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                                                    ABSTRACT 

 

 

THE IDENTIFICATION OF THE MECHANISMS OF LRBA DEFICIENCY 
DEPENDENT DEFECTS IN REGULATORY T-CELL FUNCTION 

 

Pegah Zahedimaram 

Molecular Biology, Genetic, and Bioengineering, PhD Thesis, 2022 

Thesis supervisor: Selim Çetiner 

Keywords: lipopolysaccharide-responsive beige like anchor protein (LRBA), Cytotoxic 
T-lymphocyte-associated protein-4 (CTLA-4), CRISPR/Cas9, Biotinylation, Mass 

Spectrometry 

 

Primary immunodeficiencies are a very diverse group of disorders characterized by 

recurring infections. Loss of function mutations in the gene encoding LRBA 

(lipopolysaccharide-responsive beige like anchor protein) were recently identified to 

cause PID which is associated with autoimmunity. Several studies have shown that the 

LRBA molecule regulates CTLA-4 cell surface expression. Besides CTLA-4, LRBA has 

been claimed to have an effect on the vesicular trafficking of epidermal growth factor 

receptor (EGFR) and cell surface expression of FasL in the plasma membrane.  

In this study, the main objective was to discover the defects caused by LRBA deficiency 

in T-cells. For this purpose, the Jurkat leukemic T-cell line was used as the model cell 

line and the CRISPR/Cas9 system was used to knock-out (KO) this protein in the Jurkat 

cell line. The differentially expressed proteins on the surface of WT and KO Jurkat cells 

were assessed by the means of cell surface biotinylation coupled with mass spectrometry 

(MS) analysis. CD3, CD4, PVRIG, NOTCH3, CD1d, and Sema7A were found to be 

downregulated and CD53, CD148, CD154, CD134, A33, and CD70 to be upregulated in 

LRBA negative cell lines. We identify the decrease in CD3 and CD4 seemed to be most 

significant and relevant to the loss of LRBA. As expected, endogenous CTLA-4 

expression was also decreased in our LRBA KO cell lines. Additionally, CTLA-4 protein 

overexpression could not rescue  CTLA4 expression to WT levels in LRBA KO Jurkat 
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cell lines indicating the dominant phenotype obtained by LRBA loss. This study identifies 

alternative targets of the LRBA protein and delineates the mechanism of surface CTLA4 

expression, potentially identifying new targets that can be used to cure 

immunodeficiencies resulting from LRBA loss. 
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ÖZET 

 

DÜZENLEYİCİ T-HÜCRE FONKSİYONUNDA LRBA EKSİKLİĞİNE BAĞLI 
HATALARIN MEKANİZMALARININ BELİRLENMESİ 

 

Pegah Zahedimaram 

Moleküler Biyoloji, Genetik ve Biyomühendislik, Doktora Tezi, 2022 

Tez Danışmanı: Selim Çetiner 

Anahtar Kelimeler: lipopolisakkarit duyarlı bej benzeri çapa proteini (LRBA), 
Sitotoksik T-lenfosit ile ilişkili protein-4 (CTLA-4), CRISPR/Cas9, Biyotinilasyon, 

Kütle Spektrometrisi 

 

 

Primer immün yetersizlik (PİY) sendromları tekrar eden enfeksyonlara neden olan 

hastalık grubudur. lipopolysaccharide-responsive beige like anchor protein (LRBA) 

proteinini kodlayan gendeki foksiyon kaybı mutasyonlarının otoimünite ile 

ilişkilendirilmiş PİY sendromlarına neden olduğu belirlenmiştir. LRBA molekülünün 

CTLA-4 proteininin hücre yüzeyindeki ifadesini kontrol ettiği belirlenmiştir. CTLA-4 

proteini yanında LRBA proteininin epidermal büyüme faktörü reseptörü (EGFR) ve 

FasL proteinlerinin hücre yüzeyinde ifade edilmesini kontrol ettiği bilinmektedir. 

Bu çalışmanın ana hedefi T lenfositlerde LRBA eksikliğinin yol açtığı bozukluların 

keşfidir. Bu amaç ile Jurkat T lenfosit lösemi hücre hattı model olarak kullanılmış 

ve CRISPR/Cas9 sistemi aracılığı ile LRBA proteini bu hücrelerden silinmiştir. Mutant 

ve yabanıl tip Jurkat hücrelerinin yüzeyde ifade ettiği proteinlerdeki değişiklikler yüzey 

biyotinilasyonu ve kütle spektrometresi ile analiz edilmiştir. LRBA ifade etmeyen 

hücrelerin yüzeylerinde CD3, CD4, PVRIG, NOTCH3, CD1d, ve Sema7A proteinlerinin 

azaldığı ve CD53, CD148, CD154, CD134, A33, ve CD70 proteinlerinin de arttığı 

belirlenmiştir. LRBA kaybında CD3 ve CD4 proteinlerinin azalması en önemli fark 

olarak ortaya çıkmaktadır. Beklenildiği gibi endojen CTLA-4 proteininin yüze ifadesi de 

mutant hücrelerde azalmaktadır. Ek olarak CTLA-4 proteininin mutant hücrelerde yüksek 

seviyede eksojen olarak ifadesi, CTLA-4 yüzey seviyelerini yabanıl tip hücrelerdeki 
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seviyeye ulaştıramadığı da gözlemlenmiştir. Bu bulgu LRBA kaybının dominan bir 

fenotip olduğunu göstermektedir. Bu çalışma LRBA proteininin alternatif hedeflerini 

keşfetmiş ve CTLA-4 yüzey ifadesinin mekanizmasını ortaya çıkarmıştır. Yeni LRBA 

hedeflerinin bulunması bağışıklık sistemi bozukluğu hastalıklarının teşhis ve tedavisinde 

kullanılabilecektir. 
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1. INTRODUCTION 

 

1.1. Lipopolysaccharide responsive beige-like anchor protein (LRBA) gene 
discovery  

Lipopolysaccharides are bacterial antigens that induce B lymphocytes that promote B cell 

maturation and release of inflammatory cytokines. A gene-trapping method was used to 

discover new genes involved in immune cell maturation, which led to the identification 

of several LPS-responsive genes. 1 

Chediak-Higashi syndrome (CHS) patients suffer from a severe kind of 

immunodeficiency which is characterized by advanced neurologic dysfunction, 

hypopigmentation, and a bleeding sensitivity. These patients have distinct defects in the 

function of immune cells, including T cell cytotoxicity, NK cell killing, granulocytes 

function, and monocyte chemotaxis. CHS and beige (the name for the CHS disease in 

mice) lysosomes exhibit abnormalities in protein sorting. Moreover, CHS patients’ T cells 

or beige macrophages lack regular CTLA-4 and class II surface expression, respectively 
2,3,4. 

cAMP-dependent protein kinase A (PKA) consists of two catalytic and two regulatory 

subunits. As AKAPs and their R binding sites do not share any sequence homology, their 

functions differ but their structures do not. The RI and RII binding sides of the 

amphipathic helix, created by AKAPs and PKA, bind together through the hydrophobic 

pocket built by two subunits of PKA. By doing so, cAMP activates PKA, releasing its 

subunits and phosphorylating substrates at a specific subcellular location. Subcellular 

structures associated with AKAPs include dendrites, vesicles, endoplasmic reticulum, 

mitochondria, plasma membranes, and nuclear membranes 5,6. 

Lipopolysaccharide responsive beige-like anchor protein (LRBA), identified as a novel 

LPS-inducible gene in mice and humans, which has homology to the domains of the 

chs1/beige and AKAP genes 7. It has been determined that the murine Lrba gene has a 

high degree of similarity to a human partial cDNA sequence, Beige-Like Protein encoding 



2 
 

cDNA (BGL), which has 7.3 kb. Other cDNA sequences were obtained from human lung, 

brain, and kidney cDNA libraries 7.   

 

1.2.  LRBA characteristics 

LRBA is a member of the WDL-BEACH-WD40 (WBW) gene family that can physically 

associate with different vesicular compartments in cells 7.The gene that encodes this 

protein is found on human chromosome 4q31.3 and consists of 750,839 bp separated by 

58 exons. The protein has a molecular mass of 319 kDa and contains 2,863 amino acids, 

which is the only described isoform, and other isoforms are mapped computationally in 

Fig.1-1. The sequence analysis of LRBA cDNA from a mouse B lymphocyte library 

indicated that there are three distinct transcripts of 9903, 9396, and 8854 bp encoding 

lrba-ɑ (2856 aa), lrba-ß (2792 aa), lrba-ɣ (2779 aa), respectively. Based on homology 

search all these isoforms have BEACH domain while lba-ɑ has 5 WD repeats, lba-ß has 

3 WD repeats and lba-ɣ misses the WD repeats. The same study experimentally showed 

that the expression level of the three transcripts were different in the cell lines and tissues 

of their study, concluding that these different transcripts may have diverse functions in 

specific tissues 7. 

By reverse transcription polymerase chain reaction (RT-PCR) and quantitative 

polymerase chain reaction (qPCR), transcripts of this protein have been detected in lymph 

nodes, bone marrow, spleen, fetal liver, placenta, kidney, and pancreas. In functional 

studies, lipopolysaccharides (LPS), which are carbohydrate-linked lipids derived from 

Gram-negative bacteria's outer membranes and cells walls, are observed to trigger LRBA 

expression. The innate immune system recognizes LPS as a harmful agent and responds 

accordingly. The expression of LRBA in several cancer tissues increases significantly 

when LRBA is involved in this LPS-dependent innate immune response 7,8. 

In a northern-blot analysis of LPS-stimulated murine macrophage cell line RAW264, 

LRBA mRNA was detected using a probe directed against the LRBA BEACH 

domain. Furthermore, in the same cell line, using electron microscopy, LRBA was seen 

in the endoplasmic reticulum, plasma membrane, clathrin-related endocytic vesicles, and 

nucleus 7. These findings imply that LRBA plays a role in innate immune responses and 

by multiple functions in different subcellular regions of the cell. Likely different domains 



3 
 

of this large protein are responsible for different functions, most of which have not been 

identified. 

  

1.3. Protein domains and structure of LRBA 

Domains within proteins are structural and/or functional units. A specific interaction or 

function is usually assigned to them. A protein's function is often predicted by analyzing 

its domains. When larger groups of proteins share the same domain(s), hypotheses about 

their functions can be generated. 

LRBA has several domains, the most well-studied of which is the BEACH domain (beige 

and Chediak-Higashi). This domain, which is made up of 280 amino acids, is conserved 

in several proteins collectively known as BEACH domain-containing proteins (BDCP) 

and is mostly found near the C-terminus (Fig.1-2) 9. The BDCPs also contain the ConA-

like domain (concanavalin A-like), the PH domain (Pleckstrin homology), and the WD40 

domain (tryptophan and aspartic acid repeats). There is a common DUF1088 domain 

between LRBA and the paralog neurobeachin (NBEA), suggesting that these two proteins 

may have unique functions not found in other members of the BDCP (Fig. 1-2) 10. A 

protein called neurobeachin (Nbea) controls membrane protein trafficking at the 

tubulovesicular endomembrane and at the postsynaptic plasma membrane. It is unknown 

what role Nbea plays in the central nervous system, although it is required for induced 

transmission at neuromuscular junctions 11. 

 

 

Figure 1-1. Isoforms of the LRBA protein.  Isoform alignment and the specific domains 

they cover. Isoform with 2863 amino acids is the only described one, and the rest are 

predicted computationally. The numbers next to the sequences indicate the number of 

amino-acids.  
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Figure 1-2. Schematic representation of protein domains that exist in human BDCPs. The 

alignment of BEACH domain and other known domains, including ConA like lectin, 

DUF1088, ARM, FYVE, and GRAM in all nine BDCPs. LYST: lysosomal trafficking 

regulator, NBEA: neurobeachin, NBEAL: neurobeachin-like, WDFY: WD and FYVE 

zinc finger domain containing protein, NSMAF: neutral sphingomyelinase activation-

associated factor, WDR81: WD repeat domain 819 . 

 

1.3.1.   BEACH domain 

LYST (lysosomal trafficking regulator) has a conserved 'BEACH' domain that is mutated 

in Chediak–Higashi syndrome (CHS). Beige refers to the CHS mouse model and CH is 

an acronym for Beige and Chediak-Higashi 12. A BEACH domain has also been identified 

in eight other human proteins (Fig.1-2). Repeats of the WD sequence often follow or 

precede Beach domains, lectin binding domains resembling concanavalin A, and PH-like 

domains 9. 

As a result of their insufficient length, several hydrophobic segments in BEACH do not 

meet the standard criteria for being classified as b-strands. Proteins with the BEACH are 

located at the C-terminus (Fig.1-2). One large insertion can be seen between the BEACH 

domains of LYST and other members of the family 9,13.  
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1.3.2.  PH domain 

It should also be noted that many BDCPs have a PH domain that is a 100 amino acid 

stretch right before the BEACH domain region (Fig.1-2) 14. PH domains are found in a 

wide variety of proteins implicated in intracellular signaling or forming part of the 

cytoskeleton. A PH domain can bind to biological membranes through phospholipid 

binding , and some PH domains can bind proteins as well15,16. It may be possible that PH 

domains enable their host proteins to target the cytosolic surface of membranes, which 

allows them to be localized to the appropriate compartment within the cell. The three-

dimensional structures of PH domains in some proteins are remarkable due to their low 

sequence homology, but their sequence homology in some proteins may make them 

difficult to identify 17.  

In studies of PH-like and BEACH domains in NBEA 18 or LRBA 13 amino acid 

segments, the PH-like domains had a similar fold to classical PH domains and were 

strongly interacted with their BEACH domains. According to these studies, NSMAF has 

a PH-like domain that precedes the BEACH domain, and one or both of these domains 

may function as one. Fig.1-2 shows that NSMAF contains a membrane-associated 

domain called GRAM, not PH. A BDCP BEACH/PH-like domain is hypothesized to 

interact with a partner (possibly a peptide segment). It appears that some PH-like domains 

in BDCPs don't have a strong affinity for phospholipids due to structural blocks at the 

binding site. They lack positively charged side chains on their surfaces that may be needed 

to bind the highly negatively charged phospholipids 17,18,13. The biochemical analysis of 

LRBA and NBEA 13 revealed that there is no binding between phospholipids and their 

PH-BEACH domains, but NSMAF binds them. 

 

1.3.3.    WD Domains 

A WD40 repeat (also known as a WD or b-transducin repeat) is a 40-amino acid structural 

motif that frequently ends in a tryptophan and aspartic acid (W- D) dipeptide. A WD 

protein domain is formed by combining several of these repeats. WD-containing proteins 

contain 4–16 repeating units that are thought to form a circularized -propeller structure, 
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though WD domains containing fewer than seven WD40 repeats may be less stable. WD-

repeat proteins are involved in a wide range of cellular functions, including cell cycle 

regulation, transcription regulation, signal transduction, autophagy, and apoptosis. 

Among the familiar application of WD-repeat proteins, vesicle trafficking is the most 

important 19,20. These proteins are considered multiprotein complex assembly 

coordinators, with WD domains acting as a scaffold for heteromeric protein involvement. 

PH and WD domains are frequently found together in the same protein or as binding 

partners. The sequences outside the repeats determine the specificity of the WD-repeat 

proteins 17. 

 

1.3.4. Concanavalin A-like lectin binding domain 

Six of the nine BDCPs have a Concanavalin A (ConA)-like lectin domain, though the 

instance in LYST is difficult to identify because of a huge (WD40 domain) insertion 

(Fig.1-2). Lectins bind carbohydrates, and the ConA-like lectin domain is found in a wide 

domain of proteins with small series of similarity and a wide range of functions. It was 

proposed that the ConA-like lectin domain in BDCPs may be involved in oligosaccharide 

binding related to protein crowd and organizing in parallel to the secretory pathway, 

particularly in relation to vesicle fusion machinery components 14. 

 

1.4. Function of the LRBA protein 

1.4.1. LRBA Function and LRBA deficiency in immune check point signaling 

By haphazardly placing genes and somatically mutating them, the immune system can 

distinguish specific molecular structures within pathogens, providing long-term 

protection against recurrence. This receptor diversity process, however, creates 

lymphocytes that react to self-antigens. In order to control these auto-reactive cell clones, 

two main mechanisms have been developed: The first is called central tolerance, which 

involves removing self-reactive B and T cells from the bone marrow and thymus.   

Peripheral tolerance involves eliminating self-reactive immune cells that bypass central 

tolerance. After an immune response against a pathogen has been initiated, peripheral 

tolerance also plays an important role in maintaining immune homeostasis, a balance of 
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costimulatory and inhibitory signals (also called immune checkpoints) that determines 

the durability of the T cell immune response. Invading pathogens or self-antigens can 

cause tissue damage, autoinflammatory and autoimmune diseases if an immune response 

is not controlled. Genetic mutations have been linked to a number of immunodeficiency 

and immune dysregulation syndromes 21. 

The CTLA-4 receptor protein is found on the plasma membrane of activated T cells. By 

binding to CD86 and CD80 on the surface of antigen-presenting cells instead of CD28, 

which is a costimulatory molecule, it regulates homeostasis and peripheral 

immunological tolerance 22. CTLA-4 is found first in intracellular compartments like the 

Golgi apparatus, endosomes, secretory granules, and lysosomes. CTLA-4 migrates to the 

cell membrane after TCR activation, but is continuously endocytosed via clathrin-coated 

vesicles. In lysosomes, CTLA-4 molecules are rapidly degraded after endocytosis 23,24. 

CTLA-4 has two tyrosine motifs in its cytoplasmic tail, Y201VKM and Y218FIP. There 

are two intracellular proteins called AP-1 and AP-2 that bind to the Y201VKM motif 

(clathrin-associated adapter). The AP-2 protein mediates CTLA-4 internalization from 

the cell surface to endosomes and lysosomes, while AP-1 controls its trafficking from the 

Golgi apparatus to endosomes and lysosomes 23. CTLA-4 vesicular trafficking to the 

plasma membrane is dependent on LRBA, according to a study. By maintaining 

intracellular CTLA-4 levels for immediate mobilization to the surface membrane, LRBA 

maintains intracellular levels (Fig.1-3). CTLA-4 degradation in lysosome compartments 

is accelerated when LRBA is lacking, resulting in decreased levels both intracellularly 

and on the surface 25.  

Finally, silencing AP-1 but not AP-2 partially rescues the loss of CTLA-4 in LRBA 

deficient cells by interacting with CTLA-4's cytoplasmic tail, specifically the Y201VKM 

motif 25. Foxp3 + CD4 + cells from LRBA-deficient mouse spleens have lower CTLA-4 

levels 26. In Hela and Jurkat cells transduced with CTLA-4, CTLA-4 was found in several 

compartments marked by Rab5, Rab7, and Rab11. Inhibiting dominant-negative Rab5 

increased CTLA-4 surface expression while reducing internalization and degradation. 

Also, it was discovered that constitutively active Rab11 increased CTLA-4 surface 

expression, while DN Rab11 decreased it, suggesting CTLA-4 is similar to recycling 

receptors like EGFR. A study of CTLA04 trafficking revealed that LRBA deficiency 

significantly impaired CTLA-4 recycling and degradation in Jurkat cells, which was not 
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corrected by expressing CA Rab11. Further, CTLA-4 co-localization with Rab11 

decreased when LRBA was lacking, suggesting LRBA is upstream of Rab11 and is 

required to deliver CTLA-4 to Rab11 recycling compartments. 27. 

 

Figure 1-3 LRBA regulates CTLA-4 recycling to the cell surface. LRBA and AP-1 

proteins have been discovered to bind to CTLA-4’s tail, which results in different fates 

for CTLA-4. LRBA may direct CTLA-4 recycling to the plasma membrane, whereas AP-

1 may facilitate CTLA-4 trafficking to lysosomal compartments, where it is degraded. 

 
1.4.2.   LRBA deficiency and T helper cells distribution 

From naive precursors, there are distinct subsets of effector CD4+ T cells that can be 

distinguished by their expression of various transcription factors, production of certain 

cytokines, and the functions of specific effectors that facilitate the clearing of pathogenic 

threats and reinforce the ability of the mammalian immune system to generate robust, 

efficient, and specific immunity 28. IL-4, IL-5, and IL-13 are produced by Th1 cells, which 

protect the host against intracellular bacterial and viral infections; Th17 cells produce IL-

17A, IL-17F, IL-22, IL-26, and CCL20 and play a big role in immunity against fungi and 

bacteria 29. A distinction between immune responses is immunological memory, which is 

accomplished by generating long-lived plasma cells (PCs) and memory B cells that 
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produce high-affinity antibodies (Abs) continuously or when the initiating pathogen is 

reintroduced. As a result, they neutralize and/or eliminate infectious pathogens, 

preventing severe and recurring diseases 30–32. 

In response to foreign Ags, germinal centers (GCs) form transiently in secondary 

lymphoid tissues, where they make long-lived PCs and memory B cells. It's caused by 

cognate interactions between Ag-specific B cells, CD4+ T cells, and accessory cells, 

which cause responding B cells to grow and change their Ig genes. Memory B cells or 

PCs can only differentiate from GC B cells that compete for Ag, cell-cell interactions, 

and cytokines provided by CD4+ T cells, dendritic cells (DCs), and follicular DCs 30,32–

34. This kind of serological memory can protect the host for a long time, even forever 35. 

In order to ensure high-affinity B cells, differentiation of activated B cells into memory 

cells and PC, and quantity and quality of the Ab response, CD4+ T cell assistance is 

crucial at different stages of GC reactions. The CD4+ T cells involved in this process are 

called T follicular helper cells (Tfh). Tonsil Tfh cells are CD4+ T cells that express the B 

cell zone homing chemokine receptor CXCR5 but not the T cell zone chemokine receptor 

CCR7 36,37.  

Instead of CXCR5 expression, Tfh cells have features like the transcriptional repressor 

BCL-6, the cytokine IL-21, the chemokine CXCL13, and a group of molecules involved 

in T cell/B cell interaction — CD40L, ICOS, SLAM receptors, SAP, and PD-1. By 

coordinating and regulating chemokines, chemokine receptors, cytokines, and cognate 

receptor/ligand pairs, Tfh cells are exactly positioned within B-cell follicles and GCs to 

provide survival and helper signals for B cell differentiation. IL-21 is the most common 

B-cell helper cytokine derived from Tfh. In fact, IL-21 activates key transcriptional 

regulators such as BCL6, PRDM1 (encoding Blimp1), XBP1, and IRF4 in human and 

murine B cells, resulting in proliferation, Ig class switching, and PC differentiation. In 

the peripheral blood of healthy donors, there are also circulating Tfh (cTfh) cells that are 

CD4+CXCR5+ memory T cells. A number of key differences exist between cTfh cells 

and genuine Tfh cells in secondary lymphoid tissues (e.g., cTfh cells express less Bcl-6, 

ICOS, and PD-1), but it is widely accepted that cTfh cells function and develop like Tfh 

cells 37.  

CXCR3+CCR6- PD-1hi IFN+ cTfh1 were also significantly elevated in patients with 

LRBA deficiency and CTLA4 haploinsufficiency. A biomarker of 
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autoimmunity/inflammation, soluble CD25, positively correlated with cTfh cell 

proportions in LRBA-deficient patients, while CTLA4 expression on Tregs was inversely 

correlated with cTfh proportions in either genotype and healthy donors. 38,39. In order to 

limit human Tfh cell differentiation (Fig.1-4.B), CTLA-4 expression must be intact. 

Abatacept (soluble CTLA-4 Fc, which blocks the interaction between B7 and CD28, 

which reduces immune cell activity) is another evidence for this finding for people with 

LRBA or CTLA-4 deficiencies. As a result of his treatment, the proportion of cTfh cells 

and PD-1 expression decreased significantly in cases without a severe and prolonged 

disease course 39. There's a link between chronic inflammation and abnormal T helper 

cells, particularly Th1, Th17, and Th22 cells. Also, an imbalance between anti-

inflammatory (e.g., IL10) and pro-inflammatory (e.g., IL10) cytokines can lead to 

immune homeostasis dysregulation and autoimmune and inflammatory diseases.40. As a 

result of Treg cells' profound lack of CTLA4 expression, patients with LRBA deficiency 

have dysregulated T follicular helper (TFH) cells (a phenotype associated with 

autoimmune diseases). There's no intrinsic abnormality in TFH cells in LRBA deficient 

patients, but rather Treg cells fail to control TFH cells' differentiation and suppress 

effector T cells. Aside from impressing effector T cells with CTLA4, Tregs also produce 

immunosuppressive cytokines like TGF, IL35, and IL10 37,40.  



11 
 

  

Figure 1-4.  Tfh cell differentiation and functionally distinct subset specialization. A) 

After interacting with APC, naive CD4+ cells are stimulated for differentiation into Th1, 

Th2, Th17, Tfh, and Treg cells. Tfh cells provide helper signals for cognate B cell 

differentiation into long-lived memory B cells or Ig-secreting plasma cells. B) High 

expression of CTLA-4 in Treg cells leads to a low frequency of Tfh cells and control of 

autoimmunity, while low expression of CTLA-4 results in a high number of Tfh cells and 

autoimmunity. 
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1.4.3.   LRBA effect on endosomal trafficking 

Other studies support the idea that LRBA plays a role in vesicular trafficking in addition 

to CTLA-4. In dominant negative LRBA mutants, EGFR expression and phosphorylation 

were reduced, which is expressed in a wide range of tissues and interacts with EGF, TGF, 

and other ligands. Phosphorylation of this receptor activates signaling pathways for 

proliferation, differentiation, cell growth, migration, and apoptosis prevention 8. As with 

CTLA-4 in lymphocytes, expression of EGFR on the cell surface is regulated by clathrin-

mediated endocytosis, which either destroys it or recycles it. Inhibitions to this receptor's 

vesicular trafficking lead to abnormal localization, increased signaling, and cancer 41. 

There's no evidence that LRBA and EGFR physically interact, but AP-2 facilitates 

endocytosis and EGFR trafficking via endocytic pathways 42.  

In LRBA deficient patients, apoptosis mediated by Fas was decreased 43. By binding to 

Fas ligands, Fas receptors induce apoptosis via the extrinsic pathway (FasL), which leads 

to FasL internalization, like EGFR, which triggers apoptosis. The plasmatic level of FasL 

in LRBA-deficient patients isn't known, but elevated serum FasL in these patients 

suggests that LRBA deficiency, like CTLA-4, could affect FasL's trafficking to the 

plasmatic membrane or lysosomes 44.  

In mice lacking LRBA, ERK1/2 and AKT are phosphorylated poorly in natural killer 

(NK) cells stimulated with anti-NKG2D or anti-NKp46 antibodies, resulting in a 

significant decrease in IFN-gamma production. This study didn't determine the 

expression levels of these receptors in LRBA-deficient mice, but there's some evidence 

that NKG2D and DAP10 may get degraded after exposure to certain ligands, and clathrin 

may help 45,46,47.  

It's not clear how LRBA modulates cellular receptors, despite these studies. The transport 

seems to be through clathrin-coated vesicles, from which the receptors are released into 

early endosomes, where they're either degraded by lysosomal enzymes or recycled to the 

cell surface. This type of trafficking is thought to require AP-1. By binding to Arf-1 

(ADP-ribosylation factor)-1 and more specifically to Arf-6 in recycling endosomes, and 

other protein complexes, AP-1 is found in the Golgi apparatus and endosomes. The 

recycling of receptors is also dependent on vesicular compartments and their proteins, 
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such as Arf, phospholipase D, and Rab. This and another study mention earlier suggest 

that Rab11 and Bchs might control vesicle trafficking in Drosophila 27,48. 

 

1.4.4.    LRBA role in autophagy 

As a lysosomal degradation mechanism, autophagy destroys damaged organelles and 

microorganisms, then recycles macromolecules. This process creates a double membrane 

phagophore near the target, which elongates and surrounds it to mature with the 

assimilation of a cytosolic charge later, forming the autophagosome. In order for 

autophagosomes to form an amphisome, they need to be fused with early or late 

endosomes. By fusing with lysosomes, mature autophagosomes degrade their contents 

with lysosomal proteases and hydrolytic enzymes 49. 

It has been shown that several LRBA homologous genes are associated with autophagy. 

The protein encoded by WDFY3 (WD and FYVE zinc finger domain containing protein 

3) colocalizes with markers associated with autophagosomes 50. In addition, P62 interacts 

with the PH-BEACH domain as well 51. A protein known as P62 occurs at autophagosome 

formation sites and interacts with proteins such as LC3 (microtubule-associated protein 

1A / 1B-light chain 3) and ubiquitinated proteins. It has been shown that LC3 can be 

recruited to the autophagosome membrane by conjugating it with 

phosphatidylethanolamine, thus promoting autophagic influx 49. As a result of 

immortalizing B cells from LRBA deficient patients, we were able to determine that 

starvation resulted in a significant reduction in autophagy influx, as well as an increased 

Golgi apparatus, autophagosome accumulation, and centrioles when compared to healthy 

cells 52. It is possible that LRBA is found in endocytic vesicles, thereby facilitating the 

fusion of autophagosomes and late endosomes, leading to the formation of the 

amphisome, considering that both cell surface receptor trafficking and autophagy require 

endocytic vesicles as well. In a similar way to CTLA-4, LRBA is believed to compete 

with clathrin adapter proteins in lymphocytes in order to regulate autophagy in 

lymphocytes 10. There is also an interaction between LRBA and LC3 in silico 53. 
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1.4.5.  LRBA role in apoptosis 

Cells undergo apoptosis as a way to regulate their growth and development. At one time, 

it was believed that caspases were proteases that executed apoptosis. However, now it has 

been discovered that partial destabilization of the lysosomal membrane, along with the 

release of hydrolytic enzymes, can activate caspases to initiate and complete apoptosis 
54,55. There is evidence that lysosomal destabilization contributes to apoptosis in germinal 

centers derived from tonsils 55. As a result of increasing lysosomal damage in these cells, 

caspase 8 cleavage occurred in the cytoplasm, as well as the DNA being cleaved by 

cathepsin B. P53 caused lysosomal destabilization and negatively regulated the promoter 

of LRBA 8. As a tumor suppressor gene, P53 encodes a nuclear transcription factor that 

either facilitates DNA repair or induces apoptosis 56. The possibility exists that if p53 did 

not have LRBA, lymphocytes might apoptose in the absence of LRBA. Although we do 

not know exactly how p53 causes lysosomal destabilization or LRBA prevents apoptosis, 

we know that autophagy and apoptosis play an important role in cell fate. Under certain 

conditions, autophagy can assist cells in surviving and preventing apoptosis 57. 

As a result of increasing autophagy, for example, we are able to make cells survive in the 

absence of nutrients and growth factors by inhibiting apoptosis. It has been proposed that 

autophagy occurs because the autophagosome damages the mitochondria, which prevents 

cytochrome C from reaching the cells. In other cases, autophagy may result in cell death, 

either dependently or independently of apoptosis. There are also some proteins that act 

both as autophagy triggers and as apoptosis 57. As a result of the cleavage of proteases, 

these autophagic proteins either positively or negatively regulate mitochondrial apoptosis 
15. Apoptosis and autophagy defects have been observed in LRBA-deficient cells. This 

phenotype may be caused by changes in mitochondrial clearance or increased protease 

cleavage.  

 

1.5.  LRBA deficiency as a primary immune deficiency disease 

Primary immunodeficiencies are a very diverse group of disorders that are generally 

inherited in a Mendelian pattern. According to recent reports, LRBA defects are one of 

the most common autosomal recessive defects causing common variable 

immunodeficiency (CVID), and they are also implicated in autoimmune 
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lymphoproliferative syndrome (ALPS)-like (ALPS-like) disease 58. Because LRBA plays 

an important role in modulating the expression of CTLA-4 on the surface of cells, it is 

known that LRBA deficiency causes a loss of regulatory T cells (Tregs). A complicated 

disease called LATAIE (LRBA deficiency with autoantibodies, Treg defects, 

autoimmune infiltration, and enteropathy) is very rare. As with CHAI (CTLA-4 

Haploinsufficiency with Autoimmune Infiltration), LATAIE is caused by heterozygous, 

deleterious mutations in the CTLA4 gene that are deleterious. There is a higher incidence 

of this disease at younger ages, and it usually appears at a younger age 59. 

According to a systematic review of data collected from different publications, 102 

patients initially showed signs of autoimmunity and 27% had chronic diarrhea, based on 

the data collected. The majority of patients were diagnosed with common variable 

immunodeficiency (43%), or autoimmune disorders (28%) as their primary diagnoses 60.      

There were fewer switched-memory B cells and plasmablasts in most patients, but 

CD21low B cells were higher in 78% of patients. T-cell counts were normal in 80% of 

patients, but Treg count decreased in 66%. As a result of this review, it is confirmed that 

patients with LRBA deficiency have abnormal B-cell counts, mostly switched-memory 

B cells and plasmablasts. CD4+ and CD8+ cell numbers were significantly reduced in 

22% of patients and 11% of them.ctively. 

A patient with LRBA deficiency may experience different symptoms and complications 

even when more than one family member has the same mutation. In LRBA deficiency, 

no genotype-phenotype correlation has been found (except for severe mutations and 

enteropathy), meaning that there may be unknown modifier genes or environmental 

factors that determine or influence phenotypic outcomes 60. With mutations spread 

throughout LRBA protein, there were 93 homozygous cases and 16 compound 

heterozygous cases. Even though predicting complications would help clinical 

management, identifying genetic defects in immune disorders didn't give a more precise 

classification of LRBA deficiency. Most LRBA mutations don't produce protein. As a 

result of the mutations, transcribed mRNA or translated proteins can get unstable, degrade 

fast, or end up truncated and useless. Generally, nonsense and indel mutations are more 

harmful to the protein than missense and splicing mutations, except for enteropathy. 

There was no connection between clinical and laboratory findings and mutation type and 

location except for enteropathy. Three patients have been reported to have residual LRBA 
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protein expression. It has been shown that the closer the mutation is to the gene's 5' end, 

the more likely it is that protein expression will be suppressed. According to some studies, 

LRBA protein expression may reduce disease severity. However, there is not much 

evidence to support that at present 58,60. 

1.6.  Jurkat cell line 

It was only in the mid-1980s that T-cell biologists realized a relatively new field of study 

called signal transduction could be applied to the study of how antigenic stimuli activate 

T cells. Over the past two decades of extensive research, almost all of the key components 

of T-cell receptor signaling have been identified, localized, and partially characterized. It 

was in the early days of TCR signaling research that immunologists had access to mouse 

and human T-cell lines capable of mounting biologically relevant responses to TCR 

stimulation. Among the T-cell lines included within this legendary group were HPB-ALL 

and HuT-78 T-cell lines, as well as EL4, which is from mice (LBRM-33) origins. 

Although all of these cell lines produced significant findings, Jurkat, a human leukemic 

T-cell line, was the most famous and historic 61. 

A 14-year-old boy with acute lymphoblastic leukemia was found to have a Jurkat cell 

line, which was isolated from his blood in 1977. Our modern understanding of multiple 

signaling pathways is based on the Jurkat cell line, which has laid the foundation for our 

understanding of TCR signaling. The Jurkat cell line paved the way for our understanding 

of TCR signaling. However, as Jurkat became increasingly popular as a model T-cell line, 

some abnormalities in the cell line began to emerge 62. 

Because PTEN and INPP5D (SHIP) were not present in Jurkat cells, PI3K signaling was 

abnormal. Gene expression defects were the first sign of trouble in Jurkat cells. This study 

proposes that the loss of these two phosphatidylinositol signaling central regulators is 

responsible for activating PI3K signaling, which is a major regulator of downstream TCR 

signaling. Jurkat is still widely used in biomedical research, despite the decline in Jurkat 

publications over the next decade 61,62. 

In 1987, Snow and Judd published the first karyotypes of Jurkat, which revealed it to be 

hypotetraploid, with fewer than four times as many chromosomes as haploid 63. After a 

few years, it was discovered that the Jurkat cell line contained four distinct p53 alleles, 

which confirmed that it was tetraploid 64. Recent research has confirmed Jurkat 
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tetraploidy. According to the German Collection of Microorganisms and Cell Cultures 

(DSMZ), the Jurkat karyotype has been defined as a hypotetraploid flat karyotype with 

7.8 percent polyploidy. An in situ hybridization study conducted in 2013 found 

mosaicism in cultures with tetraploid backgrounds 65. It is important to point out that in 

addition to the damaged genes PTEN and INPP5D, there are other genes that are damaged 

in the Jurkat cell line that have an effect on T-cell receptor signaling, and CTLA-4 is the 

most relevant gene for the current study. 

For the first time ever, it has been found that CTLA4 mRNA does not appear to be 

expressed or induced in Jurkat T cells. There is still no explanation for this. Recent studies 

have found CTLA4 protein, and the transcript is less abundant in Jurkat cells compared 

to peripheral blood mononuclear cells. This suggests that CTLA4 protein accumulates in 

the cytosol, which suggests that CTLA4 protein accumulates 66. According to a genome-

wide study on Jurkat cells, codon 20 is changed to a stop codon because of a homozygous, 

stop-gained, single nucleotide substitution at codon 20. Approximately half of the reads 

in this study were affected by this mutation, which may explain the lower expression of 

CTLA4 in Jurkat cells, but other mechanisms may also be involved 62. 

 

1.7.  CRISPR/Cas9 technology 

Engineers are able to construct biological systems and organisms in various fields of basic 

science, medicine, and biotechnology. There are currently a number of tunable sequence-

specific endonucleases on the market, including zinc-finger nucleases (ZFNs), 

transcription activator-like effector nucleases (TALENs), and RNA-guided Clustered 

Regularly Interspaced Short Palindromic Repeats (CRISPR) and the CRISPR-associated 

protein (Cas), that can be used to edit genomes in a wide variety of species. Using the 

first two approaches, endonuclease catalytic domains are attached to modular DNA-

binding proteins in order to induce targeted double-stranded breaks (DSBs) in specific 

genomic regions. On the other hand, CRISPR/Cas utilizes small RNAs to guide a nuclease 

to pair with the target DNA through Watson-Crick base pairing (Fig. 1-5), making it 

extremely simple to design, highly specific, efficient, and a good candidate for high-

throughput gene editing and multiplexing 67.  
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As an important component of the adaptive immune system in prokaryotes, CRISPR loci 

are found within plasmids or viral DNA (called "spacers") that are infected by 

microorganisms within an array of short palindromic repeat sequences. It is an enzyme 

that recognizes the common sequence close to the spacer using the protospacer adjacent 

motif (PAM). Cas9 is a nuclease protein found in streptococcus thermophilus. By using 

this motif, the protein binds to a common sequence close to the spacer. The CRISPR RNA 

(crRNA) duplexed with the transactivating CRISPR RNA (tracrRNA) is used to guide 

Cas9 proteins to target DNA. For the genome editing (Fig. 1-5.A), a modified synthetic 

crRNA and tracrRNA (sgRNA) is used 68,69.  

 

Basically, there are two components to this gene editing system. The first component is 

the Cas9 protein, which consists of RuvC (cleaves the non-complementary strand of 

DNA) and HNH (cleaves the complementary strand). In the target DNA, these domains 

cause double-stranded breaks (DSBs). A single guide RNA (sgRNA) bearing a scaffold 

sequence for attaching to Cas9 and a 20 base pair spacer sequence complementary to the 

target gene and close to the PAM sequence is the second component of effective gene 

editing. There is an sgRNA that tells the CRISPR/Cas9 complex where to go, which then 

uses either non-homologous end-joining (NHEJ) or homology-directed repair (HDR) to 

fix DNA (Fig. 1-5.B). 

NHEJ occurs in the majority of cell types, and it involves random insertion and deletion 

of base pairs at the cut site. Frameshift mutations are common in this error-prone 

mechanism, resulting in premature stop codons and/or polypeptides that are not 

functional. In addition to the effectiveness of gene disruption in genetic knockout 

experiments and functional genomic CRISPR screens, this pathway might also prove 

useful in the clinic if gene disruption offers a chance to treat a disease. As another 

pathway, error-free HDR, uses the homologous DNA strand as a template to fix damaged 

DNA, and it has the potential to be used in clinical applications. Using an exogenous 

donor template and the CRISPR/Cas9 machinery, this pathway can be tested 

experimentally in cells 67. 
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Figure 1-5. Schematic representation of RNA guided Cas9 genome editting. A) The Cas9 

neclease targets the DNA by a 20-nt long sgRNA that is paired with DNA upstream of a 

required 5'-NGG adjacent motif (PAM). The whole process results in DSB almost 3 bp 

upstream of the PAM. B) DSB repair mechanism falls in two different ways of 

nonhomologeous end joining (NHEJ) or homology directed repair (HDR). 
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2. AIM OF THE STUDY 

 

In this study our main objective was to identify membrane proteins that directly or 

indirectly have an interaction with LRBA protein. In the first part of the study, we 

generated the LRBA KO cell lines targeting different exons of the LRBA gene. The 

presence of CRISPR/Cas9 induced nonsense mutations and the absence of protein 

expression in these cell lines were verified by DNA sequencing, T7 endonuclease assays, 

western blotting and flow cytometry. In the second part of the study, we performed 

surface biotinylation on both WT and one of the single clonal KO cell lines to label and 

isolate membrane proteins for MS analysis. The differentially expressed proteins were 

analyzed with flow cytometry in all generated KO cell lines for further confirmation. 

Finally we, over expressed CTLA-4 cDNAs in WT and LRBA KO Jurkat cell lines to 

generate a model cell line which has a more T-regulatory cell-like features. 
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3. MATERIALS AND METHODS 

 

3.1. Materials 

3.1.1. Chemicals 

Appendix A lists all the chemicals. 

 

3.1.2. Equipment 

In appendix B the used facilities are listed. 

 

3.1.3. Buffers and Solutions 

Tris-Borate -EDTA (TBE) Buffer: In 1 L of ddH2O, 54 g Tris-base, 27.5 g boric acid, and 

20 ml 0.5M EDTA (pH 8.00) were dissolved to make 1 L of 5X stock solution. The 

solution is kept at room temperature (RT) and diluted 1 to 10 with ddH2O to make a 0.5X 

TBE working solution. 

Agarose Gel: 1 g of agarose powder was heated in 100 ml 0.5X TBE buffer to make 100 

ml 1 percent w/v gel. The solution was treated with 0.002 percent (v/v) ethidium bromide. 

Phosphate-buffered Saline (PBS): 10X DPBS was diluted 1:10 with ddH2O to make 1X 

working solution. The solution was filter-sterilized when required. 

Calcium chloride (CaCl2) Solution: 60 mM CaCl2, 15% Glycerol, and 10 mM PIPES (pH 

7.0) were mixed with ddH2O to make a total volume of 500 ml. The solution was sterilized 

with a filter and stored at 4°C. 
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Triton X-100 Lysis Buffer: For 10 ml buffer add 0.5ml Triton X-100 20% (2 ml Triton 

X-100 + 8 ml ddH2O), 0.5 ml Tris-HCl 1 M (pH 7.4), 0.3 ml NaCl 5 M, 0.04 ml EDTA 

0.5 M (pH 8), 1 protease inhibitor (Roche complete mini EDTA free) tablet, and 8.7 ml 

ddH2O. Aliquoted and kept in -20 °C. 

Tris-Glycine buffer: For 1 L 10X buffer, 30.3 gr Tris-base, 144 gr Glycine and 10 gr SDS 

was mixed in the ddH2O and the final volume was made up to 1 liter. The pH of buffer 

should be around 8.3 and no need for pH adjustment. 

Tricine Buffer: For 1 L 1X buffer, 8.95 gr Tricine, 6.06 gr Tris-Base and 1 gr SDS was 

mixed in ddH2O and the final volume was made up to 1 liter. The pH should of this 

solution should be around 8.24 and no need for further adjustments. 

Tris-Acetate Buffer: 18 gr Tris-base was dissolved in 80 ml ddH2O, then the pH was 

adjusted to 7 by adding Acetic Acid gradually, and the final volume was made up to 100 

ml with ddH2O. 

Tris-base (0.5 M) Buffer: 6 gr Tris-base was dissolved in 80 ml ddH2O, then the pH was 

adjusted to 6.8 using 6N HCl and final volume was made up to 100 ml with ddH2O.  

Transfer Buffer: For 1 L 1X solution 100 ml Tris-Glycine 10X, 100 ml Methanol, and 

3.75 ml SDS 10% was mixed and the final volume was made up to 1 liter with ddH2O.  

Protein loading buffer: for 10 ml 4X stock solution, 2 ml Tris-HCl 1M (pH 6.8), 1 gr 

SDS, 4 ml Glycerol 100%, 0.4 ml b-mercaptoethanol 14.7 M, 8 mg bromophenol Blue, 

and the volume was adjusted to 10 ml with ddH2O. The solution was aliquoted and kept 

at -20 °C. 

SDS Separating gel: For 8 ml 3% Tris-Acetate separating gel, 0.6 ml Acrylamide 40%, 

5.2 ml ddH2O, 2ml Tris-Acetate 1.5M (pH 7), 80 µl SDS 10 %, 80 µl APS 10 %, 8 µl 

TEMED were mixed. (For 8 % gel, 1.6 ml Acrylamide 40% and 4.2 ml ddH2O was mixed 

with the same amount of the rest of the materials) 

SDS Stacking gel: For 8 ml 3% Tris-base separating gel, 0.6 ml Acrylamide 40%, 5.2 ml 

ddH2O, 2ml Tris-base 0.5M (pH 6.8), 80 µl SDS 10 %, 80 µl APS 10 %, 8 µl TEMED 

were mixed. 
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PBS-Tween20 (PBS-T) solution: for 500 ml 1X solution 0.25 ml tween20 was added to 

500 ml PBS 1X solution. 

Blocking Buffer: To make 20 ml 5% skimmed milk, 1 gr skimmed milk was dissolved in 

20 ml PBS-T 1X and vortexed well. 

Antibody dilution buffer: Primary antibodies for western blot were diluted in 5% BSA 

buffer in PBS-T 1X, treated with sodium azide to the final concentration of 0.03 %. 

Secondary antibodies were diluted freshly in 5% skimmed milk buffer in PBS-T 1X. 

 

3.1.4. Growth Media 

Luria Broth (LB): 20 g LB powder was dissolved in 1 L ddH2O and autoclaved at 121°C 

for 15 minutes to make 1 L 1X LB media. Kanamycin at a final concentration of 50 g/ml 

or ampicillin at a final concentration of 100 g/ml was added to the liquid medium just 

before use for selection. 

LB-Agar: 20 g LB powder and 15 g bacterial agar powder were dissolved in 1 L ddH2O 

and autoclaved at 121°C for 15 minutes to make 1X agar medium in 1L. The autoclaved 

LB agar is then mixed with the antibiotic of choice in the desired ratio. Kanamycin (50 

g/ml) or ampicillin (100 g/ml) were added to the prepared medium just before filling the 

petri dishes. The sterile plates were kept at 4 °C. 

RPMI: Jurkat cells were cultivated in RPMI1640 growth medium with 10% heat-

inactivated fetal bovine serum (FBS), 25mM HEPES, 2mM L-Glutamine, 1mM Sodium 

Pyruvate ,0.1mM MEM non-essential amino acid solution, 1% PenStrep (100 U/mL 

Penicilium and 100 μg/mL Streptomycin) 

DMEM: 293FT cells were cultured in DMEM with 10% heat-inactivated fetal bovine 

serum, 2mM L-Glutamine, 1mM Sodium Pyruvate, 0.1mM MEM Non-essential amino 

acid solution, and 25mM HEPES solution. 

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

containing 6% DMSO (v/v). 
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3.1.5. Commercial Molecular Biology Kits 

Appendix C shows the molecular biology kits. 

 

3.1.6. Enzymes 

Restriction and modifying enzymes, polymerase enzymes, enzyme buffers, and PCR 

reagents were from either New England Biolabs (NEB) or Fermentas. 

 

3.1.7. Antibodies 

Appendix D lists all the used antibodies. 

 

3.1.8. Plasmids and oligonucleotides 

Plasmids and oligonucleotides which are used are in Table 3-1 and Table 3-2, 

respectievely. 

 

Plasmid name Purpose of use Source 

lentiCRISPRv2 Mammalian expression 

plasmid 

for the CRISPR/Cas9 

system with 

puromycin resistance gene 

Addgene (#52961) 

LeGO-iG2 Puro  

 

Lentiviral construct for 

eGFP expression with IRES  

 

Addgene (#27341) 
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pMDLg/pRRE  

 

Virus production/packaging 

plasmid (Gag/Pol)  

 

Addgene (#12251)  

 

pRSV-REV  

 

Virus production/packaging 

plasmid (Rev)  

 

Addgene (#12253)  

 

phCMV-VSV-G  

 

Virus production/packaging 

plasmid (Env)  

 

Addgene (#8454)  

 

Table 3-1. Plasmids used in this study. 

 

Oligo name SEQUENCE (5’ to 3’) Purpose of use 

LRBA-gRNA-1-

Exon2-Top  

 

caccgGACAATGCACCCCCTTCAGT LentiCRISPRv

2 cloning 

LRBA-gRNA-1-

Exon2-Bot 

aaacACTGAAGGGGGTGCATTGTCc LentiCRISPRv

2 cloning 

LRBA-gRNA-3-

Exon6-Top 

caccgTATGGCCATTTGGCTATAGG LentiCRISPRv

2 cloning 

LRBA-gRNA-3-

Exon6-Bot 

aaacCCTATAGCCAAATGGCCATAc LentiCRISPRv

2 cloning 

LRBA-Exon 42-5'-

Top 

caccgGTATATGCCAAGATCTAATG LentiCRISPRv

2 cloning 
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LRBA-Exon 42-5'-

Bot 

aaacCATTAGATCTTGGCATATACc LentiCRISPRv

2 cloning 

LRBA-Exon 42-3'-

Top 

caccgTGTTTGCCATAAAGATCTCC LentiCRISPRv

2 cloning 

LRBA-Exon 42-3'-

Bot 

aaacGGAGATCTTTATGGCAAACAc LentiCRISPRv

2 cloning 

Ctla-4 Fwd- Ecorl 

Legoig2puro 

tctattcGAATTCATGGCTTGCCTTGGA

TTTCAGCGGCACAAGG 

LegoiG2purp 

cloning 

Ctla-4 Rev- Notl- 

Legoig2puro 

tagtctgGCGGCCGCTCAATTGATGGG

AATAAAATAAGGCTGAAATTGC 

LegoiG2purp 

cloning 

LRBA-Exon2-fwd TCCAATAGGGTTTGGCGTTGT Genomic DNA 

PCR for Exon2 

of LRBA 

CRISPR target 

site 

LRBA-Exon2-rev TGACCAGACCATTAGAGAAGGT Genomic DNA 

PCR for Exon2 

of LRBA 

CRISPR target 

site 

LRBA-Exon6-fwd 

 

TCTAAACCAAGCGGTAAAGCC Genomic DNA 

PCR for Exon6 

of LRBA 

CRISPR target 

site 

LRBA-Exon6-rev GATCATGTACCTTTTGTGGCTTG Genomic DNA 

PCR for Exon6 

of LRBA 
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CRISPR target 

site 

LRBA-Exon42-fwd TGTATGTAAAAGCATTATTGGGCA Genomic DNA 

PCR for 

Exon42 of 

LRBA CRISPR 

target site 

LRBA-Exon42-rev AAATGCAGCCACCTTCCAGA Genomic DNA 

PCR for 

Exon42 of 

LRBA CRISPR 

target site 

Table 3-2. List of oligonucleutides. 

 

3.1.9.  DNA and Protein Molecular Weight Markers 

DNA ladders and protein molecular weight markers which are used are in Appendix 

E. 

 

3.1.10.  DNA Sequencing 

Sequencing service was commercially provided by Macrogen, Europe. 

(https://dna.macrogen-europe.com). 

 

3.1.11.  Software, Computer-Based Programs, and Websites 

The software used in this project are shown in Table 3-3. 
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SOFTWARE, 

PROGRAM, WEBSITE 

NAME 

WEBSITE, COMPANY APPLICATION 

CLC Main workbench V.7 QIAGEN Bioinformatics Primer design, 

molecular 

cloning, 

sequence data 

analysis, 

sequence 

alignment 

BD Accuri C6 software BD Biosciences Collecting flow 

cytometry data 

FlowJo V.10 FlowJo, LLC analyzing flow 

cytometry data 

NCBI BLAST https://blast.ncbi.nlm.nih.gov/Blast DNA sequence 

alignment tool  

Ensembl Genome Browser http://www.ensembl.org Human genome 

sequence 

information  

CRISPR Design, Zhang Lab, 

MIT 

http://crispr.mit.edu sgRNA design 

and off target 

analysis for 

CRISPR 

CRISPOR http://crispor.tefor.net/ sgRNA design 

and off target 

analysis for 

CRISPR 
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Addgene https://www.addgene.org/ Plasmids map 

and information 

G:Profiler https://biit.cs.ut.ee/gprofiler/gost Gene ontology 

studies of 

proteins 

SAINT (Significance 

Analysis of INTeractome) 

 

http://saint-

apms.sourceforge.net/Main.html 

Mass 

spectrometry 

data analysis 

Table 3-3. The list of programs, websites and software used here and the purpose of their 

uses. 

 

 

3.2. Methods 

 

3.2.1. Bacterial Cell Culture 

Bacterial culture growth: The Escherichia coli (E. coli) DH5 strain was grown overnight 

at 37°C in Luria Broth (LB), shaking at 250 rpm. Glycerol was added to the overnight 

grown culture to a final concentration of 10% in 1 mL in a cryo-vial for long-term storage 

of bacterial cells at -80°C. Bacteria were spread on LB/agar-containing petri dishes with 

glass beads and incubated overnight at 37°C without shaking to obtain single colonies. 

Prior to any application, all growth media were supplemented with or without a selective 

antibiotic. 

Preparation of competent bacteria: A single E.coli DH5a colony was selected from an 

LB/agar petri dish (incubated overnight without antibiotic selection). In a 200 mL flask, 

the colony was inoculated in 50 mL LB without any selective antibiotics and incubated 

at 37°C overnight, shaking at 250 rpm. The following day, 4 mL of this overnight culture 

was diluted in 400 mL LB medium in a 2 L flask and incubated at 37°C, shaking at 250 

rpm, until the optical density (at 590 nm) reached 0.375. The culture was then transferred 
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into 50 ml polypropylene tubes (8 in total) and incubated on ice for 10 minutes before 

being centrifuged at 1600 g for 10 minutes at 4°C. Each pellet was resuspended in 10 mL 

of ice-cold CaCl2 solution and centrifuged at 1100 g for 5 minutes at 4°C. The pellets 

were resuspended in 10mL of ice-cold CaCl2 solution and incubated for 30 minutes on 

ice. After a final centrifugation at 1100 g for 10 minutes at 4°C, the pellets were 

resuspended in 2mL of ice-cold CaCl2 solution and pooled in a single polypropylene tube 

(16 ml bacterial solution in total). This solution was dispensed into 1.5ml centrifuge tubes 

in 200L aliquots. Competent cells were immediately frozen in liquid nitrogen and stored 

at -80°C for future use. The transformation efficiency of competent cells (typically 107-

108 cfu/g) was tested using pUC19 plasmid transformation at various plasmid DNA 

concentrations.  

Transformation of competent bacteria: In order to do transformation, DH5a competent 

cells were thawes on ice. Plasmid was added to competent cell and incubated on ice for 

30 minutes. Subsequently, the cells were exposed to 42 °C heat shock for 90 seconds 

followed by immediate 30 seconds incubation on ice. Then 800 µl of LB was added and 

cells were incubated at 37°C for 45 minutes. The cells were centrifuged for 1 minute at 

13,000 rpm, and the pellet was resuspended in 100 µl LB before being spread on Petri 

dishes. Plates were incubated overnight at 37 °C without shaking. 

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

protocol from Molecular Cloning: A Laboratory Manual (Sambrook et al), Commercial 

Macherey-Nagel Mini or Midiprep Kits, or the Qiagen Mini-Midiprep Kits according to 

the manufacturer's instructions. A UV- or a NanoDrop- spectrophotometer was used to 

determine the concentration and purity of the isolated DNA. 

 

3.2.2. Mammalian Cell Culture  

Maintenance of cell lines: HEK293FT cells were kept in DMEM medium, in sterile tissue 

culture flasks, and in an incubator which was kept at 37°C and 5% CO2. The cells where 

split with 1:10 ratio in fresh DMEM medium whenever reached to over 80% confluency.  

Jurkat cells were kept in RPMI medium under the same condition and every 2-3 days they 

were split with 1:3 or 1:5 ratio in fresh RPMI medium.  
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In order to freeze cells, they were resuspended in freezing medium and kept for at least 

24 hours at -80°C before being transferred to nitrogen tank for long term storage. While 

thawing the cells were washed from freezing medium immediately and resuspended in 

fresh complete medium. 

Lentivirus production: On the first day, 5x106 HEK293 cells were seeded in a 10 cm poly-

D-lysine coated tissue culture plates. Next day, cells were co-transfected with the master 

mix containing, 3.75 μg of pMDLg/pRRE, 2.5 μg of pRSV-REV, 1.25 μg of phCMV-

VSV-G, and 7.5 μg of gene of interest plasmid, 25 μM Chloroquine, and 0.1M CaCl2. 10 

hours later, the medium was changed with a fresh DMEM medium and virus was 

collected, filterd and stored at -80°C after 36 hours for further use. 

Lentiviral transduction of Jurkat cells: 1x106 of cells were resuspended in 1ml fresh RPMI 

medium and 5 ml of virus was added in the presence of a final concentration of 8 g/ml of 

protamine sulfate. The cells were kept in an incubator at 37°C and 5% CO2 overnight. 

Next day, the virus was washed out through centrifugation (300g, 3minutes) and replaced 

by fresh RPMI medium. The cells were kept in culture for 10 days to grow before starting 

puromycin selection (1ug/ml). The expression of any protein of interest was checked 

through flow cytometry before and after puromycin selection. 

Generation of single-cell clones: conditioned medium was made in advance by taking the 

medium of healthy, untreated Jurkat cell medium when grown to 1x106 cell/ml, 

centrifuge, filter and keep at 4°C for short term and at -20 for longer than 1 week storage. 

The cells were counted, and calculation was done to have 100 cells/ml in the fresh RPMI 

medium. To seed 0.5 cell/well in a 96-well plate, take 1ml of 100 cells/ml and mix with 

10 ml of conditioned medium and 9 ml of fresh RPMI medium and plate 100 µl of this 

dilution in each well. 15 plates was made from each condition and plates were checked 

to mark the wells with single colonies after 2 weeks and one week after that the wells 

with single colonies were transferred to 24 well plates and later expanded to 6 well plates. 

Cells in 6 well plate were screened for the presence of LRBA protein with intracellular 

staining and flow cytometry analyses. The colonies that showed decreased expression 

were transferred to flask to be freezed and further analyzed. 
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sgRNA design and off-target analysis: sgRNA for CRISPR targeting human LRBA gene 

were designed by “Zhang Lab” CRISPR desining tool, (www.crispr.mit.edu). For each 

sgRNA off-targets were also considered. 

Phosphorylation and annealing of oligonucleotide pairs: Top and bottom single stranded 

oligonucleotides were synthesized separately in the complementary form, with flanking 

sides to be ligated in pLentiCRISPRv2 plasmid after digestion with BsmbI restriction 

enzyme. The selected sgRNA sequences were synthesized by Sentebiolab Company 

(sentebiolab.com.tr). 

Following reaction mixture and thermocycler parameteres were used to anneal top and 

bottom strand after diluting oligoes to 100 µM.  

 

sgRNA Top Oligonucleotide 1 μl 

sgRNA Bottom Oligonucleotide 1 μl 

10X T4 Ligase Buffer 1 μl 

T4 PNK Enzyme 1 μl 

ddH2O To 10 μl 

 

 

37°C 30 minutes 

95°C 5 minutes 

Ramp down to 25°C 5°C/minute 
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LentiCRISPRv2 plasmid digestion and dephosphorylation: The following reaction 

mixture was incubated at 37°C for 2 hours to digest LentiCRISPR plasmid with BsmBI 

enzyme. 

lentiCRISPRv2 plasmid 5 μg 

10X 3.1 Buffer (NEB) 3 μl 

DTT (10 mM) 5 μl 

BsmBI (10,000 U/ml) (NEB) 3 μl 

ddH2O To 30 μl 

  

Dephosphorylation of digested plasmid:  

lentiCRISPRv2 BsmBI digestion reaction 30 μl 

10X RSAP Buffer 5 μl 

RSAP (20,000 U/ml) 3 μl 

ddH2O 50 μl 

 

After gel purification of 12 kb band of digested dephosphorylated plasmid, ligation 

reaction was done by incubating following mixture at room temperature for 1 hour. 

BsmBI digested lentiCRISPRv2 plasmid 50 ng 

Oligonucleotide duplex (1:200 dilution) 1 μl 

10X T4 Ligase Buffer (NEB) 2 μl 

T4 Ligase (400,000 U/ml) (NEB) 1 μl 

ddH2O To 10 μl 
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Transformation of LentiCRISPRv2 plasmid: Ligation reaction from previous section was 

transformed into DH5a competent cells and then the isolated plasmid DNA from single 

bacterial colonies were sent for sanger sequencing to confirm the sequence of ligated 

sgRNA. The sequencing primer is binding to the human U6 promoter in the plasmid. 

Generating LentiCRISPRv2 expressing cell lines: Jurkat cells were either transduced with 

lentivirus containing lentiCRISPRv2 plasmid following the protocol mentioned in 3-2-2 

section or they were transfected using Neon transfection kit. For Neon transfection, in 

first day, 2x106 cells were resuspended in the mixture of 100 μl HBS buffer and 5 μg 

plasmid DNA. Cells were transfected using a 100 μl golden Neon tip and the following 

transfection conditions: Pulse: 1350 V, Pulse width: 10 ms, Pulse number: 3 pulses. 

40x106 cells were tranfected intotal and each 4x106 cells were seeded in10 ml fresh RPMI 

in 10 cm plates. Next day, cells were pooled and seeded to 0.5x106 cells in fresh RPMI 

medium. For half of the cells puromycine selection was started and the other half was 

kept growing without any selection. After 4 days the puro selected cells were collected 

and resuspended in fresh RPMI medium without puromycin and kept in culture for two 

weeks to grow before doing further analyses to check the KO efficiency.  

 

3.2.3. Determination Genome Targeting Efficiency 

T7 endonuclease I assay: The T7 Endonuclease I (T7EI) enzyme was used to assess the 

efficiency of CRISPR/Cas9-mediated genome targeting. T7EI's endonuclease activity 

recognizes and cleaves non-perfectly matched DNA. PCR products are generated from 

gDNA of clonal cell lines whose genomes were targeted using the CRISPR/Cas9 system 

in the first step of this assay. The PCR products are denatured, re-annealed, and digested 

with the T7EI enzyme in the second step. To determine mutations in the genome, digested 

fragments are analyzed.  

T7 Endonuclease I (T7EI) enzyme was used to determine CRISPR/Cas9 mediated 

genome targeting efficiency. T7EI recognizes and cleaves non-perfectly matched DNA 

by its endonuclease activity. In the first step of this assay, PCR products are produced 

from gDNA of clonal cell lines whose genome was targeted using CRISPR/Cas9 system. 
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Targeted exons were amplified by Q5 DNA polymerase using forward and reverse 

primers mentioned in 3.1.8 section with optimum annealing temperature which was 

determined after performing gradient PCR for each pair of primer.  

5X Q5 HF Buffer (NEB) 5 μl 

10 mM dNTPs 0.5 μl 

10 μM forward primer 1.25 μl 

10 μM reverse primer 1.25 μl 

Template DNA 20 ng 

Q5 HF Polymerase (2,000 U/ml) (NEB) 0.25 μl 

ddH2O To 25 μl 

 

Thermocycler conditions for amplifying DNA: 

Initial Denaturation 98 °C 30 seconds 

30 cycles 98 °C 10 seconds 

50-72 °C 20 seconds 

72 °C 20 seconds 

Final Extension 72 °C 2 minutes 

Hold 4 °C ∞ 

 

T7EI digestion reaction:  

PCR Reaction 10 μl 
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10X Buffer 2 (NEB) 2 μl 

ddH2O To 19.5 μl 

 

Thermocycler conditions to denature and anneal the PCR product:  

 

Initial temperature Denaturation 95°C 5 minutes 

Annealing Ramp down to 85°C 2°C/second 

Ramp down to 25°C 0.1°C/second 

Hold 4°C ∞ 

 

T7EI enzyme was used to digest annealed PCR products. WT genomic DNA was used as 

a negative control and transfected or infected genomic DNA was used as a positive 

control. 

The following mixture was incubated at 37°C for 15 minutes and digestion product was 

run on 2% agarose gel to further analyze the pattern of digestion fragments. 

Annealed PCR Product  19.5 μl 

T7EI (10,000U/ml) (NEB) 0.5 μl 

 

Cell Lysis, SDS Gel, Transfer and Western-Blot: For LRBA protein western-blot, Jurkat 

cells were collected, centrifuged, and washed with 1X PBS. 100 μl lysis buffer per 5x106 

cells was added and cells were completely resuspended in lysis buffer. After 30 minutes 

incubation on ice cell lysate was centrifuge at 4°C, 15000 RPM for 10 minutes. The 

supernatant was collected and divided into 20 μl aliquots to be kept at -80 °C or 

immediately used. The cell lysate was mixed with appropriate laemmli buffer and boiled 
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at 95°C for 10 minutes. For better separation of proteins larger than 100 kDa, 3-8% Tris-

Acetate gradient gel was used. To make the gel, 1 ml of 8% tris-acetate gel was poured 

on the bottom of a 1.5mm glass spacer. Then, with a 10ml pipet 4ml of 3% and 4ml 8% 

gel was sucked respectively, and two of them were mixed gently by sucking an air bubble. 

After that it was poured in spacer on top of 1ml 8% with constant speed. For stacking 

make 3% gel was used. Running step was performed in tricine 1X buffer, at 120 V 

constant voltage for 1.5-2 hours.  

After running, the gel was transferred to a 0.45 µm PVDF membranes in 1X transfer 

buffer at 100 V constant voltage for 3 hours. Membranes were then blocked in 10 mL 

PBST - milk for 1 hour at room temperature with constant shaking. The primary 

antibodies were incubated overnight at 4°C, and the secondary antibodies were incubated 

for 1 hour at room temperature. Following incubation, membranes were washed three 

times with PBST for ten minutes each. 

Sequencing targeted genomic DNA: Sequencing verified the mutations on CRISPR/Cas9 

edited single cells. The targeted region was PCR amplify from gDNA isolated from single 

clonal cell by primers binding intron on 5' and 3' ends of targeted exon. The PCR product 

was cloned into pCR-Blunt II-TOPO (Zero Blunt TOPO PCR Coloning Kit) following 

the protocol provided by the kit and transformed into DH5ɑ competent cell. The plasmid 

DNA was isolated from at least 10 colonies and sequenced. 

 

3.2.4.   Biotinylation assay 

The biotinylation of cell surface proteins was performed with ThermoScientific “Cell 

surface Protein Biotinylation and Isolation” kit (A44390). The cell surface proteins of 

Jurkat cells were biotinylated following the protocol provided by the kit for cell surface 

biotinylation of suspension cells. Briefly, the cells were grown to 1.6x106 cell/ml in RPMI 

medium, 15 ml of cell (24x106 cells in total) were transferred in a 50 ml conical falcon 

tube. After centrifuge and discarding the medium the cells were washed with ambient 

PBS 1X once. The content of one vial of Sulfo-NHS-SS-Biotin was dissolved in 24 ml of 

ambient PBS 1X. The cells were resuspended in 10 ml of biotin solution and incubated at 

room temperature for 10 minutes. Centrifuge the cells 300 g for 3 minutes and remove 
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label. Wash cells with 15 ml ice-cold TBS 1X for two times. Then the cells were lysed in 

the lysis buffer provided in the kit after adding protease inhibitor. The cells were 

incubated on ice for 30 minutes and they were vortexed 5 seconds at the beginning and 

end of the incubation. The cell lysate was centrifuged at 15000 g for 5 minutes and 

clarified supernatant was transferred to a new 1.5 ml tube. 250 µl NeutrAvidin Agarose 

slurry was added to small columns provided in the kit and centrifuged to at 1000 g for 1 

minute to remove the storage solution. To isolate labeled proteins, cell lysate was added 

to resin and after tightly closing column from cap and bottom, the columns were incubated 

for 30 minutes at room temperature with end-over-end mixing on a rotator. Lastly, the 

resin was washed three times with wash buffer and biotinylated proteins on washed resin 

was send to Koç University Proteomic Facility (KUPAM) for Mass Spectrometry (MS) 

analysis. 

 

3.2.5. Reduction, Alkylation, and Enzymatic digestion prior to MS analysis 

All these steps were performed in KUPAM for MS analysis sample preparation.  

Streptavidin agarose beads were thoroughly washed with 8 M urea in 0.1 M Tris/HCl pH 

8.5 before being reduced and alkylated in a sealed system. Then beads were incubated 

with trypsin overnight at 37 °C in 50 mM ammonium bicarbonate. The peptides were 

collected by centrifugation at 1000g for 5 minutes. After that, the beads were rinsed with 

50 mM ammonium bicarbonate, and the second tryptic fraction was combined with the 

first. After acidification, tryptic peptides were desalted with stage tips and fractionated 

using the strong anion exchange (SAX) method. 

Peptides were analyzed using Thermo Scientific Q Exactive Quadrupole-Orbitrap Mass 

Spectrometer with nano Liquid Chromatography,UltiMate 3000 NCS-3500RS (n-LC 

MS/MS). Over 120 minutes with 300 nL/min flow. MaxQuant version 1.5.2.8.30 was 

used to process the raw files. Cysteine carbamidomethylation was used as a fixed 

modification, while acetylation (protein N-termini) and methionine oxidation were used 

as variable modifications. The tryptic peptides were allowed a maximum of two missed 

cleavages. The tolerance for precursor mass was set to 20 ppm, and both the peptide and 

protein false discovery rates (FDRs) were set to 0.01. 
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3.2.6. Flow cytometry 

Cell surface staining: for cell surface staining 1x106 cells were washed with PBS 1X and 

they were incubated with appropriate amount of diluted antibody based on titration result 

or the amount recommended by manufacturer's protocol. The cells were incubated with 

conjugated antibodies, FITC-anti-hCD3, FITC-anti-hCD4, FITC-anti-hCD1d, PE-anti-

hNOTCH3, PE-anti-hPVRIG, FITC-anti-hCD53, PE-anti-hCD134, AF488-anti-

hCD154, FITC-anti-hCD25, or FITC-anti-hCD69 for 30 minutes on ice at dark and after 

being washed with PBS 1X they were ready for flow cytometry analysis and as control 

unstained cells or proper isotype control was used. For unconjugated antibodies, the cells 

were first incubated with primary antibody, anti-hA33, anti-hCD70, or anti-hCD148 for 

30 minutes on ice and after being washed with PBS 1X, then they were incubated with 

proper conjugated secondary antibody for 30 minutes on ice at dark. finally, they were 

washed with PBS 1X and analysed with flow cytometry, as control the cells were stained 

with only secondary antibody or the proper isotype control.  

Intracellular staining: For intracellular staining 1x106 cells were washed with PBS 1X. 

The cells were firstly fixed by 20 minutes incubation in 4% PFA solution. Then cells were 

washed with 1X permeabilization buffer. The antibodies were diluted in 1X 

permeabilization buffer  based on titration result or manufacturer's recommendation. For 

unconjugated antibodies, anti-hLRBA, anti-hCTLA-4 the cells were first incubated with 

proper amount of diluted antibody for 30 minutes on ice. Then they were washed three 

times with 1X permeabilization buffer and incubated with conjugated seccondary 

antibody 30 minutes on ice at dark. The last wash was also with 1X permeabilization 

buffer and cells were resuspended in PBS 1X for flocytometry analysis. As control the 

cells were stained with only secondary antibody.  

Data was collected with BD accuri C6 instrument and analyzed with FlowJo software. 
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4. RESULTS 

 

4.1.  Generation of LRBA KO Jurkat cell line 

4.1.1. Lentiviral CRISPR/Cas9 editing of the LRBA gene 

4.1.1.1. Targeted exons and gRNA design 

LRBA is a large protein translated from 58 exons of a gene that is 750839 bp long, making 

gRNA design more challenging compared to smaller genes. We designed more than one 

gRNA targeting different exons, encoding N-terminal and C-terminal parts of the protein 

to maximize the chances of generating a nonfunctional allele (Fig.4-1A). Exon 2 and exon 

6, encoding the N-terminal parts of the protein, were targeted with gRNA-1 and gRNA-

6. Also, exon 42 was explicitly targeted as one of the exons encoding the PH-BEACH 

domain, which is the critical domain in the protein vesicular trafficking function (Fig.4-

1B). Two gRNAs were designed to target exon 42 on both the 5’ and 3’ ends to ensure 

the total removal of this exon from the genome. The gRNAs were cloned into the 

lentiCRISPRv2 plasmid to express gRNAs and cas9  the Cas9 enzyme in targeted cells. 

Following the standard protocol of virus production and transductions, Jurkat cells were 

infected with lentivirus-containing supernatants.  
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Figure 4-1 A) Map of the LRBA gene locus that shows the location of the three targeted 

exons, gRNAs, and the primers used to amplify the targeted regions. B) The map of the 

LRBA cDNA regions encoding the PH-BEACH domain and the exons that encode this 

gene region. 

 

4.1.1.2. Confirmation and validation of generated KO cell line 

Three different targeted Jurkat cells (exon 2, exon 6, exon 42) and WT Jurkat cells were 

intracellularly stained with anti-LRBA antibodies and analyzed by flow cytometry (Fig.4-

2). The mean fluorescence intensity (MFI) has an apparent decrease in exon2 and exon42 

targeted cells (green histograms) when compared to the MFI of WT Jurkat cells (orange 

histograms). On the other hand, exon6 targeted cells (green histograms) express similar 
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levels of intracellular LRBA when compared to WT Jurkat cells. Thus, we conclude that 

genome editing efficiency was higher for exon 2 and exon 42 targeted cells compared to 

exon 6 targeted cells. In all three cases, the MFI is higher than unstained controls, which 

could be due to the presence of truncated proteins that retain the anti-LRBA antibody 

epitopes, encoded by the targeted gene loci. Another possibility is the possibility of 

limited transduction and targeting efficiency.  

 

 

Figure 4-2. Intracellular LRBA staining of targeted and WT Jurkat cells. The cells were 

stained with primary rabbit anti-LRBA antibody followed by secondary anti-rabbit 
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dylight-488 conjugated antibody, and as a control, the cells were only stained with 

secondary antibodies. 

 

The three different pools of cells were also analyzed for possible mutations by the T7 

endonuclease1 (T7E1) assay. T7 endonuclease1 recognizes and cleaves mismatches in 

DNA heteroduplexes due to the CRISPR/Cas9 induced mutations in genomic DNA. The 

principle of the T7E1 assay is to identify mismatches arising from CRISPR/Cas9 

introduced mutations, as a result of random non-homologous end-joining (NHEJ) repair 

events. Genomic DNA amplified from targeted cells provides both targeted and non-

targeted (WT) alleles, which when amplified in a mixed reaction followed by denaturation 

and annealing results in heteroduplexes DNA containing mismatches. In the case of 

targeted cells, as shown in the gel images, digested smaller bands appear after digestion 

by T7E1 enzyme (Fig.4-3). The extra bands indicate the presence of mutations in the 

genome of the targeted cell population in the targeted region. Similar to our findings by 

flow cytometry, in this T7E1 assay, the efficiency of CRISPR KO appears to be better in 

exon 2 and exon 42 targeted cells compared to exon 6 targeted cells, as the intensity of 

T7 digested bands appear to be higher and more apparent when compared to WT.  

 

Figure 4-3. T7 endonuclease1 assay for three different targeted pools of cells. In each gel, 

the first two lanes are PCR amplified targeted regions using primers shown in Fig4-1A. 

The second two lanes are denatured and renatured PCR products before being digested 

with the T7 endonuclease enzyme, and the third two lanes contain digested DNA.   
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As a confirmation of the flow cytometry experiments, we assessed LRBA protein levels 

in targeted cells also by western blotting. Similar to the other methods, LRBA protein 

levels were decreased in exon 42, and exon 2 targeted cells compared to exon 6 targeted 

and WT Jurkat cells (Fig4-4).  

 

Figure 4-4. Western blot analysis of LRBA protein expression in WT and targeted pools 

of cells. For each cell line, two different amounts of lysate was loaded where lanes marked 

by  1 contained 20 µl and lanes marked by 2 contained 40 µl of lysate. Vinculin staining 

of the same blot served as a loading control. 

 

4.1.1.3. Single clonal cell line generation  

As all three experiments with pools of targeted cells showed, targeting worked better for 

exon 42 and exon 2 targeted cells; therefore, we continued our analysis with these two 

cell lines and generated single-cell clones. The single cells were first intracellularly 

stained for LRBA, and the expression level was confirmed by flow cytometry (Fig. 4-5).    

Single-cell clones were stained on two different days in groups of six or twelve, and WT 

Jurkat cells were stained as controls each time. In all graphs, the orange histograms 

represent WT, and green histograms represent LRBA targeted single cell clones stained 

with anti-LRBA antibodies. While some clones have mean fluorescence intensity (MFI) 

levels similar to WT cells; some, like clone C.12, show increased MFI compared to WT. 

While it is not clear if this is due to an increase in LRBA expression levels passing cells 

through a single cell cloning procedure inadvertently results in selective events that may 

result in changes of phenotypes, perhaps due to epigenetic changes. Thus, we think that 



45 
 

this apparent increase in LRBA expression levels is due to the characteristics of this 

specific clone. In this analysis, we identified multiple single cell clones that showed 

decreased LRBA staining levels compared to WT cells (clones C7, C8, C10, C13, C14, 

and C17). To confirm the absence of LRBA protein expression, we performed western 

blotting for these cells.  
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Figure 4-5. Flow cytometry analysis of LRBA targeted single-cell clones. The cells were 

stained with primary rabbit anti-LRBA antibodies followed by secondary anti-rabbit 

dylight-488 conjugated antibodies, and as a control cells were only stained with 

secondary antibodies. Blue highlighted histogram: WT Jurkat control staining, Red 

highlighted histogram: LRBA-KO single clonal cells control staining, Orange line 

histogram: WT Jurkat LRBA staining, Green line histogram: LRBA-KO single clonal 

cells LRBA staining.  
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When single-cell clones with a decreased LRBA levels by intracellular staining were 

analyzed by western blotting, not all clones demonstrated a lack of protein expression. 

Clones C10, C13, and C17 were observed to still express the full-length LRBA protein, 

while in clones C7, C8, and C14, the full-length LRBA protein was undetectable. Clone 

C8 showed a lower size band that can be indicative of a truncated protein. Of the three 

clones lacking LRBA expression, C7 had the thickest lysate control band (Vinculin 

staining) indicating a large amount of lysate wihtout any detectable LRBA protein, thus 

it was chosen as the best candidate LRBA knockout cell line for the surface biotinylation 

assay. To identify any possible truncated proteins in these targeted single cell clones we 

repeated the Western-blot experiment with lysates from clones C7, C8, and C14 and 

compared LRBA expression levels to WT and pooled targeted cells (Fig. 4-7). While 

pools of targeted cells contained reduced levels of LRBA bands, indicative of many 

alleles in the pool to contain mutant out of frame mutations, some expression persisted, 

indicating that in pools targeting was not complete. In contrast in the seleceted single cell 

clones there was no detectable LRBA reactivity except for a truncated band in lysates 

from clone C8. This indicated that in clone C7 and C14, there were bi-allelic out of frame 

mutations which resulted in the absence of LRBA reactivity. 

 

 

Figure 4-6. Western-blot analysis for selected single-cell clones. For each cell line the 

loaded sample contained 20 µl of cell lysate and vinculin staining of the same blot served 

as a loading control. 
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Figure 4-7. Western blot analysis was repeated for C7, C8, and C14. For each cell line 

the loaded sample contained 20 µl of cell lysate and ß-actin staining of the same blot 

served as a loading control. 

 

We repeated the T7E1 assay for all three single cell clones and found that the genomic 

DNA in fact contained mismatches compared to WT (Fig. 4-8). In this assay if both alleles 

of a single cell clone contain the same mutation, it is expected to be indistinguishable than 

clones that contain only WT alleles. Interestingly, for clone C8, we obtained very thick 

bands around 1.5 kbp indicating the presence of a large insertion. Digested bands in the 

T7E1 assay that are indicative of small deletions were present in amplified genomic DNA 

from pooled targeted cells, and clones C14 and C7.  

To determine the identity of the specific mutations generated in each cell line, we 

amplified a 900 bp fragment containing the targeted sites from the gDNA of the single 

clonal cells. After cloning the PCR product into the pCR-Blunt II-TOPO plasmid, the 

vector was transformed into DH5alpha competent E.coli, and plasmid DNA was isolated 

from several colonies and analyzed by Sanger DNA sequencing (Fig. 4-9). The 

sequencing results shows that only one of the gRNA has made mutations, and there are 

two different mutations in every single clonal cell. The C7 cell line contains two alleles, 

that have  a single and five base pair insertions. Clone C14 has a two base pair deletion 

and a two base pair insertion in its two alleles, and clone C8 has a two base pair deletion 
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and a 405 base pair insertion in its two alleles. We conclude that the 1.5kbp bands in the 

T7E1 assay for clone C8 were due to this large insertion. As CRISPR/Cas9 induced 

double stranded breaks are mainly repaired by NHEJ, they result in random INDELs. In 

the case of clone C8 the insertion seems to be a result of homologous recombination of 

this 405bp DNA fragment. To identify the source of the homology we analyzed this 

sequence by Blast analysis and found that the insertion resulted from a DNA molecule in 

reversed strand of Zinc finger CCHC domain-containing protein 10 (ZCCHC10, a 

member of the human CCDS family) gene that is located on the human chromosome 5. 

 

 

Figure 4-8. T7 E1 assay for single clonal cells. Genomic DNA from each cell type was 

amplified and PCR products were analyzed by agarose gel electrophoresis without any 

modification (PCR product lanes), by being exposed to T7 restriction enzyme reactions 

without the enzyme (T7 uncut), same conditions with the T7 enzyme (T7 cut). Bands in 

the first two lanes for each sample indicate presence of large INDELs while bands in the 

last lanes (T7 cut) for each sample indicate the mismatches detected by the T7E1 assay.
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Figure 4-9. Sequencing result for CRISPR/Cas9 induced mutations in PCR amplified 

genomic DNA from single clonal cells. The gRNA binding sites are indicated. In each 

case, the WT genomic DNA sequence is aligned with the genomic DNA sequence from 

the indicated single cell clones (C7, C8,C14). When two alleles were detected in multiple 

DNA sequences they were annotated as follows: clone name-1 or clone name-2. Thus, 

the single cell clone C7 contained two detectable alleles C7-1 and C7-2, the single cell 

clone C8 contained two detectable alleles C8-1 and C8-2 and the single cell clone C14 

contained two detectable alleles C14-1 and C14-2. Note that allele C8-2 contained a 

405bp DNA insert. 

 

4.1.1.4. Biotinylation assay and Mass Spectrometry analysis 

After confirming the absence of LRBA protein in the C7 single clonal cell, we aimed to 

find differentially expressed proteins on the surface of WT and C7 cells. For this purpose, 

we performed a biotinylation assay on both WT Jurkat and C7 KO cells to label all cell 

surface proteins. Biotinylated proteins were enriched on neutravidin agarose beads and 

following tryptic digestion the generated peptides were analyzed by mass spectrometry 

(MS). Figure 4-10 is a schematic representation of the general steps included in this 

experiment, starting from biotinylation until MS analysis. We performed two biological 

replicates for each WT and C7 samples and identified proteins were reported in three 

technical replicates. The high confidence proteins were reported based on their Mascot 

and Sequest analysis scores. The Peptide spectrum match (PSM) number for each protein 

was considered to be relevant to the abundance of the protein in the sample. As 
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represented in the heat map plot, the expression levels of surface proteins found in WT 

and C7 samples clustered in two different categories. In this experiment, biological and 

technical replicates were closely related (Fig. 4-11).  

 

Figure 4-10. Schematic representation of the workflow of the surface biotinylation assay 

and MS analysis. The cell surface proteins are labeled with a thiol-cleavable amine-

reactive biotinylation reagent. Labeled cells were lysed and biotinylated proteins enriched 

on NeutrAvidin agarose beads. Subsequently, on bead digestion was performed, and 

generated peptides were analyzed by MS. 
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Figure 4-11. Heat map plot representing identified proteins in all biological and technical 

replicates of WT and clone C7 samples in MS analysis. Hierarchical clustering was 

performed using the seaborn clustering algorithm. Legend indicates the expression levels 
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(blue to green= high-expression to low-expression) normalized in rows by Z-score scaling 

((sample value- the mean)/ the standard deviation). 

4.1.1.5. Gene Ontology analysis (g: Profiler analysis) 

Gene Ontology (GO) is a directed acyclic graph structure that defines biological functions 

and their interrelationships. The GO annotations, accompanied by evidence-based 

statements, describe the relationship between a specific gene product and a specific 

ontology term (physical function). The GO has three major sub ontologies: Molecular 

Functions (MF), which describe the functions of a gene product; Biological Process (BP), 

which defines which biological process the gene product participates in; and Cellular 

Component (CC), which describes which part of the cell the particular gene product is 

physically located. 

The analysis was performed for the list of all proteins detected in both WT and KO single 

clonal cell Jurkat using g: Profiler, a web-based tool to find various biological categories 

enriched in a given list of genes or proteins. G: GOSt  (Gene Ontology Statistics) is one 

of the g: profiler tools used in this study to identify the statistically significantly enriched 

biological pathways and processes in the provided list of proteins 70. Figure 4-12 

represents part of the cellular components for all proteins found in both WT and C7 

samples. The analysis result confirms that most detected proteins have a membrane, cell 

surface, and extracellular organs related localization, which is determined as a cellular 

compartment term. The cellular components for proteins found in each of the WT and C7 

samples have also been shown in more detail in figure 4-13. Of course, each protein could 

belong to more than one cellular component, and as we know, based on protein 

trafficking, each protein may physically be presented in the cytoplasm before being sorted 

to the cell surface, which might be the reason for also having a high number for proteins 

in the cytoplasm. 
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Figure 4-12. g: Profiler analysis. Selected cellular components for all proteins found in 

WT and C7 samples in MS analysis. 
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Figure 4-13. G: Profiler analysis. Cellular Component of proteins found in A) WT Jurkat 

cells. B) C7 single clonal cell in MS analysis. 

 

4.1.1.6. Statistical analysis of MS data with SAINT software 

The Significance Analysis of INTeractome (SAINT) software package is used to score 

protein-protein interactions in affinity purification – mass spectrometry (AP-MS) 

experiments using label-free quantitative proteomics data (e.g., spectral count or 

intensity). Here we used this software to compare the list of proteins expressed on the 

surface of the WT and KO Jurkat cells. Two biological replicates were prepared from 

wild type Jurkat and clone C.7. Three technical replicates (mass spectrometry analysis) 

were conducted for each 71.  

SAINT uses the quantitative information from a mass spectrometry analysis, including 

peptide counts (e.g., spectral counts or number of unique peptides) or MS1 intensity-

based values, and measures the confidence score for the presence of a protein or its 

interaction with a bait. The input files of SAINT encompass the gene name or accession 

number and length of the protein together with the quantitative factor of each protein 

coming from mass spectrometry analysis which in our case was the peptide spectrum 

count (PSM) of each protein. All files were prepared according to the instructions of the 

software, and the analysis was conducted twice, first considering WT Jurkat as a “test” 

sample and C7 KO cell as a “control”, second C7 KO cells as a “test” sample and wild 

type Jurkat as a “control”. In the first case, the software will look for proteins found or 

expressed more in WT than in the KO sample. In other words, it will give the list of 

downregulated proteins in KO cells. The second analysis will have a list of proteins 

upregulated in KO cells. In the final output of SAINT, the most significant upregulated 

or down-regulate proteins are those with AvgP (main probability score) higher than or 

equal to 0.5 and those with FDR (false discovery rate) less than or equal to 0.05. The 

report also includes fold change, the average spectral count in the test sample divided by 

the average in controls 72,73.  

Table 4-1 shows the list of proteins found or upregulated in WT samples or the ones 

downregulated in KO cells. Table 4-2 shows the list of proteins found or upregulated in 
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KO samples. The highlighted proteins are found in both biological replicates and are 

significantly different from control samples. On the other hand, proteins that are not 

highlighted are present just in one replicate.  
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Table 4-1. SAINT output for WT as the test sample. Proteins that are significantly 

expressed higher in the WT sample (e.g., Proteins downregulated in KO sample) 
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Table 4-2. SAINT output for KO as the test sample. Proteins that are significantly 

expressed higher in the KO sample (e.g., Proteins upregulated in the KO sample) 

According to the heat map graph, there are groups of proteins that are expressed cell-

type-specific manner showing that WT and C7 have distinct cell surface protein 

expression profiles for a group of proteins (Fig.4-14).  

Of all 791 cell surface proteins found in both WT and C7 samples, 34 were significantly 

downregulated, and 33 were significantly upregulated in C7 cells. The log2 (fold change) 

approximately ranges from 1.5 to 9 for these proteins Fig.4-15. 
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Figure 4-14. Heat map plot representing Peptide Spectrum Match (PSM) of differentially 

expressed cell surface protein in all biological replicates in both WT and C7 samples. 

Hierarchical clustering was performed using the seaborn clustering algorithm. Legend 

indicates the expression levels (blue to green= high-expression to low-expression) 

normalized in rows by Z-score scaling ((sample value- the mean)/ the standard deviation). 
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Figure 4-15. Volcano plot representing proteins significantly upregulated (blue) or 

downregulated (yellow) in LRBA KO single clonal cell C7. 

 

The Gene Ontology analysis was performed for both lists of proteins, upregulated and 

downregulated. Gene ontology for biological process terms shows that most of the 

covered proteins in both lists are involved in the immune system process, cell adhesion, 

and positive or negative regulation of the immune system table 4-3 and table 4-4.  
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Table 4-3. Gene ontology terms for proteins downregulated in clone C7. MF: Molecular 

function, BP: Biological process, KEGG: Kyoto Encyclopedia of Genes and Genomes, 

REAC: Reactome pathways. 

 

Table 4-4. Gene ontology terms for proteins upregulated in clone C7. MF: Molecular 

function, BP: Biological process, KEGG: Kyoto Encyclopedia of Genes and Genomes, 

REAC: Reactome pathways. 

 

 

source term_name term_size query_size intersection_size intersections
GO:MF CD8	receptor	binding 3 32 2 LCK,HLA-G
GO:MF interferon	receptor	activity 6 32 2 IFNGR1,IFNAR1
GO:MF T	cell	receptor	binding 10 32 2 CD3E,LCK
GO:BP positive	regulation	of	T	cell	activation 221 32 6 CD4,CD3E,LCK,CD1D,HLA-G,SIRPG
GO:BP positive	regulation	of	lymphocyte	activation 368 32 7 CD4,CD3E,LCK,CD1D,HLA-G,SIRPG,SLC39A10
GO:BP positive	regulation	of	leukocyte	cell-cell	adhesion 242 32 6 CD4,CD3E,LCK,CD1D,HLA-G,SIRPG
GO:BP positive	regulation	of	leukocyte	activation 415 32 7 CD4,CD3E,LCK,CD1D,HLA-G,SIRPG,SLC39A10
GO:BP positive	regulation	of	cell	activation 430 32 7 CD4,CD3E,LCK,CD1D,HLA-G,SIRPG,SLC39A10
GO:BP positive	regulation	of	cell-cell	adhesion 288 32 6 CD4,CD3E,LCK,CD1D,HLA-G,SIRPG
GO:BP cell-cell	adhesion 913 32 9 CD4,CD3E,ITGA6,CDH4,EMB,LCK,CD1D,HLA-G,SIRPG
GO:BP cell	adhesion 1489 32 11 CD4,CD3E,ITGA6,CDH4,EMB,PLXNA1,LCK,CD1D,HLA-G,FLG2,SIRPG
GO:BP positive	regulation	of	immune	system	process 936 32 9 SEMA7A,CD4,CD3E,PVRIG,LCK,CD1D,HLA-G,SIRPG,SLC39A10
GO:BP leukocyte	activation 953 32 9 CD4,CD3E,LCK,IFNGR1,CD1D,TSHR,HLA-G,SIRPG,SLC39A10
GO:BP regulation	of	leukocyte	cell-cell	adhesion 334 32 6 CD4,CD3E,LCK,CD1D,HLA-G,SIRPG
GO:BP regulation	of	T	cell	activation 342 32 6 CD4,CD3E,LCK,CD1D,HLA-G,SIRPG
GO:BP regulation	of	lymphocyte	activation 529 32 7 CD4,CD3E,LCK,CD1D,HLA-G,SIRPG,SLC39A10
GO:BP leukocyte	cell-cell	adhesion 373 32 6 CD4,CD3E,LCK,CD1D,HLA-G,SIRPG
GO:BP lymphocyte	activation 794 32 8 CD4,CD3E,LCK,CD1D,TSHR,HLA-G,SIRPG,SLC39A10
GO:BP immune	system	process 2781 32 14 SEMA7A,CD4,CD3E,ITGA6,PVRIG,TRAV8-4,LCK,IFNGR1,CD1D,TSHR,IFNAR1,HLA-G,SIRPG,SLC39A10
GO:BP lymphocyte	differentiation 391 32 6 CD4,CD3E,LCK,CD1D,TSHR,HLA-G
GO:BP cell	surface	receptor	signaling	pathway 2811 32 14 SEMA7A,CD4,CD3E,ITGA6,PVRIG,PLXNA1,LCK,IFNGR1,TSHR,IFNAR1,HLA-G,FKBP8,SLC39A10,NOTCH3
GO:BP cell	activation 1094 32 9 CD4,CD3E,LCK,IFNGR1,CD1D,TSHR,HLA-G,SIRPG,SLC39A10
GO:BP positive	regulation	of	immune	response 600 32 7 CD4,CD3E,PVRIG,LCK,CD1D,HLA-G,SLC39A10
GO:BP cell	differentiation 4160 32 17 SEMA7A,CD4,CD3E,ITGA6,CDH4,EMB,PLXNA1,LCK,IFNGR1,CD1D,TSHR,HLA-G,CLTC,KRT17,FKBP8,HUWE1,NOTCH3
GO:BP axon	guidance 237 32 5 SEMA7A,CDH4,EMB,PLXNA1,NOTCH3
GO:BP neuron	projection	guidance 238 32 5 SEMA7A,CDH4,EMB,PLXNA1,NOTCH3
KEGG Th1	and	Th2	cell	differentiation 86 22 5 CD4,CD3E,LCK,IFNGR1,NOTCH3
KEGG PD-L1	expression	and	PD-1	checkpoint	pathway	in	cancer 88 22 4 CD4,CD3E,LCK,IFNGR1
KEGG Hematopoietic	cell	lineage 91 22 4 CD4,CD3E,ITGA6,CD1D
KEGG Primary	immunodeficiency 37 22 3 CD4,CD3E,LCK
KEGG Th17	cell	differentiation 104 22 4 CD4,CD3E,LCK,IFNGR1
KEGG Human	T-cell	leukemia	virus	1	infection 211 22 5 CD4,CD3E,LCK,SLC25A6,HLA-G
KEGG Natural	killer	cell	mediated	cytotoxicity 117 22 4 LCK,IFNGR1,IFNAR1,HLA-G
KEGG Osteoclast	differentiation 124 22 4 LCK,IFNGR1,IFNAR1,SIRPG
KEGG Cell	adhesion	molecules 143 22 4 CD4,ITGA6,CDH4,HLA-G
REAC Translocation	of	ZAP-70	to	Immunological	synapse 20 25 4 CD4,CD3E,TRAV8-4,LCK
REAC Phosphorylation	of	CD3	and	TCR	zeta	chains 23 25 4 CD4,CD3E,TRAV8-4,LCK
REAC PD-1	signaling 24 25 4 CD4,CD3E,TRAV8-4,LCK
REAC Generation	of	second	messenger	molecules 35 25 4 CD4,CD3E,TRAV8-4,LCK
REAC Costimulation	by	the	CD28	family 67 25 4 CD4,CD3E,TRAV8-4,LCK
REAC Downstream	TCR	signaling 98 25 4 CD4,CD3E,TRAV8-4,LCK
REAC TCR	signaling 120 25 4 CD4,CD3E,TRAV8-4,LCK

source term_name term_size query_size intersection_size intersections
GO:MF cell	adhesion	molecule	binding 560 31 9 CD40LG,F11R,ITGA1,PTPRJ,CNN2,ICAM1,LCP1,SIRPA,YWHAB
GO:MF integrin	binding 158 31 5 CD40LG,F11R,ITGA1,ICAM1,LCP1
GO:MF virus	receptor	activity 76 31 4 F11R,TNFRSF4,CR2,ICAM1
GO:MF exogenous	protein	binding 77 31 4 F11R,TNFRSF4,CR2,ICAM1
GO:MF signaling	receptor	binding 1556 31 11 CD40LG,F11R,ITGA1,PTPRJ,APOC3,CADM4,CD70,GNA13,ICAM1,LCP1,PANX1
GO:BP localization	of	cell 1655 31 15 F11R,ITGA1,PLXNB2,PLXND1,PTPRJ,ACTG1,CADM4,CNN2,GNA13,ICAM1,IFITM1,LCP1,MCAM,PTGER4,SIRPA
GO:BP cell	motility 1655 31 15 F11R,ITGA1,PLXNB2,PLXND1,PTPRJ,ACTG1,CADM4,CNN2,GNA13,ICAM1,IFITM1,LCP1,MCAM,PTGER4,SIRPA
GO:BP cell	migration 1461 31 14 F11R,ITGA1,PLXNB2,PLXND1,PTPRJ,ACTG1,CNN2,GNA13,ICAM1,IFITM1,LCP1,MCAM,PTGER4,SIRPA
GO:BP locomotion 1833 31 15 F11R,ITGA1,PLXNB2,PLXND1,PTPRJ,ACTG1,CADM4,CNN2,GNA13,ICAM1,IFITM1,LCP1,MCAM,PTGER4,SIRPA
GO:BP cell	activation 1094 31 12 CD40LG,F11R,PTPRJ,TNFRSF4,ACTG1,CD70,CR2,GNA13,ICAM1,LCP1,PTGER4,SIRPA
GO:BP movement	of	cell	or	subcellular	component 2085 31 15 F11R,ITGA1,PLXNB2,PLXND1,PTPRJ,ACTG1,CADM4,CNN2,GNA13,ICAM1,IFITM1,LCP1,MCAM,PTGER4,SIRPA
GO:BP regulation	of	cell	motility 952 31 11 PLXNB2,PLXND1,PTPRJ,ACTG1,CADM4,CNN2,GNA13,ICAM1,IFITM1,MCAM,PTGER4
GO:BP cellular	extravasation 72 31 5 F11R,ITGA1,ICAM1,PTGER4,SIRPA
GO:BP response	to	wounding 558 31 9 CD109,CD40LG,F11R,RTN4R,ACTG1,CADM4,CNN2,GNA13,MCAM
GO:BP regulation	of	locomotion 997 31 11 PLXNB2,PLXND1,PTPRJ,ACTG1,CADM4,CNN2,GNA13,ICAM1,IFITM1,MCAM,PTGER4
GO:BP signaling 6451 31 24 CD109,CD40LG,F11R,ITGA1,PLXNB2,PLXND1,PTPRJ,RTN4R,TNFRSF4,APOC3,CADM4,CD53,CD70,CR2,GNA13,ICAM1,IFITM1,LCP1,PANX1,PTGER4,SIRPA,SLC1A4,TSPAN14,YWHAB
GO:BP regulation	of	cellular	component	movement 1028 31 11 PLXNB2,PLXND1,PTPRJ,ACTG1,CADM4,CNN2,GNA13,ICAM1,IFITM1,MCAM,PTGER4
GO:BP cell	communication 6508 31 24 CD109,CD40LG,F11R,ITGA1,PLXNB2,PLXND1,PTPRJ,RTN4R,TNFRSF4,APOC3,CADM4,CD53,CD70,CR2,GNA13,ICAM1,IFITM1,LCP1,PANX1,PTGER4,SIRPA,SLC1A4,TSPAN14,YWHAB
GO:BP wound	healing 429 31 8 CD109,CD40LG,F11R,ACTG1,CADM4,CNN2,GNA13,MCAM
GO:BP response	to	stimulus 8885 31 27 CD109,CD1B,CD40LG,F11R,ITGA1,PLXNB2,PLXND1,PTPRJ,RTN4R,TNFRSF4,ACTG1,APOC3,CADM4,CD53,CD70,CNN2,CR2,GNA13,ICAM1,IFITM1,LCP1,MCAM,PANX1,PTGER4,SIRPA
GO:BP immune	effector	process 661 31 9 CD1B,CD40LG,PTPRJ,TNFRSF4,CD70,CR2,ICAM1,LCP1,PTGER4
GO:BP immune	system	process 2781 31 16 CD109,CD1B,CD40LG,F11R,ITGA1,PTPRJ,TNFRSF4,ACTG1,CD70,CNN2,CR2,ICAM1,IFITM1,LCP1,PTGER4,SIRPA
GO:BP regulation	of	cell	migration 893 31 10 PLXNB2,PLXND1,PTPRJ,ACTG1,CNN2,GNA13,ICAM1,IFITM1,MCAM,PTGER4
GO:BP positive	regulation	of	biological	process 6224 31 23 CD1B,CD40LG,F11R,ITGA1,PLXNB2,PLXND1,PTPRJ,RTN4R,TNFRSF4,ACTG1,CD53,CD70,CNN2,CR2,ICAM1,IFITM1,LCP1,MCAM,PANX1,PTGER4,SIRPA,TSPAN14,YWHAB
GO:BP cell	adhesion 1489 31 12 CD40LG,F11R,ITGA1,PLXNB2,PLXND1,PTPRJ,ACTG1,CADM4,CD70,ICAM1,MCAM,SIRPA
GO:BP signal	transduction 5957 31 22 CD109,CD40LG,F11R,ITGA1,PLXNB2,PLXND1,PTPRJ,RTN4R,TNFRSF4,APOC3,CADM4,CD53,CD70,CR2,GNA13,ICAM1,IFITM1,LCP1,PTGER4,SIRPA,TSPAN14,YWHAB
GO:BP lymphocyte	activation 794 31 9 CD40LG,PTPRJ,TNFRSF4,CD70,CR2,ICAM1,LCP1,PTGER4,SIRPA
GO:BP regulation	of	localization 2725 31 15 PLXNB2,PLXND1,PTPRJ,ACTG1,APOC3,CADM4,CNN2,GNA13,ICAM1,IFITM1,LCP1,MCAM,PTGER4,SIRPA,YWHAB
GO:BP cellular	response	to	stimulus 7399 31 24 CD109,CD40LG,F11R,ITGA1,PLXNB2,PLXND1,PTPRJ,RTN4R,TNFRSF4,ACTG1,APOC3,CADM4,CD53,CD70,CNN2,CR2,GNA13,ICAM1,IFITM1,LCP1,PTGER4,SIRPA,TSPAN14,YWHAB
GO:BP viral	entry	into	host	cell 147 31 5 F11R,TNFRSF4,CR2,ICAM1,IFITM1
GO:BP entry	into	host 154 31 5 F11R,TNFRSF4,CR2,ICAM1,IFITM1
GO:BP negative	regulation	of	cellular	process 4856 31 19 CD109,CD40LG,F11R,ITGA1,PLXNB2,PLXND1,PTPRJ,RTN4R,TNFRSF4,APOC3,CADM4,CNN2,GNA13,ICAM1,IFITM1,PTGER4,RPS13,SIRPA,YWHAB
GO:BP movement	in	host	environment 179 31 5 F11R,TNFRSF4,CR2,ICAM1,IFITM1
GO:BP leukocyte	activation 953 31 9 CD40LG,PTPRJ,TNFRSF4,CD70,CR2,ICAM1,LCP1,PTGER4,SIRPA
GO:BP T	cell	activation 504 31 7 CD40LG,TNFRSF4,CD70,ICAM1,LCP1,PTGER4,SIRPA
GO:BP immune	response 1906 31 12 CD1B,CD40LG,PTPRJ,TNFRSF4,ACTG1,CD70,CR2,ICAM1,IFITM1,LCP1,PTGER4,SIRPA
GO:BP regulation	of	cell	adhesion 740 31 8 CD40LG,F11R,PLXNB2,PLXND1,PTPRJ,ACTG1,CD70,SIRPA
GO:BP biological	process	involved	in	interaction	with	host 194 31 5 F11R,TNFRSF4,CR2,ICAM1,IFITM1
GO:BP regulation	of	immune	effector	process 349 31 6 CD1B,CD40LG,PTPRJ,TNFRSF4,CR2,ICAM1
GO:BP cell	population	proliferation 1958 31 12 CD109,CD40LG,ITGA1,PLXNB2,PTPRJ,TNFRSF4,CADM4,CD70,CNN2,CR2,GNA13,IFITM1
GO:BP protein	localization	to	bicellular	tight	junction 4 31 2 F11R,ACTG1
GO:BP B	cell	proliferation 101 31 4 CD40LG,TNFRSF4,CD70,CR2
GO:BP cell	surface	receptor	signaling	pathway 2811 31 14 CD109,CD40LG,ITGA1,PLXNB2,PLXND1,PTPRJ,RTN4R,TNFRSF4,CADM4,CD70,CR2,ICAM1,IFITM1,TSPAN14
GO:BP negative	regulation	of	biological	process 5876 31 20 CD109,CD40LG,F11R,ITGA1,PLXNB2,PLXND1,PTPRJ,RTN4R,TNFRSF4,APOC3,CADM4,CNN2,CR2,GNA13,ICAM1,IFITM1,PTGER4,RPS13,SIRPA,YWHAB
GO:BP regulation	of	response	to	stimulus 3895 31 16 CD109,CD1B,F11R,ITGA1,PTPRJ,RTN4R,ACTG1,APOC3,CADM4,CR2,GNA13,ICAM1,PTGER4,SIRPA,TSPAN14,YWHAB
KEGG Viral	myocarditis 55 19 3 CD40LG,ACTG1,ICAM1
REAC Immune	System 2041 28 16 CD1B,CD40LG,PTPRJ,TNFRSF4,ACTG1,CD53,CD70,CNN2,CR2,ICAM1,IFITM1,LCP1,PANX1,SIRPA,TSPAN14,YWHAB
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4.1.2.  Electroporation induced CRISPR/Cas9 editing of the LRBA gene in Jurkat 

T cells 

Since all the up and downregulated proteins resulting from mass spectrometry analysis 

were just confirmed in the C7 single clonal cell, we decided to look at the expression of 

these proteins in the pool of cells in order not to be biased by the individual expression 

properties of single cell derived clones. Moreover the lentiviral CRISPR/Cas9 infection 

strategy we used for generating our single cell clones integrates into the genome and 

stably expresses the gRNA and Cas9 cassette in the cells, increasing the possiblity of off 

target digestion and mutagenesis. For this purpose, we used the Neon electroporation 

mediated transfection method to transiently transfect Jurkat cells. We used the same 

gRNA/Cas9 construct as it has a U6 promoter that drives the expression of these genes in 

transfected cells. Due to the presence of a puromycin resistance casette, transfected cells 

can be selected, increasing transfection and mutation efficiency.  

Two batches of Jurkat cells were transfected with two plasmids, one including sgRNA 

targeting the 3’ end and the other one targeting the 5’ end of exon 42 of the LRBA gene. 

For one batch, a week after transfection, puromycin selection was started, while the other 

kept growing without any selection. Knock-out efficiency was controlled by western-

blotting and the T7E1 assay. In the T7E1 assay, the Neon transfected cells without 

puromycin selection have the same pattern as WT cells. At the same time, there are 

different bands in Neon transfected cells with puromycin selection after being cut with 

the T7E1 enzyme (Fig. 4-16). 

Moreover, western blot analysis showed a total absence of LRBA protein in Neon 

transfected cells with puromycin selection. In contrast, Neon transfected cells without 

selection have the same protein expression as WT (Fig.4-17). Therefore, for the rest of 

the analysis of these cells, Neon transfected cells without selection were used as controls. 
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Figure 4-16. T7E1 assay for mutations in the LRBA gene locus of transfected Jurkat cells. 

The targeted region was PCR amplified with the primers showed in Figure 4-1.A and in 

each category the first lane is the PCR product, second is the same product denatured and 

renatured without the addition of T7 E1 enzyme and third group is the same denatured 

and renatured PCR product that has been digested with the T7E1 enzyme.  
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Figure 4-17. Western blot analysis of Neon transfected cells. Anti- Beta actin staining 

was used as a loading control. 

 

4.2.  Downregulated receptors in LRBA KO cell line 

To verify the effect of downregulated receptors in LRBA KO cells, further analysis was 

done by flow cytometry on WT and C7 cells to confirm the MS result. Moreover, other 

LRBA KO single clonal cells and pools were included in the analysis to validate that 

observed result is due to LRBA absence.  

 

4.2.1. CD3 epsilon 

The TCR-CD3 complex plays an important role in adaptive immune responses. When 

antigen-presenting cells (APCs) activate the T-cell receptor (TCR), CD3D, CD3E, 

CD3G, and CD3Z send signals to the cells through the cell membrane that are mediated 
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by the TCR. During their cytoplasmic domain, all CD3 chains contain immunoreceptor 

activation motifs (ITAMs). On engagement of a TCR, these motifs are phosphorylated 

by the protein tyrosine kinases LCK and FYN, which results in the activation of 

downstream signaling pathways 74. It is not only important for T-cell activation to be 

present, but also for T-cell development to be present. As a result of the endocytosis 

sequences found in CD3E's cytosolic region, it forms the two heterodimers CD3D/CD3E 

and CD3G/CD3E, which are responsible for assembling the TCR-CD3 complexes and 

internalizing and down-regulating them on the surface of the cell 75. Despite the fact that 

CD3E-related signal is not necessary for T cell maturation, it does contribute to T cell 

survival; this effect is quantitatively correlated with the TCR signaling pathway 76. 

Our mass spectrometry results showed that CD3E was decreased in C7 single clonal cell 

compared to WT Jurkat. To validate this result, we did cell surface staining of CD3E in 

other single clonal cells (C8 and C14) and pool of cells. The CD3 MFI was low in C7, 

and it shows a negative population. However, the other two single clonal cell lines were 

CD3 positive, and pool KO had an MFI close to WT Jurkat (Fig.4-18). The repeat of 

staining resulted in the same conclusion besides the same decrease was seen in new 

generated KO pool Fig. 4-25.A. 

 

Figure 4-18. CD3 cell surface staining of LRBA KO cell lines. WT and KO samples were 

stained with FITC-anti- hCD3 antibody and as controle unstained cells were used. 



70 
 

4.2.2. CD4 

As a transmembrane glycoprotein, CD4 plays an important role in the immune response 

and performs multiple functions in response to external and internal threats. It mainly 

functions as a coreceptor in T cells for MHC class II molecules: peptides. A class II 

peptide contains antigens that are derived from extracellular proteins, while a class I 

peptide contains antigens derived from cytosolic proteins. CD4 interacts with the TCR 

and MHC class II present in antigen-presenting cells in order to recruit LCK to the vicinity 

of the TCR-CD3 complex. The LCK signaling pathway initiates a number of intracellular 

signaling pathways that are responsible for producing lymphokines, motility, adhesion, 

and activating T-helper cells. By phosphorylating multiple substrates, LCK initiates a 

number of intracellular signaling pathways 77,78. 

CD4 cell surface staining of WT Jurkat and C7 single clonal cell confirmed the results 

from MS, but in the pool, C8 and C14, the expression was even higher or so close to WT 

expression (Fig. 4-19). The repeated staining confirmed these results; plus, the new 

generated KO pool had lower CD4 MIF than the control (Fig. 4-25.B). 
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Figure 4-19. CD4 cell surface staining of LRBA KO cell lines. WT and KO cells were 

stained with FITC-anti-hCD4 antibody and as control unstained. 

 

4.2.3. CD1d 

CD1d molecules bind lipids and glycolipids and present them to CD1d-restricted NKT 

cells on the cell surface. Unlike antigenic peptides derived from intracellular and 

extracellular proteins, which are divided into separate MHC class I or class II presentation 

pathways, CD1d molecules present lipids derived from both intracellular and 

extracellular sources 79,80. 

There is a possibility that CD1-restricted T cells may be activated simultaneously with 

the innate immune response. As a means of amplifying the innate immune response and 

influencing the adaptive immune response, CD1-reactive T cells can stimulate DC 

differentiation and lead DC maturation into IL-12-producing inflammatory DCs, 

activating NK cells, other T cells, and B cells, as well as activating NK cells. However, 

CD1-restricted T cells are tolerogenic since they secrete TH2 cytokines and have a CD1-

dependent effect on other regulatory cells 79. 
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Though being an exciting candidate receptor to be affected by LRBA absence, CD1d cell 

surface expression was just lower in C7 when compared to WT and higher in C8 and C14 

single clonal cells. The CD1d cell surface staining in the pool of knock-out cells was 

almost like WT (Fig.4-20). To confirm this result, the staining was repeated, and still, 

CD1d was decreased only in C7 and not in other KO cell lines. Besides, the new KO pool 

(Neon transfected with puromycin selection) had almost similar CD1d expression to 

control (Fig. 4-25.C).  

 

 

Figure 4-20. CD1d cell surface staining of LRBA KO cell lines. WT and KO cells were 

stained with PE-anti-hCD1d antibody and as controle unstain cells were used. 

 

4.2.4. NOTCH3 

The NOTCH receptors are type I transmembrane heterodimers composed of a single 

chain precursor and get cleaved by Furin in the trans-Golgi network of the cell. In addition 

to cleaving NOTCH receptors, Furin activates several NOTCH signaling proteases like 

ADAM10 and ADAM17 81. Stem cells and their lineages, as well as other cellular 
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processes, are regulated by Notch receptors in adult tissue maintenance and repair 82. In 

macrophages, NOTCH3 plays an important role in regulating the expression of 

proinflammatory genes by increasing p38-dependent NF-B activation 81.  

In the case of NOTCH3, cell surface staining showed that while its expression in C7 was 

the same as in WT cells, it was higher in the pool, C8 and C14 single cells (Fig.4-21). 

This result was not consistence with the MS result that showed NOTCH3 is 

downregulated in C7 cells. In the repeated staining, C7 had lower MFI compared to WT, 

and other cells had relatively similar MFI to WT. The NOTCH3 expression was decreased 

in the KO pool with puromycin selection, but it was not so significant (Fig. 4-25.D).  

 

 

Figure 4-21. NOTCH3 cell surface staining of  LRBA KO cell lines. WT and KO cells 

were stained with PE-anti-hNOTCH3 antibody and as control unstained cells were used. 
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4.2.5. PVRIG 

T and NK cells express a variety of receptors that interact with ligands belonging to the 

Nectin/Nectin-like (Necl) family, such as DNAM-1 (DNAX-associated molecule 1), 

TIGIT (a protein with an ITIM domain that binds to T cells), TACTILE (a protein that 

activates T cells and expresses them late), and PVRIG (a protein related to PVR). As a 

result of the engagement of TIGIT and PVRIG, NK cell function is inhibited, while 

DNAM-1 is an activating/costimulatory receptor. Unlike CTLA-4 receptor, which does 

not regulate NK cells, PVRIG receptor, also known as CD112R, binds to its ligand 

CD112 on target cells with great affinity, inhibiting lymphocyte cytotoxicity. It was 

found that this receptor was downregulated in C7 single clonal LRBA KO cells and had 

a similar inhibitory function to CTLA-4 83,84.  

The cell surface staining confirmed lower expression of this receptor in C7 than in WT, 

while C8 and C14 had almost similar or slightly decreased expression (Fig. 4-22.A). If 

PVRIG was being recycled from cell surface so frequently, like CTLA-4, the intracellular 

staining could give a better description of its expression in the absence or presence of 

LRBA. The total expression level of PVRIG was decreased in all KO single clonal cells 

and pool compared to WT Fig. 4-22.B. Since PVRIG was known to have inhibitory 

effects on NK cells, the same cell surface and intracellular staining were performed on 

NK cells (Fig. 4-22.C). Interestingly, cell surface expression of PVRIG on NK cells was 

higher than that on WT Jurkat, whereas the total expression of PVRIG was higher in 

Jurkat cells. This can be due to the inhibitory role of PVRIG that is primarily being 

defined for NK cells. PVRIG cell surface staining was repeated for all LRBA KO cells, 

and the decrease was just seen in C7 and not in other KO cells (Fig.4-25.E). 
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Figure 4-22. PVRIG staining. A) Cell surface staining of LRBA KO cells, B) Intracellular 

staining of LRBA KO cells, and C) Cell surface and intracellular staining of NK cells. 

WT and KO cells were stained with AF647-anti-hPVRIG antibody. PVRIG-S: cell 

surface staining. PVRIG-W: intracellular staining. As control unstained cells were used. 

 

4.2.6. Sema7A 

This protein consists of a conserved amino-terminal domain called ‘Sema’ and is 

associated with the membrane. In vitro, semaphorin 7A, one of the cell-bound isoforms 

of viral semaphorins encoded by vaccinia and herpesvirus, is able to bind to Plexin C, the 

only GPI-linked protein within the semaphorin family. In addition to causing monocyte 

chemotaxis and cytokine production, Sema7A can also be expressed in activated 

lymphocytes and thymocytes, which implies that it plays a role in the immune system. 

Furthermore, Sema7A is expressed by most of the human T lymphocytes and natural 

killer cells. The expression of Sema7A on activated T cells induces macrophages to 

produce proinflammatory cytokines that cause inflammation in the body 85. Several 

studies have shown that Sema7A may inhibit T cell proliferation by regulating T cell 

response when Sema7A isn't present in T cells when Sema7A isn't present in T cells  86.  
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Based on cell surface staining, Sema7A was relatively low in C7 and high in the pool, 

C8, and C14 cells compared to WT (Fig.4-23). Still, based on its known functions, it can 

be an excellent candidate to be studied in patient samples.  

 

 

Figure 4-23. Sema7A cell surface staining of LRBA KO cells. WT and KO cells were 

stained with primary anti-hSema7A antibody followed by secondary AF488-anti-rabbit 

antibody. As control cells were stained only with secondary antibody. 

 

 

4.2.7. Screening Neon transfected cells for downregulated receptors in LRBA KO 

cell 

CD3 and CD4 cell surface staining represented a decreased MFI value for the KO pool 

with puromycin selection (green line) compared to its control sample (orange line) (Fig 

4-24), which is consistence with our expectation. The MFI of CD1d in the KO pool is 

slightly lower than control, but NOTCH and PVRIG cell surface staining have almost 
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similar MFI for the KO pool and control. The total staining of PVRIG in the KO pool 

showed an MFI of nearly 800 units lower than control.  

 

 

 

Figure 4-24. Downregulated receptors staining of Neon transfected cells. 
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Figure 4-25. Downregulated receptors staining for all LRBA KO cells. A) CD3, B) CD4, 

C) CD1d, D) NOTCH3, E) PVRIG cell surface staining. As control the the cells were 

stained with proper conjugated isotype antibody. 
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4.3.  Upregulated receptors in the LRBA KO cells 

To verify the effect of upregulated receptors in LRBA KO cells, further analysis was done 

by flow cytometry on WT and C7 cells to confirm the MS result. Moreover, other LRBA 

KO single clonal cells and pools were included in the analysis to validate that observed 

result is due to LRBA absence.  

 

4.3.1. CD53 

CD53 is a member of the tetraspanin family, only found in immune compartments and is 

known to have a critical role in organizing cellular processes like signaling, adhesion, 

migration, and cell fusion. Direct interaction of CD53 with potential partners like LFA-

1, CD2, and IL-7R may result in functional consequences of adhesion, signaling and cell 

activation, survival, and differentiation, respectively 87. Overexpression of this receptor 

on the cell surface may reinforce its effects and dysregulation of its functions. According 

to MS results, CD53 was upregulated in C7, but flow cytometry results showed no 

significant increase in C7 compared to WT. However, its expression was slightly higher 

in the KO pool with puromycin selection compared to its control (Fig.4-26.A). Thus, the 

staining was repeated, and this time other single cells, C8 and C14, were also included in 

the staining. The second staining confirmed the expression increase in both C7 and KO 

pools with puromycin selection. However, C8 and C14 showed a lower expression level 

than WT (Fig.4-26.B). Still, CD53 could be a potential candidate for further study in 

patient samples.  
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Figure 4-26. CD53 staining of all KO cells. A) First trial. B) the Second trial. WT and 

KO cells were stained with FITC-anti-hCD53 antibody and as control unstained cells 

were used. 
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4.3.2. CD148 

 In order to maintain immune balance, inhibitory signals like CTLA-4 must be delivered 

in order to control these stimulatory signals. T cells are activated by signals from TCR 

and other molecules such as CD28, LFA-1, CD2, CD27, and CD40. Human T cells 

inactivated in a negative environment express CD148 as a receptor-type PTP (R-PTP) 

that regulates the interaction between positive and negative signals. The protein tyrosine 

kinases (PTK4) and the protein tyrosine phosphatases (PTP) are crucial for the interaction 

between positive and negative signals. CD148 binding to a specific mAb increased the 

proliferation of T cells activated by anti-CD3 mAbs 88,89. It has been shown in some 

studies that Jurkat cells do not contain CD148 88, our cell surface staining shows that 

although low, it expresses CD148 on cell surface. 

Moreover, the expression of this molecule was higher in C7 cells. KO pool with 

puromycin selection was slightly higher than its control (Fig.4-27.A). The second time 

staining confirmed the results, and the cell surface expression of CD148 was more 

elevated in KO C7 single clonal cell and KO pool of cell (Fig.4-27.B). Functioning as a 
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negative regulator of T cells, this over expression could be related to the absence of LRBA 

protein, and it could be a potential target in monitoring patients with LRBA deficiency. 
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Figure 4-27. CD148 staining of all LRBA KO cells. A) First trial. B) the Second trial. 

WT and KO cells were stained with primary anti-hCD148 followed by secondary AF488-

anti-mouse IgG antibody. As control the cells were only stained with secondary antibody. 

 

 

4.3.3. CD154 (CD40L) 

T-helper cell and B cell cognate interactions are required for T-cell-dependent (TD) 

humoral immune responses. CD40L, a member of the tumor necrosis factor (TNF) gene 

family, is a key component of this interaction 90. In an antigen presenting cell-independent 

model and in the presence of TCR/CD3 and CD28 ligation, it was shown that IL-4 

production in CD4+ cells is mainly governed by CD40L upregulation on T cells 91. 

Another study demonstrated that CD40/CD40L interaction is required for switching from 

IgM to other Ig isotypes, and patients lacking CD40L, though having a normal level of 

circulating IgM and IgD, lack the expression of IgA or IgE 92. Since LRBA deficient 

patients also have an unbalanced distribution of Ig isotypes, CD40L level could correlate 
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with LRBA protein. As flow cytometry results demonstrate, WT Jurkat has two separate 

populations (negative and positive) regarding cell surface expression of CD40L, and the 

same pattern applies to the KO pool of cells. C7 cells, which are totally positive, seem to 

be selected from the positive population of WT Jurkat, and this feature is independent of 

the absence of LRBA protein (Fig.4-28).  

 

 

 

Figure 4-28. CD154 staining of all LRBA KO cells. WT and KO cells were stained with 

AF488-anti-hCD154 antibody and as control unstained cells were used. 

 

4.3.4. CD134 

It has been established that OX40 (CD134), a member of the tumor necrosis factor 

receptor superfamily (TNFR) superfamily, is a costimulatory molecule that promotes 

differentiation, proliferation, and long-term survival of effector T cells following 

activation. 
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Furthermore, it inhibits the suppressive activity of regulatory T cells, which contributes 

to tumor cell resistance to T cell immunity 93. According to the function of CD134, its 

upregulation could have a role in suppressing regulatory T cells in LRBA deficient 

patients. However, flow cytometry results revealed that this protein’s expression was 

upregulated in C7 cells while WT and KO pools were CD134 negative (Fig.4-29).  

 

Figure 4-29. CD134 cell surface staining of all LRBA KO cells. WT and KO cells were 

stained with PE-anti-hCD134 antibody and as control unstained cells were used. 
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4.3.5. A33 

A33 is a single-pass transmembrane glycoprotein in the immunoglobulin superfamily, 

which may function in cell-cell adhesion and signaling 94. The upregulation in C7 cells 

seen in MS results was confirmed in flow cytometry, but in the KO pool, the increase was 

not as significant as in C7 cells (Fig.4-30).  

 

Figure 4-30. A33 cell surface staining of LRBA KO cells. WT and KO cells were stained 

with primary anti-hA33 antibody followed by secondary AF488-anti-goat IgG. As control 

cells were stained only with secondary antibody. 

 

4.3.6. CD70 

In addition to being the only ligand for CD27, CD70 has also been linked to the 

proliferation, differentiation, and development of antigen-specific T cells in the gut 

mucosa, as well as the development of Treg cells in the thymus, where it is located. It has 

been shown in a recent paper that CD70 is upregulated on activated T cells and inhibits 
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inflammatory T cell responses by bypassing immune checkpoints 95. Having an inhibitory 

function, its upregulation in C7 could be a kind of compensation for CTLA-4 absence.  

According to flow cytometry results, Jurkat cells express a very low level of CD70, and 

upregulation was only seen in C7 cells and not in the KO pool (Fig. 4-31). However, there 

might be benefits in following up on this receptor in patient cells for more studies. 

 

 

Figure 4-31. CD70 cell surface staining of LRBA KO cells. WT and KO cells were 

stained with APC-anti-hCD70 antibody. As control cells were stained with APC-mouse 

IgG isotype ctrl. 

 

4.4.   Screening the activation state of LRBA KO cells 

CD148, CD154, CD70, and CD134 are among receptors that are upregulated in activated 

T cells. This made us curious to check other T cell activation markers like CD25 and 

CD69 in these cells. As shown in figure 4-32, C7 is negative for both CD25 and CD69. 
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KO pool with puromycin selection is slightly high for CD69 but negative for CD25. Thus, 

it seems that the upregulation of these receptors is not due to the activation of these cell 

lines.  

  

 

 

Figure 4-32. CD25 and CD69 cell surface staining for all LRBA KO cells. WT and KO 

cells were stained with FITC-anti-hCD25 or FITC-anti-hCD69 antibodies and as control 

unstained cells were used. 
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4.5.  CTLA-4 overexpression in WT Jurkat and C7 cell line 

WT Jurkat cells express endogenous CTLA-4 at a very low level, and this amount was 

even lower in C7 and pool LRBA KO cells (Fig.4-33). To complete our model cell for 

future studies, WT Jurkat and C7 were lentivirally infected with LegoiG2p-CTLA-4 

plasmid to overexpress full-length CTLA-4 in these cell lines. As a control, both cell lines 

were infected with LegoiG2p empty plasmid. After puromycin selection, GFP percentage 

was checked for transduction efficiency, and all cells were more than 98% GFP positive 

(Fig.4-34). As expected, CTLA-4 MFI significantly decreased in the C7-CTLA-4 cell line 

compared to WT-CTLA-4, indicating LRBA’s role in CTLA-4 rescue from lysosome 

degradation 25 (Fig.4-35).  

 

 

Figure 4-33. CTLA-4 endogenous expression in WT and LRBA KO cells. WT and KO 

cells were intracellularly stained with primary anti-hCTLA-4 antibody followed by 

secondary AF647-anti mouse IgG antibody. As control cells were only stained with 

secondary antibody. 
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Figure 4-34. GFP expression of WT Jurkat and C7 transduced cells. Transduction 

efficiency was verified by GFP percentage of infected cells. 

 

 

 

Figure 4-35. CTLA-4 total expression in WT Jurkat and C7 CTLA-4 overexpressing cells. 

The CTLA-4 intracellular staining was performed with primary anti-hCTLA-4 antibody 

followed by secondary AF647-anti mouse IgG antibody. As control cells were only 

stained with secondary antibody. Double: Primary and Secondary antibody staining. Ctrl: 

Only secondary antibody staining. A) C7-iG2p CTLA-4 compared to C7-iG2p and WT-
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iG2p CTLA-4 compared to WT-iG2p. B) C7-iG2p CTLA-4 (green line) compared to 

WT-iG2p CTLA-4 (orange line). 
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5. DISCUSSION 

 

As a member of the Beige and Chediak-Higashi (BEACH) protein family, LRBA is 

involved in vesicle trafficking and exocytosis within the cell. As a result of biallelic 

LRBA mutations, patients will develop recurrent infections and autoimmune disorders as 

a result of LRBA deficiency. There is no complete understanding of the underlying cause 

of the disorder, but it is believed that LRBA is key because it recycles CTLA-4 and 

shuttles membranes 60,96.  

In this study we generated a cell line model to investigate cell surface proteins that are 

directly or indirectly interacting with LRBA protein. We used the Jurkat cell line for this 

purpose which is a T cell line and has the majority of signaling pathways necessary for T 

cell activation and responses, intact. We used CRISPR/Cas9 induced gene editing to 

target three different exons in the LRBA gene.  Exon42 targeted cells showed the best 

KO efficiency, and these mutant cells were used to generate single cell clones. Among 

the screened single cell clones, C7, C8 and C14 were verified to be LRBA negative 

through flow cytometry, western blot, T7E1 assay and sequencing. To discover 

differentially expressed proteins on the surface of WT and C7, biotinylation assay was 

performed and cell surface proteins of both cell lines were isolated for mass spectrometry 

analysis. Proteins identified with high confidence in MS analysis, in WT and C7 lines, 

where compared through a statistical test to verify proteins that are significantly 

upregulated or downregulated in LRBA KO cells.  

Flow cytometry analysis was performed to verify the proteins that are upregulated or 

downregulated in LRBA KO cells. All KO single clonal cells and pools were included in 

this analysis. However, the results from the C8 and C14 clones were not conclusive as it 

was not clear if the observed differences were due to LRBA absence or an artefact of the 

single cell cloning procedure. In addition, lentivirally generated CRISPR/Cas9 edited KO 

cells were continuously expressing Cas9 protein and likely off-target effects may be 

influencing observed phenotypes after keeping cells in culture for the duration of the 

experiment. Therefore, we made new KO pool cell line using the Neon transfection 
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method. Looking at the expression level of studied proteins in Neon transfected KO pools, 

along with WT and C7 seems a better approach. Table 5-1 summarizes the overall result 

of the studied receptors and their expression levels in LRBA positive and negative cell 

lines.  

Among downregulated and upregulated proteins CD3 and CD4 were downregulated in 

not only in clone C7 but also in LRBA KO Neon transfected cell pools. An independent 

study of peripheral blood mononuclear cells from five patients with a homozygous 

mutation in the LRBA gene showed that, while three had normal levels of CD3 

expression, two had higher and one had lower values than the normal range 52. In another 

report, three of 19 LRBA deficient patients had reduced CD3 positive T cell counts, and 

one had an increase 42. It is likely that the level of CD3 protein on the cell surface of T 

cells may be influencing TCR signaling and causing developmental or phenotypic defects 

that alter the percentage of T lymphocytes in these patients. 

Different studies have investigated the effect of LRBA deficiency on CD4 levels. They 

show that for some LRBA deficient patients, there was a decrease in CD4 positive T cells 
52,42,60,97, however, they have a normal response to stimuli compared to healthy donors 97. 

These studies show that, the decrease we see in CD3 and CD4 in LRBA KO cells could 

be related to the absence of LRBA. However, more analysis is needed to confirm this 

finding and to reveal the molecular mechanism behind it. 

PVRIG, which has a role in suppressing lymphocyte cytotoxic activity, might be an 

interesting receptor for further investigations. The whole protein level was relatively 

decreased in all the LRBA KO cell lines; however, it was not verified in the three LRBA 

deficient patients that was tested. If in fact LRBA is responsible for maintaining surface 

levels of PVRIG, it may be physically interacting with the cytoplasmic tail of the PVRIG 

protein, as it does with CTLA4. Further protein-protein interaction studies and searches 

for conserved interaction motifs could shed light to this hypothesis. 

The phenotypes observed in LRBA deficient patients may not necessarily be recapitulated 

in mutant cell lines 98. Also, not all LRBA mutations result in the same phenotype. An 

example would be the unexpected normal levels of CTLA-4 expression, reported in a 

LRBA deficient patient. The observed autoimmunity in this patient was linked to the 

elevated level of Th17 cells in this patient that shows CTLA-4 loss is not the only 
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requirement for the observed autoimmunity in LRBA deficient patients 96. The normal 

CTLA-4 expression and T-reg cell function suggest that other proteins (perhaps within 

the PH-BEACH domain containing protein family) may compensate for the absence of 

LRBA and result in CTLA-4 shuttling that is required for T-reg function. Therefore, to 

verify one of these receptors as a biomarker in LRBA-deficient patients, they must be 

tested in a larger cohort of patients. 

 

Table 5-1. Summary of studied 

receptors in LRBA⁻ cells and 

their relative expression level 

compared to LRBA + cells. ↑: 

higher expression than control. 

↓: lower expression than 

control. ≅: almost similar to 

control. Blue highlighted is 

downregulated and yellow	 is	

upregulated	 proteins	

according	to	MS	analysis 

 

 

 C7 C8 C14 Pool  

CD3 ↓↓ ↑	 ↑	 ↓↓ 

CD4 ↓↓ ↑ ↑ ↓↓ 

CD1d ↓↓ ↑ ↑ ≅	

NOTCH3 ↓ ≅	 ≅	 ≅	

PVRIG (Surface) ↓ ≅	 ≅	 ≅	

PVRIG (Whole) ↓ ↓ ↓ ↓ 

Sema7A ↓ ≅	 ≅	 ≅	

CD53 ≅	 ↓ ↓ ↑ 

CD148 ↑ ↓ ↓ ↑ 

CD154 ↑↑ _ _ ≅	

CD134 ↑ _ _ ≅	

A33 ↑↑ _ _ ↑	

CD70 ↑ _ _ ≅	
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For future studies, the expression of the identified receptors should be investigated in 

other LRBA KO cell lines and larger groups of patients. To verify that the variation seen 

in the expression level of these receptors is due to the absence of LRBA, it is important 

to rescue these defects through the overexpression of LRBA protein in these KO cell 

lines. Additionally, RNA sequencing could give a broader understanding of total 

differentially expressed mRNAs in LRBA KO cells. The study of different interleukins 

or cytokines in the presence or absence of stimulation in LRBA positive and negative 

cells would be beneficial in discovering new common biomarkers for LRBA deficient 

patients. 

Our CTLA-4 overexpressing WT or KO cells is expected to be a good model for structural 

studies identifying the residues and post-translational modifications necessary for the 

interaction between LRBA and CTLA-4.  
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7.  APPENDIX 

 

 

APPENDIX A: Chemicals  

 

 

Chemicals and Media Components Supplier Company 

  
2-Mercaptoethanol Sigma, Germany 

Acetic Acid Merck, Germany 

Acid Washed Glass Beads Sigma, Germany 

Acrylamide/Bis-acrylamide Sigma, Germany 

Agarose peQLab, Germany 

Ammonium Persulfate Sigma, Germany 

Ammonium Sulfate Sigma, Germany 

Ampicillin Sodium Salt CellGro, USA 

Bacto Agar BD, USA 

Bacto Tryptone BD, USA 

Boric Acid Molekula, UK 

Bradford Reagent Sigma, Germany 

Bromophenol Blue Sigma, Germany 

Chloramphenicol Gibco, USA 

D-Glucose Sigma, Germany 

Distilled water Milipore, France 

DMEM PAN, Germany 

DMSO Sigma, Germany 

DNA Gel Loading Solution, 5X Quality Biological, Inc, USA 
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DPBS CellGro, USA 

EDTA Applichem, Germany 

Ethanol Riedel-de Haen, Germany 

Ethidium Bromide Sigma, Germany 

Fetal Bovine Serum (FBS) Biological Industries, Israel 

Glycerol Anhydrous Applichem, Germany 

Glycine Applichem, Germany 

HEPES Applichem, Germany 

Hydrochloric Acid Merck, Germany 

Isopropanol Riedel-de Haén, Germany 

Kanamycin Sulfate Gibco, USA 

LB Agar BD, USA 

LB Broth BD, USA 

L-Glutamine Hyclone, USA 

Liquid nitrogen Karbogaz, Turkey 

Magnesium Chloride Promega, USA 

Methanol Riedel-de Haen, Germany 

Penicillin-Streptomycin Sigma, Germany 

Phenol-Chloroform-Isoamylalcohol Amersco, USA 

PIPES Sigma, Germany 

Potassium Acetate Merck, Germany 

Potassium Chloride Fluka, Germany 

Potassium Hydroxide Merck, Germany 

Protease Tablets (EDTA-free) Roche, Germany 

ProtG Sepharose Amersco, USA 

RNase A Roche, Germany 
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RPMI 1640 PAN, Germany 

SDS Protein Gel Loading Pack Fermentas, Germany 

SDS Pure Applichem, Germany 

Skim Milk Powder Fluka, Germany 

Sodium Azide Amresco, USA 

Sodium Chloride Applichem, Germany 

SuperSignal Chemiluminescent Substrate Thermo Scientific, USA 

TEMED Applichem, Germany 

Tris Buffer Grade Amresco, USA 

Tris Hydrochloride Amresco, USA 

Triton X100 Promega, USA 

Tween20 Sigma, Germany 

 

APPENDIX B: Equipment  

 

Equipment Company 

  
Autoclave Hirayama,Hiclave HV-110,Japan 

Balance Sartorius, BP221S, Germany 

 
Schimadzu, Libror EB-3200 HU, Japan 

Biomolecular Imager ImageQuant LAS 4000 mini - GE Healthcare, USA 

Cell Counter Cole Parmer, USA 

Centrifuge Eppendorf, 5415D, Germany 

 
Hitachi, Sorvall RC5C Plus, USA 

CO2 Incubator Binder,Germany 

Deepfreeze -80oC, Forma,Thermo ElectronCorp.,USA 
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-20oC,Bosch,Turkey 

Electrophoresis Apparatus Biogen Inc., USA 

 
Biorad Inc., USA 

Electroporator Neon Transfection System - Life Technologies, USA 

Filter Membranes Millipore,USA 

Flow Cytometer BDFACSCanto,USA 

Gel Documentation Biorad, UV-Transilluminator 2000, USA 

Heater ThermomixerComfort,Eppendorf,Germany 

Hematocytometer Hausser Scientific,Blue Bell Pa.,USA 

Ice Machine Scotsman Inc., AF20, USA 

Incubator Memmert, Modell 300, Germany 

 
Memmert, Modell 600, Germany 

Laminar Flow Kendro Lab. Prod., Heraeus, HeraSafe HS12, Germany 

Liquid Nitrogen Tank Taylor-Wharton,3000RS,USA 

Magnetic Stirrer VELP Scientifica, ARE Heating Magnetic Stirrer, Italy 

Microliter Pipettes Gilson, Pipetman, France 

 
Eppendorf, Germany 

Microwave Oven Bosch,Turkey 

pH meter WTW, pH540 GLP MultiCal, Germany 

Power Supply Biorad, PowerPac 300, USA 

Refrigerator Bosch,Turkey 

Shaker Incubator New Brunswick Sci., Innova 4330, USA 

Spectrophotometer Schimadzu, UV-1208, Japan 

 
Schimadzu, UV-3150, Japan 

Thermocycler Eppendorf, Mastercycler Gradient, Germany 

Vortex Velp Scientifica,Italy 
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APPENDIX C: Commercial Kits 

 

  

Commercial Kit Company 

NucleoSpin Gel and PCR Clean-up Macherey-Nagel, USA 

Plasmid DNA purification (NucleoBond® Xtra Midi / Maxi) Macherey-Nagel, USA 

ZymoPure Plasmid Maxiprep Kit Zymo Research, USA 

Pierce™ Cell Surface Protein Biotinylation and Isolation Thermoscientific 
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APPENDIX D: Antibodies 

 

Antibody Company Cat. No 

FITC Anti-human CD4 Biolegend 317408 

FITC Anti-human CD3 Biolegend 317306 

PE Anti-human NOTCH3 Biolegend 345405 

PE Anti-human CD112R Biolegend 301503 

PE Anti-human CD1d Biolegend 350305 

SEMA7A Monoclonal Anti-body (MEM-150) Invitrogen MA1-19203 

Anti-human CD148 Biolegend 328702 

Anti-human CD134 Biolegend 350003 

Anti-human CD53 Biolegend 325703 

Anti-human CD154 Biolegend 310815 

APC Anti-human CD70 Biolegend 355110 

APC Mouse IgG1, κ Isotype Ctrl Biolegend 400120 

FITC Anti-human CD69 Biolegend 310903 

FITC Anti-human CD25 Biolegend 356105 

FITC Mouse IgG2a, κ Isotype Ctrl (FC) Biolegend 400209 

PE Mouse IgG2a, κ Isotype Ctrl (FC) Biolegend 400213 

PE Rat IgG2a, κ Isotype Ctrl Biolegend 400507 

Anti-vinculin Biolegend 938401 

HRP Goat Anti-rat IgG Biolegend 405405 

β-Actin (13E5) Rabbit mAb Biolegend 4970 

Anti-LRBA  Sigma-Aldrich HPA023597 

Anti-CTLA-4  Biolegend 349902 

Anti-rabbit IgG, HRP-linked Biolegend 7074 
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Human PVRIG Antibody R&D SYSTEMS MAB93651 

Alexa Flour 647 Goat Anti-Mouse IgG Biolegend 405322 
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APPENDIX E: DNA and Protein Molecular Weight Markers 

 

     

Figure 6-1. Prestained Protein Standard, Broad Range (10–250 kDa) 10–20% Tris-
glycine SDS-PAGE Gel (P7719). 

 

 

Figure 6-2. Thermo Scientific GeneRuler DNA Ladder Mix (SM0331) 
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APPENDIX F: Map of Plasmids 

 

Figure 6-3. The plasmid map of LentiCRISPR V2 

     

 

 

Figure 6-4. Map of Lego-iG2 Puro 
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