the capacity of reverse transcribing their
genome into double stranded DNA and integrating into the host genome. Using
integrating viral vectors also ensures stable integration of the transgene into the target cell

genome and long-lasting expression.

1.5.2. TCR gene therapy

Recent decades have witnessed extraordinary improvements in the use of

immunotherapy against malignancies and adoptive transfer of genetically modified
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lymphocytes stands among promising tools in the fight against cancer. Harnessing the
cytotoxic or immunomodulatory capacity of T cells while maintaining a minimal risk of
serious side effects such as the graft-versus-host-disease (GvHD) has been a major goal
for cancer immunotherapy (Uttenthal, Chua, Morris, & Stauss, 2012). A commonly used
approach is the isolation and expansion of TAA-specific CD8" T cells for adoptive
transfer(Dudley & Rosenberg, 2003) . The techniques of TCR gene therapy have
improved this approach by supplying large populations of antigen-specific T cells
generated by transduction with the genes for a TCR with high avidity for the target
antigen (Johnson et al., 2006).

The first step of TCR gene therapy (Figure 1.9) is isolation of a T cell clone that
has high affinity TCR against the target antigen. Generally, it is accomplished by
culturing TILs. Another way is culturing peripheral blood mononuclear cells (PBMC)
together with peptide-pulsed APCs. High affinity clones are selected by using MHC-
peptide multimer staining (Clay et al., 1999; Morgan et al., 2003). After a clone has been
selected, TCR o and P genes are identified and sequenced using molecular biology
techniques. Then, these genes are used to design the expression construct promoting
stable and high-level expression of TCR genes (L. Cooper, Kalos, Lewinsohn, Riddell,
& Greenberg, 2000; Labrecque et al., 2001). For TCR gene delivery into a T cell,
generally lentiviral and gammaretroviral vectors are used. Following genetic
modification of the target T cell population purified from autologous patient

lymphocytes, the genetically modified cells are expanded and reinfused into patient.
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Figure 1.9. An outline of the TCR gene therapy approach for cancer
immunotherapy
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Figure 1.10. Mispairing problem in TCR gene therapy

The assembly and surface expression of the TCR introduced by gene delivery is a
complex process, requiring pairing of the introduced a and B chains to form a heterodimer
that then associates with the four CD3 chains, 0, v, € and {. The o and B chains introduced
by gene delivery have a risk of pairing with the complementary  or o chains
endogenously expressed in the genetically modified T cell (Coccoris et al., 2010). This
phenomenon, called mispairing, has the potential to produce TCRs of unpredictable
specificity that could be directed to self-antigens, generating autoreactive T cells that have
not been subjected to central tolerance and may cause a lethal GvHD-like syndrome in

vivo (Bendle et al., 2010).

Despite the promise of TCR gene therapy, the mispairing problem constitutes a
bottleneck in the development of effective and safe therapies. Current approaches to
minimizing mispairing during TCR gene transfer include modifications of the TCR
sequence using constant region sequences from mouse(Cohen, Zhao, Zheng, Rosenberg,
& Morgan, 2006) (Johnson et al., 2006; Stanislawski et al., 2001) but this approach
imposes the risk of developing an immune response towards the mouse sequences used

(Wucherpfennig et al., 2007) (Dembic Z et al., 1986) and eventual rejection of the
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genetically modified cells. Other approaches include minimal structural modifications of
the TCR in order to create additional disulphide linkages between the introduced a and 3
chains (Provasi et al., 2012) as well as optimizing equimolar translation of the introduced
a and B chains through the use of 2A linkers in gene transfer vectors (Szymczak et al.,
2004) in order to ensure that no excess TCR chain is available for mispairing. A variety
of studies have focused on genetically linking TCR subunits to signaling chains in the
CD3/TCR complex (Govers et al., 2014) as well as carrying out the genetic modification
process in hematopoietic progenitors rather than mature T cells in order to exclude
endogenous TCR expression (Vatakis et al., 2013) ; while others have focused on the
detection(Shao et al., 2010) and elimination (Bendle et al., 2010)of T cells carrying
mispaired TCR molecules after genetic modification. Besides, approaches based on
siRNA technology or genome editing in order to knockout endogenous TCR expression
(Okamoto et al., 2009; Provasi et al., 2012) are being widely investigated. Although
successful to an extent, the majority of these procedures still carry a considerable risk of
creating mispaired TCRs of unknown specificity. Therefore, mispairing stands out as one
of the most crucial problems to be solved if safe and successful TCR gene therapy is to

be achieved.
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2. AIMS OF THIS STUDY

TCR gene therapy is a promising treatment method in cancer immunotherapy. But
mispairing problem is a limiting factor in treatment success. Therefore, we have focused
our efforts on developing a system that perfectly avoids the mispairing problem. In this
study, we propose to use NK cells for TCR gene therapy in order to circumvent any risk
of mispairing. The possibility of transferring TCR genes into an NK cell has, to our
knowledge, not been reported before and carries the potential to transform the field by

solving the major problem of mispairing in TCR gene therapy.

This study suggests an unconventional approach for the use of TCR gene therapy,
where NK cells are used as the main effectors. TCR is a complex molecule, composed of
six different chains: CD3 molecules (CD3y, CD38, CD3g, CD3() assembled with the
TCRo/B heterodimer. In order to ensure functional expression of a TCR by NK cells, a
good starting point could be to investigate whether the molecules necessary for TCR
assembly and signalling are readily present in NK cells. The table below presents an effort
to characterize NK cells with regards to TCR related gene expression. As the table above
clearly demonstrates, NK cells have almost all molecules necessary for TCR assembly
and signalling readily available, with the exception of CD3y and CD38. Lanier ef al. has
also demonstrated that human fetal liver NK cells express all CD3 chains and have
cytoplasmic CD3y/6/e complexes that cannot be transported to the cell surface. With this
data in mind, we propose that the delivery of TCR o/ expressing vectors into NK cells,
along with vector-based expression of the CD3 complex should be sufficient in order to

observe TCR assembly on the NK cell surface.
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Molecule Role Expression Reference

in NK cells

CD4 Co-receptor + Bernstein HB, et al. Journal of immunology. 2006;177:3669-76.
CD8 Co-receptor + Addison EG, et al. Immunology. 2005;116:354-61.
CD28 Co-stimulation + Hunter CA, et al. Journal of immunology. 1997;158:2285-93.
LFA-1 Adhesion + Barber DF, et al. Journal of immunology. 2004;173:3653-9.
CD3y TCR complex - Lanier LL, et al. Journal of immunology. 1992;149:1876-80.
CD3% TCR complex - Moingeon P, et al. European journal of immunology. 1990;20:1741-5.

Lanier LL, et al. Journal of immunology. 1992;149:1876-80.
CD3e TCR complex +(?) Lanier LL, et al. Journal of immunology. 1992;149:1876-80.
CD3¢ TCR complex + Moingeon P, et al. European journal of immunology. 1990;20:1741-5.
Lck TCR signaling + Biondi A, et al. European journal of immunology. 1991;21:843-6.

Pignata C, et al. Cellular immunology. 1995;165:211-6.

Fyn TCR signaling Rabinowich H, et al. Journal of immunology. 1996;157:3860-8.
ZAP70 TCR signaling Rabinowich H, et al. Journal of immunology. 1996;157:3860-8.
LAT TCR signaling Jevremovic D, et al. Journal of immunology. 1999;162:2453-6.
ERK TCR signaling Yu TK, et al. Journal of immunology. 2000;164:6244-51.
JNK TCR signaling Kumar D, et al. Journal of immunology. 2009;182:1011-20.

NFAT TCR signaling Fric J, et al. Blood. 2012;120:1380-9.
SLP-76  TCR signaling
Vav-1 TCR signaling

PLC-y-1 TCR signaling

Peterson EJ, et al. European journal of immunology. 1999;29:2223-32.

Chan G, et al. European journal of immunology. 2001;31:2403-10.

| | A ] ] ] ] ]+

Upshaw JL, et al. Journal of immunology. 2005;175:213-8.

Table 2.1. Expression of TCR-related genes in NK cells

The close developmental link between T and NK cells, the similarity of cellular
signaling and cytotoxicity mechanisms as well the expression of the majority of TCR

related genes in NK cells provides a firm basis for the feasibility of this approach.

This research primarily focuses on the use of TCR genes for the genetic
modification and retargeting of NK cells towards TAAs, in an effort to develop a new
approach in TCR gene therapy that circumvents the problems associated with mispairing

of TCR chains. Specific aims to be addressed within the scope of this project are:

* Identification of the minimum requirements for the expression of functional
TCRs on the NK cell surface;
* Targeting NK cell-mediated cellular cytotoxicity towards a certain TAA via the

expression of TCRs on the NK cell surface.
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3. MATERIALS AND METHODS

3.1.1. Chemicals

Materials

Chemicals and Media Components

Company

Agarose

Sigma, Germany

Ampicillin Sodium Salt

CellGro, USA

Boric Acid Molekula, UK
Bradford Reagent Sigma, Germany
BX795 Sigma, Germany
Chloroquine Sigma, Germany
Cr51 PerkinElmer, USA
Distilled Water Merck Millipore, USA
DMEM GIBCO, USA
DMSO Sigma, Germany
DNA Gel Loading Dye, 6X NEB, USA

DPBS Sigma, Germany
ECL Sigma, Germany
EDTA Applichem, Germany
Ethanol Sigma, Germany

Ethidium Bromide

Sigma, Germany

Fetal Bovine Serum

ThermoScientific, USA

HEPES Solution, 1 M

Sigma, Germany

Hydrochloric Acid

Merck Millipore, USA

Interleukin2

Proleukin, Novartis,
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Isopropanol

Sigma Germany

Kanamycin Sulfate

ThermoScientific, USA

LB Agar

BD,USA

LB Broth

BD,USA

L-glutamine, 200mM

Sigma, Germany

Mart-1 peptide fragment

Proimmune, UK

MEM Vitamin solution, 100X

Sigma, Germany

MEM Non-essential Amino Acid Solution

Sigma, Germany

2-Mercaptoethanol

Sigma, Germany

Methanol Sigma, Germany
Monensin Biolegend, USA
NaCI Sigma, Germany
Permeabilization wash buffer Biolegend, USA
PFA Biolegend, USA
PIPES Sigma, Germany

Poly-D-Lysine

BD, USA

Protamine Sulfate

Sigma, Germany

Protease inhibitors

Sigma, Germany

RPMI GIBCO, USA
SCGM CellGro, USA
SDS-PAGE Sigma, Germany
Skim milk Sigma, Germany

Solution, 100 mM

Sigma, Germany

Sodium Pyruvate

Sigma, Germany

Triton X-100

Sigma, Germany

Trizma

Sigma, Germany

Tyrosinase peptide fragment

Proimmune, UK

Table 3.1 List of chemicals used in this project

3.1.2. Equipment

Equipment Company
Autoclave Hirayama, HiClave HV-110, Japan
Balan Sartorius, BP221S, Germany
e Schimadzu, Libror EB-3200 HU, Japan
. Eppendorf, 5415D, Germany
Centrifuge Eppendorf, 5702, Germany
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CO, incubator Binder, Germany
Countess II FL automated cell counter | Thermo Fisher Scientific, USA
-80°C, Forma,Thermo ElectronCorp.,USA

Deepfreezer

20°C,Bosch, Turkey
Electrophoresis Apparatus Biorad Inc., USA
Filters (0.22 um and 0.45um) Merck Millipore, USA

BD FACScanto, USA
Flow cytometer BD LSR Fortessa USA

ACEA NovoCyte 3000 USA
Gel Documentation Biorad, UV-Transilluminator 2000, USA
Heater Thermomixer Comfort Eppendorf, Germany
Hemocytometer Hausser Scientific, Blue Bell Pa., USA
Ice Machine Scotsman Inc., AF20, USA

Memmert, Modell 300, Germany
Incubator

Memmert, Modell 600, Germany
Heraeus, HeraSafe HS12, Germany
Heraeus, HeraSafe KS, Germany

Laminar Flow

Liquid Nitrogen Tank Taylor-Wharton, 3000RS, USA
Luminescent Image Analyzer GE, USA
Magnetic Stirrer VELP Scientifica, Italy

Gilson, Pipetman, France
Microliter Pipettes Isolab, Germany

Thermo Fisher Scientific, USA
Zeiss, Primo Vert, Germany

Microscope Zeiss Observer Z1, Germany

Olympus IX70 inverted, USA
Microwave Oven Bosch, Turkey
Packard Cobra Auto-Gamma 5000 GMI, Ramsey. MN
pH meter WTW, pH540 GLP MultiCal, Germany
Refrigerator Bosch, Turkey
Shaker Incubator New Brunswick Sci., Innova 4330, USA

Schimadzu, UV-1208, Japan

Spectrophotometer Schimadzu, UV-3150, Japan
Thermocycler Eppendorf, Mastercycler, Germany
xCELLigence RTCA ACEA, USA

Vortex Velp Scientifica, Italy

Table 3.2 The equipments used in this study

3.1.3. Buffers and Solutions

Calcium Chloride (CaCl,) Solution: 60mM CaCl, (diluted from 1M stock), 15%
Glycerol, 10mM PIPES (pH 7.00) were mixed and sterilized by autoclaving at 121°C for

15 minutes and stored at 4°C.

Agarose Gel: For 100 ml 1% w/v gel, 1 g of agarose powder was dissolved in 100
ml 0.5X TBE buffer by heating. 0.01% (v/v) ethidium bromide was added to the solution.
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Phosphate-buffered saline (PBS): For 1000 ml 1X solution, 100 ml 10X DPBS was
added to 900 ml ddH,O and the solution was filter-sterilized.

2% PFA in 1X permeabilization Wash Buffer

Lysis Buffer: 1%Triton X-100, 0.15M NacClI, 0.002M EDTA (pH 8.0) and 0.05 M
Trizma (pH 7.4) and protease inhibitors.

ECL: 0.45 mM Luminol, 0.625 mM Comaric Acid, 0.07M Trizma [pH 8.8]

Tris-Borate-EDTA (TBE) Buffer: For 1 L 5X stock solution, 54 g Tris-base, 27.5
g boric acid, and 20 ml 0.5M EDTA (pH 8.00) were dissolved in 1 L of ddH,O. The

solution is stored at room temperature (RT) and diluted 1 to 10 with ddH,O for working
solution of 0.5X TBE.

3.1.4. Growth media

Luria Broth (LB): For 1 L 1X LB media, 20 g LB powder was dissolved in 1 L

ddH20 and then autoclaved at 121°C for 15 minutes. For selection, kanamycin at a final
concentration of 50 pg/ml or ampicillin at a final concentration of 100 pg/ml was added

to liquid medium just before use.

LB-Agar: For 1X agar medium in 1L, 20 g LB powder and 15 g bacterial agar
powder were dissolved in 1 L ddH20 and then autoclaved at 121°C for 15 minutes. Then,
autoclaved LB agar is mixed with antibiotic of interest at desired ratio. Kanamycin at a
final concentration of 50 pg/ml or ampicillin at a final concentration of 100 pg/ml was
added to prepared medium just before pouring onto sterile petri dishes. Sterile agar plates

were kept at 4°C.

DMEM: 293FT cells were maintained in culture in DMEM supplemented with 10%
heat-inactivated fetal bovine serum, 2mM L-Glutamine, ImM Sodium Pyruvate, 0.1mM

MEM Non-essential amino acid solution, and 25mM HEPES solution.

RPMI: YTS cell line is maintained in culture in RPMI1640 supplemented with 20%
heat-inactivated fetal bovine serum, 25mM HEPES, 2mM L-Glutamine, 1X MEM
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vitamins, 0.1mM MEM Non-essential amino acid solution, ImM Sodium Pyruvate and
0.1 mM 2-mercaptoethanol. A375, A375 Tyr, T2 and K562 cell lines are maintained in
culture in RPMI1640 supplemented with 10% heat-inactivated fetal bovine serum, 25mM
HEPES, 2mM L-Glutamine, 0.ImM MEM Non-essential amino acid solution and ImM

Sodium Pyruvate.

SCGM: NK-92 cell line is maintained in culture in CellGro SCGM supplemented
with 20% heat-inactivated fetal bovine serum. 1000 U/ml Interleukin-2 is added to culture
every 48 hours. Also, NK-92 cell line is maintained in culture in RPMI1640
supplemented with 20% heat-inactivated fetal bovine serum, 25mM HEPES, 2mM L-
Glutamine, 1X MEM vitamins, 0.1mM MEM Non-essential amino acid solution, 1mM

Sodium Pyruvate and 0.1 mM 2-mercaptoethanol.

Freezing medium: All the cell lines were frozen in heat-inactivated fetal bovine

serum containing 6% DMSO (v/v).

3.1.5. Commercial Kits used in this study

Commercial Kit Company
Calcium Phosphate Transfection Kit Sigma-Aldrich, USA
InsTAclone PCR Cloning Kit Thermo, USA
NuceloSpin® Gel and PCR Clean up Macherey-Nagel, USA
NuceloSpin® Plasmid Miniprep Kit Macherey-Nagel, USA
NuceloSpin® Plasmid Midiprep Kit Macherey-Nagel, USA
PureLink® HiPure Plasmid Midiprep Kit Invitrogen, USA

Table 3.3 Commercial kits in this study
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3.1.6. Enzymes

All of the restriction enzymes, polymerases and PCR reaction supplements are

obtained from either Fermentas or New England Biolabs.

3.1.7. Antibodies

Antibody Company

Mouse APC anti-CD56 (NCAM 16.2) BD Biosciences, USA
APC mouse anti-human CD107a BD Biosciences, USA
APC mouse anti-human TCRaf3 BD Biosciences, USA
APC mouse anti-human HLA-A2 BD Biosciences, USA
Human CD3ePerCP BD Biosciences, USA
Mouse anti-CD247 BD Biosciences, USA
Rabbit pAb CD3d Abcam

Goat pAb CD3y Abcam

Rabbit anti-f actin pAb HRP conjugate Cell signaling Technology
Donkey Anti-goat IgG-HRP Santa Cruz Biotechnology
Rabbit Anti-mouse IgG-HRP Sigma Aldrich

Goat Anti-Rabbit [gG-HRP Cell signaling Technology
Tyrosinase (368-376)/HLA-A2 pentamer Proimmune, UK

Table 3.4 The antibodies used in this study

3.1.8. Bacterial strains

Escherichia coli (E.coli) DH-5a strain is used for general plasmid amplifications

and Top10 strain is used for lentiviral construct amplifications.
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3.1.9. Mammalian cell lines

293FT: Human embryonic kidney 293 (HEK293) cell line derivative that stably
express the large T antigen of SV40 virus and has fast-growing specificity (Invitrogen

R70007).

NK-92: Human natural killer cell line isolated in the year 1992 from a non-

Hodgkin’s lymphoma patient (ATCC® CRL 2407™),

YTS: Derivative of YT cell line that was originally from a 15-year old male with
acute lymphoblastic leukemia (ALL) were TCR-negative cells with NK cell activity
(DSMZ ACC 434).

T2 (174 x CEM.T2): T2 cell line is T cell leukemia which is characterized by

deficient in transporter associated with antigen processing (TAP) protein which has an
important role in antigen presenting machinery. This cell line is useful for studying and

T cell recognition of class I major histocompatibility antigens (ATCC® CRL-1992T™),

K562: K562 is the first established human immortalised myelogenous leukemia line
which is derived from a 53-year-old female chronic myelogenous leukemia patient in

blast crisis (ATCC® CCL-243™),

A375: A375 is a human skin malignant melanoma cell line which is isolated from

54-year-old female patient in 1973. This cell line is HLA-A2+ (ATCC® CRL-1619™),

A375 TyR: This cell line is Tyrosinase gene transduction form of A375 cell line. It

overexpreses tyrosinase gene.
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3.1.10. Plasmids

Plasmid

Purpose

Source

pcDNA 3.1(+) DGE

Expression of CD38, CD3y and
CD3e

Genscript (NJ, USA)

pcDNA 3.1(+) DGE_P2Z

Expression of CD38, CD3y,
CD3¢& and CD3¢

Genscript (NJ, USA).

Lego-iT2puro

Control vector expressing

TdTomato

Gift from Boris Fehse

Lego-T2puro

Control vector expressing

TdTomato

Gift from Boris Fehse

Lego-DGE-iT2puro

Expression of CD38, CD3y and
CD3¢& with dTomato

Lab construct

Lego-DGEZ-iT2 puro

Expression of CD38, CD3y,
CD3& and CD3¢ with tdTomato

Lab construct

TyrTCR-IRES-eGFP

Expression of TCRa and TCRf

Gift from Brusko et al.

phCMV-VSVG-G

plasmid (Env)

(TyrTCR) chains specific for tyrosinase
Virus production/packaging
pMDLg/pRRE ) Addgene
plasmid (Gag/Pol)
Virus production/packaging
pRSV-REV ) Addgene
plasmid (Rev)
Virus production/packaging
Addgene

Table 3.5 The plasmids used in this study
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3.1.11. DNA Ladder

bp ng/0.5 pg %
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1% TopVision™ Agarose (#R0491)

0.5 pg/lane, 8 cm length gel,
1XTAE, 7 V/cm, 45 min

Figure 3.1 DNA ladder used in the study

3.1.12. DNA sequencing

Sequencing service was commercially provided by McLab, CA, USA.

(http://www.mclab.com/).

3.1.13. Software, computer-based programs and websites

SOFTWARE, PROGRAM,

WEBSITE NAME

COMPANY/ADDRESS

PURPOSE OF USE

FlowJo v10

Tree Star Inc.

Viewing and flow

cytometry data

analyzing

CLC Main Workbench v7.7

CLC bio

Constructing vector maps, restriction
analysis, DNA sequencing analysis,
DNA alignments, etc

Ensembl Genome Browser

http://www.ensembl.org/

index.html

Human
information

genome sequence

!

GraphPad Prism v7 GraphPad Software, Inc., . - .
San Diego, CA, USA Data analysis, statistical analysis
https://www.addgene.org | Plasmid map and  sequence
Addgene information, CRISPR design tool

guidelines

Table 3.6. Complete list of software and programs.
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3.2. Methods

3.2.1. Cell lines

293FT cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% Fetal Bovine Serum (FBS), 0.1 mM non-essential amino acids,
6 mM L-glutamine, ] mM sodium pyruvate and 20 mM HEPES. NK-92 cells were
maintained in CellGro SCGM supplemented with 20% FBS and 1000 U/ml rhIL-2. T2,
K562, A375 and A375Tyr cells were maintained in RPMI-1640 medium supplemented
with 10% FBS. YTS cells were maintained in RPMI1640 supplemented with 20% heat-
inactivated fetal bovine serum, 25mM HEPES, 2mM L-Glutamine, 1X MEM vitamins,
0.ImM MEM Non-essential amino acid solution, ImM Sodium Pyruvate and 0.1 mM 2-

mercaptoethanol.

3.2.2. Production of lentiviral vectors

For production of VSV-G pseudotyped lentiviral vectors, 14x10° 293FT cells were
plated into a poly-D-lysine coated 150 mm dish. Next day cells were transfected with 30
pg of vector plasmid (LeGO vectors courtesy of Prof. Boris Fehse, University Medical
Center Hamburg-Eppendorf, Hamburg, Germany), 15 pg of pMDLg/pRRE, 10 pg of
pRSV-REV and 5 pg of phCMV-VSV-G using calcium phosphate transfection kit in the
presence of 25 pM Chloroquine. 10 hours after transfection, the medium was changed
and thereafter virus containing supernatant was collected every 24 hours for 2 days and
stored in -80°C until further use. A small aliquot from each production was used to
determine viral titers by transduction of 293FT cells with serially diluted amounts of virus

supernatant.
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3.2.3. Lentiviral transduction of NK cells

For each lentiviral transduction, 0.25x10° NK-92 or YTS cells per well were seeded
in a 24-well plate and mixed with an appropriate amount of virus supernatant in the
presence of 8 pg/ml of protamine sulfate and 3 pM BX795 in a final volume of no more
than 1 ml. The plates were incubated at 37°C, 5% CO, for 6 hours. At the end of the
incubation, cells were spinned down at 300xg for 5 minutes at room temperature after
which the supernatants were removed from the wells and 1 ml of fresh growth medium
per well was added. The cells were maintained in this medium for at least 3 days before

acquisition of gene expression was carried out.

3.2.4. Flow cytometry

All antibody stainings for flow cytometry were done according to the following
protocol: For surface stainings, the cells were washed once with PBS and incubated with
appropriate amounts of antibody at 4°C for 30 min. The labeled cells were then washed
with PBS and data acquisition was done. The antibodies used for NK cells were CD56
(NCAM16.2) and CD3e (UCHTI). For intracellular staining, cells were fixed and
permeabilized for 15 minutes in a solution containing 2% PFA in 1X Permeabilization
Wash Buffer, washed two times with Permeabilization Wash Buffer and incubated with
appropriate amounts of antibody at 4°C for 30 min. The labeled cells were then washed
with Permeabilization Wash Buffer and data acquisition was carried out. For data
acquisition, FACSCanto, LSR Fortessa or NovoCyte 3000 instruments were used

depending on availability. Data were analysed with the FlowJo software

34



3.2.5. Waestern blot analysis

Cells were lysed in lysis buffer (1% Triton X-100, 0.15M NaCl, 0.002M EDTA
(pH 8.0) and 0.05 M Trizma [pH 7.4]) and protease inhibitors. Protein content was
measured by Bradford assay and analyzed under reducing conditions with 12% SDS-
PAGE, followed by electroblotting on PVDF transfer membranes. The membranes were
blocked with 5% skim milk. Membranes were incubated overnight at 4C with the
indicated primary antibodies. The dilutions of antibodies were prepared as follows:
mouse anti-CD 247 (51-6527GR; BD Pharmingen, 1:500), rabbit pAb CD36 (ab103573,
Abcam, 1:300), goat pAb CD3y (ab200563, Abcam, 1:300), rabit anti B-actin pAb HRP
conjugate (51258, Cell Signaling Technology, 1:2000). After washing, membranes were
treated with horseradish peroxidase-conjugated secondary antibodies, donkey Anti-goat
IgG-HRP(sc-2033, Santa Cruz Biotechnology, 1:2500) incubated overnight at 4 ‘C , rabbit
Anti-Mouse IgG-HRP (A9044, Sigma Aldrich, 1:80000) and goat Anti-Rabbit IgG-
HRP (7074P2, Cell Signaling Technology, 1:20000) incubated 1 hour at room
temperature. Then the bands were visualized using ECL (0.45 mM Luminol, 0.625 mM
Comaric Acid, 0.07M Trizma [pH 8.8]) in Luminescent Image Analyzer. Images were

quantified using ImageJ (https://imagej.nih.gov/ij/).

3.2.6. Peptides and HLA-A2 Pentamers

Tyrosinasees-379) and Melan-A/Mart-1(,7.35) peptides as well as APC-conjugated
Tyrosinasees-379/HLA-A2 pentamers were purchased from Prolmmune Ltd (Oxford,
UK). 0.5x10° NK-92 cells were washed once with PBS and incubated with 10 ul of
Tyrosinasees-379/HLA-A2 pentamers at 4°C for 30 min. The labeled cells were then
washed PBS twice and data acquisition was carried out. Data were analysed with the

FlowlJo software.
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3.2.7. Analysis of NK cell degranulation

TAP-deficient T2 cells were pulsed with different concentrations of indicated
peptides in serum free RPMI medium at 26°C overnight in 5% CO,. Cells were
subsequently washed and incubated in RPMI medium at 37°C for 60 min. Then, NK-92
or YTS cells were co-incubated with T2 or A375 target cells at a ratio of 1:1 in a final
volume of 200 pl in round-bottomed 96-well plates at 37°C and 5% CO, for 6 h.
Fluorochrome-conjugated anti-CD107a mAb was added at the initiation of the assay.
After 1 h of coincubation, Monensin was added at a 1:100 dilution. The cells were then

washed, resuspended in ice-cold PBS and immediately analyzed by flow cytometry.

3.2.8. Analysis of NK cell cytotoxicity by Xcelligence RTCA

Real time cell viability experiments were performed by using XCELLigence RTCA
DP device placed in a humidified incubator at 37 °C and 5% CO,. The E-16 plates were
incubated with 100ul of cell-free growth medium (10% FBS) at room temperature for 15
min. After incubation background impedance signal was measured to control all the
connections. The target cells were seeded into E-16 plate as indicated concentrations
which are 1x10* in 100pl for A375 Tyr cells and 1,5x10" in 100ul for A375 cells. The
plates are mounted to device and incubated for 30 min before starting the experiment.
The target cells were allowed to grow for about 16h before adding effector cells. The
following day, the effector cells were added onto the target cells at an E:T ratio of 1:1.
Real time measurements were performed by recording the Cell index (CI) every 15 min,

for 40h. Data analysis was carried out with the RTCA software (version 1.2).

3.2.9. Analysis of NK cell cytotoxicity by >'Cr release assay

NK-cell cytotoxicity was measured in a °'Cr-release assay against K562, T2 and
A375 cells. Briefly, cells were labeled with 100 uCi *'Cr for 1 hour at 37°C, NK cells

were mixed with the labeled cells at different effector:target ratios and incubated for 4
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hours. Supernatants (70 pl) were transferred into 4 ml sample tubes and counted using a

Packard Cobra Auto-Gamma 5000 Series Counting System (GMI, Ramsey, MN).

3.2.10. Live cell imaging

For live cell imaging 0.25x10° A375 or A375(Tyr) cells were seeded in 6-well
plates with glass coverslips (0.17 mm thickness, 25 mm diameter) at the bottom and left
to grow overnight. The next day, coverslips were removed from the plates, rinsed once
with PBS and mounted into an Attofluor Cell Chamber and 900 ul fresh growth medium
was added into the chamber. Thereafter, the chamber was put in the microscope and
0.1x10° effector cells in resuspended in 100 ul medium were added. After letting the
effector cells settle at the bottom of the chamber for 5 minutes, images were recorded
with 15 sec intervals for a total of 2 hours. For incubation and analysis, a ZEISS Observer
Z1 fluorescent microscope equipped with a XLmulti S1 Incubator unit was used. Image

analysis and video exporting was done using the ZenPRO software.

3.2.11. Statistical analysis

For preparation of graphs and statistical analysis, GraphPad Prism (GraphPad
Software Inc. La Jolla, CA, USA) was used.
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4. RESULTS

4.1. Cell Surface Assembly of TCR Complex in NK Cells

4.1.1. Genetic modification of NK-92 and YTS cell lines for TCR expression

TCR complex is composed of six different chains: CD3 molecules (CD35, CD3y,
CD3g, CD3() assembled with the TCR o/p heterodimer. Various studies have identified
that NK cells have almost all molecules necessary for TCR assembly and signaling
readily available, with the exception of CD36 and CD3y. Lanier et al. has also
demonstrated that human fetal liver NK cells express all CD3 chains and have
cytoplasmic CD3y/6/e complexes that cannot be transported to the cell surface. With this
data in mind, we delivered TCR o/f expressing vectors into NK cells, along with lentiviral
vector-based expression of CDJ, CD3y and CD3¢ in the presence and absence of CD3{
to observe TCR assembly on the NK cell surface.

For detailed analysis of factors effecting TCR assembly on the NK cell surface and
optimization of TCR expression, we have used the NK cell lines NK-92 and YTS as
model systems. For the expression of CD3 chains in NK cells we used two different
lentiviral constructs either with or without the CD3( chain (Figure 4.1). For CD3 chains,
codon optimized sequences linked with 2A sequences were synthesized by Genscript (NJ,
USA). These genes were cloned into LeGO backbone with eGFP or tdTomato fluorescent

markers fused to puromycin resistance gene. For the expression of TCR sequences, we
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used the lentiviral TyrTCR-IRES-eGFP (TyrTCR) vector developed by Brusko et al. that
codes for a co-receptor-independent TCR against the melanoma antigen tyrosinase-
derived peptide (368-379) YMDGTMSQYV (Tyrses-379) presented in the context of HLA-
A*0201 [98,99].

TyRTCR-IRES-eGFP
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= LTR—RRE{MND TCRa § TCRB%IRES%eGFP-WPRE LTR

LeGO-T2puro

w = tdTomato
—LTR—RRE-CPPT‘E-SFFV e wWPRERLTR

LeGO-DGE-iT2puro
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Figure 4.1. Lentiviral vector constructs designed and used to genetically
modify NK cells.
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For the expression of TCR in NK cells, we followed a 2-step genetic modification process
as exemplified in Figure 4.2. NK cells were first transduced with the LeGO-DGE-
iT2puro or LeGO-DGEZ-iT2puro constructs as well as the empty LeGO-T2puro vector
as a control and enriched with puromycin selection. Then, each cell line (NK-92 T2puro,
NK-92 DGE-iT2puro, NK-92 DGEZ-iT2puro) underwent a second transduction with the
TyrTCR-IRES-GFP vector. In all cell lines, we observed approximately 10-20%
GFP'tdTomato” cells 72 hours post-transduction which were then subjected to

fluorescence-activated cell sorting (FACS) for purification.
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Figure 4.2. Representative example of the genetic modification process of
NK cells. Firstly, NK cells were transduced with a vector expressing the CD3
subunits (either LeGO-DGE-iT2puro or LeGO-DGEZ-iT2 puro) and the
genetically modified cells were enriched by puromycin selection. Second
transduction was done on this enriched population with the TyrTCR-IRES-
eGFP vector and the resulting eGFP" tdTomato™ cells were selected with
fluorescence-activated cell sorting (FACS).

4.1.2. Surface expression of CD3/TCR complex

Initially, we determined the expression levels of surface CD3e on genetically
modified NK-92 cells by flow cytometry. NK-92 cells do not express CD3¢ molecule on
the cell surface; however, in line Lanier et al., there is trace amounts of intracellular CD3¢e
expression on NK-92 cells. When NK-92 cells are transduced with DGE or DGEZ (NK-
92-DGE-iT2puro and NK-92-DGEZ-iT2puro, respectively) surface expression of CD3g
was still absent as analyzed by flow cytometry. However, intracellular staining showed a
high level of CD3¢ expression in transduced cells compared to control NK-92 T2puro
cells (Figure 4.3).
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Figure 4.3 Flow cytometry-based cell surface and intracellular CD3e
expression analysis in NK cells transduced with lentiviral vectors.

This suggests that despite high levels of vector-driven expression, CD3 chains of
the TCR complex (or at least CD3¢) -similar to the case during T cell development-
cannot be stably expressed on the surface of NK-92 cells in the absence of the TCR o/
chains. The expression of CD36, CD3y, and CD3( in genetically modified NK-92 cells

were also characterized with western blot analysis (Figure 4.4).

As mentioned above TyrTCR is specific to tyrosinase protein-derived peptide (368-
379) YMDGTMSQV (Tyrses-379) in complex with HLA-A2. In order to determine cell
surface expression of TyrTCR on NKO92 cells and investigate whether or not TyrTCR
retains its functionality and antigen specificity, we next stained NK-92 cells with Tyrss.

379/HLA-A2 pentamers.
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Figure 4.4. Western blot analysis of CD36, CD3y and CD3( in genetically
modified NK-92 cells.

In order to determine cell surface expression of TyrTCR on NK cells, we next
stained genetically modified NK-92 and YTS cells with anti-TCR o/f antibody as well as
Tyr3es-379/HLA-A2 pentamers (Figure 4.5). These results also confirmed that only NK
cells expressing TCR o/f together with the CD3 chains could be efficiently stained with
anti-TCR o/p antibody or Tyr3ss.370/HLA-A2 pentamer.
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Figure 4.5 Flow cytometry-based analysis of anti-TCR staining and

tyrosinase3ss-376/ HLA-A2 pentamer staining on genetically modified NK-92
cells.

The inclusion of ectopic CD3( expression appears to minimally increase cell

surface staining of CD3¢ as well as the percentage of anti-TCR o/f or Tyrses-370/HLA-A2
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pentamer staining. This suggests that, owing to the native CD3( expression in NK cells,
the inclusion of CD3( ectopic expression is not crucial but an abundance of CD3{ can
increase the efficiency of TCR complex assembly at the cell surface. Taken together,
these results clearly demonstrate that the ectopic expression of CD306, CD3y, CD3¢ and
TCR o/p heterodimer but not CD3( is necessary for establishment of TCR complex on
the surface of NK-92 and YTS cells.

In parallel with CD3e cell surface expression patterns, only NK-92-DGE-
1T2puro/TyrTCR and NK-92-DGEZ-iT2puro/TyrTCR cells could be detected by the
cognate Tyrseg379/HLA-A2 pentamer suggesting that expression and MHC binding of
TyrTCR on the NK cell surface is dependent on the presence of the CD3 complex.
Introduction of CD3 complex enables TCR trafficking to the cell surface and stable cell

surface expression of TCR complex that results in antigen recognition.

~ Peptide

MHC molecule

¢  Biotin

Fluorescent label

Figure 4.6 The structure of tyrosinase(368-376)/HLA-A2 pentamer
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4.2. Triggering and specificity of TCR-expressing NK cells

4.2.1. Degranulation of TCR-expressing NK cells

To test for antigen-specific triggering, we primarily assessed degranulation capacity
of TCR-expressing NK cells against the HLA-A2" T2 cell line (Figure 4.7). As the T2
cell line is TAP-deficient, cell surface expression of HLA-AZ2 is very low and cell surface
HLA-A2 levels can be upregulated by providing exogenous peptides, which sets a
platform to study peptide specific T cell responses. Thus, we investigated degranulation
against T2 cells alone or loaded with Tyrses.379 as well as with an HLA-A2 restricted
tumor associated antigen (Mart-1)-derived epitope that should not be recognized by

TyrTCR.

In the case of NK-92 cells, both DGE-iT2puro/TCR and DGEZ-iT2puro/TCR cells
degranulated against non-loaded (DMSO) and Mart-1-loaded T2 cells similarly and at a
slightly higher level than control cells expressing only T2puro or T2puro/TCR. On the
other hand, T2 cells loaded with Tyrses-379 peptide triggered degranulation of both NK

cell lines at a significantly higher level.

With YTS cells, we were not able to observe any response to PMA/Ilonomycin but
a similar trend was seen against T2 targets where only background levels of degranulation
were present against DMSO controls or Mart-1 peptide loaded cells while a high response
to Tyr peptide loaded T2 cells were recorded in both DGE-iT2puro/TCR and DGEZ-
1T2puro/TCR expressing cells.
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Figure 4.7. Degranulation of genetically modified NK cells against T2
targets. To assess NK cell degranulation capacity, cell surface expression
levels of CD107a on NK cells is measured upon target cell exposure. T2 cells
loaded with indicated peptides or DMSO (empty) is mixed with transgenic
NK-92 cells (A) or YTS cells (B) at 1:1 ratio for 5 hours. After 1 hour of
coincubation golgi stop was added. T2 cells loaded with indicated peptides or
DMSO (empty) is mixed with NK-92 DGE-iT2/TCR cells (C) or NK-92
DGEZ-iT2/TCR cells (D) at 1:1 ratio. Cell surface expression of CD107a is
measured at indicated time points with flow cytometry.

Analysis of the dynamics of degranulation during the first two hours of contact with
peptide-loaded T2 target cells has shown that the TCR-triggered response of NK-92 cells
is extremely fast with significant antigen-specific responses seen as early as 15 minutes
(Figures 4.6 C and D). We have also noticed that the triggering of DGEZ-expressing
cells seems to have lost a certain degree of specificity against Tyr peptide-loaded cells
and shows higher activity against non-specific targets. We hypothesize that this could be
due to the overexpression of CD3( chain effecting expression of NK cell activating

receptors natively coupled with this signaling adaptor.

Besides investigating the triggering by peptide-loaded cells, we also sought to
determine whether the TyrTCR introduced by genetic modification has the capacity to
recognize endogenously processed peptides in complex with HLA-A2 (Figure 4.8). For
this purpose, we used the HLA-A2" melanoma cell line A375 and a version of the same
cell line that overexpresses the tyrosinase protein A375(Tyr). Degranulation against A375

(Tyr) targets in both NK-92 and YTS cells were quite efficient and proved that the

45



introduced TCR can recognize endogenously processed epitopes. On the other hand, the
background degranulation of DGEZ-iT2puro/TCR expressing cells against A375 targets
that do not express the tyrosinase protein were elevated, correlating with results from
degranulation against peptide loaded T2 cells and hinting at a loss of specificity when

CD3( chain is overexpressed.
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Figure 4.8. Degranulation of genetically modified NK cells against A375 and
K562 targets. Target cells including A375, A375 (TYR) and K562 cells were
coincubated with transgenic NK-92 cells (A) or YTS cells (B) at 1:1 ratio for
5 hours. Degranulation capacity of cells were assessed by flow cytometry.

Taken together, these data suggest that NK cells expressing CD33, CD3y, CD3¢
and TCRo/p on their cell surface could detect an antigenic peptide presented by MHC-I
and selectively degranulate against these cells. The inclusion of CD3( in vector design
does not seem to help increase antigen-specific triggering but on the contrary, might

increase background activity against non-specific targets.

4.2.2. Cytotoxic activity of TCR-expressing NK cells

As the definite demonstration of antigen-specific triggering we analyzed cytotoxic
activity of genetically modified NK-92 and YTS cells against A375 and A375(Tyr)
targets. Electrical impedance-based analysis of A375 and A375(Tyr) cell growth using
the XCelligence RTCA instrument in the presence/absence of effector cells has revealed
that both NK-92 and YTS cells efficiently kill tyrosinase-expressing targets (Figure 4.9
A) upon specific TCR expression. Quantification of cytotoxic activity as measured by
XCelligence RTCA at the 4h timepoint (Figure 4.9 B) shows high cytotoxic activity
against A375(Tyr). Standart 4h °'Cr-based cytotoxicity with NK-92 cells against A375
and A375(Tyr) also confirms these observations (Figure 4.9 C). DGE-iT2puro/TCR cells
show higher antigen-specific cytotoxic activity than DGEZ-iT2puro/TCR cells despite
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their slightly lower degranulation rate while DGEZ-iT2puro/TCR cells show signs of

elevated activity against the background A375 cells without Tyr expression. These effects

also seem to be reproducible in the case of YTS cells where the overexpression of CD3(

negatively affects antigen-specificity of responses.
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Figure 4.9. Cytotoxic activity of TCR-expressing NK cells. (A-B) A375 cells
or A375 (Tyr) cells were seeded into E-16 plate. 16 hours later, transgenic
NK-92 cells or YTS cells were added onto the target cells at an E:T ratio of
1:1. Real-time measurements were performed by recording the Cell index
(CI) every 15 min, for 40h using Xcelligence RTCA platform. (C) Target cell
killing is assessed by Cr’' release assay. Cr51 labelled A375 or A375 (Tyr)
cells were coincubated with transgenic NK-92 cells at indicated ratios for 4
hours. Target cell killing is calculated through measuring radioactivity in the
co-culture supernatant.

Finally, we have run live cell imaging experiments to record the antigen-specific

cytotoxic activity of TCR gene modified NK-92 cells. In a two-hour imaging experiment,

we were able to observe the rapid antigen-specific killing of A375(Tyr) cells by TCR-
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expressing NK-92 cells while activity against the non-tyrosinase-expressing A375 cells
was at a minimum. Images from the beginning and the end of the two-hour experiment

with different targets and effectors are presented in Figure 4.10 and the videos are

available online.
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Figure 4.10. Live cell imaging of TCR expressing NK cells. Genetically
modified NK-92 cells were mixed with A375 or A375 (Tyr) cells at 1:2.5
ratio and images were captured for 2 hours every 15 seconds. Representative
images at the start of coincuboation (upper panel) and at the end of the
experiment (lower panel).
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5. DISCUSSION & CONCLUSION

According to latest statistics, newly diagnosed cases of cancer sum up to 1.6 million
individuals in the US (2016 estimate - cancer.gov) and 174.000 in Turkey (2013 incidence
- kanser.gov.tr). Reflecting the ageing population, this number is projected to grow
dramatically in the near future. Besides the progress in the cure rate using better refined
chemotherapeutics and targeted molecular therapies in low and middle risk patients; there
seems to be no significant improvement in the high risk groups over the last two decades.
For various malignancies such as high-risk leukaemia where patients relapse after stem
cell transplantation, development of advanced therapies to fight minimal residual disease

and recurrences are needed.

Adoptive immunotherapy is a rapidly growing field that presents promising novel
approaches to cure a wide variety of cancers including solid tumors and hematological
malignancies. Infusion of ex vivo activated and expanded NK cells, T cells (e.g. naive,
regulatory, antigen-specific), MSCs, DCs as well as gene-manipulated stem and effector
cells are crucial personalized approaches in modern medicine. Recent years have seen a
substantial increase in immunotherapy clinical trials making use of advanced therapy
medicinal products (ATMPs) comprising ex vivo manipulated cells. Additionally, pre-
clinical research is constantly aiming at better design and optimum preparation of such
immunotherapy products with the ultimate goals of excellent cost-effectivity along with

maximum therapeutic effect.

Expressing functional TCRs on NK cells stands out as a unique discovery

combining robust and effective cytotoxic capacity of NK cells with exclusive antigen
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specificity of T cells as a novel approach to develop cell-based immunotherapy of cancer

and potentially viral infections such as HIV.

The two most common strategies for genetically targeting cytotoxic lymphocytes
to specific antigens are the transfer of gene encoding TCR o/p heterodimers or CARs.
While both approaches are being widely tested on T cells (Stauss, 2015), to our
knowledge, TCR-mediated targeting of NK cells have been not reported so far. The
transfer of CAR genes into NK cells and their use in adoptive immunotherapy has been
primarily tested in animal models and more recently in various clinical trials with
promising results (Dahlberg, Sarhan, Chrobok, Duru, & Alici, 2015). Zhang et al. has
recently reported the redirecting of NK-92 cytotoxicity by genetic modification with a
CAR derived from a TCR-like antibody against gp100/HLA-A2 complex (Zhang et al.,
2013). While this study also claims to confer TCR-like specificity to NK cells, in essence
the approach used is a CAR design where the antibody sequence is fused to CD3({
intracellular domain to turn the antibody into a receptor and signaling is mediated through

CD3( alone in a classical 1% generation CAR design.

Our approach provides a proof-of-principle for functional TCR expression on NK
cells by making use of a TCR o/ heterodimer that functions independently of the co-
receptors CD4 and CDS. While it remains unknown whether co-receptor dependent TCRs
will work in the same manner by using endogenous CD4 or CD8 expression in NK cells,
it is also possible to include CD4 or CDS in the design of the genetic modification process
should that be necessary. Testing this approach with different TCRs targeted against

tumor-associated or viral antigens is warranted.

Another parameter to optimize in the case of TCR expression on NK cells is
whether there will be mutual interference of this modification with the mechanisms of
missing-self recognition (Ljunggren & Karre, 1990) in NK cells. In our experimental
setting where T2 cells have almost no surface MHC expression due to TAP deficiency
and NK-92 cells have no KIR expression except for low levels of KIR2DL4 (Maki,
Klingemann, Martinson, & Tam, 2001), it is not possible to make any statements about
missing-self recognition. Regardless, we see a high rate of degranulation when WT NK-
92 cells are incubated with DMSO control T2 cells potentially due to CD40-CD40L
interaction (Carbone et al., 1997; Maki et al., 2001). Despite this high background, TCR
expression on NK-92 cells is still able to mount an impressive degranulation response

against peptide-loaded T2 cells. In order to decipher the exact nature of the interactions
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between MHC-restricted antigen-specific triggering of TCR expressing NK cells as
shown here and the classical MHC-mediated inhibition of NK cells through KIR-ligand
interactions, further investigations on KIR-expressing NK cells against MHC-expressing

targets using genetically modified cell lines as well as primary NK cells are warranted.

The method presented here provides a proof-of-concept for functional TCR
expression in NK cells. This is a very novel finding that has the potential to create a
paradigm shift in the development of TCR gene therapy applications. TCR-modified NK
cells have increased target cell killing (efficiency) and through specific interaction in
between TCR and antigens, it provides accurate detection and targeting of tumor cells
and virus infected cells. Most importantly, by using NK cells for TCR gene therapy, any
risk of TCR mispairing will be avoided which makes the procedure safer. Detailed
characterization of the effects of this genetic modification has to be carried out and

compared in both safety and efficiency to the current approach of using T cells.

In conclusion, this study presents a novel approach in immunotherapy where we
intend to overcome the major hurdle of “mispairing” in TCR gene therapy by turning our
efforts towards using NK cells as a source that has similar cytotoxic capacity with T cells
but present themselves baggage-free with no endogenous TCR expression. Further
studies to better characterize the pros and cons of this approach compared to using T cells

and direct comparison of the in vivo efficiencies are necessary.

51



6. REFERENCES

Abad, J. D., Wrzensinski, C., Overwijk, W., De Witte, M. a, Jorritsma, A., Hsu, C., ...
Morgan, R. a. (2008). T-cell receptor gene therapy of established tumors in a murine
melanoma model. Journal of Immunotherapy (Hagerstown, Md. : 1997), 31(1), 1-
6. https://doi.org/10.1097/CJ1.0b013e31815¢193f

Adamson, C. S., & Jones, I. M. (2004). The molecular basis of HIV capsid assembly--
five years of progress. Reviews in Medical Virology, 14(2), 107-21.
https://doi.org/10.1002/rmv.418

Alici, E., Konstantinidis, K. V., Sutlu, T., Aints, A., Gahrton, G., Ljunggren, H. G., &
Dilber, M. S. (2007). Anti-myeloma activity of endogenous and adoptively
transferred activated natural killer cells in experimental multiple myeloma model.
Experimental Hematology, 35(12), 1839-1846.
https://doi.org/10.1016/j.exphem.2007.08.006

Alici, E., & Sutlu, T. (2009). Natural killer cell-based immunotherapy in cancer: Current
insights and future prospects. Journal of Internal Medicine, 266(2), 154—181.
https://doi.org/10.1111/5.1365-2796.2009.02121.x

Barkholt, L., Alici, E., Conrad, R., Sutlu, T., Gilljam, M., Stellan, B., ... Dilber, M. S.
(2009). Safety analysis of ex vivo-expanded NK and NK-like T cells administered
to cancer patients: a phase [ clinical study. Immunotherapy, 1, 753-764.

https://doi.org/10.2217/imt.09.47

Becknell, B., & Caligiuri, M. A. (2005). Interleukin-2, interleukin-15, and their roles in
human natural killer cells. Advances in Immunology. https://doi.org/10.1016/S0065-
2776(04)86006-1

Bendle, G. M., Linnemann, C., Hooijkaas, A. L., Bies, L., de Witte, M. A., Jorritsma, A.,
... Schumacher, T. N. M. (2010). Lethal graft-versus-host disease in mouse models
of T cell receptor gene therapy. Nature Medicine, 16(5), 565-70, 1p following 570.
https://doi.org/10.1038/nm.2128

Bianchi, M. E. (2007). DAMPs, PAMPs and alarmins: all we need to know about danger.
Journal of Leukocyte Biology, 81(1), 1-5. https://doi.org/10.1189/j1b.0306164

Biassoni, R., Bottino, C., Cantoni, C., & Moretta, A. (2002). Human natural killer

52



receptors and their ligands. Current Protocols in Immunology / Edited by John E.
Coligan [et Al], Chapter 14, Unit 14.10.
https://doi.org/10.1002/0471142735.im1410s46

Billadeau, D. D., Upshaw, J. L., Schoon, R. a, Dick, C. J., & Leibson, P. J. (2003).
NKG2D-DAPI10 triggers human NK cell-mediated killing via a Syk-independent
regulatory pathway. Nature Immunology, 4(6), 557-564.
https://doi.org/10.1038/n1929

Breyer, B., Jiang, W., Cheng, H., Zhou, L., Paul, R., Feng, T., & He, T. C. (2001).
Adenoviral vector-mediated gene transfer for human gene therapy. Current Gene

Therapy, 1(2), 149-162. https://doi.org/10.2174/1566523013348689

Bryceson, Y. T., March, M. E., Ljunggren, H. G., & Long, E. O. (2006). Synergy among
receptors on resting NK cells for the activation of natural cytotoxicity and cytokine

secretion. Blood, 107(1), 159—-166. https://doi.org/10.1182/blood-2005-04-1351

Caligiuri, M. A. (2008). Human natural killer cells. Blood, 112(3), 461-4609.
https://doi.org/10.1182/blood-2007-09-077438

Carbone, E., Ruggiero, G., Terrazzano, G., Palomba, C., Manzo, C., Fontana, S., ...
Zappacosta, S. (1997). A new mechanism of NK cell cytotoxicity activation: the
CD40-CD40 ligand interaction. The Journal of Experimental Medicine, 185(12),
2053-60. https://doi.org/10.1084/jem.185.12.2053

Carbone, E., Terrazzano, G., Melian, a, Zanzi, D., Moretta, L., Porcelli, S., ...
Zappacosta, S. (2000). Inhibition of human NK cell-mediated killing by CDI1
molecules. Journal of Immunology (Baltimore, Md. : 1950), 164(12), 6130-6137.
https://doi.org/ji_v164n12p6130 [pii]

Cheadle, E. J., Gornall, H., Baldan, V., Hanson, V., Hawkins, R. E., & Gilham, D. E.
(2014). CAR T cells: Driving the road from the laboratory to the clinic.
Immunological Reviews, 257(1), 91-106. https://doi.org/10.1111/imr.12126

Clay, T. M., Custer, M. C., Sachs, J., Hwu, P., Rosenberg, S. a, & Nishimura, M. 1. (1999).
Efficient transfer of a tumor antigen-reactive TCR to human peripheral blood
lymphocytes confers anti-tumor reactivity. Journal of Immunology, 163(1), 507—13.
https://doi.org/ji_v163n1p507 [pii]

Cobb, R. M., Oestreich, K. J., Osipovich, O. A., & Oltz, E. M. (2006). Accessibility

53



Control of V(D)  Recombination.  Advances in  Immunology.

https://doi.org/10.1016/S0065-2776(06)91002-5

Coccoris, M., Straetemans, T., Govers, C., Lamers, C., Sleijfer, S., & Debets, R. (2010).
T cell receptor (TCR) gene therapy to treat melanoma: lessons from clinical and
preclinical studies. Expert Opinion on Biological Therapy, 10(4), 547-562.
https://doi.org/10.1517/14712591003614756

Coffin, J. M., Hughes, S. H., & Varmus, H. E. (1997). Retroviruses. In Retroviruses.
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/21433340

Cohen, C. J., Zhao, Y., Zheng, Z., Rosenberg, S. A., & Morgan, R. A. (2006). Enhanced
antitumor activity of murine-human hybrid T-cell receptor (TCR) in human

lymphocytes is associated with improved pairing and TCR/CD3 stability. Cancer
Research, 66(17), 8878—-8886. https://doi.org/10.1158/0008-5472.CAN-06-1450

Comans-Bitter, W. M., De Groot, R., Van den Beemd, R., Neijens, H. J., Hop, W. C. J.,
Groeneveld, K., ... Van Dongen, J. J. M. (1997). Immunophenotyping of blood
lymphocytes in childhood: Reference values for lymphocyte subpopulations.
Journal of Pediatrics, 130(3), 388-393. https://doi.org/10.1016/S0022-
3476(97)70200-2

Cooper, L., Kalos, M., Lewinsohn, D., Riddell, S., & Greenberg, P. (2000). Transfer of
specificity for human immunodeficiency virus type 1 into primary human T
lymphocytes by introduction of T-cell receptor genes. J Virol, 74(17), 8207-8212.
Retrieved from
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt
=Citation&list uids=10933734%5Cnpapers3://publication/uuid/28337CC3-16A0-
40DD-9A64-70440951BE54

Cooper, M. D., & Alder, M. N. (2006). The evolution of adaptive immune systems. Cell.
https://doi.org/10.1016/j.cell.2006.02.001

Costello, R. T., Sivori, S., Marcenaro, E., Lafage-Pochitaloff, M., Mozziconacci, M. J.,
Reviron, D., ... Moretta, A. (2002). Defective expression and function of natural

killer cell-triggering receptors in patients with acute myeloid leukemia. Blood,

99(10), 3661-3667. https://doi.org/10.1182/blood.V99.10.3661

Curti, A., Ruggeri, L., D’Addio, A., Bontadini, A., Dan, E., Motta, M. R, ... Lemoli, R.

54



M. (2011). Successful transfer of alloreactive haploidentical KIR ligand-
mismatched natural killer cells after infusion in elderly high risk acute myeloid
leukemia patients. Blood, 118(12), 3273—-3279. https://doi.org/10.1182/blood-2011-
01-329508

Cusack, J. C., & Tanabe, K. K. (2002). Introduction to cancer gene therapy. Surgical
Oncology Clinics of North America. https://doi.org/10.1016/S1055-3207(02)00029-
7

Dahlberg, C. 1. M., Sarhan, D., Chrobok, M., Duru, A. D., & Alici, E. (2015). Natural
killer cell-based therapies targeting cancer: Possible strategies to gain and sustain

anti-tumor activity. Frontiers in Immunology.

https://doi.org/10.3389/fimmu.2015.00605

de Witte, M. A., Bendle, G. M., van den Boom, M. D., Coccoris, M., Schell, T. D.,
Tevethia, S. S., ... Schumacher, T. N. M. (2008). TCR gene therapy of spontaneous

prostate carcinoma requires in vivo T cell activation. Journal of Immunology

(Baltimore, Md. : 1950), 181(4), 2563—71. https://doi.org/181/4/2563 [pii]

Dembic Z, Haas W, Weiss S, McCubrey J, Kiefer H, von Boehmer H, & Steinmetz M.
(1986). Transfer of specificity by murine alpha and beta T cell receptor genes.
Nature, 320, 232-238.

Di Santo, J. P. (2006). Natural killer cell developmental pathways: a question of balance.
Annual Review of Immunology, 24, 257-286.
https://doi.org/10.1146/annurev.immunol.24.021605.090700

Dotti, G., Gottschalk, S., Savoldo, B., & Brenner, M. K. (2014). Design and development
of therapies using chimeric antigen receptor-expressing T cells. Immunological

Reviews, 257(1), 107—126. https://doi.org/10.1111/imr.12131

Dudley, M. E., & Rosenberg, S. a. (2003). Adoptive-cell-transfer therapy for the
treatment of patients with cancer. Nature Reviews. Cancer, 3(9), 666-75.

https://doi.org/10.1038/nrc1167

Dustin, M. L. (2009). The Cellular Context of T Cell Signaling. Immunity.
https://doi.org/10.1016/j.immuni.2009.03.010

Escudier, B., Farace, F., Angevin, E., Charpentier, F., Nitenberg, G., Triebel, F., &
Hercend, T. (1994). Immunotherapy with interleukin-2 (IL2) and lymphokine-

55



activated natural killer cells: improvement of clinical responses in metastatic renal
cell carcinoma patients previously treated with IL2. European Journal of Cancer
(Oxford, England : 1990), 30A(8), 1078-83. Retrieved  from
http://www.ncbi.nlm.nih.gov/pubmed/7654433

Geller, M. a, Cooley, S., Judson, P. L., Ghebre, R., Carson, L. F., Argenta, P. a, ... Miller,
J.S. (2011). A phase II study of allogeneic natural killer cell therapy to treat patients

with recurrent ovarian and breast cancer. Cytotherapy, 13(1), 98-107.

https://doi.org/10.3109/14653249.2010.515582

Geller, M. a, & Miller, J. S. (2011). Use of allogeneic NK cells for cancer
immunotherapy. Immunotherapy, 3(12), 1445-59.
https://doi.org/10.2217/imt.11.131

Govers, C., Sebestyén, Z., Roszik, J., Van Brakel, M., Berrevoets, C., Sz6}, R., ... Debets,
R. (2014). TCRs Genetically Linked to CD28 and CD3« Do Not Mispair with
Endogenous TCR Chains and Mediate Enhanced T Cell Persistence and Anti-
Melanoma  Activity. The Journal of Immunology, 193, 5315-5326.
https://doi.org/10.4049/jimmunol.1302074

Gratama, J. W., Bruin, R. J., Lamers, C. H., Oosterom, R., Braakman, E., Stoter, G., &
Bolhuis, R. L. (1993). Activation of the immune system of cancer patients by
continuous i.v. recombinant IL-2 (rIL-2) therapy is dependent on dose and schedule
of rIL-2. Clinical and Experimental Immunology, 92(2), 185-93. Retrieved from
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1554808 &tool=pmcent
rez&rendertype=abstract

Hinrichs, C. S., & Rosenberg, S. A. (2014). Exploiting the curative potential of adoptive
T-cell therapy for cancer. [Immunological Reviews, 257(1), 56-71.
https://doi.org/10.1111/imr.12132

Janeway Jr., C. A., & Medzhitov, R. (2002). Innate immune recognition. Annu Rev
Immunol, 20, 197-216.
https://doi.org/10.1146/annurev.immunol.20.083001.084359

Jensen, M. C., & Riddell, S. R. (2014). Design and implementation of adoptive therapy
with chimeric antigen receptor-modified T cells. Immunological Reviews, 257(1),

127-144. https://doi.org/10.1111/imr.12139

56



Johnson, L. A., Heemskerk, B., Powell, D. J., Cohen, C. J., Morgan, R. A., Dudley, M.
E., ... Rosenberg, S. A. (2006). Gene transfer of tumor-reactive TCR confers both
high avidity and tumor reactivity to nonreactive peripheral blood mononuclear cells

and tumor-infiltrating lymphocytes. Journal of Immunology (Baltimore, Md. :
1950), 177(9), 6548-59. https://doi.org/10.4049/jimmunol.177.9.6548

Kawai, T., & Akira, S. (2010). The role of pattern-recognition receptors in innate
immunity: update on Toll-like receptors. Nature Immunology, 11(5), 373-384.
https://doi.org/10.1038/ni.1863

Kessels, H. W., Wolkers, M. C., van den Boom, M. D., van der Valk, M. a, &
Schumacher, T. N. (2001). Immunotherapy through TCR gene transfer. Nature
Immunology, 2(10), 957-961. https://doi.org/10.1038/ni1001-957

Krause, S. W., Gastpar, R., Andreesen, R., Gross, C., Ullrich, H., Thonigs, G., ...
Multhoff, G. (2004). Treatment of colon and lung cancer patients with ex vivo heat
shock protein 70-peptide-activated, autologous natural killer cells: a clinical phase 1
trial. Clinical Cancer Research : An Official Journal of the American Association
for Cancer Research, 10(11), 3699-707. https://doi.org/10.1158/1078-0432.CCR-
03-0683

Labrecque, N., Whitfield, L. S., Obst, R., Waltzinger, C., Benoist, C., & Mathis, D.
(2001). How much TCR does a T cell need? Immunity, 15(1), 71-82.
https://doi.org/10.1016/S1074-7613(01)00170-4

Lanier, L. L. (2003). Natural killer cell receptor signaling. Current Opinion in
Immunology. https://doi.org/10.1016/S0952-7915(03)00039-6

Lanier, L. L. (2005). NK cell recognition. Annual Review of Immunology, 23, 225-74.
https://doi.org/10.1146/annurev.immunol.23.021704.115526

Lanier, L. L. (2008). Up on the tightrope: natural killer cell activation and inhibition.
Nature Immunology, 9(5), 495-502. https://doi.org/10.1038/ni1581

Lanier, L. L., Corliss, B. C., Wu, J., Leong, C., & Phillips, J. H. (1998). Inmunoreceptor
DAPI12 bearing a tyrosine-based activation motif is involved in activating NK cells.

Nature, 391(6668), 703—707. https://doi.org/10.1038/35642

Lanier, L. L., Corliss, B., & Phillips, J. H. (1997). Arousal and inhibition of human NK
cells. Immunol Rev, 155, 145-154.

57



Lanier, L. L., Le, A. M., Civin, C. L., Loken, M. R., & Phillips, J. H. (1986). The
relationship of CD16 (Leu-11) and Leu-19 (NKH-1) antigen expression on human
peripheral blood NK cells and cytotoxic T lymphocytes. The Journal of
Immunology, 136(12), 4480—-4486.

Lister, J., Rybka, W. B., Donnenberg, A. D., Magalhaes-Silverman, M. De, Pincus, S.
M., Bloom, E. J., ... Whiteside, T. L. (1995). Autologous Peripheral Blood Stem
Cell Transplantation and Adoptive Imniunotherapy with Activated Natural Killer
Cells in the Immediate Posttransplant Period. Clinical Cancer Research, 1(6), 607—
614.

Ljunggren, H. G., & K??rre, K. (1990). In search of the “missing self”: MHC molecules
and NK cell recognition. [Immunology  Today, 11(C), 237-244.
https://doi.org/10.1016/0167-5699(90)90097-S

Long, E. O. (2008). Negative signaling by inhibitory receptors: The NK cell paradigm.
Immunological Reviews. https://doi.org/10.1111/j.1600-065X.2008.00660.x

Lotzova, E., Savary, C. A., & Herberman, R. B. (1987). Induction of NK cell activity
against fresh human leukemia in culture with interleukin 2. Journal of Immunology

(Baltimore, Md. : 1950), 138(8), 2718-27. https://doi.org/10.1007/BF00199832

Lotzova, E., Savary, C. A., & Herberman, R. B. (1987). Inhibition of clonogenic growth
of fresh leukemia cells by unstimulated and IL-2 stimulated NK cells of normal
donors. Leukemia Research, 11(12), 1059-1066. https://doi.org/10.1016/0145-
2126(87)90158-5

Maki, G., Klingemann, H. G., Martinson, J. A., & Tam, Y. K. (2001). Factors regulating
the cytotoxic activity of the human natural killer cell line, NK-92. Journal of
Hematotherapy & Stem Cell Research, 10(3), 369-83.
https://doi.org/10.1089/152581601750288975

Maki, G., Krystal, G., Dougherty, G., Takei, F., & Klingemann, H. G. (1998). Induction
of sensitivity to NK-mediated cytotoxicity by TNF-alpha treatment: possible role of
ICAM-3 and CD44. Leukemia, 12(10), 1565-72. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/9766501

Margolin, K. (2008). Cytokine therapy in cancer. Expert Opinion on Biological Therapy,
8(10), 1495-505. https://doi.org/10.1517/14712598.8.10.1495

58



Medzhitov, R., & Janeway, C. (2000). Innate immunity. The New England Journal of
Medicine, 343(5), 338-344. https://doi.org/10.1073/pnas.1115166109

Miller, J. S., Soignier, Y., Panoskaltsis-Mortari, A., McNearney, S. A., Yun, G. H.,
Fautsch, S. K., ... McGlave, P. B. (2005). Successful adoptive transfer and in vivo
expansion of human haploidentical NK cells in patients with cancer. Blood, 105(8),

3051-3057. https://doi.org/10.1182/blood-2004-07-2974

Miller, J. S., Tessmer-Tuck, J., Pierson, B. A., Weisdorf, D., McGlave, P., Blazar, B. R.,
... Burns, L. J. (1997). Low dose subcutaneous interleukin-2 after autologous
transplantation generates sustained in vivo natural killer cell activity. Biology of
Blood and Marrow Transplantation : Journal of the American Society for Blood and

Marrow Transplantation, 3(1), 34—44.

Moretta, A., Bottino, C., Vitale, M., Pende, D., Cantoni, C., Mingari, M. C., ... Moretta,
L. (2001). Activating receptors and coreceptors involved in human natural killer
cell-mediated cytolysis. Annu Rev Immunol, 19, 197-223.
https://doi.org/10.1146/annurev.immunol.19.1.197

Moretta, L., & Moretta, A. (2004). Killer immunoglobulin-like receptors. Current
Opinion in Immunology. https://doi.org/10.1016/j.c01.2004.07.010

Morgan, R. A., Dudley, M. E., Yu, Y. Y. L., Zheng, Z., Robbins, P. F., Theoret, M. R.,
... Rosenberg, S. A. (2003). High efficiency TCR gene transfer into primary human
lymphocytes affords avid recognition of melanoma tumor antigen glycoprotein 100
and does not alter the recognition of autologous melanoma antigens. Journal of
Immunology (Baltimore, Md. : 1950), 171(6), 3287-95.
https://doi.org/10.4049/jimmunol.171.6.3287

Nguyen, S., Béziat, V., Norol, F., Uzunov, M., Trebeden-Negre, H., Azar, N., ... Dhédin,
N. (2011). Infusion of allogeneic natural killer cells in a patient with acute myeloid
leukemia in relapse after haploidentical hematopoietic stem cell transplantation.

Transfusion, 51(8), 1769-1778. https://doi.org/10.1111/j.1537-2995.2010.03058

Okamoto, S., Mineno, J., Ikeda, H., Fujiwara, H., Yasukawa, M., Shiku, H., & Kato, I.
(2009). Improved expression and reactivity of transduced tumor-specific TCRs in
human lymphocytes by specific silencing of endogenous TCR. Cancer Research,

69(23), 9003-9011. https://doi.org/10.1158/0008-5472.CAN-09-1450

59



Oltz, E. M., & Osipovich, O. (2007). Targeting V(D)J Recombinase: Putting a PHD to
Work. Immunity. https://doi.org/10.1016/j.immuni.2007.10.001

Perussia, B. (1991). Lymphokine-activated killer cells, natural killer cells and cytokines.
Curr Opin Immunol, 3(1), 49-55. Retrieved from
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt
=Citation&list uids=2054113

Phillips, J. H., Gemlo, B. T., Myers, W. W., Rayner, A. A., & Lanier, L. L. (1987). In
vivo and in vitro activation of natural killer cells in advanced cancer patients
undergoing combined recombinant interleukin-2 and LAK cell therapy. J Clin
Oncol, 5(12), 1933-1941. Retrieved from
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt
=Citation&list uids=3500280

Provasi, E., Genovese, P., Lombardo, A., Magnani, Z., Liu, P.-Q., Reik, A., ... Bonini,
C. (2012). Editing T cell specificity towards leukemia by zinc finger nucleases and
lentiviral gene transfer. Nature Medicine, 18(5), 807-15.
https://doi.org/10.1038/nm.2700

Rizzieri, D. A., Storms, R., Chen, D. F., Long, G., Yang, Y., Nikcevich, D. A., ... Chao,
N. J. (2010). Natural Killer Cell-Enriched Donor Lymphocyte Infusions from A 3-
6/6 HLA Matched Family Member following Nonmyeloablative Allogeneic Stem
Cell Transplantation. Biology of Blood and Marrow Transplantation, 16(8), 1107—
1114. https://doi.org/10.1016/j.bbmt.2010.02.018

Robinson, B. W. S., & Morstyn, G. (1987). Natural killer (NK)-resistant human lung
cancer cells are lysed by recombinant interleukin-2-activated NK cells. Cellular

Immunology, 106(2), 215-222. https://doi.org/10.1016/0008-8749(87)90165-1

Rosenberg, S. A., Lotze, M. T., Muul, L. M., Chang, A. E., Avis, F. P., Leitman, S., ...
Rubin, J. T. (1987). A progress report on the treatment of 157 patients with advanced
cancer using lymphokine-activated killer cells and interleukin-2 or high-dose
interleukin-2 alone. The New England Journal of Medicine, 316(15), 889-97.
https://doi.org/10.1056/NEJM198704093161501

Ruella, M., & Kalos, M. (2014). Adoptive immunotherapy for cancer. Immunological
Reviews, 257(1), 14-38. https://doi.org/10.1111/imr.12136

60



Shao, H., Zhang, W., Hu, Q., Wu, F., Shen, H., & Huang, S. (2010). TCR mispairing in
genetically modified T cells was detected by fluorescence resonance energy transfer.

Mol Biol Rep, 37(8), 3951-3956. https://doi.org/10.1007/s11033-010-0053-y

Shearer, W. T., Rosenblatt, H. M., Gelman, R. S., Oymopito, R., Plaeger, S., Stichm, E.
R., ... Spector, S. a. (2003). Lymphocyte subsets in healthy children from birth
through 18 years of age: The pediatric AIDS clinical trials group P1009 study.
Journal Of Allergy And  Clinical — Immunology, 112(5), 973-980.
https://doi.org/10.1067/mai.2003.1778

Sim, G. C., & Radvanyi, L. (2014). The IL-2 cytokine family in cancer immunotherapy.
Cytokine and Growth Factor Reviews. https://doi.org/10.1016/j.cytogfr.2014.07.018

Stanislawski, T., Voss, R. H., Lotz, C., Sadovnikova, E., Willemsen, R. A., Kuball, J., ...
Theobald, M. (2001). Circumventing tolerance to a human MDM?2-derived tumor
antigen by TCR gene transfer. Nature Immunology, 2(10), 962-70.
https://doi.org/10.1038/n11001-962

Stauss, H. J. (2015). Engineered T cells can fight malignant T cells. Blood.
https://doi.org/10.1182/blood-2015-07-652057

Sutherland, C. L., Chalupny, N. J., Schooley, K., VandenBos, T., Kubin, M., & Cosman,
D. (2002). UL16-binding proteins, novel MHC class I-related proteins, bind to
NKG2D and activate multiple signaling pathways in primary NK cells. Journal of
Immunology (Baltimore, Md. : 1950), 168, 671-679.
https://doi.org/10.4049/jimmunol.168.2.671

Szymczak, A. L., Workman, C. J., Wang, Y., Vignali, K. M., Dilioglou, S., Vanin, E. F.,
& Vignali, D. A. A. (2004). Correction of multi-gene deficiency in vivo using a

single “self-cleaving” 2A peptide-based retroviral vector. Nature Biotechnology,

22(5), 589-594. https://doi.org/10.1038/nbt957

Takeuchi, O., & Akira, S. (2010). Pattern Recognition Receptors and Inflammation. Cell.
https://doi.org/10.1016/j.cell.2010.01.022

Tomasello, E., Blery, M., Vely, F., & Vivier, E. (2000). Signaling pathways engaged by
NK cell receptors : double concerto for activating receptors , inhibitory receptors
and NK cells. Seminars in Immunology, 12, 139-147.
https://doi.org/10.1006/smim.2000.0216

61



Uhrberg, M., Valiante, N. M., Shum, B. P., Shilling, H. G., Lienert-Weidenbach, K.,
Corliss, B., ... Parham, P. (1997). Human diversity in killer cell inhibitory receptor
genes. Immunity, 7(6), 753—63. https://doi.org/10.1016/S1074-7613(00)80394-5

Uttenthal, B. J., Chua, 1., Morris, E. C., & Stauss, H. J. (2012). Challenges in T cell
receptor gene therapy. The Journal of Gene Medicine, 14(6), 386-99.
https://doi.org/10.1002/jgm.2637

Vatakis, D. N., Arumugam, B., Kim, S. G., Bristol, G., Yang, O., & Zack, J. a. (2013).
Introduction of Exogenous T-cell Receptors Into Human Hematopoietic Progenitors
Results in Exclusion of Endogenous T-cell Receptor Expression. Molecular

Therapy, 21(5), 1055-1063. https://doi.org/10.1038/mt.2013.28

Veillette, A., Latour, S., & Davidson, D. (2002). Negative regulation of immunoreceptor
signaling. Annual Review of Immunology, 20, 669-707.
https://doi.org/10.1146/annurev.immunol.20.081501.130710

Vivier, E., Tomasello, E., Baratin, M., Walzer, T., & Ugolini, S. (2008). Functions of
natural killer cells. Nature Immunology, 9(5), 503-510.
https://doi.org/10.1038/ni1582

Waldhauer, I., & Steinle, A. (2008). NK cells and cancer immunosurveillance. Oncogene,

27(45), 5932-43. https://doi.org/10.1038/onc.2008.267

Weiss, a., & Littman, D. R. (1994). Signal transduction by lymphocyte antigen receptors.
Cell, 76(2), 263-274. https://doi.org/10.1016/0092-8674(94)90334-4

Wu, J., Song, Y., Bakker, A. B., Bauer, S., Spies, T., Lanier, L. L., & Phillips, J. H.
(1999). An activating immunoreceptor complex formed by NKG2D and DAP10.
Science (New York, N.Y.), 285(5428), 730-732.
https://doi.org/10.1126/science.285.5428.730

Wucherpfennig, K. W., Allen, P. M., Celada, F., Cohen, L. R., De Boer, R., Garcia, K. C.,
... Sercarz, E. E. (2007). Polyspecificity of T cell and B cell receptor recognition.
Seminars in Immunology. https://doi.org/10.1016/j.smim.2007.02.012

Yee, C., Thompson, J. A., Byrd, D., Riddell, S. R., Roche, P., Celis, E., & Greenberg, P.
D. (2002). Adoptive T-cell therapy using antigen-specific CD8+ T-cell clones for
the treatment of patients with metastatic melanoma: in vivo persistence, migration,

and antitumor effect of transferred T-cells. Proc Natl Acad Sci U S A, 99(25), 16168—

62



16173. Retrieved from http://dx.doi.org/10.1073/pnas.242600099

Yokoyama, W. M. (2005). Natural killer cell immune responses. Immunologic Research,

32(1-3), 317-325. https://doi.org/10.1385/IR:32:1-3:317

Yokoyama, W. M., Kim, S., & French, A. R. (2004). The dynamic life of natural killer
cells. Annual Review of Immunology, 22(11), 405-29.
https://doi.org/10.1146/annurev.immunol.22.012703.104711

Zhang, G., Liu, R., Zhu, X., Wang, L., Ma, J., Han, H., ... Gao, B. (2013). Retargeting
NK-92 for anti-melanoma activity by a TCR-like single-domain antibody.
Immunology and Cell Biology, 91(10), 615-24. https://doi.org/10.1038/icb.2013.45

Zitvogel, L., Tesniere, A., & Kroemer, G. (2006). Cancer despite immunosurveillance:
immunoselection and immunosubversion. Nature Reviews Immunology, 6(10), 715—

727. https://doi.org/10.1038/nri1936

Zompi, S., Hamerman, J. a, Ogasawara, K., Schweighoffer, E., Tybulewicz, V. L. J., Di
Santo, J. P., ... Colucci, F. (2003). NKG2D triggers cytotoxicity in mouse NK cells
lacking DAP12 or Syk family kinases. Nature Immunology, 4(6), 565-572.
https://doi.org/10.1038/n1930

63



7. APPENDIX:
pcDNA3.1(+)DGE, pcDNA3.1(+)DGEZ, LegoiT2puro, Lego DGEiIT2 puro,
LegoDGEZiT2puro

"BGH_rev_primer"
"bGH_PA_terminator"
"f1 ongm“

Luurv

"pBABE_3_primer”
"SV40_enhancer”
"SV40_origin®
“SV40_promoter”
"SV40pro_F_primer"

DGE

"NeoR/KanR"

"ORF frame 3"
"ORF frame 3"

pcDNA3.1(+)_DGE
7,238bp

"T7_promoter"
"CMV_fwd_primer"™
"SV40_PA_terminator"
"EBV_rev_primer”
'M13 _pUC_rev_primer"

\-ma reverse_primer”
"lac_promoter"

"CMV_i rly_p (]
"CAG_enhancer”

"AmpR_p -

“Ampicillin®
"ORF frame 2"

64



"BGH_rev_primer"
"bGH_PA_terminator"
"f1_origin"

'l.’_'.,oRl|

"pBABE_3_primer”
"8SV40_enhancer"
"SV40_origin"

v "SV40_promoter"
"SV40pro_F_primer"

"NeoR/KanR"
"ORF frame 3"
"ORF frame 3"
pcDNA3.1(+)_DGE_P2Z
7,796bp 2000 —

"SV40_PA_terminator”
"EBV_rev_primer"
"M13_pUC_rev_primer"
"M13_reverse_primer"
“lac_promoter”

P2z

DGE

I

1.17_'_ =2
"CMV_fwd_primer" 50
"CMV._i fly_p "
"CAG_enhancer"

"AmpR_promoter” V)
"Ampicillin”

"ORF frame 2"

AmpR / N cMW

FRRE

3'SINLTR

LegoiT2puro
9.214bp

SFFV

BamH|
EcoRI

SFFVfwd primer
IRESrev primer
IRES

puroR

dTomato

65



- = =5

HRRE

LegoDGEIT2 puro

11,025bp SFFV

SFFVfwd primer

puroR

dTomato

rev primer

AmpR _ -

3'SINLTR

SFFV

LegoDGEZiT2 puro SFFVfwd primer

11,583bp

dTomato

IRESrev primer

66



