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ABSTRACT

INVESTIGATION OF PVRIG AS A POTENTIAL TARGET OF LRBA

Identifying novel T-cell co-inhibitors and the mechanism of their regulation is of great
importance for the development of novel immune checkpoint blockade therapies. LRBA is
a key surface trafficking regulator of CTLA-4, which is a crucial T-cell co-inhibitory
receptor. LRBA maintains immune homeostasis and prevents autoimmunity by directing
internalized CTLA-4 back to the cell surface and preventing its lysosomal degradation. To
date, the role of LRBA in the regulation of other T-cell co-receptors besides CTLA-4 have
not been identified. In previous studies in our laboratory, a novel T-cell co-inhibitory
receptor, PVRIG was found to be significantly downregulated on the surface of LRBA
knockout Jurkat T-cells. In this thesis, we aimed to investigate this finding in more detail to
find out whether LRBA regulates PVRIG through similar mechanisms as it regulates CTLA-
4. To this end, we performed several co-immunoprecipitation experiments to investigate the
physical interaction between endogenous PVRIG and LRBA proteins. In addition, we tried
to understand whether LRBA could bind to PVRIG with its PH-BEACH domain, which is
sufficient for CTLA-4 binding. We showed that the Flag-tagged PH-BEACH domain of
LRBA co-immunoprecipitated with various constructs of PVRIG, including full length
PVRIG, Tailless PVRIG, and TM-Tail PVRIG, all carrying c-Myc/His epitope tags.
However, we could not fully confirm the specificity of these co-immunoprecipitation results.
Therefore, there is a need for further investigation of the PVRIG and LRBA interaction using
additional techniques. We also showed that PVRIG protein can undergo glycosylation,
which may have implications on its overall function. This study adds valuable insights

towards the regulation of PVRIG by LRBA.
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OZET

LRBA’NIN POTANSIYEL BIR HEDEFi OLARAK PVRIG’IN
INCELENMESI

Yeni T hiicresi ko-inhibitorlerinin tespiti ve hiicre i¢i regiilasyonlarina ydnelik
mekanizmalarin  belirlenmesi, yeni immiin kontrol noktasi engelleme terapilerinin
gelistirilmesi agisindan biiyiik 6nem tasimaktadir. LRBA, kritik bir T hiicresi ko-inhibitor
reseptOrii olan CTLA-4'lin hiicre ylizeyine trafiginin diizenleyicisi olarak onemli bir rol
oynamaktadir. LRBA, internalize olmus CTLA-4'li hiicre yiizeyine geri yonlendirerek ve
lizozomal degradasyonunu engelleyerek immiin homeostazi siirdiirmekte ve otoimmiiniteyi
onlemektedir. Bugiine kadar, LRBA’nin CTLA-4 disinda diger T hiicresi ko-reseptor
hedefleri belirlenmemistir. Laboratuvarimizdaki 6nceki ¢alismalarda, PVRIG adli yeni bir
T hiicresi ko-inhibitor reseptdriiniing LRBA geni silinmis Jurkat T hiicresi ylizeyinde belirgin
bir sekilde diisiik seviyede oldugu tespit edilmistir. Bu tez ¢alismasinda, LRBA'nin CTLA-
4'ii diizenledigi mekanizmalar gibi, PVRIG'1 de benzer sekilde diizenleyip diizenlemedigini
daha ayritili olarak arastirmayr amagladik. Bu amagla, endojen PVRIG ve LRBA
proteinlerinin fiziksel etkilesimini incelemek i¢in ko-immiinopresipitasyon deneyleri
gerceklestirdik. Ayrica, LRBA'nin CTLA-4 ile baglant1 kurabilen PH-BEACH bolgesiyle
PVRIG'e baglanip baglanamayacagin1 anlamaya calisttk. LRBA’nin Flag etiketli PH-
BEACH bolgesinin, c-Myc/His etiketli tam uzunluklu PVRIG, kuyruksuz PVRIG ve sadece
kuyruklu PVRIG yapisiyla birlikte ko-immiinopresipite edilebildigini gosterdik. Ancak, ko-
immiinopresipitasyon sonuglarinin spesifikligini tam olarak dogrulayamadik. PVRIG ve
LRBA arasindaki baglanmanin baska tekniklerle arastirilmasina ihtiya¢ vardir. Ayrica,
PVRIG proteininin glikolizasyona ugrayabildigini gosterdik. Bu, PVRIG’in hiicre i¢indeki
genel fonksiyonu tlizerinde etkili bir faktor olabilir. Bu ¢alisma, PVRIG’in LRBA tarafindan

regililasyonuna yonelik degerli bilgiler saglamaktadir.
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1. INTRODUCTION

1.1. T-cells and T-cell Signaling

T-cells are crucial components of the adaptive immune system and are essential for
mounting an immune response in an antigen-specific manner. Common lymphoid
progenitors (CLPs) derive from hematopoietic stem cells in the bone marrow and migrate to
the thymus to initiate T-cell lineage commitment and development. T-cells develop in the
thymus from CLPs and undergo positive and negative selection to restrict reactivity to
peptides presented in the context of MHC and to minimize self-reactivity. The T-cells that
can escape the selection process migrate to peripheral lymphoid organs where they are
activated by foreign antigens (Kumar et al., 2018). T-cell activation depends on the
recognition of peptide-Major Histocompatibility Complex (pMHC) molecules on antigen
presenting cells (APCs) by the T-cell Receptor (TCR). Therefore, the actual antigen for T-
cells is not the antigen itself, but antigenic peptides presented on MHC Type I (MHC-I) or
Type II (MHC-II) molecules (Shah et al., 2021). Each T-cell expressing a unique TCR
complex recognizes unique pMHCs, which ensures the specificity of the T-cell response.
CD4 and CDS proteins are called co-receptors that aid TCR signaling by binding to invariant
MHC sites away from the peptide-binding groove (Artyomov et al., 2010). T-cells are
categorized into two major classes depending on their co-receptor expression; CD4+ T-
helper cells (Th) and CD8+ cytotoxic T-cells (Tc) (Figure 1.1). CD4+ T-cells are restricted
to recognize pMHC-II complexes whereas CD8+ T-cells are restricted to recognize pMHC-
I complexes on APCs (Murphy & Weaver, 2017).

TCR:pMHC binding mediates the primary T-cell signaling that initiates a cascade of
phosphorylation events starting with TCR complex subunit phosphorylation by the Lck
tyrosine kinase. The TCR complex is phosphorylated on immunoreceptor tyrosine-based
activation motifs (ITAMs) found on CD3 subunits. The Zap70 tyrosine kinase is recruited
to the phosphorylated ITAM motifs and Lck further phosphorylates Zap70, resulting in its
activation. Activated Zap70 phosphorylates the adaptor protein LAT, which in turn recruits
additional adaptor proteins that mediate the assembly and activation of downstream

molecules (Figure 1.2) (Courtney et al., 2018). Eventually, with various secondary



messengers and adaptor proteins, TCR:pMHC binding activates multiple signaling cascades.
For instance, TCR:pMHC binding-mediated phospholipase C-y (PLC-y) phosphorylation
leads to 1,4,5-inositol-triphosphate (IP3) activation, which results in Ca?* entry into cytosol
and triggering of Ca**-dependent calcineurin NFAT pathway (Yablonski et al., 2001). In
addition, TCR:pMHC binding activates PKC6 which leads to the activation of IKKy and the
release of NF-kB from the inhibitory IxB complex (Yixia et al., 2014). NF-xB can then
enter to the nucleus to regulate gene expression. Canonical PKC6— IKKy —NF-«B activation
is essential for T-cell survival and activation. The NFAT, NF-kB, and AP-1 signaling
pathways induce the transcriptional expression of various genes important in T-cell
activation such as Interleukin-2 (IL-2). Another important signaling cascade initiated by
TCR:pMHC engagement is RAS and MAPK pathways that control T-cell development,
differentiation, and TCR-mediated signal (Shah et al., 2021).

APC APC
pPMHC-II g
TCR CD4
CD4+ helper CD8+ cytotoxic
T-cell T-cell
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Figure 1.1. Schematic representation of CD4+ and CD8+ T-cells interacting with pMHC-II
and pMHC-I complexes, respectively.
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Figure 1.2. Overview of TCR downstream signaling.

1.2. T-cell Co-Signaling

pMHC recognition by TCR and co-receptors is called the primary signal that leads to
T-cell activation. However, this primary signal alone is not sufficient for effective T-cell
responses, and it needs to be stimulated by costimulatory receptor signaling, which was
proposed as the two-signal model of T-cell activation (Lafferty and Cunningham, 1975). On
the other hand, to control the T-cell activation response and the duration, there is a
requirement for co-inhibitory signaling. The strength and the balance of co-stimulatory and
co-inhibitory signaling determines the T-cell fate (Chen and Flies, 2013). There are various
T-cell co-signaling pathways such as the B7-CD28-CTLA-4 axis, the PD-L1- PD-1 axis,
and CD226-TIGIT-CD96 axis mediated by co-stimulatory or co-inhibitory receptors that
belong to the Ig superfamily (Figure 1.3).
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Figure 1.3. TCR co-signaling receptors and their ligands expressed on APCs are illustrated.
Co-stimulatory receptors are indicated by a green plus sign while co-inhibitory receptors

are indicated by a red minus sign.

Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) is a crucial T-lymphocyte co-inhibitory
receptor and it is essential for maintaining immune homeostasis and preventing
autoimmunity. CTLA-4 competes with the co-stimulatory receptor CD28 to bind their
shared ligands CD80/CD86 (B7.1/B7.2) expressed on the surface of APCs (Krummel and
Allison, 1995). CTLA-4 and its ligands’ interaction leads to the inhibition of NFAT, NF-«xB,
and AP-1-mediated signaling pathways (Fraser et al., 1999). In addition to competitive
binding, CTLA-4 can also decrease the CD80/CD86 expressed on APC surface via trans-
endocytosis (trogocytosis) and thus reduces the ligand availability for CD28 (Qureshi et al.,
2011; Zhao et al., 2022). As opposed to CD28, CTLA-4 does not mainly reside on the T-cell
surface in resting cells. Instead, it is mostly found in intracellular compartments and its total
expression as well as surface trafficking increases upon TCR stimulation. Even when

expressed on the surface, it is rapidly internalized from the cell surface through endocytosis



(Iida et al., 2000; Rudd et al., 2009). Internalized CTLA-4 molecules can be either directed
to lysosomal compartments for degradation or can be recycled back to the cell surface to
maintain its co-inhibitory role. Since CTLA-4 has a higher affinity and avidity to
CD80/CD86 than CD?28, its surface expression regulation is highly critical in the outcome
of T-cell response and fate (Pentcheva-Hoang et al., 2004).

The CD226-TIGIT-CD96 axis, on the other hand, is another signaling pathway that
has been well characterized in the context of T-cell biology. T-cell immunoreceptor with Ig
and ITIM Domains (TIGIT), and CD96 (TACTILE) are found at the core of this protein
family and they compete with CD226 (DNAM-1) for binding to their shared ligand CD155.
This regulatory signaling network resembles the CTLA-4/CD28 and CD80/CD86 signaling
in terms of competitive ligand binding. In the CD226 axis, the shared ligand is CD155, while
costimulatory CD226 and co-inhibitory TIGIT are the competing receptors. Identification of
Poliovirus receptor-related Immunoglobulin domain (PVRIG) has added more complexity
to this signaling axis. PVRIG (CD112R) competes with the co-stimulatory receptor CD226
for binding to CD112 which is another ligand found in the same axis (Conner et al., 2022).

PD-1 and the engagement of its ligands PD-L1/PD-L2 at the T-cell surface also
negatively affects TCR signaling by inhibiting the induction of genes expressing cytokines
and survival proteins by the inhibition of the PI3K/Akt pathway (Parry et al., 2005).
Antagonizing T-cell co-inhibitory receptor-mediated immune suppression has been the
central target of cancer immunotherapy (Figure 1.4). Targeting the immune checkpoint
inhibitors (ICIs) including CTLA-4 and PD-1 through monoclonal antibodies (mAb), alone
or in combination, have become a standard in the treatment of various types of cancers such
as metastatic melanoma and metastatic non-small-cell lung cancer (Rotte, 2019). Drugs
inhibiting PD-1 (Nivolumab), PD-L1 (Atezolizumab) and CTLA-4 (Ipilimumab) have been
approved by the FDA and are actively used in the clinic for cancer immunotherapy (Bagchi
et al., 2021). However, not all cancer patients can benefit from checkpoint blockade therapy,
as most develop resistance or have no therapy response at all (Zaretsky et al., 2016). Tumor
mutational burden and the tumor microenvironment molecular characteristics are associated
with the effectiveness of ICI therapy. The identification of novel T-cell checkpoint co-
receptors and blocking antibodies to further extend the use and effectiveness of ICIs within

broader cancer types, is an active area of research. The CD226-TIGIT-CD96 axis is subject



to investigation as a novel cancer immunotherapy target (Alteber et al., 2021; Zeng et al.,
2021; Conner et al., 2022). PVRIG, which functions as a co-inhibitory receptor akin to
CTLA-4 and PD-1 could be the target of novel ICIs. In mice, PVRIG deficiency led to
reduced tumor growth in vivo and increased CD8+ T-cell responses (Murter et al., 2019). In
human tumor-infiltrating lymphocytes (TILs), PVRIG blockade alone or in combination
with TIGIT or PD-1 blockade was able to enhance the production of cytokines and the
cytotoxicity of CD8+ effector T-cells. On the gene expression level, higher PVRIG
expressing T-cells were observed to have higher TIGIT and PD-1 expression as well. In line
with this observation, triple blockade of PVRIG, TIGIT, and PD-1 have resulted in the
highest rise in T-cell function (Whelan et al., 2019).
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Figure 1.4. A schematic representation of T-cell activation through ICI blockade by
blocking antibodies.



1.3. PVRIG

1.3.1. The PVRIG Gene

The PVRIG gene was discovered with the search to identify genes that are
preferentially expressed in human T-cells and code for single extracellular immunoglobulin
variable-like (IgV) domain-containing transmembrane proteins (Zhu et al., 2016). PVRIG
was also named as CD112R in the same study where CD112 was found as the ligand of
PVRIG. So far, CD112 is the only known ligand of PVRIG.

The PVRIG gene is primarily expressed in human Natural Killer cells (NK) and T-
lymphocytes. PVRIG-expressing T-lymphocytes are mostly CD8+ effector/memory cells.
Low numbers of naive T-cells (CD45RA+CCR7+) also express PVRIG, but it is
undetectable in CD4+ helper T-cells from the peripheral blood. The activation of CD8+ and
CD4+ T-cells further increases the PVRIG expression both at the gene and protein levels
(Zhu et al., 2016). In mice, on the other hand, NK cells and NKT cells highly express PVRIG
transcripts whereas it is almost undetectable in CD8+ and CD4+ T-cells. Upon activation of
mouse CD8+ and CD4+ T-cells, PVRIG expression was only upregulated in activated mouse
CD8+ T-cells (Murter et al., 2019).

1.3.2. The PVRIG Protein

In humans, the PVRIG gene encodes a single-pass transmembrane protein with a
molecular mass of 37 kDa, having one extracellular IgV domain, one transmembrane
domain, and an intracellular domain (hereafter referred to as the “tail”’). The human PVRIG
tail sequence has a ~65.3% homology with that of mice (Zeng et al., 2021). To determine if
PVRIG protein exists in disulfide bonded multimers, Zhu et al. (2016) treated cell lysates to
reducing and nonreducing conditions and observed PVRIG at the same size and thus

concluded that PVRIG is expressed in cell membranes as a monomer (Zhu et al., 2016).

The PVRIG tail has two tyrosine residues, at position 233 and 293. Y233 is found
within an immunoreceptor tyrosine-based inhibitory (ITIM)-like motif (VPYA) and this
motif can be phosphorylated. PVRIG can interact with phosphatases like SHIP (Src
homology region 2 containing inositol 5’-polyphosphatase 1), SHP-1 (Src homology region



2-containing phosphatase-1), and SHP-2 (Src homology region 2-containing phosphatase-2)
shown by co-immunoprecipitation experiments where these interactions further increase
upon pervanadate treatment (Zhu et al., 2016). As pervanadate increases phosphorylation of
cytoplasmic tails by inhibiting phosphatase activity, it is thought that the interaction of
PVRIG with these phosphatases is mediated by the phosphorylation of its tail tyrosines.

By competing with the co-stimulatory receptor CD226 to bind CD112, PVRIG inhibits
the NFAT pathway-mediated T-cell activation and emerges as a novel T-cell co-inhibitory
receptor (Zhu et al., 2016). In NK cells, PVRIG interaction with CD112 on target cells also
leads to suppression of NK cell-mediated-cytotoxicity (Xu et al., 2017). PVRIG can bind to
CD112 with higher affinity than CD226 does, as determined by surface plasmon resonance
experiments (Zhu et al., 2016). The higher affinity interaction between the PVRIG-CD112
when compared to that between CD226-CD112 is conserved in mice (Murter et al., 2019).

1.4. LRBA

1.4.1. The LRBA Gene

Lipopolysaccharide-responsive beige-like anchor protein (LRBA) deficiency is a rare
autosomal recessive disease, first described in 2012 in five children having distinct
homozygous LRBA mutations that abolishes LRBA protein expression (Lopez-Herrera et al.,
2012). Due to diverse autoimmune manifestations, LRBA deficiency is considered to be a
primary immunodeficiency disorder (Gamez-Diaz, 2018). Mutations in the LRBA gene that
causes LRBA protein loss is associated with a broad range of immune-related
dysregulations. In LRBA deficient patients, recurrent infections, lymphoproliferation, and
autoimmunity have been recorded (Jaramillo and Vargas, 2018). A decrease in surface and
intracellular CTLA-4 protein levels in CD4+ T-cells and autophagy defects in B cells are
crucial outcomes of LRBA deficiency (Lopez-Herrera et al., 2012; Lo et al., 2015). LRBA
is an important player of immune homeostasis and its implications on the immune system

functionality needs to be studied from diverse aspects.

The LRBA gene was first identified by a gene-trapping strategy where the aim was to
trap lipopolysaccharide (LPS)-responsive genes. LPS is a bacterial cell wall antigen and a

potent inducer of innate immune signaling and maturation in monocytes, dendritic cells, and



B cells. LPS stimulates inflammatory cytokine production and antigen presentation so that
these activated immune cells further activate Th lymphocytes that mount an immune
response towards bacterial pathogens. LRBA (named as “/ba” in the corresponding study)
was found to be included among several trapped novel LPS-responsive genes and its
expression was shown to increase up to 4-fold in macrophages and B cells upon LPS stimuli

(Wang et al., 2001).

The LRBA gene is located on human chromosome 4q31.3 with a length of 750839
base pairs and it has 58 exons. The human LRBA encodes for two protein transcripts that
differ in exon 39, and are translated into 2851 and 2863 amino acid-containing protein
isoforms. The mRNA expression of the LRBA gene has been observed by RT-PCR and
qPCR in various tissues including mainly lymph nodes, bone marrow, spleen, kidney,
pancreas, fetal liver, as well as in diverse cancer tissues like breast, prostate, colorectal, renal,
pancreas, and lung cancers (Wang et al., 2004). However, its expression is not confined to
only immune system cells, which shows its role in basic cellular mechanisms in addition to

its immune regulatory role.

1.4.2. The LRBA Protein

LRBA encodes for a large protein product with ~319 kDa of molecular mass (Jaramillo
and Vargas, 2018). LRBA protein consists of several domains, although the function of each
domain is not fully known yet. Among them, the Beige and Chediak-Higashi (BEACH)
domain is the most well-studied domain. It is well-conserved among the nine human proteins
that are members of BEACH domain-containing proteins (BDCPs) (Figure 1.5). BEACH
domain is thought to be involved in vesicle trafficking and it is mostly located towards the
C-terminal part of the protein. In these proteins, before the BEACH domain, the Pleckstrin
homology (PH) domain is found, and the WD40 domain (tryptophan and aspartic acid
repeats) comes right after the BEACH domain. Whereas BDCPs mostly considered as
scaffolding proteins, WD40 domain-containing proteins have been associated in various
functions such as autophagy, apoptosis, signal transduction and vesicle trafficking
(Cullinane et al., 2013). PH domains, on the other hand, can bind to phosphoinositides which

facilitates their association with biological membranes. Proteins with various functions have
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the PH domain, including kinases, cytoskeletal proteins, membrane transport regulators, and

intracellular signaling adaptors (Lemmon, 1999).
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Figure 1.5. Protein domain alignment of nine human BDCPs.

In addition to LRBA, mutations in genes coding for BDCPs have been also linked to
diverse clinical outcomes. For instance, LYST is the first BDCP identified in humans and it
is known to be essential for the cytotoxic granule sorting. It contains a PH-domain, BEACH-
domain and WD repeats like most of the BDCPs (Cullinane et al., 2013). Biallelic mutations
in LYST result in Chediak-Higashi syndrome (CHS) which is an immunodeficiency disorder.
CHS is characterized by recurrent infections, hypopigmentation of hair, skin, and eyes, and
abnormal NK and neutrophil function (Westbroek et al., 2007). Interestingly, in one study,
intracellular trafficking and thus cell surface expression of CTLA-4 was found to be

impaired in T-cells of CHS patients (Barrat et al., 1999).

On the other hand, another well-studied protein in the BDCP family is Neurobeachin
(NBEA) which also has a C-terminal PH-domain followed by BEACH and WD domains.
NBEA has a ConA-like lectin domain as well as a central Domain of Unknown Function
1088 (DUF88) similar to LRBA (Cullinane et al., 2013). The PH and BEACH domains of
both LRBA and NBEA were crystallized and their structures were computationaly predicted.
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It was found that they have significant structural homology (Jogl et al., 2002; Gebauer et al.,
2004), which may be an indication of a similar function for these two proteins through their
PH-BEACH domains. NBEA mutations was implicated in autism in humans, and platelets
of autistic patients with NBEA mutations were shown to have dense granules with abnormal

morphology (Cullinane et al., 2013).

Another BDCP protein family member Neurobeachin-like 2 (NBEAL2) also has Con-
A like lectin domain and PH-BEACH-WD40 domains. Loss of functions in NBEAL?2 gene
leads to grey platelet syndrome (GPS) characterized by bleeding disorders (Cullinane et al.,
2013). Some portion of GPS patients develop autoimmunity as well (Rensing-Ehl et al.,
2015). In a recently published study, NBEAL2 and CTLA-4 were shown to be interacting
shown by co-immunoprecipitation experiments. Moreover, low levels of CTLA-4 were
observed in NBEAL2 deficient patient derived effector T-cells, but not in regulatory T-cells,
providing an evident for the existence of the NBEAL2-dependent CTLA-4 regulation

mechanism in conventional T-cells (Delage et al., 2023).

GFP fused BEACH-WD domain of LRBA was associated with the ER, plasma
membrane, endocytic vesicles, trans-golgi complex and lysosomes upon LPS stimuli as
determined by confocal and electron microscopy analysis in murine macrophages (Wang et
al., 2001). According to the computational predictions, human LRBA is located in various
compartments inside the cell including cytosol, plasma membrane, ER, and Golgi apparatus.
In addition, using an ImageStream (imaging flow cytometer), LRBA was shown to be
localized within recycling endosomes and trans-golgi complexes in human T-cells,
suggesting its role for vesicle trafficking (Lo et al., 2015). It was also shown that LRBA is
required to deliver CTLA-4 to Rab11+ recycling endosomes and thus maintaining CTLA-4

surface expression on T lymphocytes (Janman et al., 2021).

1.4.3. Function of the LRBA Protein

The overall clinical manifestations of LRBA deficiency parallels those of CTLA-4
insufficiency which stems from autosomal heterozygous CTLA-4 mutations (Schubert et al.,
2014). The common characteristics of these two syndromes include

hypogammaglobulinemia, autoantibody-mediated cytopenias, and organ-specific
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autoimmunity (Lo et al., 2016). As a molecular consequence, in both syndromes, there is a
decrease in CTLA-4 protein levels. Unrestrained immune response regulation due to low
CTLA-4 levels leads to autoimmunity and lymphoproliferation (Verma et al., 2017). Indeed,
the relationship between LRBA and CTLA-4 was first formulated due to clinical
observations where LRBA-deficient patients showed significant improvement of their
lymphoproliferative phenotype upon Abatacept treatment (Lo et al., 2015). Abatacept is a
CTLA-4-Immunoglobulin Fc fusion protein drug that was originally developed to treat
CTLA-4 deficiency. It is proposed to function by competitively binding to CD80/CD86
ligands of the T-cell co-stimulatory molecule CD28 (Herrero-Beaumont et al., 2012).
LRBA-deficient patients have decreased total CTLA-4 protein levels in their T-cells
compared to healthy controls, although CTLA-4 mRNA levels are not affected. These results
revealed that LRBA post-translationally regulates CTLA-4 expression, and the molecular

mechanism of this regulation was further identified (Lo et al., 2015).

LRBA colocalizes with CTLA-4 and Rabll (a recycling endosome marker) on
recycling endosomes and is required for the recycling of internalized CTLA-4 back to the
cell surface (Janman et al., 2021). In addition, LRBA and CTLA-4 can be co-
immunoprecipitated, making it likely that they physically interact. In in vitro studies, the
PH-BEACH domain of LRBA was alone capable of binding CTLA-4. On the other hand,
the Y201 VKM motif on the CTLA-4 tail is required and sufficient for LRBA binding (Lo et
al., 2015). The Y201 VKM motif of CTLA-4 is an ITIM-motif and it is important for the
regulation of T-cell signaling by the binding of phosphatases like SHP-2 (Guntermann and
Alexander, 2002). Whether the interaction of LRBA and SHP-2 on the same motif are
mutually exclusive is not known. Neither is it known whether LRBA requires any post-

translational modifications of this motif for this interaction.

Although the main function of LRBA is thought to be the regulation of CTLA-4
protein trafficking, there are other proteins whose vesicular trafficking is associated with
LRBA. One of such proteins is the Epidermal Growth Factor Receptor (EGFR) (Jaramillo
and Vargas, 2018). EGFR is a tyrosine kinase receptor expressed in various tissue types and
it interacts with EGF and TGF-p. Ligand interactions cause receptor dimerization and trans-
auto-phosphorylation which leads to cell growth, proliferation, differentiation, and inhibition

of apoptosis. Disrupted regulation of the EGFR receptor localization leads to enhanced
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EGEFR signaling which enables cancer development. The EGFR expression is regulated by
clathrin-mediated endocytosis and it is either directed to lysosomes or back to the cell surface
(Sigismund et al., 2008), similar to CTLA-4. Despite the fact that whether there is a physical
interaction between LRBA and EGFR is still not known, it was shown that EGFR expression
and phosphorylation decreases in dominant-negative LRBA mutants, highlighting LRBA as
a potential regulator of EGFR and a potential molecular target for cancer therapy (Wang et

al., 2004).

Another protein whose trafficking may be dependent on LRBA protein is the death
receptor Fas ligand FasL, which facilitates apoptosis upon Fas binding (Waring and
Miillbacher, 1999; Jaramillo and Vargas, 2018). Internalization of FasL occurs upon its
interaction with Fas, and it is crucial for apoptosis triggering. The alteration of FasL amounts
on the cell membrane in LRBA-deficient patients is not known to date. However, the
increase in serum FasL and a decrease in apoptosis mediated by Fas was observed in LRBA-
deficient patients (Revel-Vilk et al., 2015), suggesting that it is possible for LRBA to also
regulate FasL in a similar way to CTLA-4.

1.5. Our Laboratory’s Previous Studies on Possible LRBA Targets

In previous work in our laboratory, WT and LRBA knock-out (KO) Jurkat T-cells
were surface protein biotinylated, streptavidin immunoprecipitated and analyzed by mass
spectrometry to identify proteins that have altered surface expression upon LRBA loss
(Zahedimaram, 2022). The main logic behind this study was to identify novel LRBA targets
and to gain a better understanding of the roles of LRBA besides CTLA-4 trafficking, mainly
on CD4+ T-cells. Among other proteins, Poliovirus Receptor-Related Immunoglobulin
Domain (PVRIG) was found to be significantly reduced on the surface of an LRBA KO
Jurkat single cell clone (Figure 1.6). This was the most interesting immunologically relevant
potential target of LRBA. PVRIG resembles CTLA-4 in the context of its co-inhibitory
function in T-cell signaling as well as the presence of an ITIM-motif on its tail where LRBA

binding may be possible.
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Figure 1.6. Heat map plot showing proteins whose surface expression was significantly

altered between WT and LRBA KO Jurkat samples (Zahedimaram, 2022).
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2. AIM OF THE STUDY

LRBA has an essential role in immune homeostasis by regulating the post-translational
expression of CTLA-4, a crucial T-cell co-inhibitory receptor. CTLA-4 has a dynamic
surface expression where it is rapidly internalized from the T-cell surface by endocytosis.
LRBA is required to prevent lysosomal degradation of internalized CTLA-4 and to recycle
it back to the cell surface, thus maintaining a balanced immune response. In LRBA deficient
patients, CTLA-4 protein levels dramatically decrease in T-cells and lead to autoimmunity.
However, other potential targets of LRBA in T-cells besides CTLA-4 have not yet been

characterized.

In previous work in our laboratory, the alternative targets of LRBA were investigated
by surface protein biotinylation, streptavidin immunoprecipitation, followed by mass
spectrometry analysis in WT and LRBA KO Jurkat T-cells. PVRIG protein, a recently
identified T-cell co-inhibitory receptor, was found to be significantly downregulated on the
LRBA KO Jurkat T-cell surface. Up to date, there is no study that examined the functional
relationship between LRBA and PVRIG in T-cells.

In this study, we wanted to investigate the mechanisms of the relationship between
LRBA and PVRIG proteins and the possible mechanisms for PVRIG downregulation in the
absence of LRBA protein.

This study aims to;

e Validate the surface and intracellular downregulation of PVRIG in the absence of

LRBA in T-cells,

¢ Identify whether LRBA and PVRIG physically interact by co-immunoprecipitation

experiments.



16

3. MATERIALS

3.1. Chemicals

Chemicals used in this study are listed in Appendix A section.

3.2. Equipment

Equipment used in this study are listed in Appendix B section.

3.3. Buffers and Solutions

Tris-Boric Acid-EDTA (TBE) Buffer: To prepare 5X TBE stock buffer, 54 g Tris-
Base, 27.5 g Boric Acid, and 20 ml 0.5M EDTA (pH 8) was mixed in 1 L ddH>O. To prepare
0.5X TBE solution, 1:10 dilution from 5X TBE was prepared with ddH>O.

Agarose Gel: For 1% (w/v) agarose gel preparation, 1 g of agarose powder was
dissolved in 100 ml 0.5X TBE by heating, then cooled for a while and 0.01% (v/v) ethidium

bromide was added.

Calcium Chloride (CaCly) Solution for Competent Cell Preparation: Final
concentrations of 60 mM CaClz, 15% (v/v) glycerol, and 10 mM PIPES (pH 7) was mixed
in ddH20.

Calcium Chloride (CaCl,) Solution for Transfection: To prepare 10 ml 2M CacCl;
solution, 2.22 g CaCl> was dissolved in 10 ml ddH-»O.

HBS Solution (2X): 1.5 mM NaHPO4, 50 mM HEPES, and 280 mM NaCl were
mixed in 100 ml ddH>O after the pH was adjusted to a value between 7.05 and 7.1. Final

solution was filtered with a 0.22 pm filter and stored at -20°C.
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Chloroquine Diphosphate (25 mM): To prepare 1 ml 25 mM chloroquine diphosphate

solution, 0.013 g of chloroquine diphosphate was dissolved in 1 ml ddH>O, filtered with a
0.22 pm filter, and stored at -20°C.

IP Lysis Buffer: Final concentrations of 1% Triton-X-100, 50 mM Tris (pH 7.4), 150
mM NaCl, and 2 mM EDTA were mixed and completed with ddH>O up to desired buffer

amount. The solution was filtered with a 0.22 pm filter and cooled down on ice. 25X protease

inhibitor stock solution was added to the filtered solution with a final 1X concentration.

Triton-X-100 Lysis Buffer: For 10 ml Triton-X-100 lysis buffer, 0.5 ml 20% Triton-
X-100, 0.5 ml 1M Tris-HCI (pH 7.4), 0.3 ml 5M NacCl, 0.04 ml 0.5M EDTA (pH 8), and

Roche complete mini EDTA-free protease inhibitor tablet was added together and final
volume was adjusted to 10 ml with ddH»O.

Tris-Base (0.5M) Buffer: To prepare 100 ml 0.5M Tris-Base (pH 6.8), 6 gr Tris-Base

was dissolved in 80 ml ddH20, pH was adjusted to 6.8 by using 6M HCl, and volume was
completed to 100 ml with ddH>O.

Tris-Base (1.5M) Buffer: To prepare 250 ml 1.5M Tris-Base (pH 8.8), 45.5 g Tris-

Base was dissolved in 150 ml ddH»O, pH was adjusted to 8.8 by using HCI, and final volume
was completed to 250 ml with ddH2O.

Tris-Acetate (1.5M) Buffer: To prepare 100 ml 1.5M Tris-Acetate (pH 7), 18 gr Tris-

Base was dissolved in 80 ml ddH2O, pH was adjusted to 7 by using acetic acid, and volume

was completed to 100 ml with ddH2O.

Tris-Acetate Acrylamide Solutions: For 8 ml separating 3% Tris-Acetate Acrylamide
solution, 0.8 ml 30% Acrylamide, 2 ml Tris-Acetate (1.5M) buffer (pH 7), 80 ul 10% SDS,
80 ul 10% APS, 8 ul TEMED and 5 ml ddH>O were mixed. For 8 ml separating 8% Tris-

Acetate Acrylamide solution, 2.13 ml 30% Acrylamide and 3.7 ml ddH>O were mixed with

the same amount of the rest of the materials.
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Tris-Glycine Acrylamide Solutions: For 8 ml separating 10% Tris-Glycine
Acrylamide solution, 2.67 ml 30% Acrylamide, 2 ml Tris-Base (1.5M) buffer (pH 8.8), 80
ul 10% SDS, 80 ul 10% APS, 8 ul TEMED and 3.2 ml ddH>O were mixed. For 5 ml stacking
6% Tris-Glycine Acrylamide solution, 1 ml 30% Acrylamide, 1.25 ml Tris-Base (0.5M)
buffer (pH 6.8), 50 ul 10% SDS, 50 ul 10% APS, 5 ul TEMED and 2.6 ml ddH,O were

mixed.

Tricine Running Buffer: To prepare 1 L 1X Tricine running buffer, 8.95 gr Tricine,

6.06 gr Tris-Base, and 1 gr SDS were added together and dissolved in 1 L ddH>O.

Tris-Glycine Running Buffer: To prepare 1 L 10X Tris-Glycine running buffer (pH
8.3), 30.3 gr Tris-Base, 144 gr Glycine, and 10 gr SDS was dissolved in 1 L ddH>O.

Wet Transfer Buffer: To prepare 1 L 1X transfer buffer, 100 ml 10X Tris-Glycine

running buffer, 100 ml methanol, 3.75 ml 10% SDS was added together and final volume
was adjusted to 1 L with ddH2O.

TBS and TBS-T Buffers: To prepare 1 L 10X TBS, 24 g Tris-Base and 88 g NaCl was
combined and dissolved in 800 ml ddH>O, and pH was adjusted to 7.6 by using HCI. Final
volume was adjusted to 1 L by using ddH»O. The 10X TBS solution was diluted in 1:10 ratio
in ddH20 to obtain a 1X TBS solution. To prepare 1X TBS-T solution, Tween-20 was added

to 1X TBS solution in a final 0.1% concentration.

3.4. Growth Media

Luria Broth (LB): 20 g LB powder was dissolved in 1 L ddH>O and autoclaved at

121°C for 15 minutes. 100 pg/ml final concentration of ampicillin was added to the LB

medium for ampicillin selection.

LB-Agar: 20 g LB powder and 15 gr bacterial agar powder was dissolved in 1 L ddH>O
and autoclaved at 121°C for 15 minutes. Ampicillin was added in final concentration of 100
ng/ml after LB-Agar was cooled down a little, and then poured into petri dishes. Sterile LB-
Agar plates were kept at 4°C after solidification.
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Complete DMEM: HEK293T cells were maintained in DMEM with 10% (v/v) heat-
inactivated fetal bovine serum, 2 mM L-Glutamine, 25 mM HEPES, and 1% PenStrep (100

U/ml Penicilium and 100 pg/ml Streptomycin).

Complete RPMI: Jurkat cells were maintained in RPMI 1640 with 10% heat-

inactivated fetal bovine serum, 2 mM L-Glutamine, | mM Sodium Pyruvate, 0.1 mM MEM
Non-essential amino-acid solution, 25 mM HEPES, and 1% PenStrep (100 U/ml Penicilium
and 100 pg/ml Streptomycin).

Freezing medium: 6% DMSO (v/v) in heat-inactivated fetal bovine serum was used

for cell freezing.

3.5. Enzymes

Enzymes used in this study are listed in Table 3.1.

Table 3.1. Enzymes used in this study.

Enzyme Company
EcoRI-HF New England Biolabs, USA
Notl New England Biolabs, USA
Notl-HF New England Biolabs, USA
HindIII-HF New England Biolabs, USA
Sall-HF New England Biolabs, USA
Ncol New England Biolabs, USA
Pvull-HF New England Biolabs, USA
Q5 High-Fidelity DNA Polymerase New England Biolabs, USA
T4 DNA Ligase New England Biolabs, USA
Tag DNA Polymerase New England Biolabs, USA

PNGase F, Recombinant

New England Biolabs, USA




3.6. Antibodies

Antibodies used in this study are listed in Table 3.2.

Table 3.2. Antibodies used in this study.
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. Catalog e o
Antibody Company Number Usage Application & Dilutions
Cell .
PVRIG (E9X9B) ) © ) Western Blotting (1:2500) &
) Signaling 295998 L
Rabbit mAb Immunoprecipitation
Technology
Cell
B-Actin (D6AS) . ) .
1:1
Rabbit mAb Signaling 8457 Western Blotting (1:1000)
Technology
Anti-LRBA
. Sigma- Western Blotting
t HPA023597
antibody produced | 1 ioh (1:2500)
in rabbit
Purified anti-His
Biol 2502 Western Blotting (1:1000
Tag Antibody iolegend 65250 estern Blotting ( )
Purified anti-
Vinculin Western Blottin
Clone:W18245A | Biolegend 938402 (1:500) g
Isotype: Rat IgG2a, '
K
Monoclonal ANTI-
FLAG® M2- Siema
Peroxidase (HRP) g A8592 Western Blotting (1:1000)
. Aldrich
antibody produced
in mouse
c-Myc Monoclonal ) .
1 26802 tern Blott 1:1000
Antibody 9E10 Biolegend 62680 Western Blotting (1:1000)
Anti-rabbit IgG Cell .
’ tern Blott
HRP-linked Signaling 7074S Western Blotting
. (1:2500)
Antibody Technology
HRP Goat anti-rat
IgG (minimal x-
tivity) Clone: )
reactivity) Clone Biolegend 405405 Western Blotting (1:2500)

Poly4054
Isotype: Goat
Polyclonal IgG




21

Table 3.2. Antibodies used in this study (cont).

. Catalog C . N
Antibody Company Number Usage Application & Dilutions
PE human CD112R
Biol 1 Fl1 tometry (1:1
(PVRIG) iolegend 301503 ow Cytometry (1:10)
Anti-Human
Biol 411 Fl1 tometry (1:4
CD112 APC iolegend 337 ow Cytometry (1:40)

3.7. Commercial Kits

Commercial kits used in this study are listed in Table 3.3.

Table 3.3. Commercial kits used in this study.

Commercial Kits

Company

Dynabeads®

Protein A

Life Technologies, USA

Nucleo Spin® Gel and PCR Clean-up Kit

Macherey-Nagel, USA

®

QIAGEN "~ Plasmid Midi Kit

QIAGEN, Germany

Pierce™ Anti-c-Myc Magnetic Beads

Thermo Scientific, USA

3.8. Bacterial Strains

Escherichia coli (E. coli) DH5a strain was used for plasmid amplifications.

3.9. Mammalian Cell Lines

HEK293T: A derivative of human embryonic kidney 293 (HEK293) cell line that

expresses mutant version of the SV40 large T antigen.

Jurkat: An immortalized human T-lymphocyte cell line that was originally obtained

from a peripheral blood of a boy patient with acute T-cell leukemia.

3.10. Plasmids and Oligonucleotides

Plasmids and oligonucleotides used in this study are given in Table 3.4. and Table 3.5.



Table 3.4. Plasmids used in this study.
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Plasmid Name

Purpose of Use

Source

p3X Flag CMV 7.1

Mammalian expression vector
for expressing N-terminal

Flag-tagged proteins

Sigma-Aldrich #E7533

pCl-neo Flag-PH-BEACH

Mammalian expression vector
for expressing N-terminal
Flag-tagged PH-BEACH

domain of LRBA

Gift from Bernice Lo et

al.

pcDNA Myc/His 3.1 (-) A

Mammalian expression vector
for expressing C-terminal
Myec- and 6xHis-tagged

proteins

Invitrogen #V855-20

Mammalian expression vector

for expressing C-terminal

PVRIG Myc/His . Lab construct
Myec- and 6xHis-tagged
PVRIG protein
Mammalian expression vector
. for expressing C-terminal
Tailless PVRIG Myc/His Lab construct

Myc- and 6xHis-tagged
Tailless PVRIG

TM-Tail PVRIG Myc/His

Mammalian expression vector
for expressing C-terminal
Myc- and 6xHis-tagged TM-
Tail PVRIG

Lab construct

pLeGO-iT2p

Lentiviral construct for IRES-

dTomato expression

Gift from Prof. Boris
Fehse

pLeGO-iT2p-PVRIG

Lentiviral construct for
PVRIG-IRES-dTomato

expression

Lab construct




Table 3.5. Oligonucleotides used in this study.
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Oligo Name Purpose of Use Sequence (5’ to 3°)
PCR for PVRIG gene
PVRIG-EcoRI- ATACGAATTCATGAGAACA
from Jurkat cDNA with
Fwd GAGGCACAGGTGCCGG
forward EcoRI cut site.
PCR for PVRIG gene
PVRIG-Notl- TAGCGGCCGCTCATCGA
from Jurkat cDNA with
Rev ACTCCTAAGGGTCCTTCCATG
reverse Notl cut site.
PCR for PVRIG gene
PVRIG-Notl- TGCGGCCGCATGAGAA
from Jurkat cDNA with
Fwd CAGAGGCACAGGTGCCG
forward Notl cut site.
PCR for PVRIG gene
PVRIG-EcoRI- ACGCGAATTCGTGATCGAA
from Jurkat cDNA with
Rev _ CTCCTAAGGGTCCTTCCATGGC
reverse EcoRI cut site.
PCR for Tailless PVRIG
Tailless-
from PVRIG Myc/His AATTAGAATTCGTCGGCGCAGC
PVRIG-EcoRI-
R plasmid with reverse AGATGAAGGAGGTAGACACAGC
ev
EcoRlI cut site.
PCR for PVRIG’s
transmembrane (TM) and
TM-Tail-
tail domains from ATGCGGCCGCATGGA
PVRIG-Notl- .
Fwd PVRIG Myc/His plasmid CCTGGCCGGGATCTT
W
with forward Notl cut
site.
PCR for LRBA’s WD40
WD40-HindIII- domain from Jurkat TATAAGCTTGACCAAAGT

Fwd

cDNA with forward
HindIII cut site.

ATTCAAGTGCATTCCCAGTGC

WD40-Sall-Rev

PCR for LRBA’s WD40
domain from Jurkat
cDNA with reverse Sall

cut site.

TATGTCGACTTATTCATGAT
GCCACCGGTTAAAGTCGTTGTA
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4. METHODS

4.1. Bacterial Cell Culture

Bacterial culture growth: The Escherichia coli (E. coli) DH5a strain was grown
overnight in LB medium at 37°C while shaking at 220 rpm. Glass beads were used to spread
the bacteria on LB Agar-containing petri dishes and incubated at 37°C without shaking with
the petri dishes placed upside down. A single colony was picked from plates after 16 hours.
According to the application purpose, growth media was prepared with or without selective
antibiotics. For long-term storage of bacterial cells, a 10% final concentration of glycerol
(v/v) was added to 1 ml cryo-vial tubes containing an overnight grown bacterial culture, and
stored at -80°C. For bacterial cultures used for preparing plasmid DNA, a bacterial colony
was first grown in 3 ml of selective medium in a glass tube with vigourous shaking at 220
rpm, 37°C for 16 hours and was transferred to 100 ml of the same selective medium in an

Erlenmeyer flask and continued to be cultured overnight.

Competent cell preparation: One vial of E. coli cell stock (200 ul) was added to 40 ml
LB in a 250 ml flask, incubated at 37°C overnight while shaking at 220 rpm. At the end of

the incubation period, 4 ml of grown bacteria culture was added into 400 ml LBina 2 L
flask and incubated at 37°C, shaking at 220 rpm. OD was measured every 20 minutes. To
measure growth by OD, two cuvettes were used for spectroscopic measurement with 2 ml
of grown culture or LB alone as a blank. When OD value reached 0.35-0.375, cells were
immediately put on ice and aliquoted into eight 50 ml-falcons. Falcons were kept on ice for
10 minutes, then centrifuged at 3000 rpm for 10 minutes at 4°C. Cell pellets in each falcon
were resuspended in 10 ml ice-cold CaClz solution, centrifuged at 2500 rpm for 5 minutes at
4°C. Each pellet was resuspended in 10 ml ice-cold CaCl; solution one more time and kept
on ice for 30 minutes. During 30 minutes, 100 eppendorf tubes (1.5 ml) were placed on ice.
At the end of the incubation time, the falcon tubes were centrifuged at 2500 rpm for 5
minutes at 4°C, supernatants discarded, and pellets were resuspended in 2 ml ice-cold CaCl..
The contents of all 8 falcon tubes were combined in one falcon tube (16 ml in total), and
aliquoted into the ice-cold 1.5 ml eppendorf tubes waiting on ice (each 200 pl), capped and

immersed into liquid nitrogen for flash freezing. All eppendorfs were taken from the liquid
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nitrogen and stored at -80°C for further use. During competent cell preparation, all growth
media was prepared without antibiotics. The transformation efficiency of competent cells
was calculated by transforming different concentrations of pUC19 plasmid DNA.
Transformation efficiency of prepared competent cells varied between 107-108 cfu per pg of

pUC19 plasmid DNA transformed.

Transformation of competent bacteria: 200 pul DH5a competent cells thawed on ice.

Ligation products containing 100 pg plasmid DNA was added to competent cells and kept
on ice for 30 minutes followed by heat shocking at 42°C for 90 seconds and transferred on
ice for 3 minutes. Subsequently, 800 ul of LB media without antibiotics was added and cells
were incubated at 37°C with 220 rpm shaking for 1 hour. The cells were centrifuged at
13,000 rpm for 30 seconds and 900 pl of the supernatant was discarded. Cells were
resuspended in the remaining 100 pl LB and spread on LB Agar plates by using glass beads.

Plates were incubated at 37°C overnight.

Plasmid DNA isolation: Plasmid DNA was isolated using either the alkaline lysis

protocol from Molecular Cloning: A Laboratory Manual (Sambrook et al., 2001) or the
Qiagen Mini-Midiprep Kits according to the manufacturer’s instructions. A NanoDrop
spectrophotometer was used to measure the concentration and purity of isolated DNA.

4.2. Mammalian Cell Culture

Maintenance of cell lines: Complete DMEM with 10% FBS (v/v) was used for

culturing HEK293T cells in sterile tissue culture flasks. Cells were kept in an incubator at
37°C and 5% COz. The cells were splitin a 1:10 ratio every 2 days by using complete DMEM
medium. Complete RPMI 1640 with 10% FBS (v/v) was used for culturing Jurkat T-cells in
sterile tissue culture flasks and kept in an incubator at 37°C and with 5% COs». Cells were
seeded with a density of 400.000-500.000 cells/ml and were split in a 1:4 to 1:5 ratio in
complete RPMI medium every 2-3 days.

Cell Freezing: Cells were counted and the desired cell density per vial was adjusted
(5x10° cells per vial for Jurkat cells, 3.5x10° cells per vial for HEK293T cells). Cells were
centrifuged at 200g for 5 minutes and the cell pellet was resuspended in 0.5 ml FBS for each
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vial. The cell suspension was incubated at 4°C for 20 minutes. During incubation, FBS with
12% DMSO (v/v) was prepared. At the end of incubation time, 0.5 ml FBS with 12% DMSO
for each vial was added onto cells, making the final DMSO concentration 6% (v/v). Cells
were aliquoted in 1 ml into cryotubes and stored in -80°C for at least 24 hours and then

transferred to a liquid nitrogen tank for long-term storage.

Cell Thawing: The cryotubes were transferred to room temperature from -80°C or a
liquid nitrogen tank. For every vial to be thawed, 9 ml of complete medium was placed in
15 ml-falcon tubes. After the cells were thawed, they were slowly added onto the 9 ml
complete medium and centrifuged at 200g for 5 minutes. Supernatants were discarded and
the cell pellet was resuspended in 5 ml complete medium and placed into a sterile tissue

culture flask and kept in an incubator.

Transfection: 3.5x10 HEK293T cells were seeded to 10cm tissue culture treated plates
in a total of 10 ml complete DMEM, 16 hours before the transfection. When cell confluency
reached 70%, 12 pg of DNA in up to 450 pl ddH>O was mixed with 50 pl 2M CaCl,. The
mixture was added onto 500 pl 2X HBS solution in 50-ml falcon tubes drop by drop while
making bubbles with a serological pipette. The total mixture was incubated at room
temperature for up to 20 minutes. Meanwhile, 10 pul 25mM chloroquine was added dropwise
onto the medium of the transfection plates, corresponding to a 1:1000 dilution. The incubated
DNA mixture was then distributed onto cells in a dropwise manner and the medium was

changed with fresh DMEM 8 hours after the transfection.

4.3. Cloning of PVRIG and LRBA Domains

In order to construct PVRIG c-Myc/His plasmids, the pcDNA 3.1 Myc/His (-) A
backbone was used. Full length PVRIG insert was amplified from Jurkat cDNA. Tailless
PVRIG and TM-Tail PVRIG domains were amplified by using the established full length
PVRIG Myc/His plasmid. All designed forward primers have Notl cut site and all reverse

primers have EcoRI cut site.

pcDNA PVRIG-Myc/His Cloning: PCR for amplifying full length PVRIG gene was

performed as shown in Table 4.1 and Table 4.2.



Table 4.1. PCR of PVRIG c¢cDNA from Jurkat T-cell cDNA.
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Jurkat cDNA (1:20 dilution) 1wl
NEB 10X Standard Taq Reaction Buffer S5ul
10 mM dNTPs 1l
10 pM Forward Primer 1l
10 uM Reverse Primer 1l
NEB Taq DNA Polymerase 0.25 ul
ddH>O Up to 50 ul
Total volume 50 ul

Table 4.2. Reaction conditions for PVRIG ¢cDNA PCR.

Step Temperature Time
Initial Denaturation 95°C 30 seconds
95°C 30 seconds
35 Cycles 68°C 60 seconds
68°C 1 minute
Final Extension 68°C 5 minutes

The PCR product was run on a 1% agarose gel prepared with 0.5X TBE buffer for 1

hour at 100 V. A small amount of PCR product (1-2 pl) was used for visualization, and the

remaining PCR product was directly extracted from the gel without visualization for

reducing the UV exposure time. For the DNA isolation from the gel, NucleoSpin Gel and

PCR Clean-up kit was used according to the manufacturer’s protocol. Isolated DNA

concentration was determined by a NanoDrop spectrophotometer. Gel isolated PCR products

were digested with Notl and EcoRI enzymes for 3 hours at 37°C (Table 4.3) and cleaned up

by using Nucleospin Gel and PCR Clean-up kit.

The pcDNA 3.1 Myc/His (-) A vector backbone was digested with Notl and EcoRI

enzymes for 3 hours at 37°C (Table 4.4) and the digested plasmid was run on a 1% agarose

gel for 1 hour at 100 V followed by gel extraction by using NucleoSpin Gel and PCR Clean-

up kit.
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Table 4.3. Digestion of PVRIG PCR product.

PCR product 1000 ng
NEB2.1 10X Buffer Sul
EcoRI-HF 0.3 ul
Notl 0.8 ul
ddH->0 Up to 50 ul
Total 50 ul

Table 4.4. Digestion of pcDNA 3.1 Myc/His (-) A backbone plasmid.

pcDNA 3.1 Myc/His (-) A plasmid 6 ng
NEB2.1 10X Buffer Sul
EcoRI-HF 0.6 ul
Notl 0.8 ul
ddH>O Up to 50 ul
Total 50 ul

Digested vector concentration was determined by the NanoDrop spectrophotometer.

The ligation was performed at 25°C for 10 minutes according to the Table 4.5.

Table 4.5. Ligation of backbone vector and insert.

Digested PVRIG insert 125 ng
Digested vector backbone 100 ng
NEB T4 DNA Ligase 1l
NEB 10X T4 DNA Ligase Buffer 2ul
ddH>O Up to 20 ul
Total volume 20 pl

Ten pl of the ligation product and control sample was transformed into 200 pl of
competent DHS5a E. coli and plated onto petri dishes containing antibiotic selective LB. After
overnight incubation, colonies were picked from transformation plates and mini-prep culture

was started by incubating each colony with 3 ml of LB and 1:1000 (v/v) appropriate
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antibiotic at 37°C overnight. After overnight incubation, plasmid DNA (mini-prep) was
isolated and digested with diagnostic restriction enzymes (Table 4.6.). Cloning confirmation

was done by running diagnostic digestion samples on an agarose gel and analysing the

resultant band sizes.

Table 4.6. Colony DNA digestion for cloning confirmation.

Uncut Colony DNA Cut Colony DNA
DNA 1000 ng 1000 ng
NEB 2.1 10X Buffer 2l 2l
EcoRI-HF - 0.3 ul
Notl - 0.3 ul
ddH>O Up to 20 pul Up to 20 pl
Total volume 20 ul 20 pl

pcDNA TM-Tail and Tailless PVRIG-Myc/His Clonings: PCR for amplifying TM-
Tail PVRIG and Tailless PVRIG was performed as shown in Table 4.7. PCR reaction
conditions for TM-Tail PVRIG and Tailless PVRIG are given in Table 4.8 and 4.9,

respectively.

Table 4.7. PCR of TM-Tail PVRIG and Tailless PVRIG from PVRIG Myc/His plasmid.

PVRIG Myc/His plasmid 1 ng
5X Q5 Reaction Buffer 10 pl
10 mM dNTPs 1l
10 uM Forward Primer 25ul
10 uM Reverse Primer 25ul
NEB Q5 High-Fidelity DNA Polymerase 0.5 pl
ddH>O Up to 50 ul
Total volume 50 ul
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Table 4.8. Reaction conditions for TM-Tail PVRIG PCR.

Step Temperature Time
Initial Denaturation 98°C 30 seconds
98°C 10 seconds
35 Cycles 72°C 30 seconds
72°C 15 seconds
Final Extension 72°C 5 minutes

Table 4.9. Reaction conditions for Tailless PVRIG PCR.

Step Temperature Time
Initial Denaturation 98°C 30 seconds
98°C 10 seconds
35 Cycles 72°C 30 seconds
72°C 25 seconds
Final Extension 72°C 5 minutes

The digested vector backbone (Table 4.4) was used in the cloning of both constructs.
Ligation was performed at 25°C for 10 minutes by using 3:1 insert to vector DNA mass ratio.

Cloning confirmation was performed accordingly to Table 4.6.

pLeGO-iT2p-PVRIG Cloning: To construct the pLeGO-iT2p-PVRIG plasmid, the
pLeGO-1T2p backbone was used. Full length PVRIG insert was amplified from Jurkat T-
cell cDNA with PVRIG-EcoRI-Fwd and PVRIG-NotI-Rev primers. PCR was performed by

using the same amounts of materials as shown in Table 4.1 with the only exception as using
1:40 dilution of Jurkat cDNA instead of 1:20. PCR reaction conditions are given in Table

4.10. PCR product digestion was performed as it was shown in Table 4.3.

Digestion of pLeGO-iT2p vector backbone was performed as shown in Table 4.11.
Digested vector was extracted from agorose gel by using NucleoSpin Gel and PCR Clean-
up kit and concentration was determined by using a NanoDrop spectrophotometer. Ligation

was performed at 25°C for 10 minutes by using 3:1 insert to vector DNA mass ratio.



Table 4.10. Reaction conditions for PVRIG PCR.

Step Temperature Time
Initial Denaturation 95°C 30 seconds
95°C 30 seconds
35 Cycles 67°C 1 minute
68°C 1 minute
Final Extension 68°C 5 minutes

Table 4.11. Digestion of pLeGO-iT2p backbone plasmid.

pLeGO-iT2p Sug
NEB2.1 10X Buffer Sul
EcoRI-HF 0.5ul
Notl 0.6 ul

ddH>O Up to 50 ul
Total 50 ul

CMV p3X Flag-WD40 Cloning: To construct Flag-WDA40 plasmid, the p3X Flag
CMYV 7.1 vector backbone was used. WD40 domain of LRBA was amplified from Jurkat
cDNA with WD40-HindIII-Fwd and WD40-Sall-Rev primers as shown in Table 4.12 and

Table 4.13.

Table 4.12. PCR of WD40 domain of LRBA from Jurkat cDNA.

Jurkat cDNA (1:20 dilution) 1wl
5X Q5 Reaction Buffer 10 pl
10 mM dNTPs 1wl
10 uM Forward Primer 2.5 ul
10 uM Reverse Primer 2.5 ul
NEB Q5 High-Fidelity DNA Polymerase 0.5 ul
ddH>O Up to 50 ul

Total volume

50 ul
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Table 4.13. Reaction conditions for WD40 PCR.

Step Temperature Time
Initial Denaturation 98°C 30 seconds
98°C 10 seconds
35 Cycles 72°C 30 seconds
72°C 25 seconds
Final Extension 72°C 5 minutes

p3X Flag CMV 7.1 vector digestion was performed as shown in Table 4.14. Digested
vector was extracted from agorose gel by using NucleoSpin Gel and PCR Clean-up kit and
concentration was determined by using NanoDrop spectrophotometer. Ligation was

performed at 25°C for 10 minutes by using 3:1 insert to vector DNA mass ratio.

Table 4.14. Digestion p3X Flag CMV 7.1 backbone plasmid.

p3X Flag CMV 7.1 6 ng
NEB 10X CutSmart Buffer Sul
HindIII-HF 0.5ul
Sall-HF 0.5 ul
ddH>O Up to 50 ul
Total 50 ul

4.3. Flow Cytometry

Surface Staining: The cells were counted and 1x10° cells were washed with 1X PBS

for 2 times. Cells were then incubated with appropriate amount of antibody for 30 minutes
on ice. Antibody dilutions were prepared in 1X PBS according to desired antibody dilution.
Following the incubation, stained cells were washed with PBS for 3 times and resuspended

in fresh PBS for flow cytometry analysis. As controls, unstained cells were used.

Intracellular Staining: The cells were counted and 1x10° cells were washed with 1X

PBS for 2 times. The cells were fixed with a 4% PFA solution for 20 minutes on ice. Cells

were washed with a 1X permeabilization buffer and incubated with the proper amount of



33

antibody for 30 minutes on ice. Antibody dilutions were prepared in a 1X permeabilization
buffer according to desired antibody dilution. Stained cells were washed with 1X
permeabilization buffer for 3 times and resuspended in 1X PBS for flow cytometry analysis.

Due to a lack of isotype control antibodies, unstained cells were used as controls.

Flow cytometry data were collected using a Beckton Dickenson FACS Calibur or

Accuri C6 flow cytometer and analysed using FlowJo software (Tree Star, Inc, V.10).

4.4. Western Blotting and Co-Immunoprecipitation

Cell Lysis: For western blotting, 6x10° Jurkat T-cells were counted using a
hematocytometer under an inverted microscope and washed 2 times with 1X PBS. Cells
were resuspended in 30 pul Triton-X-100 Lysis Buffer per 1x10° cells and incubated for 30
minutes on ice. Cells were then centrifuged for 10 minutes at 14,000 rpm, 4°C. Supernatants
were collected and either directly used or aliquoted into 30 pl for long-term storage at -80°C.
The cell lysate was mixed with 1X Laemmli Buffer and boiled at 95°C for 10 minutes before

loading onto poly acrylamide gels.

SDS-PAGE Gel Preparation, Wet Transfer, and Visualization: For LRBA blotting, a

3-8% Tris-Acetate gradient gel was prepared. Firstly, 1 ml of 8% Tris Acetate Acrylamide
solution was poured into the glass spacer. Subsequently, 4 ml of 3% and 3 ml of 8% Tris
Acetate Acrylamide solution was pipetted into a 10 ml serological pipet and a single air
bubble was gently sucked into the pipet to mix the solutions to form a gradient. The mixed
gradient solution was gently poured on top of the 1 ml 8% Tris Acetate Acrylamide solution
in the glass spacer. The gel solution was layered on top with isopropanol. After setting of
the poly acrylamide gel for 30 minutes, the isopropanol was discarded. 5 ml of 3% Tris Base
Acrylamide solution stacking gel pipetted on top, and the well comb was placed. Gels were
either used the on the same day or after 1-2 days upon being kept at 4°C wrapped in wet
towels for hydrations. Acrylamide Gel electrophoresis was performed by using a 1X Tricine
buffer at 100 V constant voltage for ~2 hours. After running, wet transfer was performed by
using 0.45 ym PVDF membranes upon membrane activation with methanol for 1 minute.
Transfer was performed with constant 250 mA for 3 hours in the cold room (4°C) with ice-

cold 1X Tris Glycine transfer buffer.
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For standard Acrylamide Gel electrophoresis, 10% separating and 4% or 6% stacking
Tris Glycine Acrylamide gels were prepared. Electrophoresis was performed by using a 1X
Tris Glycine running buffer at constant 100 V for 1.5-2 hours. After running, wet transfer
was performed by using 0.45 pm PVDF membranes upon membrane activation with
methanol for 1 minute. Transfer was performed with constant 250 mA for 1.5 hours in the
cold room (4°C) with ice-cold 1X Tris Glycine transfer buffer. For all blottings, followed by
wet-transfer, membranes were blocked for 1 hour by incubating with 5% skim milk in TBS-
T (0.1% Tween) at room temperature. Membranes were then washed for 10 minutes 3 times
with 1X TBS-T and incubated with the appropriate primary antibodies with desired dilutions
prepared in 5% skim milk-containing 1X TBS-T solution at 4°C overnight. Membranes were
washed with 1X TBS-T 3 times each for 10 minutes, and incubation with horseradish
peroxidase (HRP)-conjugated secondary antibody dilutions prepared in 5% skim milk-
containing 1X TBS-T solution was performed at room temperature for 1 hour. Membranes

were washed and visualized using ECL with Syngene G:BOX Chemi Xrq.

PNGase F Treatment: 6x10° Jurkat T-cells were lysed with 90 ul Triton-X-100 Lysis

Buffer. 9 pl of cell lysate was mixed with 1 pl 10X Glycoprotein Denaturing Buffer and
heated for 10 minutes at 100°C. Mixture was immediately chilled on ice and centrifuged for
10 seconds. 2 ul of 10X Glycobuffer 2, 2 ul of 10% NP-40, and 1 pl of undiluted or diluted
PNGase F was added to the mixture. Total volume was completed up to 20 pl with ddH>O,
and the mixture was incubated at 37°C for 1 hour. 5 pl of 1X Laemmli buffer was added to
the mixture before loading sample on poly acrylamide gel. PNGase F dilutions were

prepared in 1X Glycobuffer 2.

Co-Immunoprecipitation: For co-immunoprecipitation with Pierce Anti-c-Myc

Magnetic Beads and western blot analysis, 10x10° HEK293T cells were lysed with 300 pl
IP lysis buffer for 1 hour on ice. Lysed cells were centrifuged for 10 minutes at 14,000 rpm,
4°C, and supernatant was collected. Some amount of lysate was kept for input control and
the remaining lysate was used in co-immunoprecipitation which was performed according
to manufacturer’s instructions. For co-immunoprecipitation of endogenous PVRIG from WT
Jurkat T-cells or transfected non tagged PVRIG from HEK293T cells, 10x10° cells were
lysed with IP lysis buffer. Some amount of lysate was kept for input control and the

remaining lysate was used in co-immunoprecipitation. Dynabeads Protein A was conjugated
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with anti-hPVRIG antibody and then incubated with cell lysates according to the

manufacturer’s instructions.

4.5. Statistical Analysis

For PVRIG western blot quantification, the one-way ANOVA test was used in
Microsoft Excel (version 16.66.1) by choosing a p<0,05 significance value. Graphs were
prepared by using GraphPad Prism (GraphPad Software Inc. La Jolla, CA, USA, version
9.0.0).

4.6. RNA-Seq Data Analysis for WT and LRBA KO Jurkat Cells

RNA Sequencing was performed by Refgen Biyoteknoloji by using Illumina NovaSeq
6000. RNA-Seq counts were aligned to the reference human genome (GRCh38/hg38) by
using the HISAT2 tool (HISAT 2.2.1 release 7/24/2020) (Kim et al., 2019), which is
performed by Ege Ezen. The read counts were subjected to differential gene expression
(DEG) analysis by using DESeq2 tool (release 3.17) (Love et al., 2014) in R programming
language by filtering log2 fold change>1 and P adjusted value <0,05. Hierarchical heatmap
figures were made by using Pheatmap library (version 1.0.12) in R, and PCA analysis was
visualized by using ggplot package (release 3.4.2) (Wickham, 2009) in R. For enrichment
analysis of DEGs, the PANTHER (release 17.0) (Mi et al., 2019) web tool was utilized.
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5. RESULTS

5.1. Cloning of PVRIG and LRBA Domains

To heterologously express the PVRIG protein in cells that normally do not express
PVRIG, and to overexpress PH-BEACH and WD40 domains of LRBA, we generated
eukaryotic expression constructs. We constructed various plasmids by molecular cloning to
investigate whether there is a physical interaction between the PVRIG and LRBA proteins
by co-immunoprecipitation experiments. All the cloning experiments were confirmed by the
colony plasmid DNA restriction digestion followed by agarose gel electrophoresis. Firstly,
the same enzymes used for the cloning were used for digestion as an initial confirmation,
followed by additional digestion reactions with various enzymes depending on the insert and
the vector backbone. We also wanted to construct eukaryotic expression plasmids that
express full length LRBA or only the PH-BEACH-WD40 domains of LRBA for using them

in co-IP experiments, but the clonings were not successful (data not shown).

5.1.1. Cloning of the Full Length PVRIG Gene

5.1.1.1. Cloning of PVRIG Gene Into pLeGO-iT2p Plasmid. Full length PVRIG gene was
amplified from Jurkat T-cell line by using PVRIG-EcoRI-Fwd and PVRIG-Notl-Rev

primers, and cloned into the pLeGO-iT2p plasmid as described in the methods section.
EcoRI and Notl enzymes were used for the diagnostic digestion of plasmid DNA isolated
from 11 colonies (Figure 5.1). Glycerol stocks were prepared from two colonies that
contained the insert. The presence of two bands of 988 and 9178 base pairs in EcoRI-Notl
digested plasmid DNA confirmed the correct cloning of the PVRIG ¢cDNA into the pLeGO-
iT2p.
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Figure 5.1. Gel image of the restriction digestion of empty vector (pLeGO-1T2p) and mini-
prep colonies for the pLeGO-1T2p-PVRIG cloning with EcoRI and Notl enzymes.

5.1.1.2. Cloning of PVRIG Gene into pcDNA 3.1 Myc/His (-) A Plasmid. The full length
PVRIG gene was amplified from Jurkat T-cell line by using PVRIG-NotI-Fwd and PVRIG-
EcoRI-Rev primers, and cloned into the pcDNA 3.1 Myc/His (-) A plasmid as described in

the methods section. Notl and EcoRI enzymes were used for the diagnostic digestion of
plasmid DNA isolated from nine colonies (Figure 5.2). Glycerol stock was prepared from
two colonies that contained the insert. One of the colonies was also used for midi-prep DNA
isolation and further digested with additional restriction enzymes for confirmation (Figure
5.3). The presence of two bands of 989 and 5495 base pairs in EcoRI-NotI digested and three
bands of 678, 1069, 1096, and 3641 base pairs in Pvull digested plasmid DNA confirmed
the correct cloning of the PVRIG ¢DNA into the pcDNA 3.1 Myc/His (-) A plasmid. In the
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case of Pvull digestion, the almost identical sizes of 1069 and 1096 base pair bands appear

as a single band.

Uncut Cut Uncut Cut Uncut Cut Uncut Cut Uncut Cut
Uncut Cut Colony Colony Colony Colony Colony Colony Colony Colony Colony Colony
Vector Vector 1 1 2 2 3 3 4 4 5 5

Figure 5.2. Gel image of the restriction digestion of empty vector and mini-prep colonies

for the PVRIG Myc/His cloning with EcoRI and Notl enzymes.

EcoRI EcoRI
Notl Notl
Vector Midi

Uncut EcoRI EcoRI Notl Notl
Vector Vector Midi Vector Midi

Pvull Pvull Uncut
Vector Midi Midi

Figure 5.3. Gel image of the restriction digestion of an empty vector backbone (Vector)

and midi-prep of PVRIG Myc/His cloning (Midi) with indicated enzymes.
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5.1.1.3. Cloning of a Tailless PVRIG into pcDNA 3.1 Myc/His (-) A Plasmid. Primers were

designed to amplify the PVRIG gene without its cytoplasmic tail, hereafter named “Tailless
PVRIG”. Constructed PVRIG Myc/His plasmid was used as a template for the PCR, and
PVRIG-Notl-Fwd and Tailless-PVRIG-EcoRI-Rev primers were used for amplification.
The PCR product was digested with Notl and EcoRI enzymes and cloned into the pcDNA
3.1 Myc/His (-) A plasmid. The same restriction enzymes were used for the diagnostic
digestion of plasmid DNA from eleven colonies (Figure 5.4). Glycerol stock was prepared
from two colonies that contained the insert. The presence of two bands of 593 and 5495 base
pairs in EcoRI-Notl digested plasmid DNA confirmed the correct cloning of the Tailless
PVRIG into the pcDNA 3.1 Myc/His (-) A plasmid.

Uncut Cut Uncut Cut  Uncut Cut Uncut Cut Uncut  Cut Uncut
Uncut Cut  pyRIG PVRIG Colony Colony Colony Colony Colony Colony Colony Colony Colony
Vector  Vector \iyc/His Myc/His 1 1 2 2 3 3 4 4 11

Uncut Cut Uncut Cut Uncut Cut  Uncut Cut  Uncut Cut  Uncut Cut Cut
Colony Colony Colony Colony Colony Colony Colony Colony Colony Colony Colony Colony Colony
5 5 6 6 7 7 8 8 9 9 10 10 11

Figure 5.4. Gel image of the restriction digestion of empty vector backbone (Vector),
PVRIG Myc/His cloning, and the Tailless PVRIG Myc/His cloning with EcoRI and Notl

enzymes.
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5.1.1.4. Cloning of a TM-Tail PVRIG into pcDNA 3.1 Myc/His (-) A Plasmid. Primers were

designed to amplify PVRIG gene starting from its transmembrane (TM) domain until the
end of its cytoplasmic tail, hereafter named “TM-Tail PVRIG”. Constructed PVRIG
Myc/His plasmid was used as a template for the PCR, and TM-Tail-PVRIG-NotI-Fwd and
PVRIG-EcoRI-Rev primers were used for amplification. The PCR product was digested
with Notl and EcoRI enzymes and cloned into the pcDNA 3.1 Myc/His (-) A plasmid. The
same restriction enzymes were used for the diagnostic digestion of plasmid DNA from four
colonies (Figure 5.5). Glycerol stock was prepared from two colonies that contained the
insert. The presence of two bands of 482 and 5495 base pairs in EcoRI-NotlI digested plasmid
DNA confirmed the correct cloning of the TM-Tail PVRIG into the pcDNA 3.1 Myc/His(-)

A plasmid.
Uncut  Cut  ypeyt Cut  Uncut  Cut  Uncut Cut Uncut Cut
Uncut  Cut PVRIG PVRIG Colony Colony Colony Colony Colony Colony Colony Colony
Vector Vector Myc/His Myc/His 1 1 2 2 3 3 4 4

Figure 5.5. Gel image of the restriction digestion of empty vector backbone (Vector),

PVRIG Myc/His cloning, and the TM-Tail PVRIG Myc/His cloning with EcoRI and NotlI

enzymes.

The schematic representation of all constructed Myc/His tagged PVRIG plasmids are given

in Figure 5.6.
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Figure 5.6. Schematic representation of the constructs for full length PVRIG and PVRIG
domains fused with c-Myc/His epitope tags. Bar with numbers indicate amino acid

positions.
5.1.2. Cloning of WD40 Into the p3x Flag CMYV 7.1 Vector

The WD40 domain of LRBA was amplified by PCR from Jurkat T-cell line by using
the WD40-HindIII-Fwd and WD40-Sall-Rev primers, and cloned into p3x Flag CMV 7.1
plasmid as described in the methods section. The PCR product was digested with HindIII
and Sall enzymes and cloned into the p3x Flag CMV 7.1 plasmid. The same enzymes were
used for the diagnostic digestion of plasmid DNA from 15 colonies (Figure 5.7). Glycerol
stock was prepared from two colonies that contained the insert. The presence of two bands
of 813 and 4672 base pairs in HindIII-Sall digested plasmid DNA confirmed the correct
cloning of the WD40 domain of LRBA into the p3x Flag CMV 7.1 plasmid. pCI-neo-Flag-
PH-Beach plasmid was kindly gifted from Bernice Lo et al.
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Figure 5.7. Gel image of the restriction digestion of empty vector and mini-prep colonies

for the WD40-p3xFLAGCMV7.1 cloning with HindIII and Sall enzymes.

The plasmids created in this section were used to transfect HEK293T cells to identify
the potential physical interaction between the PH-BEACH or WD40 domains of LRBA
protein and the full length, Tailless, or TM-Tail PVRIG constructs by co-

immunoprecipitation experiments in section 5.5.

5.2. Reconfirmation of the Absence of LRBA Protein in LRBA KO Jurkat T-Cells

In previous studies in our lab, LRBA KO Jurkat T-cells were established by using
CRISPR/Cas9 technology, and knock-out efficiency was investigated (Zahedimaram, 2022).
In this study, we reconfirmed that these cell lines indeed lost LRBA expression. LRBA
protein levels were examined in pools of WT and LRBA KO Jurkat T-cells as well as three
single cell clones, C7, C8, and C14 by western blotting. As expected, the Jurkat LRBA KO

pool cell line has a dramatic reduction of LRBA protein expression. Similarly, LRBA protein
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expression was almost undetectable in the three single cell clones shown by western blotting

(Figure 5.8).
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Figure 5.8. Western blotting analysis of LRBA protein levels in WT and LRBA KO Jurkat

T-cells. B-actin blotting was used as loading control.
5.3. Investigation of PVRIG Protein Downregulation in LRBA KO Jurkat T-Cells

In previous studies in our lab, PVRIG protein was found to be significantly
downregulated on the surface of the LRBA KO C7 Jurkat T-cell clone, compared to WT
Jurkat T-cells. This study identified multiple proteins whose surface expression was altered
in LRBA KO cells by surface protein biotinylation, streptavidin immunoprecipitation
followed by mass spectrometry analysis (Figure 1.6) (Zahedimaram, 2022). Because the

mass spectrometry experiment compared a pool of WT cells to a single cell cloned LRBA
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KO clone (C7), it was possible that clone-specific expression differences were responsible
for the change in PVRIG expression. It is possible that the process of single cell cloning may
induce some gene and protein expression differences that are not solely dependent on the
expression of LRBA. To causally link the absence of LRBA expression to alterations in
PVRIG surface protein expression, we examined pools of LRBA KO cells that express a
CRISPR/Cas9 construct that was not subjected to single cell cloning (hereafter named KO
Pool), and two other single cell clones (C8 and C14) in addition to C7. We investigated
surface and total PVRIG protein downregulation in LRBA KO Jurkat T-cells by flow
cytometry (Figure 5.9 and 5.10), and western blotting experiments (Figure 5.11 and 5.12).
To quantify expression differences obtained by flow cytometry, we calculated PVRIG
surface protein expression using the following Percent Expression formula: (KO stained
MFI- KO unstained MFI)/(WT stained MFI- WT unstained MFI)*100. PVRIG surface
expression was found to be decreased in pools of LRBA KO Jurkat T-cells as well as single
cells clones C7 and C8. Therefore, the expression of surface PVRIG was mildly reduced in
the absence of LRBA protein in Jurkat T-cells (Table 5.1). To determine if the decrease in
surface PVRIG expression levels was due to changes in steady state protein expression
levels, we performed intracellular staining by fixation and permeabilization of cells followed
by flow cytometry (Figure 5.10). This method allows for the staining of both surface and
intracellular proteins thus is a good measure of total protein expression level in the cells.
Total PVRIG expression differences were quantified with the same Percent Expression
formula and the total expression of PVRIG was found to be decreased in pools of LRBA KO

Jurkat T-cells as well as all three single cell clones (Table 5.1).

Table 5.1 Percent expression of PVRIG protein in LRBA KO Jurkat T-cell lines.

Percent Expression

of PVRIG Protein

WT KO Pool C7 C8 Cl4

Surface 100 85,4 83,2 73,1 119,7

Intracellular 100 73,3 76,6 52,7 84,6
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Figure 5.9. Cell surface PVRIG staining of WT and LRBA KO Jurkat T-cells. All cells
were stained with PE conjugated anti-human CD112R (PVRIG) antibody. Unstained cells

were used as controls.



Normalized To Mode
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fixed, permeabilized, and stained with PE conjugated anti-human CD112R (PVRIG)

antibody. Unstained cells were used as controls.
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To confirm the decrease in surface and total PVRIG protein expression levels found

by flow cytometry, we performed western blotting with an antibody that detects PVRIG

protein. We found that PVRIG specific bands migrated at 37 kDa as expected, but we also
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observed larger bands which are likely due to post-translational modification of the PVRIG
protein (Figure 5.11).
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Figure 5.11. Western blot analysis of PVRIG protein levels in WT and LRBA KO Jurkat
cells. B-actin blotting was used as loading control. Representative image of three

independent experiments.

Quantification of the total band intensity of the PVRIG bands indicated that there was
a statistically significant change in the normalized PVRIG levels in the single cell clones C7
and C8. On the other hand, the KO pool and single cell clone C14 did not have a statistically
significant change in PVRIG band intensity (Figure 5.12).
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Figure 5.12. Western blotting quantification of PVRIG protein levels in WT, LRBA KO
Pool and single cell clones C7, C8, and C14 Jurkat. *p<0,05 (One-way ANOVA was used

for statistical data analysis).

5.4. Investigation of the Post-Translational Glycosylation Pattern of the PVRIG

Protein

In order to find out the glycosylation state of the PVRIG protein, cell lysates from WT
Jurkat T-cell line were treated with varying dilutions of PNGase F enzyme and PVRIG
western blotting was performed (Figure 5.13). B-actin blotting was used as a loading control.
When compared with untreated samples, the PVRIG band in treated samples appear to have
slightly higher mobility indicating a smaller size. Therefore, we whink this experiment
demonstrates that PVRIG proteins expressed in Jurkat T-cells are post-translationally
modified by glycosylation. Also we note that the three bands observed in untreated samples
(Figure 5.11) are absent in samples prepared for PNGase F treatment. This does not seem to
be dependent on the presence of PNGase F enzyme as smears are observed in all samples

with varying concentrations of PNGase F enzyme.
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Figure 5.13. PVRIG western blotting of untreated and PNGase F treated Jurkat T-cell

lysates. B-actin blotting was used as loading and treatment control.
5.5. Investigation of the Interaction Between PVRIG and LRBA

To investigate whether PVRIG and LRBA interact with each other physically, we
performed a series of co-immunoprecipitation experiments with various plasmid constructs
in cotransfected HEK293T cells as well as with endogenous PVRIG protein from Jurkat T-
cells. Firstly, in co-transfected HEK293T cells, Flag-PH-BEACH, but not Flag-WD40, was
found to be co-immunoprecipitate with PVRIG-c-Myc/His as shown by anti-c-Myc
immunoprecipitation followed by anti-Flag tag blotting (Figure 5.14 and 5.15).
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Figure 5.14. Co-IP experiment of cotransfected HEK293T cells with Empty c-Myc/His or
PVRIG c-Myc/His plasmids together with Flag-PH-BEACH plasmid. IP was performed
with anti-c-Myc beads. Western blotting was done by loading both IP and whole cell lysate
(input) on a gel and blotting with anti-PVRIG and anti-FLAG.
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Figure 5.15. Co-IP experiment of cotransfected HEK293T cells with Empty c-Myc/His or

PVRIG c-Myc/His plasmids together with Flag-PH-BEACH or Flag-WD40 plasmids. IP

was performed with anti-c-Myc beads. Western blotting was done by loading both IP and
whole cell lysate (input) on a gel and blotting with anti-PVRIG and anti-FLAG.

We also performed anti-c-Myc IP followed by anti-Flag blotting by using HEK293T
cells that were co-transfected with Tailless or TM-Tail PVRIG constructs with Flag-PH-
Beach plasmid. Similarly, Flag-PH-Beach could be co-immunoprecipitated in these

conditions as well (Figure 5.16).
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Figure 5.16. Co-IP experiment of cotransfected HEK293T cells with PVRIG c-Myc/His or
Tailless PVRIG c-Myc/His or TM-Tail PVRIG c-Myc/His plasmids together with Flag-
PH-BEACH plasmid. IP was performed with anti-c-Myc beads. Western blotting was done
by loading both IP and whole cell lysate (input) on a gel and blotting with anti-c-Myc and
anti-FLAG.

To investigate if the observed Flag band is co-immunoprecipitated due to possible
nonspecific interaction between c-Myc/His tag and Flag tag, we used CD19-c-Myc/His and
Flag-PH-BEACH co-transfected HEK293T cells to immunoprecipitate c-Myc tagged
proteins and check for Flag tag blot (Figure 5.17). Flag-PH-BEACH could also be co-

immunoprecipitated by using a CD19-c-Myc/His construct.
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Figure 5.17. Co-IP experiment of cotransfected HEK293T cells with PVRIG c-Myc/His or
CD19 c-Myc/His plasmids together with Flag-PH-BEACH plasmid. IP was performed
with anti-c-Myc beads. Western blotting was done by loading both IP and whole cell lysate
(input) on a gel and blotting with anti-Flag, anti-PVRIG, and anti-Actin.

Experiment on Figure 5.17 was repeated with increasing washing steps during co-
immunoprecipitation from three to eight times to investigate the Flag-PH-BEACH co-
immunopecipitation with PVRIG-c-Myc/His and CD19-c-Myc/His. Flag-PH-BEACH could
still be co-immunoprecipitated upon increased wash steps with both PVRIG-c-Myc/His and
CD19-c-Myc/His (Figure 5.18).
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Figure 5.18. Co-IP experiment of cotransfected HEK293T cells with Empty-c-Myc/His,
PVRIG c-Myc/His or CD19 c-Myc/His plasmids together with Flag-PH-BEACH plasmid.
IP was performed with anti-c-Myc beads with increased wash steps. Western blotting was
done by loading both IP and whole cell lysate (input) on a gel and blotting with anti-Flag,

anti-PVRIG, and anti-Actin.

To further check for co-IP specificity, non-tagged PVRIG and Flag-PH-BEACH
expressing cotransfected HEK293T cells were used to pull-down PVRIG protein and check

for Flag tag co-immunoprecipitation (Figure 5.19).
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Figure 5.19. Co-IP experiment of cotransfected HEK293T cells with Empty pLeGO-iT2p
or PVRIG-pLeGO-iT2p plasmids together with Flag-PH-BEACH plasmid. IP was
performed with Protein A beads conjugated with anti-hPVRIG antibody. Western blotting
was performed by loading both IP and whole cell lysate (input) on a gel and blotting with
anti-Flag, anti-PVRIG, and anti-Actin antibodies.

We also wanted to investigate the interaction between endogenous PVRIG and LRBA
proteins by using WT Jurkat T-cells. To this end, we pulled-down PVRIG protein and
performed LRBA western blotting. However, since there was no LRBA band in the co-IP
lane, we couldn’t detect the endogenous interaction of PVRIG and LRBA proteins in WT

Jurkat T-cells by co-immunoprecipitation (Figure 5.20).
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LRBA

PVRIG

Figure 5.20. Co-IP experiment of WT Jurkat cells. IP was performed with Protein A beads
conjugated with anti-hPVRIG antibody. Western blotting was done by loading both IP and
whole cell lysate samples on a gel and blotting with anti-PVRIG and anti-LRBA.

5.6. Investigation of CD112 Levels in LRBA KO Jurkat Cells

In previous work in our lab, CD112, the ligand for PVRIG, was found to be
significantly upregulated on the LRBA KO C7 Jurkat T-cell surface when compared to WT
Jurkat T-cells in the same surface protein biotinylation and mass spectrometry experiment
that identified the downregulation of PVRIG (Figure 1.6). It was not clear if the
downregulation of one receptor and the upregulation of its ligand was causally related. To
further investigate this result, we checked the CD112 protein upregulation in LRBA KO

Jurkat T-cell surface by using flow cytometry (Figure 5.21). In accordance with the mass
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spectrometry results, CD112 was found to be higher in the C7 Jurkat T-cell clone surface
when compared to WT Jurkat T-cell. We found that this difference was not evident for the
pool of LRBA KO Jurkat T-cells or two other single cell clones (C8 and C14). These findings
indicate that the higher expression of CD112 on the C7 Jurkat T-cell clone was likely due to
an epigenetic or mutational change in gene expression during the single cell selection process
that this clone went through. Moreover, because the other two LRBA KO clones expressed
normal levels of CD112 while they have decreased PVRIG levels indicates that the change
in CD112 expression on the C7 Jurkat T-cell clone was independent of PVRIG and LRBA

expression levels.
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Figure 5.21. Cell surface CD112 staining of WT and LRBA KO Jurkat cells. All cells were

stained with an APC anti-human CD112 antibody. Unstained cells were used as controls.
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5.7. RNA-Seq Data Analysis of WT and LRBA KO Jurkat T-Cells

To investigate the changes in the transcriptional profile of Jurkat T-cells upon LRBA
protein loss, we used purified whole cell RNA from WT and LRBA KO Jurkat T-cells for
RNA-Seq analysis. The original LRBA targeting construct that generated the cells analyzed
by surface mass spectrometry was a lentiviral construct that expressed the CRISPR/Cas9
which targeted the endogenous LRBA gene. Because lentiviral delivery of CRISPR/Cas9
enzymes integrates these elements into the genome which continuously expressed, we
wanted to take another approach by transiently expressing the CRISPR/Cas9 enzymes
targeting the LRBA gene. The CRISPR/Cas9 plasmid had a puromycin resistance gene,
hence the puromycin antibiotic was used to select the KO cells, and cells that were not
selected with puromycin were used as a wild-type control in the RNA-Seq analysis. Sample
preparation and KO confirmation was previously done in our lab. These experiments
confirmed by flow cytometry and western blotting that LRBA expression was
downregulated in Jurkat T-cells selected from a transient CRISPR/Cas9 expression and that
unselected cells retained LRBA expression (Zahedimaram, 2022). For this thesis, we have
used the raw RNA-Seq .fastq files and .bam files that were aligned to reference human
genome (GRCh38/hg38). Firstly, to see the variance of the WT and LRBA KO samples,
hierarchical heatmap analysis and principal component analysis (PCA) was used (Figure
5.22a and b). Then, differential gene expression (DEG) was identified in WT and LRBA KO
samples (Figure 5.23a), and gene ontology enrichment analysis was performed for identified
DEGs (Figure 5.23b). The purpose of DEG enrichment analysis was to identify the altered
molecular functions, biological processes, and protein classes in LRBA deficient Jurkat T-
cells. By understanding these altered pathways, we may interpret the observed experimental
results in this cell line more reasonably and comprehensively. We found out that molecular
functions like transcriptional regulator activity and molecular transducer activity, biological
processes like immune system process and signaling, and protein classes like membrane
traffic protein, scaffold/adaptor protein, and intercellular signal molecule were affected in
LRBA KO Jurkat T-cells. However, our enrichment results were not statistically significant,
thus the enriched pathways may not be directly related with the absence of LRBA protein,
pointing out a requirement for the experimental replication of RNA-Seq by using our WT

and LRBA KO Jurkat T-cells as a part of future work.
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Figure 5.22. RNA-Seq sample clustering, (a) Hierarchical heatmap and (b) Principal
Component Analysis (PCA) of WT and LRBA KO Jurkat samples.
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WT vs LRBA KO Differentially Expressed Genes Heatmap
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Figure 5.23. Differential Gene Expression (DEG) analysis of WT and LRBA KO Jurkat T-
cells, (a) Heatmap of DEGs, (b) Enrichment analysis of DEGs for molecular function,

biological process, and protein class.
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6. DISCUSSION

LRBA deficiency leads to various immune deficiency outcomes similar to CTLA-4
insufficiency (Hou et al., 2017). In the absence of LRBA, T-cells have a dramatic decrease
in total CTLA-4 protein compared to healthy controls. Treatment with the CTLA-4-Ig fusion
drug shows great improvement in LRBA-deficient patients (Lo et al., 2015), which inspired
researchers to investigate the molecular mechanisms underlying the association between
LRBA and CTLA-4. LRBA acts as a critical regulator of CTLA-4 surface trafficking, thus
maintaining a regulated immune response by controlling CTLA-4 post-translational
expression (Lo et al., 2015). CTLA-4, an essential T-cell co-inhibitory receptor, plays a role
in preventing excessive T-cell signaling and autoimmunity. It exerts its inhibitory role by
binding to its ligands CD80/CD86 on APCs and mediating inhibitory signaling. In addition,
CTLA-4 reduces the availability of ligands for the co-stimulatory receptor CD28 through a
cell-extrinsic mechanism, as both receptors share the same ligands (Rudd et al., 2009;

Qureshi et al., 2011).

LRBA belongs to the Beach Domain-Containing Proteins (BDCPs) family, which
consists of nine human protein members. Most BDCPs are large proteins with a molecular
mass exceeding 300 kDa, and they are thought to act as scaffolding proteins owing to their
large size and their involvement in various cellular mechanisms (Cullinane et al., 2013). The
BEACH domain is well-conserved among human BDCPs and it is linked to vesicle
trafficking and membrane dynamics (Gebauer et al., 2004). Indeed, LRBA has been shown
to interact with CTLA-4 through its PH-BEACH domain, which is alone sufficient for
CTLA-4 binding, as demonstrated by co-IP experiments. In addition to the PH-BEACH
domain, the ConA-like domain of LRBA can also bind to CTLA-4. On the other hand, the
Y201 VKM motif found on the CTLA-4 tail is essential to mediate the LRBA-CTLA-4
interaction. Mutation of the Y201V residue in CTLA-4 tail disrupts LRBA binding,
highlighting the specific requirement of the Y201 VKM motif for LRBA interaction (Lo et
al., 2015).

The Y201 VKM motif of CTLA-4 is an ITIM motif, where phosphatases like SHP-2
and PP2A can bind to phosphorylated Y201 VKM and negatively regulate TCR-mediated
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signaling (Chuang et al., 1999; Chuang et al., 2000). This motif also serves as a binding site
for clathrin adaptor proteins AP-1 and AP-2 (Schneider et al., 1999). Nonphosphorylated
Y201 VKM motif is required for AP-2 binding and internalization of CTLA-4 from the T-
cell surface by endocytosis (Shiratori et al., 1997). Binding of AP-1 to the same motif, on
the other hand, directs intracellular CTLA-4 to lysosomal compartments for degradation
(Schneider et al., 1999). Knockdown of AP-1, but not AP-2 or AP-3, partially rescues
CTLA-4 loss in LRBA knockdown cells (Lo et al., 2015), suggesting that LRBA prevents
CTLA-4’s lysosomal degradation by competing with AP-1 for binding to the Y201VKM
motif. Through these complex mechanisms, CTLA-4 surface expression and intracellular
localization are tightly regulated. Despite the increase in CTLA-4 levels and surface
expression upon T-cell activation, it is dynamically internalized from the cell surface by

endocytosis and recycled back to the cell surface mediated by LRBA binding.

Considering LRBA’s large size and intracellular localization, it is likely to have other
binding partners apart from CTLA-4. However, it is currently unknown whether LRBA
regulates any other co-signaling receptor’s post-translational expression and intracellular
localization in T-cells. To address this question, LRBA KO Jurkat T-cell models were
established by Dr. Zahedimaram (2022) in our lab. She also identified proteins that have
altered surface expression upon LRBA loss by using surface protein biotinylation,
streptavidin immunoprecipitation, and mass spectrometry analysis. Among the potential
LRBA targets, a recently identified T-cell co-inhibitory receptor PVRIG was found to be
significantly reduced on the surface of LRBA KO single cell clone C7 Jurkat (Zahedimaram,

2022), which was the most immunologically relevant finding for us.

In this thesis, our aim was to investigate whether LRBA regulates PVRIG in a similar
manner to CTLA-4. PVRIG acts as a co-inhibitory receptor in T and NK cells, and contains
an ITIM-like motif on its tail, where LRBA binding may be possible. The molecular
mechanisms for PVRIG intracellular trafficking and surface expression regulation have not
been fully examined up to date. It is currently not known whether PVRIG is internalized
from the cell surface by endocytosis and if it has a recycling mechanism. However, studies
have shown that PVRIG, but not TIGIT, undergoes rapid internalization from the surface of
activated CD8+ T-cells, which draws attention for the presence of regulatory mechanisms

similar to CTLA-4 (Whelan et al., 2019). Based on the resemblance between PVRIG and
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CTLA-4, we hypothesized that LRBA may be directly binding to the ITIM-like motif of
PVRIG and regulates its surface expression in CD4+ T-cells, which could enlighten the
downregulated surface levels of PVRIG in LRBA KO Jurkat T-cells.

To begin, we generated various PVRIG constructs, either alone or fused with c-
Myc/His epitope tags, through molecular cloning for use in co-IP experiments. These
included full length PVRIG, Tailless PVRIG, and TM-Tail PVRIG (Figures 5.1-5.6). In
addition, we constructed a Flag tagged WD40 domain of LRBA (Figure 5.7). The Flag-
tagged PH-BEACH construct was kindly gifted from Bernice Lo et al.

We wanted to confirm the absence of LRBA protein in LRBA KO Jurkat T-cells for
using them in subsequent experiments, which were established by Dr. Zahedimaram (2022).
As expected, the KO pool showed a dramatic reduction in LRBA protein compared to WT
cells, while it was almost completely absent in the three different KO single cells clones C7,
C8, and C14 (Figure 5.8). Next, we investigated PVRIG protein levels using flow cytometry
and western blotting techniques to experimentally validate the downregulation of PVRIG in
LRBA KO cells observed in the mass spectrometry data analysis (Zahedimaram, 2022). We
aimed to determine whether the downregulation of PVRIG could be observed in both the
KO pool and other KO single cell clones. In addition, since the surface protein biotinylation
followed by mass spectrometry approach only captured surface alterations, we wanted to
investigate if alteration in PVRIG expression was only confined to cell surface. PVRIG was
found to be decreased on the cell surface of KO pool, and single cell clones C7 and C8, but
not on Cl4, compared to WT (Figure 5.9). Total PVRIG staining confirmed the
downregulation of PVRIG in all LRBA KO Jurkat T-cells compared to WT cells, indicating
that PVRIG downregulation was not limited to cell surface (Figure 5.10). We also performed
PVRIG western blotting (Figure 5.11) and analyzed the statistical significance (Figure 5.12)
by using one-way ANOVA test with a significance threshold of p<0,05. The downregulation
of PVRIG in C7 and C8 was found to be significant whereas it was not significant in KO
pool and C14.

To investigate the potential physical interaction between PVRIG and LRBA proteins,
we used our constructed plasmids for the co-IP experiments by cotransfecting HEK293T

cells. Initially, we found out that Flag-PH-BEACH could be co-immunoprecipitated with
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PVRIG-c-Myc/His by using anti-c-Myc beads (Figure 5.14). The same co-IP strategy was
utilized with the Flag-WD40 construct, however it did not co-immunoprecipitate with
PVRIG-c-Myc/His, unlike Flag-PH-BEACH (Figure 5.15). Still, it is worth noting that the
lower expression of Flag-WD40 might have affected the efficiency of co-IP.

Based on the initial findings suggesting an interaction between PVRIG and the PH-
BEACH domain of LRBA, we aimed to determine if PH-BEACH binds to the ITIM motif
of PVRIG’s tail, similar to its binding with CTLA-4. To this end, we used Tailless PVRIG
and TM-Tail PVRIG plasmids in the same co-IP strategy. Surprisingly, FLAG-PH-BEACH
could be co-immunoprecipitated with both Tailless PVRIG and TM-Tail PVRIG (Figure
5.16). These results made us doubtful regarding the specificity of the PH-BEACH binding
with PVRIG. It was also possible to observe an unspecific binding of c-Myc/His and Flag
epitope tags. To check this possibility, we used CD19-c-Myc/His construct as a negative
control in subsequent co-IP experiments. In contrast to our expectations, FLAG-PH-BEACH
could be co-immunoprecipitated with CD19-c-Myc/His (Figure 5.17). The same experiment
was repeated with increased wash steps with the hope of getting rid of any unspecific co-IP
bands. However, Flag-PH-BEACH still co-immunoprecipitated with both PVRIG and CD19
constructs even with increased wash steps (Figure 5.18). To further check for the specificity,
we immunoprecipitated non-tagged PVRIG protein using anti-hPVRIG-conjugated Protein
A beads and checked for Flag blot from cotransfected HEK293T cells (Figure 5.19). We
were unable to observe a Flag blot co-immunoprecipitated with PVRIG protein.
Subsequently, we performed LRBA blotting after immunoprecipitating endogenous PVRIG
protein from WT Jurkat T-cells, but endogenous LRBA could not be co-immunoprecipitated

with endogenous PVRIG (Figure 5.20).

Based on the various co-IP experiments, we couldn’t reach to a conclusive idea
regarding the physical interaction between LRBA and PVRIG. It is possible that LRBA-
mediated alterations in PVRIG may not occur through a direct physical interaction. Another
possibility is that we were unable to capture PVRIG and LRBA interaction by co-IP
experiments because of their weak, transient, or context-dependent nature of interaction.
Further investigation on PVRIG and LRBA interaction using alternative techniques such as
proximity-based assays or co-localization studies should be employed. Furthermore, we

demonstrated that PVRIG protein can undergo glycosylation (Figure 5.13), which might be
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influencing its interaction with binding partners, intracellular trafficking, and overall cellular

function.

Another interesting finding from the mass spectrometry analysis was the upregulation
of PVRIG’s ligand, CD112 (PVRL2), on the surface of LRBA KO C7 single cell clone
(Figure 1.6) while PVRIG was found to be downregulated. To be able to causally link the
downregulation of one receptor and the upregulation of its ligand in LRBA-dependent
manner, we performed cell surface CD112 staining of WT and LRBA KO Jurkat T-cells
(Figure 5.21). In line with the mass spectrometry results, CD112 was found to be increased
on the surface of LRBA KO C7 cell clone, but no change was detected in other KO cell lines.
This increase in CD112 may be a specific phenotype of the C7 single cell clone rather than
being directly related to the absence of LRBA.

Finally, to gain better insights on the effects of LRBA loss and altered pathways in
LRBA deficiency, we performed RNA-Seq data analysis on WT and LRBA KO Jurkat T-
cells. Hierarchical clustering and PCA analysis showed that WT and KO samples were
clustered within each other (Figure 5.22), which was not a preferential outcome for
differential gene expression (DEG) analysis. DEG analysis identified 38 genes (Figure
5.23a), and PANTHER Protein Class enrichment revealed various protein classes such as
scaffolding protein, membrane traffic molecule, and calcium-binding protein that were
affected in LRBA KO samples (Figure 5.23b). However, no significant pathway enrichment
was observed for neither molecular function, biological process, or protein class. Due to
sample clustering results, it is necessary to repeat the sample preparation and RNA-
sequencing to obtain more conclusive results. Moreover, it is possible that the loss of LRBA
may not globally affect the transcriptional profile within the cell, which could explain the

interclustering of WT and KO Jurkat samples.

Overall, in this study, we demonstrated the decreased surface and total levels of
PVRIG in LRBA KO Jurkat T-cells. Although the direct physical interaction between LRBA
and PVRIG could not be fully confirmed through co-immunoprecipitation experiments,
further examination of this interaction using alternative techniques such as proximity-based
techniques is required. We also showed that PVRIG protein can undergo glycosylation,

which might be an affecting factor for its overall functionality within the cell. Future
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investigations should focus on studying the surface dynamics of PVRIG, including its
internalization and surface retention mechanisms. In addition, since PVRIG is also a co-
inhibitory receptor for NK cells, alterations of PVRIG expression in WT and LRBA KO NK
cells should be investigated. Lastly, exploring the impact of other BDCP proteins on the
regulation of both CTLA-4 and PVRIG could expand the therapeutic options that can be

developed for immunodeficiency disorders.
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APPENDIX A: CHEMICALS

Table A.1. Chemicals used in this study.
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Chemical Supplier Company
Acetic Acid Sigma, USA
Acrylamide/Bis-acrylamide, 30% solution Sigma, USA

Agar Millipore, USA
Agarose Isolab, Germany
Ammonium persulfate Sigma, USA
Ampicillin Sodium Salt CellGro, USA
Calcium chloride Sigma, USA
Chloroquine diphosphate Applichem, Germany
DMEM GIBCO, USA
DMSO Sigma, USA
DPBS Cytiva, UK
DNA Gel Loading Dye, 6X NEB, USA
EDTA Sigma, USA
Ethanol Isolab, Germany
Ethidium Bromide Sigma, USA
Fetal Bovine Serum (FBS) Cytiva, UK
Glass Beads Sigma, USA
Glycerol Sigma, USA
Glycine Sigma, USA
HEPES Sigma, USA
HCl Merck, Germany
Isopropanol Sigma, USA
LB Broth Sigma, USA
Liquid Nitrogen Karbogaz, Turkey

MEM Non-essential Amino Acid Solution,

100X

GIBCO, USA




Table A.1. Chemicals used in this study (cont).
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Chemical Supplier Company
Methanol Isolab, Germany
NaCl Carlo Erba, Italy
Penicillin-Streptomycin Sigma, USA
PIPES Sigma, USA

Protease inhibitor cocktail tablets (EDTA-

Roche, Germany

free)
RPMI-1640 GIBCO, USA
Skim milk powder Millipore, USA
Sodium Azide Amresco, USA

Sodium dodecyl sulfate

Merck, Germany

Tricine

Sigma, USA

Trizma-Base

Sigma, USA

TEMED Applichem, Germany
Triton-X-100 Promega, USA
Tween-20 Sigma, USA
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APPENDIX B: EQUIPMENT

Table B.1. Equipment used in this study.

Equipment

Company

Autoclave

Astell Swiftclave, UK

Adjustable Rocker Shaker

Cole-Parmer, USA

Balance Sartorius, Germany
Beckman Coulter, Allegra X-12, USA
Centrifuge
Beckman Coulter, Allegra X-30R, USA
CO; Incubator Thermo Fisher Scientific, USA
-80°C, ThermoForma, USA
Deepfreeze

-20°C, Argelik, Turkey

Electrophoresis Apparatus

Biorad Inc., USA

VWR, USA
BD FACSCalibur Flow Cytometer,
Flow Cytometry USA
BD Accuri™ C6 Flow Cytometer, USA
Gel Documentation Biorad, USA

Heat Block

Eppendorf, Germany

Hemocytometer

Isolab, Germany

Ice Machine

Scotsman Inc., USA

Liquid Nitrogen Tank International Cryogenics, USA
Microliter Pipettes Thermo Fisher Scientific, USA
) ) Centrifuge 5415 R, Eppendorf,
Microcentrifuge
Germany
Microscope Zeiss Primovert, Germany

Microwave Oven

Arcelik, Turkey

pH Meter

SevenCompact™, Mettler Toledo,

Switzerland

Power Supply

VWR, USA




Table B.1. Equipment used in this study (cont).
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Equipment

Company

Refrigerator

Arcelik, Turkey

Shaker Incubator

New Brunswick, Innova 44, USA

NanoDrop™ 2000, Thermo Fisher

Spectrophotometer
Scientific, USA
Stirrer/Heater Scilogex, USA
PTC-200 Peltier Thermal Cycler, MJ
Thermocyler
Research Inc, CA
Vortex Velp Scientifica, Italy
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APPENDIX C: ADAPTATIONS

Figure 1.1, 1.2, 1.3, 1.4, 1.5 and 5.6 were created using BioRender.com. Figure 1.2
was adapted from “TCR Downstream Signaling”, and Figure 1.4 was adapted from “T-cell
Deactivation vs. Activation” on BioRender.com (2023). Figure 1.6 was used from

Zahedimaram (2022) with permission from Pegah Zahedimaram.



APPENDIX D: DNA LADDER

GeneRuler™ 1 kb DNA Ladder

0’GeneRuler™ 1 kb DNA Ladder,
ready-to-use
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Figure D.1. DNA ladder used in this study.
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APPENDIX E: PROTEIN LADDERS
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Figure E.1. Protein ladders used in this study.
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APPENDIX F: PLASMID MAPS
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Figure F.1. Plasmid map of pLeGO-1T2p.
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Figure F.2. Plasmid map of pLeGO-iT2p-PVRIG.
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Figure F.3. Plasmid map of pcDNA 3.1 Myc/His (-) A.
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Figure F.4. Plasmid map of PVRIG Myc/His.
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Figure F.5. Plasmid map of Tailless PVRIG Myc/His.
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(3985) Pvull

(3787) Sall
(SV40 poly(A) signal

(SV40 promoter)
Ncol (2507)

(3242) Ncol
Pvull (2916)

Figure F.6. Plasmid map of TM-Tail PVRIG Myc/His.
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(4495) Dralll

(4389) Nael BsrGI (276)
(4387) NgoMIV

Spel (332)

Ndel (567)

SnaBI (673)
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Eco53kI (899)

SacI (901)

HindIII (994)
Eagl - NotI (1001)
EcoRI (1008)
BgIII (1020)
EcoRV (1028)
Acc65I (1032)
KpnI (1036)
SalI (1039)
AccI (1040)
Xbal (1045)
BamHI (1051)
TspMI - Xmal (1055)
Smal (1057)
Alel (1115)

BbsI (1238)
Eco0109I (1245)
BsgI (1299)
BbvCI - Bpul0I (1341)
BlIpI (1385)

BsmBI - Esp3I (1405)
BstXI (1492)

Agel (1603)
PIMI (1606)

XcmlI (1698)
Csil - SexAI* (1790)

(3823) Scal

Tl

p3xFLAG CMV7.1
4717 bp

>

—

(2866) AIWNI

Sfil (1976)
Stul (2022)
AvrII (2023)
AbsI - PaeR7I - PspXI - XhoI (2045)
BspQI - Sapl (2334)

(2450) AfIIII - Pcil

Figure F.7. Plasmid map of p3X Flag CMV 7.1.



(5263) Dralll Pvull (70)

(5157) Nael
(5155) NgoMIV

Spel (332)

NdeI (567)

SnaBI (673)
Ncol (693
(4710) XmnI (693)
Eco53kI (899)

SaclI (901)

Ncol (926)

BspDI - Clal (971)
HindIII (994)
BsmI (1017)

(4591) Scal

PmII (1213)

p3XFLAG-WD40 ,.

5485 bp PFIFI - Tth111I (1388)

0bam-ovIES

Pvull (1587)
PaqCI (1638)
PfoI* (1680)
Ncol (1706)

SalI (1807)
AcclI (1808)
XbaI (1813)
BamHI (1819)
TspMI - Xmal (1823)
Smal (1825)

AleI (1883)

BbsI (2006)
BsgI (2067)
BbvCI - BpulOI (2109)
BsmBI - Esp3I (2173)
BstXI (2260)

PfIMI (2374)

(3102) BspQI - Sapl
(3042) Pvull
(2813) AbsI - PaeR7I - PspXI - Xhol

(2791) AvrIl
(2744) Sfil NcoI (2698)

Csil - SexAI* (2558)

Figure F.8. Plasmid map of p3X Flag-WD40.
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(152) Spel NdelI (387)
SnaBI (493)

AsiSI (664)
CMV primer (680 .. 700)

I-Ppol (851)
BbsI (961)

Nhel (1085)
BmtI (1089)

(6310) AhdI

BpulOI (1227)

BmgBI (1596)

XcmlI (1726)
pci Neo 3xFlag-PH-BEACH
7215 bp

(5330) EcoO109I — |
(5271) Pfol

PfIMI (2026)

(5016) BstBI

(4850) RsrII
(4731) BssHII EcoNI (2452)
PmII (2555)

(4452) PfIFI - Tth111I
(4337) PIuTI

(4335) Sfol

(4334) Narl

(4333) Kasl

(4140) AvrlIl
(4139) Stul
(4093) Sfil

(3907) Csil - SexAI*
(3794) KpnI Acc651 (3790)

Smal (2870)
NotI (2874)

Mfel (3049)

DralIl (3459)

Figure F.9. Plasmid map of pCI-Neo 3xFlag-PH-BEACH.

Aval - BsoBI - TspMI - Xmal (2868)
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APPENDIX G: PVRIG WESTERN BLOT GELS FOR STATISTICAL
SIGNIFICANCE ANALYSIS

The two additional PVRIG western blot experiments from Jurkat T-cell line that were

used to quantify statistical significance (Figure 5.12) are given in Figure G.1.
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Figure G.1. Additional two PVRIG western blot experiments from Jurkat T-cell line that

were used for statistical significance analysis.





