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ABSTRACT

DISSECTING THE CROSSTALK BETWEEN INHIBITORY
RECEPTOR SIGNALING AND THE T CELL RECEPTOR
IN NATURAL KILLER CELLS

Killer-cell immunoglobulin-like receptors (KIRs) are among the most prominent
receptors regulating NK cell development and function. Most KIR ligands are the MHC
class I molecules found on target cells. KIRs are responsible for NK cell licensing which
is required for the NK cell to kill and differentiate self from non-self. Adoptive cell
therapy based on T cell transfer relies on T cell receptor (TCR) or chimeric antigen
receptor (CAR). However, with the TCR-T cells, the most important challenge is
mispairing of transferred TCR chains with the endogenous TCR chains. Recently,
TCR modification of NK cells has been applied as a solution to the mispairing of TCR
chains in T cells. NK cells, with their similar downstream signaling machinery to T
cells, can replace T cells in TCR-T cell therapy. These modifications were performed
on NK92 cells that lacks inhibitors. This study tries to elucidate how inhibitory signals
interfere with TCR signaling.

TCR-NK cells against the melanoma-associated antigen Tyrosinase, have been
transduced with KIR2DL1 coding lentiviral particles for stable KIR2DL1 expression.
The function of the TCR-NK-KIR2DL1 cells was measured against K562 or melanoma
cells A375 and A375Tyr. The degranulation of TCR-NK-KIR2DL1 cells was observed
to be slightly higher independent from the antigen. Similarly, real-time cell analysis
showed the cytotoxicity induced by KIR2DL1 did not show a significant difference. Cy-
tokine secretion showed there might be a KIR2DL1-mediated TNF-a decrease against
A375Tyr cells, but not the same for IFN-y secretion. Phospho-protein analysis of
TCR-NK-KIR2DL1 showed a decrease in PLCy1 and Erk1/2 levels against all targets.
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OZET

DOGAL OLDURUCU HUCRELERDE INHIBITOR
RESEPTOR SINYALI ILE T HUCRESI RESEPTORU
ARASINDAKI ILETISIMIN ARASTIRILMASI

Dogal oldiiriici hiicre immiinoglobulin benzeri reseptorler (KIR), NK hiicre
geligimini ve fonksiyonunu diizenleyen en belirgin reseptorler arasindadir. KIR lig-
andlarimin ¢ogu, hedef hiicrelerde bulunan MHC simif I molekiilleridir. KIR’ler, NK
hiicresinin oldiirebilmesi ve kendinden olmayani ayirt etmesi icin gerekli olan NK
hiicresi lisanslamasindan sorumludur. T hiicre transferine dayali adoptif hiicre tedavisi,
T hiicre reseptoriine (TCR) veya kimerik antijen reseptoriine (CAR) dayanir. TCR-
T hiicreleri ile ilgili en 6nemli zorluk, transfer edilen TCR zincirlerinin endojen TCR
zincirleri ile yanhg eslesmesidir. Son zamanlarda NK hiicrelerinin TCR modifikasyonu,
T hiicrelerindeki yanlis eslesmeye bir ¢oztim olarak uygulanmigtir. NK hiicreleri, T
hiicrelerine benzer asagi akig sinyalleriyle TCR-~T hiicre tedavisinde T hiicrelerinin
yerini alabilir. Bu modifikasyonlar, inhibitorleri olmayan NK92 hiicreleri tizerinde
gerceklestirilmigtir. Bu caligma, inhibitor sinyallerin TCR sinyaline nasil miidahale

ettigini aciklamaya caligir.

Melanoma iligkili antijen Tyrosinase’e hedeflenen TCR-NK hiicreleri stabil KIR2-
DL1 ekspresyonu i¢gin KIR2DL1 lentiviral partikiilleriyle transdiikte edildi. Hiicrelerin
islevi, K562 veya melanom hiicreleri A375 ve A375Tyr’e karsi olciildii. Antijenden
bagimsiz olarak TCR-NK-KIR2DL1 hiicrelerinin degraniilasyon kapasitelerinde artig
gozlendi. Gercek zamanlh hiicre analiziyle KIR2DL1’in sitotoksisitede bir fark yarat-
madig1 gozlendi. Sitokin salgilanmasinda A375Tyr hiicrelerine karst KIR2DL1 aracili
TNF-o’da diisiis gozlenirken, IFN-y’da degisim gozlenmedi. Fosfoprotein analizi tiim
hedeflere karsi efektor hiicrelerin PLCy1 ve Erkl/2 seviyelerinde bir diigiis gosterdi.
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1. INTRODUCTION

1.1. The Immune System

The immune system comprises many organs, cells, and molecules that protect the
host from foreign agents. Based on the response’s specificity and speed, the immune
system is generally divided into two: the innate immune system and the adaptive
immune system. While innate immunity is non-specific and fast, adaptive immunity is

highly specific and slower (Parkin & Cohen, 2001).

Charles Janeway’s pattern recognition theory has built the foundation of the
concept of innate immunity. He stated the existence of pattern recognition receptors
(PRRs) found in antigen-presenting cells, which were evolutionarily conserved and can
recognize common patterns in microorganisms (Janeway, 1989). These common pat-
terns are named pathogen-associated molecular patterns or PAMPs. A few examples of
PAMPs are bacterial DNA, double-stranded RNA, and bacterial lipopolysaccharides.
The innate immune system has many types of cells that express these germ-line en-
coded PRRs; macrophages, dendritic cells, natural killer cells, mast cells, neutrophils,
and eosinophils (1.1). When these cells are triggered through PAMP recog- nition, they
immediately respond and later proliferate (Janeway & Medzhitov, 2002; Medzhitov
& Janeway, 2009). While non-self-molecules carry PAMPs and create an im- mune
response, it is also occasionally observed that a similar response can be mediated
despite a lack of infection (Matzinger, 1994). This response is initiated by somewhat-
self-molecules such as damaged or stressed cells, which are recognized through their
DAMPs or danger-associated molecular patterns. DAMPs are also recognized through

PRRs (Land, 2003).
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Figure 1.1. Hematopoetic stem cell lineage.

These PRRs that are present in innate immune cells enable the elucidation of
a signal to activate adaptive immunity. The most prominent player in this role is
dendritic cells, which express (Janeway & Medzhitov, 2002) PRRs to detect infection
and initiate a response through triggering of adaptive immune cells such as T cells .
Triggering of T cells through dendritic cells is also initiated via peptide:MHC presen-
tation (Steinman & Witmer, 1978). This multifaceted response inducing mechanism of

dendritic cells makes them an unexchangeable cell type (Palucka & Banchereau, 1999).

While innate immunity is extremely fast, it lacks specificity. Since innate recog-
nition is germ-line coded, it has its limits. However, the adaptive immune system relies
on B and T lymphocytes (Figure 1.1) to generate immune responses against specific
antigens. The vast array of recognition receptors of these cells is generated through
the somatic diversity of antigen receptor genes on the lymphocytes (Cooper & Alder,
2006).



Recognition of the antigen by the T cell receptor (TCR) requires the presence
of the peptide derived from the antigen on a specific protein called major histocom-
patibility complex (MHC). This complex of proteins has two types: class I and II.
While class I MHCs are found on all nucleated cells, class I MHCs are found on
antigen-presenting cells, such as dendritic cells and macrophages of the innate immune
system and B cells of the adaptive immune system (Wieczorek et al., 2017). In MHC 1
antigen presentation, peptides resulting from the degradation of intracellular antigens
through nuclear or cytosolic proteasomes are transported to the endoplasmic reticulum
by the transporter associated with antigen presentation (TAP), where they can reach
the MHC I molecules. Accordingly, in the endoplasmic reticulum, MHC class I com-
plex is assembled by a heavy and light chain ($2-microglobulin, B2m). This complex
is not stable without the presence of a peptide inside the peptide-binding groove, so
when the peptide insertion is successfully completed into the complex, now the stable
peptide:MHC is released to cell surface (Kloetzel, 2004; Stern & Wiley, 1994). Similar
to class I MHCs, class I MHC molecules follow a similar antigen presentation path-
way, but with exogenous antigens. Peptide binding groove of MHC class II molecules
is protected by invariant chain, Ii, in the absence of a peptide. Proteolysis of Ii leads
to formation of class II invariant chain peptide or CLIP, which resides in the peptide
binding groove. Dissociation of CLIP from MHC class I, and its translocation with the
antigen peptide is mediated by HLA-DM proteins. Following the CLIP removal, and
peptide binding, peptide:MHC II complex travels to cell surface (Germain & Margulies,
1993; Watts, 2004).

In addition to the diverse and specific nature of adaptive immune cells, they
also possess memory functions. After their encounter with specific antigens, these
lymphocytes turn into effector and memory cells. The immunological memory provided
by the memory cells enables a faster response against an antigen when encountered a

second time (Sprent & Tough, 1994).



1.2. T Cells

T lymphocytes, one of the two major cell types responsible for adaptive immunity,
arise from bone marrow progenitors, similar to B cells. However, T cell precursors mi-
grate to the thymus, unlike B cells, during their development. T lymphocytes undergo
several stages in the thymus depending on their expression of different cell surface pro-
teins and T-cell receptor (TCR) genes. These proteins include TCR complex proteins;
CD3, o or y:8 TCR chains, and CD4 and CDS8 co-receptor proteins (B. v. Kumar et
al., 2018).

During development, the first random rearrangement of TCR chains occurs where
most of the developed T cells express o:3 chains and further develop to express different
cell-surface proteins. These cells are called double-negative at this stage due to their
lack of co-receptor expression. Later, these cells express CD4 and CD8, called double-
positive T cells. However, these cells express TCR genes at low levels. Therefore,
when they meet self-peptide:MHC ligands, they lose either one of the co-receptors.
Then these single-positive T cells leave the thymus as mature CD4 or CDS8 positive T
cells (Germain, 2002).

After their maturation into single-positive T cells, they are either cytotoxic T
cells expressing CDS8 or helper T cells expressing CD4. While CD8 positive T cells
are restricted to recognize MHC class I molecules, CD4 positive T cells are restricted
to recognize MHC class II molecules. Recognition of a peptide presented via MHC
class II on professional antigen presenting cells like dendritic cells leads to activation
of CD4 positive T cells, and recognition of a peptide presented via MHC class I on all
nucleated cells can lead to activation of cytotoxic CD8 positive T cells. Helper T (Th)
cells are then categorized into subtypes according to the cytokines they produce and
have different properties. One subtype of Th cells is called Th1 cells, which are known
to produce interferon-y, TNF-o, and IL-2. The most prominent cytokine produced
by Thl cells is IFN-y. It has important effects as a proinflammatory agent, such as
increasing antigen presentation by MHC I and II and activating macrophages (Boehm

et al., 1997; Mosmann et al., 1986; Raphael et al., 2015).



Th2 cells are mainly associated with allergy-related responses. They are known to
secrete 1L-4, -5, and -13. Additionally, they are responsible for class switching to some
immunoglobulin isotypes and macrophage activation (Fallon et al., 2002). Another
subtype of helper T cells is known for their production of IL-17, named Th17, which is
responsible for regulating tissue inflammation (Park et al., 2005). Tregs, or regulatory
T cells, are responsible for preventing autoimmunity by inhibiting T cell growth and

cytokine secretion (Raphael et al., 2015).

Diverse response mediated through adaptive immunity is the result of clonal se-
lection of the T lymphocytes (and B lymphocytes). Burnet’s clonal selection theory
states the expansion of a group of lymphocytes that are already present after encoun-
tering the specific antigen they were built to recognize (Burnet, 1957) With the clonal
selection theory, it is known that these lymphocytes express their antigen receptors
prior to an introduction with the antigen. Later, when the antigen interaction occurs,
the clonal expansion starts, whereby the proliferation of the specific T cell clone is

initiated (Adams et al., 2020).

1.2.1. TCR and T Cell Mediated Target Recognition

The vast diversity and specificity of adaptive immunity come from its cells’ re-
ceptors that recognize antigens. Somatic rearrangement of both B cell receptors (im-
munoglobulins) and T cell receptors (TCR) is mediated by recombination-activating
genes, RAG1 and RAG2. Antigen binding domains of these receptors are rearranged to
create this diversity in a process called V(D)J recombination, where antigen receptor
gene segments variable (V), diversity (D), and joining (J) are rearranged (Schatz & Ji,
2011).

The first signal required for T cell activation is initiated from the interaction
between the peptide:MHC presented on dendritic cells with the TCR complex and its
co-receptor (CD4 or CD8) (Reinherz, 2015; Reinherz et al., 1983). Another signal is the
interaction between costimulatory molecules on dendritic cells and T cells at the im-

mune synapse, such as B7/CD28 or ICAM-1/LFA-1 interactions (Anderson & Siahaan,



2003). Signal-1 leads to phosphorylation events at the immunoreceptor tyrosine-based
activation motifs (ITAMs) on CD3 subunits at the TCR complex and co-receptors, as

seen in Figure 1.2
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Figure 1.2. TCR downstream signaling.

The protein tyrosine kinases from the Src family, Lck, initiate phosphorylation.
Then, another kinase, ZAP70, binds to ITAM, and its phosphorylation leads to its
activation to phosphorylate SLP-76 and LAT adaptor proteins required for the sig-
nal relay. These adaptors regulate Ras and MAPK pathways, which are important in
regulating proliferation-related genes (Cantrell, 2002; Genot & Cantrell, 2000). Ad-
ditionally, phospholipase C-y (PLCy) phosphorylation resulting from peptide:MHC
triggered TCR leads to activation of 1,4,5-inositol-triphosphate or IP3, which is re-
sponsible for Ca?* entry into the cytosol, which is extremely important in lymphocyte

activation and cytokine production (Figure 1.2) (Feske, 2007; Lewis, 2001).

Activated cytotoxic T cells trigger apoptosis of the infected cell through perforin
secretion, which results in pore formation in the infected cell and a serine protease

called granzyme B (Trapani, 1995). On the other hand, activating CD4*" helper T



cells leads to the production of various cytokines required for many effector functions

(Medzhitov, 2007).
1.3. Natural Killer Cells

T cells are known for their ability to recognize and respond to foreign antigens
through the presentation on MHC molecules. However, they become unresponsive

when MHC expression is lost or downregulated on the target cells.

This lack of recognition is compensated by one of the most critical members
of innate immunity, natural killer (NK) cells. They are large granular lymphocytes
known for their high cytotoxicity against tumour cells and virally infected cells without
the need for antigen-specific receptors (Trinchieri, 1989; Vivier et al., 2008). Their
cytotoxicity is balanced by many cell surface activating and inhibitory receptors as
seen in Figure 1.3, and their function is determined through the shifts in this balance.
The most important feature of these cells is their ability to recognize stressed cells apart
from healthy cells (Vivier et al., 2004a). NK cells are built to recognize and respond to
the absence of self-MHC molecules, which are found at low expression levels or absent

in many tumours and virally infected cells (Kérre et al., 1986).
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Figure 1.3. NK cell receptors



NK cells can circulate through the peripheral blood and can be found in many
organs such as lymph nodes, spleen, and bone marrow. The basic definition of NK
cell subsets are defined through the lack of CD3 expression and the presence of two
surface receptors in humans: CD56 and CD16. Two main human NK cell subsets
are CD3 CD569™CD16% NK cells or CD3 CD56"" 8" CD16" NK cells. CD564™CD16%
subset is known to be more cytotoxic when compared to the CD56" 8" CD16" subset,
but the CD56"" 8" subset of NK cells can produce more cytokines upon activation.
Most human peripheral blood NK cells belong to the CD564™CD16" subset (M. A.
Cooper et al., 2001; Hanna et al., 2004)

1.3.1. NK Cell Mediated Target Recognition

The outcome of ‘dynamic equilibrium’ between signals from activating and in-
hibitory receptors on the NK cell surface decides the response against a target cell.
While cytotoxic T lymphocytes require the presence of an MHC ligand to respond, in
some cases, MHC expression can be downregulated or absent. In this situation, cyto-
toxic T lymphocytes (CTLs) cannot produce a response (Hewitt, 2003). Unlike CTLs,
NK cells are not MHC-restricted in terms of target recognition. However, the MHC
molecules play a crucial role in determining NK cell responses. Inhibitory receptors on
NK cells can recognize MHC class I molecules, and their triggering results in a shift in
this dynamic equilibrium toward inhibition. In the absence of MHC class I molecules,
NK cells cannot be inhibited; hence, the equilibrium shifts toward activation of the
NK cell (Figure 1.4) (Topham & Hewitt, 2009). This clarifies the killing mechanism
of NK cells, which is through recognition the “missing”, of information on the target

cell, and is called missing-self recognition of NK cells (Ljunggren & Kérre, 1990).
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Figure 1.4. Target recognition of NK cell mediated cytotoxicity.

After the target cell binds to the NK cell, ligands on the target cell surface
engage with the NK cell receptors to determine whether the NK cell remains attached
to respond or detaches (Lanier, 2005). The response of NK cell to a target is like a CTL,
through perforin and granzymes secretion (degranulation) and secretion of cytokines.
These cytolytic proteins, perforin, and granzyme are found in cytolytic granules of NK
cell cytoplasm. They are released at the immunological synapse upon activation, which

results in target cell death (Moretta et al., 2002).

The recognition of the target can be further elucidated by explaining the many

NK cell receptors, which will be given in detail in the next chapter.

1.3.1.1. NK Cell Receptors. Instead of one single antigen-specific receptor, NK cell

function depends on a vast array of activating and inhibitory receptors. The trig-
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gering of different activating receptors and their cumulative response results in effec-
tor activity of the NK cell. These receptors include NKG2D, CD16, activating killer
immunoglobulin-like receptors (KIRs), and natural cytotoxicity receptors (NCRs). Dif-
ferent signaling adaptors of these receptors result in the initiation of various signaling

pathways (Lanier, 2008).

NK cells express activating complexes on their surfaces formed by the associa-
tion of different transmembrane adaptor peptides such as FceRI-y, DAP12, and CD3C.
These adaptors contain immunoreceptor tyrosine-based activation motifs (ITAMs) at
their cytoplasmic region, with the sequence of (D/E)XXYXX(L/I)X6—8YXX(L/T).
They either form homodimers (as in DAP12) or heterodimers (FceRI-y and CD3{)
through their small extracellular regions. Phosphorylation of ITAM residues through
receptor-ligand engagement starts a signaling cascade similar to TCR signaling (Lani
er, 2001; Lanier et al., 1998). Phosphorylation of the residues is dependent on many
Src family kinases such as Lck, Fyn, and Src. Followed by phosphorylation, these
residues recruit tyrosine kinases belonging to the Syk family like ZAP70 and Syk. Re-
cruitment of these kinases leads to activation of many signaling intermediates such as
phosphoinositide 3-kinase (PI3K), as well as PLCy1l, PLCy2, Vav2, Vav3, and LAT.
This phosphorylation cascade activates MAPK and ERK pathways and increases in-
tracellular Ca®" levels (Gross et al., 2008; Lanier, 2003). CD16 signaling is one of
the most investigated modes of ITAM-mediated activation of NK cells, which occurs
through either FceRI-y or CD3C{. This receptor signaling enables the recognition of
antibody-coated cells, and the result of this pathway is called antibody-dependent
cellular cytotoxicity (ADCC). Activation of this signaling pathway is very similar to
TCR signaling. Activation of the nuclear factor of activated T cells (NFAT) is fol-
lowed by cytokine production such as [FN-y, leading to NK cell degranulation, which
is similar to TCR-triggered responses in T cells (Lanier, 2003; Vivier et al., 2004b).
Besides CD16, ITAM-associated receptors include activating KIRs, NKp30, NKp44,
and NKp46. They either couple with DAP12 (KIRs, NKp44) or FceRI-y or CD3C
(NKp30, NKp46) (Medjouel Khlifi et al., 2022).
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Another transmembrane adaptor peptide, DAP10, associated with the NKG2D
receptor, is responsible for a somewhat different signaling pathway than ITAM me-
diated signaling. While ITAM-mediated signaling depends on Syk family kinases,
DAP10-mediated signaling does not. Additionally, these two pathways differ in signal-
ing intermediates they phosphorylate; while during ITAM-mediated signaling Vav2 and
Vav3 are phosphorylated, DAP10-mediated signaling is responsible for phosphorylation
of Vavl. Another difference between the two signals is that while ITAM-mediated sig-
nals lead to cytotoxicity and cytokine secretion, DAP10-mediated signals lack cytokine

secretion (Vivier et al., 2004b).

DAP1Z-caupled FeeRly or CD3T coupled
receplors (MKpa4, NKGZD-DAP10 receptors {(CO16, NKpAD,

KIRS sclivaling KIRs) v MNKp30)

PR Fﬁ [

:PI-P;K \/

C (P1aK)

a7 A LATY)

( Gro2 (sLe-78) ; v _

— S e ]

=_PLC-\|' (3BPZ | Vav Rac |

. < &
_"'/_/ \"‘_ (505 (‘PaK1)

'DAaG | | Ip3
(Ras | —»[ Raf ) —»{ MEK |
v

CERK)

Created in BioRender.com bio

Figure 1.5. NK cell signaling pathways.

Although the two signalings have differences, the cytotoxicity pathway initiated
by them is also very similar. Both signals activate Rac, leading to the activation of
MAPK and ERK pathways, which results in NK cell degranulation (Jiang et al., 2000;
Vivier et al., 2004b).
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The counter-force required for the balancing these activation signals is given
through many inhibitory receptors. Their ligands can be specifically MHC class I
or non-MHC molecules. The most prominent group of inhibitory receptors are killer
cell immunoglobulin-like receptors (KIRs), which will be further discussed in detail in
the following chapter. However, another group of inhibitory receptors belong to C-type
lectins, and are called NKG2A-CD94 receptors. With its ligand as non-classical MHC
class I molecule, HLA-E, it acts as an inhibitory receptor to counteract the activating
signals in both NK and T cells (Braud et al., 1998). Both KIRs and NKG2A-CD94
share common signaling motifs called immunoreceptor tyrosine-based inhibitory motifs

(ITIMs) responsible for inhibitory signaling (S. Kumar, 2018; Lanier, 2008).

1.3.1.2. Killer-cell Immunoglobulin Like Receptors. The killer-cell immunoglobulin li-

ke receptors, or KIRs, are a group of surface receptors that have either activating or
inhibitory functions on NK cells. They are characterized by their extracellular Ig-
like domains and intracellular regions with different signaling motifs that define their
function. The KIR locus is highly polymorphic, very similar to their ligands, MHC

class I molecules.

KIR nomenclature is defined by the number of Ig-like domains and the length of
intracellular regions. They are named either KIR2D or KIR3D, meaning they have 2
Ig-like domains or 3. Also, they can be named KIR2DS or KIR2DL, where S means
the receptor has a short cytoplasmic tail, and L. means it has a long cytoplasmic tail.
The length of the cytoplasmic tail suggests whether the KIR is activating or inhibitory,
where KIRs with short cytoplasmic tails are activating, and KIRs with long cytoplasmic
tails are inhibitory. Additionally, they have a CD number CD158 (Long, 1999; Long
et al., 1996).

Found in chromosome 19q13.4, the KIR family consists of 13 genes which are
KIR2DL1, KIR2DL2-3, KIR2DL, KIR2DL5A, KIR2DL5B, KIR2DS1, KIR2DS?2,
KIR2DS3, KIR2DS/, KIR2DS5, KIR3DL1/DS1, KIR3DL2, and KIR3DLS3, and also
added two pseudogenes; KIR2DP1 and KIR3DP1. Two regions define each KIR hap-
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lotype: centromeric (Cen), and telomeric (Tel) regions joined via recombination sites.
The four framework genes, KIR3DL3, KIR3DPI1, KIR2DL/, and KIR3DL2, define
the beginning and end of the Cen and Tel regions (Hsu et al., 2002; Martin et al.,
2000). Within KIR haplotypes, there are two main groups, A and B. A haplotype
has the Cen-A and Tel-A regions and possesses the inhibitory KIR genes, KIR2DL1,
KIR2DL2, KIR2DL3, KIR3DL1, KIR3DL2, KIR2DL/, and one activating KIR2DS.
The rest of the KIR haplotypes belong to the B group and can carry different Cen-A /B
and Tel-A/B combinations. The difference between KIR A haplotypes is determined
by allelic polymorphism, while the gene content determines B haplotype difference.
This polymorphism is very similar to their ligands, HLA genes. The polymorphism
is known to affect the function of these receptors. Such as, KIR2DL1 A has a higher
affinity than KIR2DL1 B (Pende et al., 2019).

The signaling is determined by the motifs in the cytoplasmic tails, similar to acti-
vating signaling. Immunoreceptor tyrosine-based inhibitory motifs (ITIMs) are respon-
sible for counteracting the activating signal from ITAM-mediated signals (Long, 1999).
This negative signaling is mediated by the recruitment of tyrosine phosphatases, SHIP,
SHP-1, and -2, upon ligand engagement to the receptor and through phosphorylation
of ITIMs (Ravetch & Lanier, 2000). The recruited phosphatases start to dephospho-
rylate the signaling intermediates which have been phosphorylated by the activation
signals. This dephosphorylation process results in the termination of cytokine secre-
tion, degranulation, and Ca?* flux, meaning the inhibition of NK cell function. One of
the most prominent targets of inhibitory signaling mechanism mediated by inhibitory
KIRs is Vavl by SHP-1-mediated dephosphorylation (Stebbins et al., 2003). Inhibitory
KIRs and their HLA ligands are represented in Table 1.
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Table 1.1. KIRs and their ligands

KIR Ligand

2DL1 HLA-CHs80 (Winter et al., 1998)
2DL2-3 HLA-CAs280 (Winter et al., 1998)
2DL4 HLA-G (Rajagopalan & Long, 1999)

9DL5 CD155 (Fittje et al., 2022)

3DL1 HLA-Bw4 (Gumperz et al., 1995)
3DL2 | HLA-A3, HLA-A11 (Pende et al., 1996)
3DL3 HHLA?2 (Bhatt et al., 2021)

KIRs are crucial players in NK cell autoreactivity. NK cell licensing is mediated
by KIR expression, in which NK cells that express KIRs for their self-HLA ligands
become “licensed”. In the absence of the self-HLA, those NK cells can attack these
cells (Anfossi et al., 2006). The ability of educated NK cells to recognize missing-self
molecules through a vast KIR repertoire is a field that is being exploited in therapeutic
research. The system works in a way that an inhibitory KIR from a donor is given
to a patient that lacks the HLA ligand of the given KIR, which in turn results in a
“KIR-HLA mismatch” and leads to NK cell cytotoxicity. With KIR-HLA mismatched
hematopoietic transplantations, reduced relapse risk and fewer graft rejections were

observed (Ruggeri et al., 2002).

1.4. TCR-NK Cells

Genetic modification of T cells to target specific antigens for cancer therapy is
a form of adoptive immunotherapy. Amongst the ways of engineering T cells in such
a manner to express the specific receptor for the given antigen are TCR-T cells and
chimeric antigen receptor (CAR)-T cells (Eshhar & Gross, 1990; Morgan et al., 2006).
However, both approaches where targeting is carried through modification on T cells
have their restrictions. While CAR-T cells can work in an antigen-dependent manner,
they are not HLA restricted; hence, they cannot respond to peptides from intracellular

proteins presented on the MHC molecules. This means CARs can only target cell
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surface molecules in an antigen-specific manner and targeting intracellular antigens

only possible through TCR modification.

However, in the case of TCR-T cells, endogenous TCR expression of T cells can
lead to TCR mispairing with the genetically transferred TCR. With the transfer of
antigen-specific TCR a and 8 chains, pairing with endogenous TCR {3 and « is a risk
(Shao et al., 2010). Since there is a chance of autoreactivity due to mispairing, this is
a significant problem that needs to be solved. To overcome these challenges, CAR-NK
cells have been engineered. They can elicit both T cell and NK cell-mediated responses;
however, their lacking in recognition of intracellular antigens drove attention to improve
this approach (Shimasaki et al., 2012). To overcome TCR mispairing, several methods
have been developed, such as murinization of TCR, where constant domains of TCRs
are replaced with murine constant domains, the addition of a second disulfide bond to
the TCR’s extracellular domain or fused-expression of TCR chains to CD3Z (Kuball et
al., 2007; Sebestyén et al., 2008; Sommermeyer et al., 2006).

However, another possibility to overcome TCR mispairing is to genetically modify
NK cells with engineered TCRs. Since there are no endogenous TCR chains expressed
in the NK cell, the mispairing is not a challenge, and NK cells’ additional ability to
recognize expression loss or downregulation of HLA makes them an excellent candidate.
Initially, two studies have shown that these TCR-engineered NK cells can effectively
show cytotoxicity against specific antigens by expressing CD3 subunits and TCR chains
(Mensali et al., 2019; Parlar et al., 2019). Both studies have shown the functionality
and the antigen-specific cytotoxicity of these TCR-engineered NK cells through the
expression of either CD3 §, v, € and { chains (Mensali et al., 2019) or lacking the
{ chain (Parlar et al., 2019). Another recent study has used primary NK cells for
this TCR-engineering approach of adoptive immunotherapy. The results showed the
enhancement of NK cell cytotoxicity through the addition of TCR-mediated cytolysis
(Morton et al., 2022).

The recent TCR-NK studies and some of the other CAR-NK studies rely on the
usage of clinically approved, IL-2-dependent NK cell line, NK-92, isolated from a 50-
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year-old patient with non-Hodgkin’s lymphoma. These cells are highly cytotoxic with

bright

surface expression of CD56 and negative for CD16. They lack most inhibitory

KIRs except KIR2DL4 (Maki et al., 2001).

Although a novel adoptive immunotherapy approach, TCR-NK cell therapy has
shown promising results. But the limitations of using a clinical grade NK cell line
for the expression of TCR chains in inhibitory receptor expression are unignorable.
While the recent primary TCR-NK approach has given a glimpse of the NK cell-
mediated cytotoxicity in the absence of HLA expression, further characterization and

investigation of the different inhibitory signals with TCR signaling must be uncovered.
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2. AIM

While the TCR-NK approach is promising for targeting intracellular antigens
using NK cells, it is yet unclear how the inhibitory signaling in NK cells would inter-
act with the TCR signals and whether this interaction would render KIR-expressing
NK cells dysfunctional in terms of TCR-mediated triggering. This study aimed to
investigate the possible links and effects of inhibitory signals relayed from inhibitory
KIR2DL1 receptor and the present TCR signaling in NK-92 cells expressing a func-
tional TCR-CD3 complex on their surface against the melanoma-associated antigen

tyrosinase. With this primary approach, this study specifically aims:

e To express a functional KIR2DL1 protein NK-92 cells with functional TCR-CD3

complex through genetic modification.

e To assess the function of KIR2DL1 expression on the antigen-specific cytotox-

icity of TCR-NK cells.



18

3. MATERIALS AND METHODS

3.1. Materials

3.1.1. Chemicals

Chemicals used in this study are provided in Appendix A.

3.1.2. Equipment

Equipments used in this study are provided in Appendix B.

3.1.3. Buffers and Solutions

Calcium Chloride (CaCly) Solution: 60 mM CaCly (from 1M stock), 15% auto-
claved glycerol and 10 mM PIPES (pH 7.00) were mixed at 250 ml final volume com-

pleted by ddH50O and sterilized by filtering with 0.22 pm filter.

Agarose Gel: For 100 ml 1% w/v gel, 1 g of agarose powder was dissolved in 100
ml 0.5X TBE by heating, then 0.01% v/v ethidium bromide was added.

Tris-Boric Acid-EDTA (TBE) Buffer: To obtain 5X 1L stock solution 54 g tris-
base, 27.5 g boric acid and 20 ml 0.5M EDTA (pH 8.00) were mixed in 1 L of ddH,O.

For 0.5X working solution, the stock was diluted 1:10 with ddH5O, and stored at room

temperature.

HBS solution (2X): 280 mM NaCl, 50 mM HEPES, and 1.5 mM NayHPO, were
mixed at 200 ml final volume with ddH5O, and pH is adjusted to 7.00-7.10 with 10 M

NaOH. Sterilization was done with 0.22 pm filter. Stored at -20°C.
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PEG8000 50%: For 1 liter of 50% w/v, 500 gr PEG8000 was dissolved in 1 L

ddH,O. Sterilized by autoclave, and stored at room temperature.

Running Buffer (10X): For 1 liter of 10X running buffer, 144.1 g glycine, 30.3 g

tris-base and 10 g SDS was dissolved in 1 liter of ddH;O. For 1X working solution,

solution was diluted at 1:10 with ddH5O, and stored at room temperature.

Wet Transfer Buffer (10X): For 1 liter of 10X wet transfer buffer, 144.1 g glycine

and 30.3 g tris-base was dissolved in 1 liter of ddH50O. For 1X working solution, 200 ml
methanol, 100 ml 10X buffer, and 700 ml ddH,O was mixed, and stored at 4°C.

TBS and TBS-T: For 10X TBS 88 g NaCl and 24 g tris-base was dissolved in 1

L dH,O and pH was adjusted to 7.6. 1X TBS was prepared by diluting this solution
to 1:10 with ddH5O. Additionally, 1X TBS-T was prepared by adding 1 ml of Tween
in1L 1X TBS.

3.1.4. Growth Media

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

and autoclaved at 121°C for 20 minutes.

LB Agar: 16 g LB powder and 12 g bacterial agar powder were diluted in 800
ml ddH,O and autoclaved at 121°C for 15 minutes to make a 1X agar medium. Then,
poured into sterile Petri dishes after addition of the desired antibiotic. After plates are

cooled down, they were stored at 4°C.

Complete DMEM: HEK293FT cells were maintained in 10% heat-inactivated

FBS supplemented DMEM with 0.1 mM MEM non-essential aminoacid solution, 25
mM HEPES, 1 mM sodium pyruvate and 2 mM L-Glutamine.

Complete RPMI 1640: RPMI 1640 medium is supplemented with 20% heat in-
activated FBS, 0.1 mM MEM non-essential aminoacid solution, 25 mM HEPES, 1
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mM sodium pyruvate, 2 mM L-Glutamine, 1X MEM vitamin, and 0.1 mM 2 mercap-

toethanol for the maintenance of NK-92 cells.

Freezing Medium: All the cells were frozen in 6% DMSO in heat inactivated FBS
(v/v).

3.1.5. Commercial Kits

Table 3.1. List of commercial kits

Commercial Kit Company
NucleoBond®) Xtra Midi EF Macherey-Nagel, USA
NucleoSpin®) Gel and PCR Clean-up | Macherey-Nagel, USA
NucleoSpin®) Plasmid Macherey-Nagel, USA

3.1.6. Enzymes

Table 3.2. List of enzymes

Enzymes Company
Apal New England Biolabs, USA
BamHI-HF New England Biolabs, USA
Bsal New England Biolabs, USA
CIAP New England Biolabs, USA
EcoRI-HF New England Biolabs, USA
Ndel New England Biolabs, USA
Q5 Polymerase-HF | New England Biolabs, USA
T4 Ligase New England Biolabs, USA

Taq Polymerase Thermo Fischer, USA

Xhol New England Biolabs, USA
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3.1.7. Antibodies

Table 3.3. List of antibodies

Antibodies Company

Anti-CD56 PE-conjugated BD BioSciences
Anti-CD107a APC-conjugated | BD BioSciences
Anti-KIR2DL1 APC-conjugated | BD BioSciences
Anti-CD3e APC-conjugated BD BioSciences
Anti-TCRof APC-conjugated | BD BioSciences
Anti-TNF-a APC-conjugated | BD BioSciences
Anti-IFN-y APC-conjugated BD BioSciences

3.1.8. Bacterial Strains

FEscherischia coli (E. coli) Topl0O strain is used for all plasmid amplifications

including lentiviral constructs’ amplifications.

3.1.9. Mammalian Cell Lines

HEK293FT: Fast-growing, highly transfectable human embryonic kidney cells
that transformed with SV40 large T antigen (Invitrogen R70007).

NK-92: Human natural killer cell line, isolated from a 50-year old patient with

non-Hodgkin’s lymphoma (ATCC®) CRL 2407™)

K562: Lymphoblast cells isolated from a 53-year old patient with a chronic myel-
ogenous leukemia (ATCC®) CCL-243™).

A375 and A375-Tyr: Malignant melanoma cells isolated from a 54-year old pa-

tient’s skin (ATCC@®) CRL-1619™) and its tyrosinase gene overexpressing version.



3.1.10. Plasmids and Oligonucleotides

Table 3.4. List of plasmids
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Plasmids

Purpose

Source

LeGO-DGE-IRESpuro

Lentiviral construct for
expression of CD3

subunits: 8, vy, and ¢

Lab construct

LeGO-DGEZ-IRESpuro

Lentiviral construct for
expression of CD3

subunits: 9, v, €, and

Lab construct

TyrTCR-IRES-eGFP
(TyrTCR)

Lentiviral construct for
expression of TCR o and
B chains specific specific

for tyrosinase

Gift from Brusko et al.

LeGO-KIR2DL1-iT2

Lentiviral construct for
KIR2DL1 expression
with IRES and tdTomato

Lab construct

pMDLg/pRRE

Virus
production/packaging
plasmid (Gag/Pol)

Addgene (#12251)

pRSV-REV

Virus
production/packaging
plasmid (Rev)

Addgene (#12253)

pCMV-VSV-¢g

Virus
production/packaging
plasmid (Env)

Addgene (#8454)
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Table 3.5. List of oligonucleotides

Oligo Name Sequence (5’ to 3’) Purpose
IRES seqF TTAAAAAAACGTCTAGGCCC Confirmation of
LeGO-DGE-IRESpuro

vectors
WPRE_R CATAGC GTAAAAGGAGCAACA Confirmation of
LeGO-DGE-IRESpuro

vectors

3.2. Methods

3.2.1. Bacterial Cell Culture

Bacterial culture growth: The following growth procedure was performed for ev-

ery bacterial culture. Topl0 E. coli cells were cultured in 1X LB media supplemented
with ampicillin at 37°C for overnight (16 hours) at 220 rpm shaking incubator. Then,
cells were spread on LB agar plates (ampicillin) with glass beads, and incubated
overnight at 37°C. Later, single colonies were picked. To obtain glycerol stocks, the
chosen single colony was grown in 3 ml LB medium at 37°C overnight, shaken at 220
rpm and followed by 1:3 dilution with fresh LB medium and cultured at 37°C shaker
incubator at 220 rpm for 6 hours. When bacterial cells were at their logarithmic phase
of their growth curve, they were mixed with glycerol of final concentration of 10% (v/v)

in 1 ml, and stored at -80°C.

Competent Bacteria Preparation: From glycerol stock of Topl0 E. coli, a 3 ml

culture was started at 37°C, with shaken incubator at 220 rpm for 6 hours. Then, the
culture was transferred to 50 ml LB and incubated at 220 rpm, 37°C for overnight.
Next day, 4 ml of the overnight culture was diluted into 400 ml of LB in 2 L flask.
Incubation lasted until the ODsgq is 0.375. After that, 400 ml culture was divided into
eight 50 ml tubes and incubated on ice for 10 minutes. Then, cells were centrifuged at

1600 zg for 10 minutes, at 4°C (all the centrifugation steps performed at 4°C). After
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the supernatant is discarded, pellets were resuspended in 10 ml ice-cold CaCl2 and
centrifuged at 1100 xg for 5 minutes. Again, supernatant was discarded and pellets
were resuspend in 2 ml CaCly and incubated on ice for 30 minutes. After incubation,
the tubes were mixed in one tube then aliquoted as 100 pl in tubes and snap-frozen

with liquid nitrogen, and stored at -80°C.

Transformation of Competent Bacteria: During every transformation both plas-

mid DNA and competent bacterial cells were thawed on ice. Transformation is per-
formed as following: plasmid DNA was added to competent cells and incubated on
ice for 30 minutes. After that, at 42°C for 90 seconds, cells were heated followed by
heat-shock on ice for 1 minute. Then, to each competent cell-plasmid DNA mix, 900
nl LB was added and incubated at 37°C for 45 minutes. After incubation, cells were
centrifuged at 13,000 rpm for 1 minute. 900 pl of supernatant was discarded and the
cells were resuspended in the remaining 100 pl. Then, cells were spread on appropriate
antibiotic containing LB agar plates by glass beads and left for incubation at 37°C for

overnight.

Plasmid DNA Isolation: For both mini- and midi-culture, Macherey-Nagel Nucle-

oSpin@®) Plasmid or NucleoBond®) Xtra Midi EF kits were used according to manu-
facturer’s protocols, respectively. Final DNA concentration and purity were measured

by NanoDrop spectrophotometer.

3.2.2. Mammalian Cell Culture

Maintenance of Cell Lines: HEK293FT cells were maintained in complete DMEM.

When cells reached an 80% confluency, they were first washed with DPBS to remove
residual FBS. Then, 0.025 Trypsin-EDTA was used to dissociate cells at 37°C, for 5
minutes. After resuspension of cells with the complete DMEM, cells were re-seeded
at a 1:5 ratio for two days. For NK-92 cells, cells were maintained at 350,000 cell/ml
with fresh 1000 IU/ml IL-2 every two days in complete 20%FBS RPMI-1640 media.
K562 cells were kept at 200,000 cell/ml for every two days in 10%FBS RPMI-1640
media. A375 and A375Tyr cells were split at 80% confluency every two or three days
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by first a DPBS wash followed by trypsinization with 0.025 Trypsin-EDTA. Cells were
resuspended with 10% FBS RPMI-1640 media and seeded at 1:10 ratio for two days.

Cell Freezing: For NK92 cells, prior to the freezing day, cells were set to 500.000
cells/ml for minimum of 5x106 cell. Next day, cells were counted again and for each
vial the final volume was set to 1 ml of 6% DMSO in FBS. Cells were collected and
centrifuged to remove the culture media. Half of the total volume was given to cells
as full FBS, and cells were incubated at 4°C for 20 minutes. Rest of the volume was
prepared as 12% DMSO in FBS. After incubation cell-FBS and DMSO-FBS solutions
were mixed and the vials were kept in a Mr. Frosty for at least 24 hours at -80°C, then

stored at -80°C.

Cell Thawing: All cell lines were thawed within 5 ml FBS, followed by centrifu-

gation at 300 zg for 5 minutes. The cell pellet was resuspended in their respective cell

culture media. All cell lines were incubated at 37°C, 5% CO2.
3.2.3. Design and Cloning

In this study, to obtain puromycin-resistant expression of three CD3 subunits, the
existing LeGO-DGE-IRES-TCR backbone was used where TCR, fragment is replaced

by puromycin resistance gene (puro-insert) obtained from LeGOiG2p vector with PCR.

PCR for Puro-insert from LeGOiG2p: To obtain puro-insert from the backbone

with desired restriction enzyme sites which were EcoRI and Xhol.



PCR for Puromycin Insert:

LeGOiG2p
5X Q5 Reaction Buffer
dANTP
10 uM puro_ext_EcoRI _fwd
10 pM puro_ext_Xhol_rev
GC Enhancer
NEB Q5 High-Fidelity
ddH,0O

Total volume

PCR Conditions:

Step Temperature
Initial denaturation 98°C
30 Cycles 98°C
62°C
72°C
Final Extension 72°C

2.5 ng
10 pl
1l
2.5 ul
2.5l
10 pl
0.5 ul

up to 50 pl

50 pl

Time
30 seconds
10 seconds
30 seconds
21 seconds

2 minutes
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After the PCR is completed, the PCR product was run on 0.7% agarose gel pre-
pared with TBE for 1 hour at 100 V. For the isolation of PCR product, NucleoSpin(®)

Gel and PCR Clean-up kit was used according to manifacturer’s protocol. Eluted DNA

concentration was measured with NanoDrop spectrophotometer.

Digestion of Puromycin Insert and LeGO-DGE-IRES-TCR Backbone:

Eluted insert and the backbone were digested using EcoRI and Xhol by following

the below reaction;
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Digestion of LeGO-DGE-IRES-TCR:

LeGO-DGE-IRES-TCR 10 pg

NEB Xhol (10,000 IU/ml) 1.5 ul

NEB EcoRI-HF (10,000 TU/ml) 1 nl

NEB CutSmart Bufferd 5nl
ddH,0O up to 50 pl

Total volume 50 ul

Digestion of Puro-insert:

PCR product for puromycin 1.5 ng
NEB Xhol (10,000 IU/ml) 0.75 ul
NEB EcoRI-HF (10,000 IU/ml) 0.5 pl
NEB CutSmart Bufferd 5nl
ddH,O up to 50 pl
Total volume 50 ul

Digestion reactions were carried out at 37 °C for 2 hours. To remove the extracted
fragment from LeGO-DGEITCR, reaction was run on 0.7% agarose gel made with TBE,
for 1 hour at 100 V. NucleoSpin@®) Gel and PCR Clean-up kit was used according to
manifacturer’s protocol. Eluted DNA concentration was measured with NanoDrop

spectrophotometer.

Eluted backbone was treated with calf intestinal alkaline phosphatase (CIP) to
dephospharylate 5" and 3" DNA ends to prevent self-ligation of the backbone.
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CIP Treatment of the Backbone:

Extracted LeGO-DGE-IRES-TCR 34 pl
(300 ng of the product was

reserved for ligation control)

NEB CIP (10,000 IU/ml) 0.1 nl

NEB CutSmart Bufferd 5l
ddH,0O up to 50 pl

Total volume 50 pl

CIP reaction is carried out at 37°C for 30 minutes. Following the incubation, the
product was eluted by NucleoSpin@®) Gel and PCR Clean-up kit. Ligation of the insert

and backbone carried out at 16°C for 16 hours, as described below:

Digested puro-insert 3.5-17 ng
CIP-treated LeGO-DGE-IRES-TCR 50 ng
NEB T4 DNA Ligase 1 pl
NEB 10X T4 DNA Ligase Buffer 2l
ddH,0O up to 20 pl
Total volume 20 nl

Transformation of the Ligation Reaction and Confirmation of the Cloning: 10 pul

of the ligation reaction was transformed into 100 ul competent E. coli cells. Next day
colonies were picked for colony PCR. Mini-cultures’ of positive colonies were prepared

and control digestions were performed to determine the correct colonies.
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First conformation of the cloning was performed with colony PCR. The reaction

was carried out as following:

Colony pick
10X Taq Buffer 2.5 ul
25 mM MgCl, 1.5l
10 mM dNTP 0.5 nl

10 pM TRES seqF 0.5 ul
10 pM WPRE_rev 0.5 ul
Taq polymerase 0.125 nl

ddH,0O up to 25 pul
Total volume 25 ul
PCR Conditions:
Step Temperature Time
Initial denaturation 95°C 3 minutes
30 Cycles 95°C 30 seconds
48°C 30 seconds
72°C 54 seconds
Final Extension 72°C 5 minutes

After completion PCR, the samples were run on a 1% 0.5X TBE at 100 V. Two
positive colonies were picked to start mini cultures, and isolated with Macherey-Nagel

NucleoSpin@®) Plasmid kit according to manufacturer’s protocols.

3.2.4. Lentiviral Particle Production

For the production of lentiviral infectious particles, HEK293FT cells were trans-
fected accordingly: 16 hours prior to transfection, 4.5x10® HEK293FT cells were seeded
in 100 mm culture dishes. Then, 7.5 pg gene-of-interest, 3.75 pg pMDLg/pRRE, 2.5 png
pRSV-REV, and 1.25 png phCMV-VSV-G plasmids were co-transfected with the cal-
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cium phosphate precipitation method where plasmids were mixed with 50 pl of CaCly
and completed to 500 pl with ddH50. Then, the DNA-CaCl; mix was added to 500 pul
2X HBS drop by drop. After 15 minutes of incubation, the mixture was added to cells
in the presence of 25 1M chloroquine. 8 hours later the medium was changed, and virus
supernatant was collected at 48-hour time point and filtered through a 0.45 um filter
and directly PEGylated at final 10% PEG, and left at 4°C overnight. After overnight
incubation, virus-PEG solution was centrifuged at 3000 zg for 30 minutes. Super-
natant was discarded, and remaining PEG-coated viral particles were resuspended in

appropriate amount of serum-free RPMI-1640, and stored at -80°C.

3.2.5. Lentiviral Transduction of NK-92 Cells

To obtain stable expression of each gene of interest, NK92 cell line of to be
transduced was set to 500.000 cell/ml prior to transduction day. At transduction day,
cells were transduced with the chosen infectious particle at MOI=5 where cell line
was kept at 1x10° cells, as dublicates. Transduction was performed under 1.5 pM
(57Z)-7-Oxozeaenol, 8 mg/ml protamine sulfate, and 1000 IU IL-2. After 16 hours,
virus-containing media was replaced with fresh media. Before the control of the gene
expression, cells were maintained in this medium for three or four days. For both CD3

and KIR2DL1 modifications, gene expression was controlled by flow cytometry.

3.2.6. Flow Cytometry

In this study, all the flow cytometry assays were carried out as follows. Surface
stainings were performed by first washing the cells with DPBS followed by appropriate
amount of antibody on ice for 30 minutes. After incubation, cells were washed with
DPBS again to remove residual antibody, and analysis was performed. For surface
stainings 2x10° cells were used. KIR2DL1 positive cells were sorted in 1.5% FBS-
DPBS, followed by incubation in 20% FBS complete RPMI-1640 media supplemented
with 1% Penicillin-Streptomycin. Cells were acquired with BD Accuri C6 and BD
FACsCalibur, sorted with BD Influx and analyzed with FlowJo software.
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3.2.7. Degranulation of TCR-NK Cells

Prior to experiment, effector cells and one of the target cell K562 were seeded
at 500,000 cell/ml, while A375 and A375Tyr was seeded at the experiment day. Next
day, all cells were recounted and adjusted to 200,000 cell per 100 nl for every well of
the v-bottom 96-well plate. Prior to seeding on 96-well plate, incubation of effector
NK cells with anti-CD107a-APC-conjugated was started. As positive control, phorbol
12-mystriate 13-acetate (PMA) and ionomycin were used on effector cells at 1.25 pg/ml
and 0.25 pg/ml final concentrations respectively. Then, cells were centrifuged at 50
xzg for 2 minutes. Effector and target cells were incubated at a 1:1 ratio for 1 hour
at 37°C, 5% CO2 incubator. After incubation, monensin was added to each well and,
centrifuged at 50 xg for 2 minutes prior to further incubated for 3 hours. At the end
of total of 4 hours, plate was centrifuged at 400 zg for 5 minutes. Supernatant was
discarded and WT NK cells were stained with CD56 PE-conjugated antibody at 1:50
ratio for 30 minutes on ice. Remaining samples are transferred to FACS tubes and
analysis was performed. For time-point degranulation, 15°, 30’, 45’ and 60’ time-points

did not include monensin treatment, but directly analyzed.

3.2.8. Real-time Cell Analysis of TCR-NK Cells

Prior to experiment day, effector cells were seeded at 500,000 cells/ml. The same
day, target cells were plated on E-16 plates in the following manner: Each E-16 plate
to be used was first incubated at room temperature with 200 pl target medium for
15 minutes. Following the incubation, a background reading was performed on the
xCelligence device. Then, 100 pnl of the medium was removed and 10,000 cells/well
target cell was seeded into appropriate wells. After 16 hours, 100 pl of the medium was
removed and appropriate amounts of effector cells were seeded in each well with 1000

IU IL-2 was given into each well. Cell index was measured for the following 24 hours.
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3.2.9. Intracellular TNF-o and IFN-y Staining

Similar to degranulation analysis, effector cells and target cells were seeded at
500,000 cell/ml prior to experiment day, with the exception of A375 and A375Tyr.
Next day, cells were co-incubated at 1:1 ratio with 200,000 effector cells. As opposed
to degranulation, CD107a staining was not performed. After 1 hour of co-incubation
Brefeldin-A was added. Completion of the total 4 hours, for intracellular staining, cells
were fixed and permeabilized with 1% PFA and 0.01% w/v Saponin in DPBS for 30
minutes. After washing cells with permeabilization wash buffer two times. Cells were

analysed in a flow cytometer.

3.2.10. Statistical Analysis

All statistical analysis was performed using GraphPad Prism 9.0.0 and two-way

ANOVA test was used to determine the significance.
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4. RESULTS

4.1. Cloning of CD3 and Receptor Vectors

4.1.1. Cloning of LeGO-DGE-IRES-puro

As described in Methods, following the ligation, colony PCR was performed with
the picked colonies using IRES seqF and WPRE _rev primers. The expected band size
for the positive colonies was 890 bp, while for the intact vector the band size was 2123
bp (Figure 4.1a). As seen in Figure 4.1b, 4" and 10" colonies have given the right
bands.

(b)
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Figure 4.1. Gel images of predicted and actual colony PCR results of
LeGO-DGE-IRESpuro.

(a) MW indicates the DNA ladder, 1st well representing the successfully cloned
LeGO-DGE-IRESpuro’s expected band and 2nd well representing the empty vector’s

band. (b) Wells marked with yellow rectangles represent the positive colonies.

Selected colonies were isolated from their mini-cultures and restriction digestion

with EcoRI and Xhol, and BamHI as shown in Figure 4.2.
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(a) bp MW 1 2 3 4 (b)

Figure 4.2. Gel images of predicted and actual restriction digestion results of

LeGO-DGE-IRESpuro vectors

(a) MW indicates the DNA ladder, 1st well representing the successfully cloned
LeGO-DGE-IRESpuro’s expected bands when digested with EcoRI and Xhol, 2nd
well representing the expected bands when digested with EcoRI, Xhol, and BamHI.
3rd well represents the expected bands of the backbone vector, LeGO-DGEIiTCR
after digested with EcoRI and Xhol, while the 4th well represents the digestion after
EcoRI, Xhol, and BamHI. (b) Orange brackets represents the colonies picked from
the colony PCR results, and their digestion with the annotated enzymes, while the
purple brackets show the backbone vector, LeGO-DGEiTCR digestion.

After the two positive colonies were selected following colony PCR and restric-
tion digestion controls, vectors were final tested in transfection by co-transfecting
HEK293FT cells with the TyrTCR-GFP vector to determine the surface CD3 ex-

pression levels.



35

S ek cets

FSC-A 0 FSC-A FEC-4 FEC-A

Figure 4.3. Flow cytometry analysis of CD3e surface expression on 293FT cells,

co-transfected with TCR off chains.

In Figure 4.3, the gating strategy is as follows; after HEK293FT cells were se-
lected, single cells were gated at FSC-A vs FSC-H. From single cells, GFP positive
cells, which the signal came from TCR chains were selected and CD3e expression was

detected via anti-CD3e APC-conjugated antibody.
4.1.2. Confirmation of LeGO-KIR2DL1-iT2
Lab constructs of LeGO-KIR2DL1-iT2 vector was confirmed using two different

enzymatic reaction combinations using Xhol and Bsal, and Apal and Ndel, represented

in Figure 4.4.
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Figure 4.4. Gel images of predicted and actual control digestion results of

LeGO-KIR2DL1-iT2

(a) MW indicates the DNA ladder, 1st well representing the successfully cloned
LeGO-KIR2DL1-iT2’s expected bands with Xhol and Bsal double digestion, and 2nd
well representing bands for Apal and Ndel double digestion. (b) LeGO-KIR2DL1-iT2

digestions under annotated enzymatic conditions.

Colony that has been confirmed by both colony PCR and control digestion was
used for further KIR2DL1 lentiviral construct productions.

4.2. Lentiviral Vector Productions

For the generation of stable expression of TCR complex and KIR2DL1 on NK92
cells, 2 lentiviral constructs were used (Figure 4.5). VSV-G pseudotyped lentivirus
production was generated by transfecting HEK293FT cells.
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LeGO-DGE-IRESpuro
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LeGO-KIR2DL1-iT2
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Figure 4.5. Lentiviral constructs for CD3 subunits and KIR2DL1.

Viral titers were determined by transducing HEK293FT cells with different dilu-

tions of the viral particles. Titrations were shown in Table 4.1.

Table 4.1. Table of viral titers

Lentivirus Collection Time | Infectious particle per
ml
LeGO-DGE-IRESpuro 48 hours 1.83 x 106
LeGO-KIR2DL1-iT2 48 hours 2.8 x 10°
(PEGylated)

4.3. Genetic Modification of NK92-TyrTCR Cells

In this study, NK-92 cells were transduced with lentiviral particles overnight
in the presence of (5Z)-7-Oxozeaenol and protamine sulphate, and gene expression
analysis were carried out by flow cytometry. After 4 days, either puromycin selection

was started, or cells were expanded to be sorted by FACS.

4.3.1. Genetic Modification of NK-92-TCR Cells with CD3 Subunits

For the expression of a functional TCR-CD3 complex on the NK-92 cell surface,
lentiviral particles obtained from HEK293FT cell transfection of CD3 subunits were
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used. Lentiviral transduction was performed on stable NK-92 cells that were priorly

transduced and FACS sorted with TyrTCR-GFP expression.

In Figure 4.6, CD3e expression before and after puromycin selection was observed

by flow cytometry.

(2)
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FL4-A - APC-A

Figure 4.6. Flow cytometry results of transduction of NK-92TCR cells with CD3

subunits, followed by puromycin selection.

(a) surface CD3e expression before puromycin selection, and (b) after puromycin

Puromycin selection of 4 days resulted with a CD3 surface expression increase

from 22.6% to 98.6%, proving a successful selection. Obtained cell line was used for

transduction of KIR2DL1 later, and called NK-92TCR(DGE) from this point.
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4.4. Genetic Modification of NK-92TCR(DGE) Cells with KIR2DL1

4.4.1. FACS Sorting of KIR2DL1 Expressing NK-92TCR(DGE) Cells and

Surface Analysis

KIR2DL1 containing lentiviral particles was used to transduce NK-92TCR(DGE)
cells to achieve stable KIR2DL1 expression.
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Figure 4.7. KIR2DL1 surface expression of NK-92TCR(DGE) cells assessed by flow

cytometry.

(a) Before and (b) after FACS sorting according to KIR2DL1 expression.

A population of 10.8% KIR2DL1 expressing NK-92TCR(DGE) cells was sorted
(Figure 4.7a to obtain a cell line which was called NK-92TCR(DGE)-KIR2DL1. Fol-
lowing the sort, cells were again stained with the same antibody used for sorting to
observe the final KIR2DL1 surface expression. As can be seen in Figure 4.7b, 93.9%

of KIR2DL1 surface expression was obtained.
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4.5. Functionality of TCR-NK KIR2DL1 Cells

Evaluation of the effect and function of KIR2DL1 expressing cells were measured
by assays that were common in NK cell cytotoxicity measurements. These are, degran-
ulation, cytotoxicity, and cytokine secretion. Also, the assessment of the downstream
molecular effect of the inhibitory signal on the intermediates between TCR and NK

signaling was measured with Western blot analysis on phosphorylated proteins.
4.5.1. Degranulation of Antigen-specific TCR-NK KIR2DL1 Cells

NK cell triggering results with release of cytolytic granules such as perforin and
granzyme B through lysosomes. During degranulation, CD107a molecules inside the
lysosomal membrane comes to surface and the surface expression levels of CD107a was
used to determine the NK cell degranulation. The assays were set as explained in

Materials and Methods.
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Figure 4.8. Degranulation of NK-92TCR(DGE)-KIR2DL1 cells.

Degranulation of effector cells was measured by surface CD107a levels. At an
effector:target 1:1 ratio, all effector cells were stimulated with PMA /IO, and K562.
For antigen-specific cytotoxicity, CD107a levels of each effector against A375 and
A375Tyr cells. (Two-way ANOVA analysis, **** pj0.0001)
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The first degranulation assay results showed the co-incubation of effectors and
targets for 4 hours. From Figure 4.8, surface CD107a levels of NK-92TCR(DGE)-
KIR2DL1 cells were significantly higher against NK-92TCR(DGE) control cells against
all targets except PMA /IO simulation. Further analysis of degranulation profile of the

KIR2DL1 expressing effector cells were measured at different time points.

Whether the effect of inhibitory signal shows a difference at early time points,

another degranulation assay was set where co-incubation was terminated at 1 hour.
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Figure 4.9. Degranulation of NK-92TCR(DGE)-KIR2DL1 cells for 1 hour.

Degranulation of effector cells was measured by surface CD107a levels. At an
effector:target 1:1 ratio, all effector cells were stimulated with PMA /IO, and K562.
For antigen-specific cytotoxicity, CD107a levels of each effector against A375 and
A375Tyr cells (Two-way ANOVA analysis, **** p<0.0001, *** p= 0.0008, ns= not

significant).

The 1-hour co-incubation of effectors with their targets showed a similar result
with 4 hours assay. Again, KIR2DL1 expressing effector cells have shown higher
CD107a levels against K562 and A375Tyr. However, a significant decrease against
PMA/IO stimulation was observed in KIR2DL1 expressing cells against control cells,

and no significance was observed against A375 cells (Figure 4.9).
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To assess the dynamics of degranulation that can be affected by inhibitory sig-
nals, a time-point degranulation assay was performed in which effector and target

co-incubations were terminated at 15, 30, 45, 60, 90, and 120 minutes.
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Figure 4.10. Degranulation of KIR2DL1 expressing cells against A375Tyr cells at

different time points.

(a) line and (b) bar representation of the time-point degranulation assay. At early
time-points KIR2DL1 expressing cells showed a significant decrease, however later the
difference was not significant (Two-way ANOVA analysis. * p=0.0196, ** p=0.0067,

o = (0.0002).

The significant increase observed in 4-hour degranulation assay against A375Tyr
cells was not observed at early timepoints of degranulation. In fact, there was a slight
decrease at 15 and 30 minutes, and again at 60 minutes, which was lost at 90 and 120
minutes when compared to control NK92-TCR(DGE) cells (Figure 4.10). A second

repeat of the assay was performed to conclude the results.
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Figure 4.11. Second time-point degranulation assay against A375Tyr cells.

(a) line and (b) bar representation of the time-point degranulation assay. Except for
15-minute time point, KIR2DL1 expressing cells showed higher CD107a levels in
comparison to control NK92-TCR(DGE) cells. (Two-way ANOVA analysis. **
p=0.0019, *** p=0.0002, **** p<0.0001).

Repeat of the time point degranulation assay showed that, at later time points,
degranulation levels of KIR2DL1 expressing NK92-TCR(DGE) cells reach or surpass
the amount of surface CD107a level when compared to NK92-TCR(DGE) cells (Figure

4.11).
4.5.2. Cytotoxic Activity of TCR-NK KIR2DL1 Cells

Measurement of cytotoxic activity of KIR2DL1 expressing cells was measured
using a real-time cell analysis (RTCA), based on the electrical impedance of the cells.

To assess the detailed dynamics of cytotoxic function of these cells, different effector-

to-target ratios were performed.
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Figure 4.12. Real-time cell analysis of different effector cells against both A375 and
A375Tyr cells.

Cell index measurement was carried out for 24 hours following the effector addition at

16 hours. Cell index normalized to 1 at the time of effector cell addition.

As can be seen from Figure 4.12, the normalized cell index of A375Tyr cells is
almost the same when they are co-incubated with either NK92-TCR(DGE)-KIR2DL1
or NK92-TCR(DGE) only. Like degranulation, to see whether there is a significant

difference at early time points, 1-to-6-hour cell indexes were graphed individually.
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Figure 4.13. 1-to-6-hour timepoints of cell indexes which were baseline-corrected to

no effector cell indexes at each hour.
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While there were some slight significant differences at different timepoints against
A375, further characterization of the cytotoxic function of KIR2DL1 was measured with

different effector-to-target ratios. First, 0.1:10 E:T ratio was tried out.
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Figure 4.14. RTCA analysis of the effector cells against A375 and A375Tyr at 0.1:10
E:T ratio.
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Figure 4.15. 1-to-6-hour timepoints of cell indexes which were baseline-corrected to

no effector cell indexes at each hour.

For the first 3 hours, there was a slight increase in terms of cytotoxicity of KIR2DL1
expressing effector cells, however after 4 hours, the difference was no longer
significant (Two-way ANOVA analysis. * p=0.0135, *** p=0.0005 for 2 hour, and
p=0.0009 for 1 hour, ns=not significant).
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Since there was a significant difference observed between NK92-TCR(DGE) and
KIR2DL1 expressing NK92-TCR(DGE), another RTCA assay was performed where

the effector amount was increased to 0.3:10 E:T ratio.
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Figure 4.16. RTCA analysis of the effector cells against A375 and A375Tyr at 0.3:10
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Figure 4.17. 1-to-6-hour timepoints of cell indexes which were baseline-corrected to

no effector cell indexes at each hour.

Increased number of KIR2DL1 expressing did not show a significant difference at

various timepoints (ns=not significant).

Overall timepoint analysis of 0.3:10 E:T ratio did not show a significant effect
mediated through KIR2DL1 expression on the cytotoxicity of TCR expressing NK cells.
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While at 1:1 and 0.3:10 ratios KIR2DL1 expressing cells do not show a significant
difference, at a very low ratio, 0.1:10, KIR2DL1 expressing NK92-TCR(DGE) cells

showed a significant increase in cytotoxic function, and showed a faster response.

4.5.3. TNF-a and IFN-y Secretion of TCR-NK KIR2DL1 Cells

During NK cell triggering, in addition to degranulation of cytolytic enzymes, NK
cells secrete cytokines such as TNF-o and IFN-y. Here, we have co-incubated effectors
with their targets for 4 hours, followed by intracellular staining of either TNF-a or

IFN-y.
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Figure 4.18. TNF-a expression levels in A375Tyr stimulated effector cells.
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Here in Figure 4.18, there is an increase of TNF-a expression in both cells that
are expressing functional TCRs (NK92-TCR(DGE) and NK92-TCR(DGE)-KIR2DL1)
when compared to wild type NK92 or NK92-TCR. However, there is a significant
decrease in NK92-TCR(DGE)-KIR2DL1 when compared to NK92-TCR(DGE) (sup-

ported in Figure 4.19).
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Figure 4.19. Bar graph representation of TNF-o secretion.

In addition to A375Tyr stimulation, KIR2DL1 expressing cells showed significant
decrease when they are stimulated chemically (PMA /IO) or with K562 cells. However,
A375 cells did not stimulate a significant response in NK92-TCR(DGE)-KIR2DL1 cells
(Figure 4.19).
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Figure 4.20. IFN-y expression levels in A375Tyr stimulated effector cells.

In contrast to TNF-o, a decrease in IFN-y expression between A375Tyr stimulated
NK92-TCR(DGE) and NK92-TCR(DGE)-KIR2DL1 cells were not significant. But,

similar to TNF-a, functional TCR expression has increased I[FN-y expression compared

to wild-type NK92 and NK92-TCR cells against A375Tyr (Figure 4.20).
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Figure 4.21. Bar graph representation of IFN-y secretion.

Against all targets, except A375, the decrease observed in KIR2DL1 expressing
cells against NK92-TCR(DGE) cells was not significant (Figure 4.21). Overall cytokine
secretion assay showed that there might be a KIR2DL1-mediated TNF-o decrease in
A375Tyr cells, but the same does not apply to IFN-y secretion. However, a similar

reduction was observed in A375 cells for IFN-vy.

4.5.4. Western Blot Analysis of Phospho-proteins in TCR-NK KIR2DL1
Cells

During NK cell triggering and TCR signaling, various signaling intermediates are
phosphorylated, such as PLCy1 and Erk1/2. Western blot analysis of these proteins
was performed after co-incubation during a given period of time under serum-starved

conditions.
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Figure 4.22. Phospho-PLCy1 expression levels in stimulated effector cells.

Phospho-PLCy1 levels were decreased in KIR2DL1 expressing cells against all
targets, as observed in Figure 4.22, both in the image and the quantitative results

obtained from normalized values to the respective actin band intensities.
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Figure 4.23. PPhospho-Erk1/2 and total Erk expression levels in stimulated effector

cells.

Similar to phospho-PLCy1 levels, a decrease was observed in the overall phos-

phorylation of Erk1/2 (Figure 4.23).
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5. DISCUSSION

Adoptive immunotherapy relies on our body’s own immune cells to fight against
cancer. While most adoptive cell therapies are based on T cells through TCR or CAR
transfer, many setbacks are present in both cases. For CAR-T cells, the therapy focuses
on the tumour antigen expression in the tumour cell, not on the healthy cells. Although
it is a successful approach for B cell malignancies through CD19 targeting (Kowolik et
al., 2006), loss of the tumour antigen or the lack of identified tumour-specific antigens
are still challenges of CAR-T cell therapies. In the case of TCR-T cell therapies, a
major setback is the mispairing problem. Genetically modified T cells with TCR of3
chains can be mispaired with the endogenous 3 and o TCR chains. Newly mispaired
TCR heterodimers can be self-reactive or not elucidate a response. However, they can

reduce the overall efficacy of targeted TCR therapy (van Loenen et al., 2010).

In the light of these setbacks of T cell-based adoptive cell therapies, NK cells have
become a field yet to be explored. Either patient-derived or healthy donor-derived NK
cells can be possibly safer for adoptive immunotherapy. However, primary NK cell-
based therapies have their own challenges. Patient-derived NK cells are faced with
silencing after self-MHC encounters. Due to diverse inhibitory receptor expressions,
donor-derived NK cells can initiate acute graft-versus-host disease even though T cells
are depleted (Shah et al., 2015). Additionally, primary NK cell retrieval is complex
due to low amounts of NK cells in circulation. Following the collection, expansion of

these cells in vitro is also a challenge (Alici & Sutlu, 2009).

NK92 is a cell line derived from a Non-Hodgkin’s lymphoma patient. It is a highly
cytotoxic cell line due to the expression of many activating receptors (NKp46 and 2B4)
and the lack of expression of inhibitory receptors (most of the inhibitory KIRs) except
the NKG2A-CD94 complex (Gong et al., 1994). The high cytotoxicity of this cell line
made them a possible candidate to overcome challenges in T cell-based therapies. With
the similar signaling mechanism of NK cells to T cells, their adaptation to the same

genetic modifications performed on T cells is inescapable.
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While NK cell-based adoptive immunotherapy primarily relied on CAR engineer-
ing, their aforementioned shared signaling machinery with T cells made them excellent
candidates for TCR engineering. As of now, very few studies have used NK92 cells
engineered with TCR (Mensali et al., 2019; Parlar et al., 2019) and showed successful

antigen-specific targeting with NK92 cells.

However, molecular dynamics of the TCR with the downstream NK cell activity
through inhibitory receptors are unknown. Despite their high cytotoxicity, NK92 cells’
requirement of pre-irradiation results in reduced efficacy in therapy. Recently, another
group (Morton et al., 2022) has developed TCR expressing primary NK cells that
showed NK-cell mediated lysis during HLA class I loss, a concern of TCR-mediated

therapies.

While primary NK cell usage is a way to study inhibitory signals and TCR signal-
ing, NK92 cells create a platform where different combinations of each inhibitory KIR
can be tested. Hence, in this study, we have used NK92 cells to express the inhibitory
KIR receptor KIR2DL1. The ligand for KIR2DL1 is HLA-C2 (Winter et al., 1998),
and it is different from our antigen-presenting HLA, HLA-A2, which engineered TCR
recognizes. With this, we wanted to create recognition pathways that are distinct from

each other and to see whether we can harness these NK cells to have dual targets.

We started this study by first cloning a CD3 subunits vector that does not ex-
press any fluorescent protein. Since we already have the NK92 cell line expressing a
TCR recognizing the tyrosinase epitope expressed by A375 melanoma cells, we trans-
duced these NK92-TCR cells with CD3 subunits, for no surface TCR expression can
be obtained in the absence of CD3 subunits. All the transductions were carried out
in the presence of a TAK1 inhibitor, (5Z)-7-Oxozeaenol, to increase the NK92 cell

transduction by inhibiting the intracellular antiviral defense mechanism.
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After obtaining the final effector TCR-NK cells expressing KIR2DL1, the de-
granulation capacity of these cells was measured against targets. Cells were either
stimulated chemically by PMA /IO or with their natural cell target, K562, a cell line
lacking HLA expression. While the KIR2DL1 expressing cells are successfully triggered
by these control groups, overall CD107a levels have shown significant increases in all

targets, indicating an increase in cytotoxicity without the antigen-specific response.

Similar high cytotoxicity was observed within the RTCA assays, although not
significant. Since additional expression of an inhibitory receptor was expected to result
in decrease in degranulation and cytotoxicity, the effect of KIR2DL1 on TCR-NK

signaling is still a question.

To follow up on the degranulation and cytotoxicity, molecular downstream effects
of the KIR2DL1 were investigated with a phospho-protein analysis. PLCy1 and Erk1/2
are phosphorylated during TCR activation and downstream of KIR signaling (Gaud
et al., 2018). The Western blot results showed a different story when compared to
degranulation and cytotoxicity assays, where we observed decreases in both phospho-
protein levels. However, a decreasing trend was observed in all targets, including the

K562 cells that do not express the melanoma antigen.

Similar to immunoblotting, a decrease in the cytokine secretion profile of TCR-
NK cells expressing KIRs was observed. It has been stated previously that cytokine
secretion of NK cells is linked with their cytolytic activity (Wang et al., 2012). However,
both IFN-y and TNF-a levels have reduced KIR2DL1 expressing cells. It has been
reported that TNF-o can contribute to IFN-y production in NK cells (Almishri et
al., 2016), so the overall cytokine secretion profile may be comparable. However, the
negative correlation between cytotoxicity, cytokine secretion, and signaling inclines us

to postulate other outcomes.

Overexpression of many genes on NK cells can alter their phenotypes, resulting
in an overexpression of activating signals. Since these receptors balance the NK cell

cytotoxicity, the overall sum of activating receptors can overcome the overexpressed
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single inhibitory receptor. Although there seem to be further explanations required,
TCR-NK cells that express inhibitory KIR receptors can work synergistically with
TCR signaling. However, as further studies, granzyme B and perforin loads of these
KIR2DL1 expressing TCR-NK cells must be investigated to see whether these TCR-
NK cells that previously lacked inhibitory expression could undergo a process similar to
NK cell education. Additionally, phospho-protein levels of other signaling intermediates
such as Vavl, LAT, SLP-76, and PKC® which are extremely important in both TCR

and KIR signaling can be measured.
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APPENDIX A: CHEMICALS

Table A.1: Chemicals used in this study

Chemicals

Company

Acrylamide/Bis-acrylamide, 30%

Sigma, Germany

solution
Agar Sigma, Germany
Agarose Sigma, Germany

Ammonium per sulphate

Sigma, Germany

Ampicillin

Sigma, Germany

Boric Acid

Sigma, Germany

Bovine Serum Albumin (BSA)

Sigma, Germany

Brefeldin-A

Biolegend, USA

Chloroquine Sigma, Germany
Distilled Water Merck Milipore, USA
DMEM GIBCO, USA
Cytiva, UK
DMSO Sigma, Germany
DNA Gel Loading Dye, 6X New England Biolabs, USA
DPBS Cytiva, UK
EDTA Sigma, Germany
Ethanol Sigma, Germany

Ethidium Bromide

Sigma, Germany

HEPES solution, 1M

Sigma, Germany

Interleukin-2

Novartis, USA

Tonomycin Sigma, Germany
Isopropanol Sigma, Germany
LB Broth Sigma, Germany

L-Glutamine 200 mM

Cytiva,UK




Table A.1: Chemicals used in this study (cont.)

MEM Vitamin Solution 100X

GIBCO, USA

MEM Non-essential Amino Acid
solution 100X

GIBCO,USA

2-Mercaptoethanol

Sigma, Germany

Methanol Sigma, Germany
Monensin Biolegend, USA
NaCl Sigma, Germany

(5Z)-7-Oxozeaenol

Sigma, Germany

Penicillin-Streptomycin

Sigma, Germany

Paraformaldehyde

Biolegend, USA

Phorbol 12-myristate 13-acetate

Sigma, Germany

(PMA)
PIPES Sigma, Germany
Protamine Sulphate GIBCO, USA
RPMI-1640 Cytiva, UK

Sodium dodecyl sulphate

Sigma, Germany

N,N,N’,N'Tetramethylethylenediamine

Sigma, Germany

Tris-base

Sigma Germany
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APPENDIX B: EQUIPMENTS

Table B.1: Equipments used in this study

Equipment Company
Autoclave ASTELL SWIFTCLAVE, UK
Balance Precisa BJ210C
Centrifuge Beckman Coulter, Allegra X-12, USA

Beckman Coulter Allegra X-30R, USA

COg incubator

Steri Cycle 160, Thermo Fisher Scientific,
USA

Deepfreeze -150°C, Thermo Fisher Scientific, USA
-80°C, Binder, USA
-20°C, Bosch, Turkey
Electrophoresis Thermo Fisher Scientific, EC1000_90
Apparatus PowerSuply, USA
Thermo Fisher Scientific, MIDICELL
PRIMO, USA
Filters Molgen, Turkey

Flow cytometer

BD Accuri™ Flow Cytometer, USA
BD FACSCalibur Flow Cytometer™, USA
BD Influx™ Cell Sorter, USA

Gel Documentation

BIO-RAD, USA

Heater/Stirrer

Yellow Line, USA

Ice Machine

Scotsman Inc., USA

Laminar Flow

Thermo Fisher Scientific SDFE2020, USA

Liquid Nitrogen Tank

Taylor-Wharton, 3000RS, USA

Microliter Pipettes

Axygen, USA

Microscope

Zeiss, Primo Vert, Germany
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Table B.1: Equipments used in this study (cont.)

Microcentrifuge

Beckman Coulter Microfuge 16, USA
GILSON GmCLab Capsulefuge
PMC-880,USA
Mikro200R, Hetich, Germany

Microwave Oven

Beko, Turkey

pH meter Hanna HI 2020 Edge (R), USA
Refrigerator Bosch, Turkey
Arcelik, Turkey

Spectrophotometer Beckman Coulter DU730, USA

NanoDrop™ 2000, Thermo Fisher
Scientific, USA

Thermal Shaker

Thermal Shake Lite VWR, USA

xCELLigence RTCA

ACEA, USA

Vortex

Clifton™ Cyclone Vortex Mixers, USA

Waterbath

Memmert Water Bath, Germany
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APPENDIX C: ADAPTATIONS

e Figure 1.1, 1.3, 1.4, and 1.5 was created using BioRender.com

e Figure 1.2 was adapted from “TCR Downstream Signaling” by BioRender.com
(2022) and retrieved from https://app.biorender.com/biorender-templates.
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APPENDIX D: PLASMID MAPS
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HIV-1 W
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Fsel (1531)
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10,708 bp

Figure D.1. The plasmid map of LeGO-DGEiTCR.
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AmpR promoter SgrDI (1)
(9359) SspI MIuI (231)
(9035) Scal | Spel (252)
(8777) Fspl S A "h_l_d;:a(nd‘[m()sga)
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Figure D.2. The plasmid map of LeGO-DGE-IRESpuro.
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AmpR promoter SgrDI (0)
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Figure D.3. The plasmid map of LeGO-KIR2DL1-i'T2
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Figure D.4. The plasmid map of pMDLg/gpRRE.
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Figure D.5. The plasmid map of pRSV-Rev.
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Figure D.6. The plasmid map of pCMV-VSV-G.



APPENDIX E: DNA LADDER

GeneRuler™ 1 kb Plus DNA Ladder

0’GeneRuler™ 1 kb Plus DNA Ladder,
ready-to-use
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Q

2 — 1000 250 50

2 700 250 50
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&
&
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Figure E.1. DNA ladder
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APPENDIX F: PROTEIN LADDER

Gel

Figure F.1. Protein ladder
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