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ABSTRACT 

 

INTRACELLULAR IMMUNODYNAMICS OF LENTIVIRAL GENE DELIVERY IN 

HUMAN NATURAL KILLER CELLS 

 

 

Ece Canan Sayitoğlu 

Biological Sciences and Bioengineering, PhD Thesis, 2017 

Thesis Supervisor: Batu Erman 

Co-supervisor: Tolga Sütlü 
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Natural Killer (NK) cells are members of the innate immune system that target tumors 
and infected cells. Cancer immunotherapy approaches using genetically modified NK 
cells continue to inspire clinical trials with promising results but the protocols for genetic 
modification of NK cells are suboptimal. NK cells show strikingly high resistance to 
lentiviral gene delivery when compared to other cells of the immune system. Previous 
studies show that the use of BX795, a small molecule inhibitor of TBK1/IKKepsilon 
complex downstream of Toll-like Receptors and RIG-I-like receptors, significantly 
enhances lentiviral gene delivery to NK cells. This study shows that while viral vector 
entry to NK cells can take place without major problems, the activation of antiviral 
signaling pathways leads to intracellular elimination of the vector. To study the roles of 
20 candidate genes in this process, the CRISPR/Cas9 system was used and single genes 
were knocked out in 293FT and NK-92 cell lines. We demonstrate that, capsid 
recognition by TRIM5alpha in 293FT cells and dsRNA-induced signaling through RIG-
I and TRIM25 in NK-92 cells are major players affecting lentiviral gene delivery. 
Additionally, viral vector exposure was shown to increase MAPK activity in host cells, 
specifically p38 and JNK phosphorylation in NK-92 cells, as observed in wildtype HIV 
infections. Overall, this study confirms that lentiviral gene delivery evokes an innate 
immune response in NK cells through multiple pattern recognition receptors and cellular 
restriction factors. Small molecule inhibitors help to overcome this obstacle for promising 
applications in immunotherapy using genetically modified NK cells. 
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ÖZET 

 

İNSAN DOĞAL ÖLDÜRÜCÜ HÜCRELERDE LENTİVİRAL GEN AKTARIMININ 

HÜCREİÇİ İMMÜN DİNAMİĞİ 

 

 

Ece Canan Sayitoğlu 

Biyoloji Bilimleri ve Biyomühendislik, Doktora Tezi, 2017 

Tez Danışmanı: Batu Erman 

Eş Danışman: Tolga Sütlü 

 

Anahtar kelimeler: doğal öldürücü hücreler, immünoterapi, lentiviral vektörler 

 

Doğal Öldürücü (NK) hücreler doğal bağışıklık sisteminin kanser hücrelerini ve enfekte 
olmuş hücreleri hedef alan üyeleridir. Genetiği değiştirilmiş NK hücreleri kullanılan 
kanser immün tedavisi yaklaşımları klinik deneylerde umut verici sonuçlarla ilham 
kaynağı olmaktadır fakat NK hücrelerinde genetik değişiklik yöntemleri henüz ideal 
koşullara ulaşmamıştır. NK hücreleri lentiviral gen aktarımına diğer bağışıklık sistemi 
hücrelerine kıyasla yüksek direnç gösterirler. Geçmiş çalışmalar Toll-benzeri almaçlar ve 
RIG-I-benzeri almaçların sinyal yolaklarının aşağısındaki TBK1/IKKepsilon çiftinin 
küçük molekül inhibitörü BX795’in lentiviral gen aktarımı sırasında kullanımının NK 
hücrelerinde anlamlı verim artışına yol açtığını göstermiştir. Bu çalışma NK hücrelerine 
viral vektörlerin girişinde büyük sorunlar yaşanmadığını, fakat virüs karşıtı sinyallerin 
aktifleşmesi sonucu hücreiçi viral vektörlerin elenmesinin gerçekleştiğini göstermiştir. 
Bu yanıtta payı olan 20 aday genin rollerini araştırmak için CRISPR/Cas9 sistemi 
kullanılmış ve bu genler 293FT ve NK-92 hücre hatlarında mutasyona uğratılmıştır. 
Bizim sonuçlarımız virüsün kılıf bölgesinin 293FT hücrelerinde TRIM5alfa tarafından 
algılanmasının ve çift-sarmal RNA bazlı sinyallerin NK-92 hücrelerinde RIG-I ve 
TRIM25 üzerinden algılanmasının lentiviral gen aktarımına karşı dirençte önemli roller 
oynadıklarını göstermektedir. Buna ek olarak, viral vektöre maruz kalan hücrelerde 
MAPK aktivitesinde, özellikle vahşitip HIV enfeksiyonlarında görüldüğü gibi NK-92 
hücrelerinde p38 ve JNK fosforilasyonunda artış olduğu gözlemlenmiştir. Sonuç olarak, 
bu çalışma lentiviral gen aktarımının NK hücrelerinde çeşitli kalıp tanıma reseptörleri 
tarafından doğuştan gelen bağışıklık sistemini uyardığını onaylamıştır. Genetiği 
değiştirilmiş NK hücrelerinin immün tedavide umut vaadeden uygulamaları için küçük 
molekül inhibitörlerinin kullanımı engelleri aşmaya yardımcı olacaktır. 
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1. INTRODUCTION 

 

 
 
 

1.1 Natural Killer Cells of The Immune System 

 

 

1.1.1 Description and origin 

 

The immune system (mainly separated into two branches as innate and adaptive 

immunity) consists of several different components responsible for fighting various 

intrinsic or extrinsic threats. The term ‘adaptive’ refers to T and B lymphocytes as well 

as other cellular components and soluble factors that act upon recognition of specific 

molecules found on pathogens. The term ‘innate’ commonly refers to cells or humoral 

components of the immune system that mainly rely on the recognition of non-self and 

danger-associated molecular patterns rather than antigen-specific recognition of 

pathogens. 

Natural killer (NK) cells, identified first in the 1970s (Herberman et al., 1975; Kiessling 

et al., 1975), are members of the lymphoid lineage, just like T and B lymphocytes, but 

belong to the innate family of immune cells (Figure 1.1). This rather unexpected 

classification is derived from the potential of NK cells to exert cellular cytotoxicity 

without prior stimulation or immunization, upon recognition of ‘missing-self’, a 

milestone in NK cell history proposed by Kärre in 1980s (Kärre, 2002; Kärre, 2008; 

Ljunggren & Kärre, 1990). NK cells fill a hole left out from adaptive immunity; 

recognizing and killing cells like various cancer types and virus-infected cells that 
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downregulate the major histocompatibility complex (MHC) (Human Leukocyte Antigen 

(HLA) in humans) molecules at the cell surface and are in turn capable of escaping 

recognition by T cells.  

 

Figure 1.1. Hematopoiesis and branching of the immune system. Hematopoietic 
Stem Cells (HSCs) that are found in the bone marrow give rise to the two major 
cell types, myeloid and lymphoid progenitors. Common myeloid progenitors 
further give rise to red blood cells and platelets as well as members of the innate 
immune system except for NK cells. NK cells share the lymphoid lineage with 
adaptive immune system members, T and B cells.  

 

1.1.2 Subtypes 

 

NK cells in humans are characterized as CD3-CD56+ and are primarily developed in the 

bone marrow and found in blood, skin, lungs, liver, spleen and lymph nodes (Gregoire et 

al., 2007). Different NK cell subsets are found in inflamed and malignant tissues and 

secondary lymphoid tissues (SLTs). In human peripheral blood, more than 90% of NK 

cells are categorized into the CD56dimCD16+ subset and have higher cytolytic activity 

with high expression of killer-cell immunoglobulin-like receptors (KIRs) and/or 

CD94/NKG2A; and less than 10% are categorized into the CD56brightCD16- subset that 

have CD94/NKG2A but lack the KIR expression, and secrete TNFα and IFNγ upon 
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activation, acting more as regulatory cells (De Maria et al., 2011; Ferlazzo et al., 2004).  

Upon contact with fibroblasts, the CD56brightCD16- subset of NK cells can differentiate 

into CD56dimCD16+ cells with high cytolytic activity (Chan et al., 2007).  

First developed in the bone marrow, NK cell precursors mature and express different 

chemokine receptors that are able to direct NK cells to different tissues in the body 

(Lysakova-Devine & O’Farrelly, 2014). One of these receptors, CCR7, is found 

predominantly on the CD56brightCD16- subset of NK cells helps the recruitment of these 

cells to the secondary lymphoid tissues (Campbell et al., 2001). Resting NK cells can be 

recruited to the site of inflammation during viral or bacterial infections or to the site of 

tumor formation again by the help of pro-inflammatory chemokines (such as 

CCL3/MIP1-a or CCL5/RANTES) (Bernardini et al., 2016). Once at the site of encounter 

with target cells, NK cells get activated via several activating receptors and cytokines 

triggering effector functions that will be briefly explained in the next section (Pesce et 

al., 2016).  

 

1.1.3 Effector mechanisms 

 

The importance of NK cells in the host immune response is underlined in cases of NK 

cell deficiencies where the patient suffers from fatal infections mostly through childhood 

(Orange & Ballas, 2006). NK cells can detect lowered levels of MHC class I expression 

on transformed cells like tumors, as well as stress signs like DNA damage and instability 

as these also cause upregulation of stress-induced ligands of NK cell activating receptors 

on tumor cells (Raulet & Guerra, 2009).  

NK cells have several inhibitory and activating receptors that mediate the interaction with 

a target cell. The inhibitory receptors have cytoplasmic immunoreceptor tyrosine-based 

inhibition motifs (ITIMs) and they either belong to the immunoglobulin superfamily or 

the C-type lectin domain family (Krzewski & Strominger, 2008). In humans, the binding 

of inhibitory receptors to classical MHC I ligands (HLA-A, -B, -C) is known to induce 

signals via the Src homology region 2 domain-containing phosphatase-1 (SHP1, also 

known as PTPN)-mediated phosphorylation of ITIMs (Binstadt et al., 1996) (Figure 1.2).   
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Activating receptors such as CD16, NKp30, NKp44 and NKp46 couple with 

immunoreceptor tyrosine-based activation motif (ITAM)-bearing molecules DAP12 and 

FcRg -CD3z  in their cytoplasmic region while others like NKG2D, 2B4 and CD2 signal 

through non-ITAM-bearing DAP10 (Smyth et al., 2002).  The ligands of activating 

receptors contain stress-induced molecules like MHC class I chain-related molecule A 

(MICA) expressed on transformed cells, and the non-classical MHC Ib (HLA-E) ligand 

which has a distinct transcription pattern from the classical MHC molecules 

(O’Callaghan, 2000). Upon binding of an activating ligand, ZAP70/SYK or PI3K 

pathways are turned on to lead the activation of the NK cell (Smyth et al., 2002).  

A combination of signals from activating and inhibitory receptors shape NK cell effector 

functions as well as the fate of the target cells. If activating signals are more dominant,  

signaling events give rise to the polarization and exocytosis of granules containing 

perforin and granzyme; perforin making pores on the target’s membrane and granzyme 

upon entering through these pores activating the caspase-cascade that leads to target cell 

apoptosis (Bryceson et al., 2006; Voskoboinik et al., 2006). 

CD16 is another activating receptor that is found on NK cell surface binding to the 

constant (Fc) region of immunoglobulin, which results in the release of cytolytic granules 

and death of the target cell.  Fc receptors (CD16) enable immune cells detect target 

specific antibody-coated transformed targets. This mechanism of action is known as 

antibody-dependent cellular cytotoxicity (ADCC) that can be manipulated for fighting 

autoimmunity and cancer immunotherapy. Many monoclonal antibody treatments have 

been studied for a variety of cancers (reviewed in Sliwkowski & Mellman, 2013) that 

could potentially increase ADCC. Examples include anti-CD20, anti-Her2, anti-CD52, 

anti-EGFR and anti-CD38 (James et al., 2013) that show promising results for NK cell-

mediated elimination of tumors both in vitro and in vivo.  

In addition to inducing apoptosis in target cells via degranulation triggered after 

activating receptor engagement, NK cells also kill by contact-mediated mechanisms. Fas 

ligand (FasL) and TNFα-related apoptosis-inducing ligand (TRAIL) on the NK cell 

surface are known as death receptors and their ligands Fas and TRAILR found on tumor 

or transformed cells induce apoptosis in the target cell (Medvedev et al., 1997). The 

immunosuppressive microenvironment of a tumor can lead to downregulation of 

activating receptors through cytokine secretion  (Jinushi et al., 2005; Konjević et al., 
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2007). Therefore, it is essential that NK cells can also induce apoptosis in tumor cells 

with the engagement of death receptors found on the NK cell surface, providing an 

alternative mechanism for targeting of tumor cells especially in cases where other 

receptors are shed or NK cell activating receptors are downregulated (Lundqvist et al., 

2006).  

 

Figure 1.2. NK cell effector mechanisms. When NK cell meets a target, if the 
only signal received is from an inhibitory ligand (most abundantly self-MHC 
molecules) engagement to inhibitory receptors, the target is protected from lysis 
(left-most). If the inhibitory signal is absent, and there is an activating signal, the 
target cell is killed (middle two). This is usually the case when there is low level 
of MHC molecules on the surface, and this phenomenon of NK cells recognizing 
MHC low/absent cells is known as ‘the missing-self recognition’. In the 
allogeneic setting, a cell with foreign MHC can also be a target for NK cell lysis. 
When both signals are present, the fate of the target cell is determined by the 
dominant signal (right-most). 

 

Most of the events taking place during an immune response eventually link innate and 

adaptive immune systems via contact-mediated interactions between immune cells or 

soluble factors such as cytokines. When NK cells are recruited to the site of inflammation 

or tumor, their activation results in production of cytokines like IFNγ and TNFα (Gerosa 

et al., 2005). The production of IFNγ may result in the recruitment of DCs to the site of 

inflammation or tumor, and contribute to the differentiation of CD4+ T cells towards a 

TH1 profile.  NK-DC crosstalk based on costimulatory molecule interactions can have 

different outcomes for the NK cells and DCs; causing activation and maturation in a bi-

directional way (Gerosa et al., 2005). This crosstalk is strictly dependent on the formation 
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of an immunological synapse between the two cell types (Borg et al., 2004) and also 

requires DC-derived cytokines, primarily IL-12, IL-15 and IL-18 (Brilot et al., 2007; 

Ferlazzo, Pack, et al., 2004). Maturation of DCs can be referred to as ‘licensing’ by the 

NK cells of the inflamed site that results in activated DCs capable of antigen-presentation 

to T cells. Consequently, these events result in the priming of an antigen-specific 

cytotoxic T lymphocyte (CTL) response. Therefore, NK cells can act as a crucial link 

between the innate and adaptive immune responses (Moretta et al., 2008 ).  

 

 

 

1.2 NK-92 Cell Line 

 

 

1.2.1 Description and origin 

 

NK-92 is an immortal natural killer cell line isolated in the year 1992 from a non-

Hodgkin’s lymphoma patient (Gong et al., 1994). The cell line is dependent on IL-2 for 

survival and is highly cytotoxic against target cells such as K562. They are characterized 

by high surface expression of CD56 but lack the expression of CD16. NK-92 cells also 

lack the inhibitory KIR receptor family members (except for low levels of KIR2DL4) and 

are therefore advantageous in allogeneic immunotherapy since no MHC-mediated 

inhibition of cytotoxic activity will occur when faced with a target cell. It is much feasible 

to grow and expand NK-92 cells for clinical applications since they can grow in a feeder-

free setting and only require IL-2 for growth. These findings place NK-92 cells as 

promising candidates for cancer immunotherapy. In fact, NK-92 cells are currently tested 

in various clinical trials (Suck et al., 2015).  

 

1.2.2 Applications in clinical trials 

 

It is a challenging task to grow and expand NK cells from PBMCs, and even more 

challenging to genetically modify them. In order to achieve better goals in primary NK 
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cell immunotherapy, NK-92 cells provide an alternative model system. As of 2016, four 

phase I clinical trials have been conducted with NK-92 cells in three different countries: 

Canada, USA and Germany. The patients taking part in these trials have advanced cancers 

that are treatment-resistant. Taking two or three infusions of NK-92 cells, each 48 hours 

apart, patients showed significant responses against lung cancer (Tonn et al., 2013), 

kidney cancer and melanoma (Arai et al., 2008). Compared to the difficulties related to 

harvesting, modification and expansion of primary NK cells, NK-92 cells have a 

comparably low cost and higher efficiency in theory. 

Potential therapies can be planned by taking advantage of the natural receptor 

composition of NK-92 cells and combining genetic modifications in the future. Firstly, 

NK-92 cells do not express the CD16 receptor than can bind to the Fc region of 

antibodies. Expression of a high-affinity CD16 on NK-92 cells along with treatment with 

a monoclonal IgG1 antibody against a tumor antigen when used in combination show 

promising outcomes when applied in preclinical setting. Secondly, chimeric-antigen 

receptor (CAR) designs specific to a tumor antigen can be transduced to NK-92 cells, 

resulting in patient- and cancer-specific activation of immune cells (Klingemann et al., 

2016). For these approaches to come to life, optimal NK cell-specific gene delivery 

methods should be developed with high safety and genetic modification efficiency. 

In the first trials with retroviral and later lentiviral gene delivery to primary NK cells, 

transduction efficiencies were around 1-2% in general, now ranging from 20 to 90% with 

several methods defined, using a combination of cytokines and sometimes making serial 

transductions with high levels of infectious particles (Imamura et al., 2014; Micucci et 

al., 2006; Nagashima et al., 1998; Sutlu et al., 2012). In all studies mentioned, the 

cytolytic profile of NK cells were not altered by genetic modifications. To achieve a high 

efficiency of primary NK cell transduction, it is essential to develop efficient transduction 

methods that use minimal amounts of lentiviral vectors. The primary aim of this thesis is 

to develop techniques to transduce NK cell lines that can be applicable to primary NK 

cells in the clinic.  
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1.3 NK Cell Genetic Modification for Uses in Immunotherapy 

 

 

1.3.1 Brief history of gene therapy 

 

Gene therapy is the method of transferring genetic material into cells in order to modulate 

or correct faulty gene expression leading to various diseases such as cancer, metabolic 

disorders or immunodeficiencies. As DNA sequencing technologies have developed, the 

diseases that are related to defects/mutations in certain genes became potentially 

correctable with the introduction of healthy genes using gene delivery vectors. If a gene 

deficiency is causing symptoms as in the case of the blood disorder beta-thalassemia, the 

correction of the beta-globin gene by gene therapy of hematopoietic stem cells can lead 

to a repaired hematopoietic system. The outcome of such a gene therapy is the rescue of 

the beta-thalassemia phenotype by the newly transformed blood cells. It is a tricky task 

to deliver a gene-of-interest to the cells of a patient with high specificity, low or preferably 

no side effects and maximum efficiency. The distribution of vectors used in gene therapy 

clinical trials as of 2016 can be summarized in the figure below: 

 

Figure 1.3. Vectors used in gene therapy clinical trials. Information is retrieved 
from the Journal of Gene Medicine, ã2016 John Wiley and Sons Ltd (updated 
August 2016).  
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Since the 1980s, several methods have been developed to increase gene delivery in 

mammalian cell lines as well as primary cells; however, there are certain obstacles in this 

process. The genetic material that is introduced to host cells must overcome physical 

barriers before reaching the nucleus and it is usually one of the major issue resulting in 

the failure of the gene therapy. There are many factors influencing the stability of cargo 

and gene expression based on the type of vehicles used for transgene expression 

(Ibraheem et al., 2014). For introduction of new genes into a mammalian cell, the vehicles 

used can be classified as non-viral and viral vectors; some major ones schematized in the 

chart below: 

 

Figure 1.4. Examples of commonly used gene delivery systems. 

Non-viral vectors require a mammalian expression cassette delivered as DNA or RNA, 

that must penetrate through the plasma membrane of the host cell and travel all the way 

into the nucleus. Once inside the nucleus, the transgene expression depends highly on an 

intelligent vector design with a strong promoter (usually isolated from virus homologs) 

and optimized codon sequences with optional accessories like selective markers such as 

antibiotic resistance genes, fluorescent molecules or tags for protein purification purposes 

(Gill et al., 2009). The use of non-viral vectors is advantageous in many cases: they are 

non-pathogenic and they yield high expression of gene-of-interest in a short time with no 

or low permanent defect in the host cells. However, there are certain barriers that the non-

viral vectors need to pass in order to have transgene expression.  

First, there are certain limitations of vector delivery due to charge similarity of cell 

membrane and plasmid DNA. Secondly, naked DNA can only be internalized into the 
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host cell to a certain extent due to size limitations. Thirdly, getting into the cell is not 

enough to get transgene expression because nucleases found in the cytoplasm or 

endosomes of many cell types cause degradation of foreign DNA (Ibraheem et al., 2014). 

Chemical transfection methods are developed to overcome these barriers, as in the case 

of cationic polymers such as polyethylenimine (PEI) that form complexes with anionic 

DNA and make it more stable while increasing uptake by the host cell. However, the 

increase in transfection efficiency with these reagents might result in cytotoxicity and 

therefore do not yield the same results in primary cells for gene therapy purposes (Yin et 

al., 2014). Besides chemical vectors, there are physical methods that result in efficient 

gene delivery by electroporation, gene gun and ultrasound. For uses in mammalian cells, 

electroporation methods with brief electric pulses lead to the permeabilization of host cell 

membranes that causes DNA insertion into the cytoplasm. However, transfection 

efficiency varies extensively, depending on cell type, size and density; factors which limit 

the applicability of electroporation in primary cell transfection (Ibraheem et al., 2014).  

Compared to non-viral vectors, viral gene delivery is more practical for uses in gene 

therapy because viruses have naturally evolved to package and deliver essential genetic 

material in the most efficient way. Still, there are major problems with the natural 

pathogenicity of viral vectors that need to be thoroughly investigated before use.  Many 

methods have been developed over the years to achieve higher efficiency and safety with 

these vectors. The features of viral vectors commonly used in past or current gene therapy 

trials are summarized in Table 1.1.  

 

Table 1.1. Features of viral vectors commonly used in gene therapy. 

 

Many factors influence the choice of viral vector for each gene therapy application. Viral 

vectors that are commonly used in clinical trials can be divided into two groups as non-
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integrating and integrating vectors. For long term gene expression in non-dividing cells 

like neurons, non-integrating vectors are the best choice. Among these type of vectors, 

AAV and adenovirus are best candidates because they result in transient gene expression; 

however, adenovirus vectors sometimes suffer from high inflammatory responses (Baker, 

2007; Daya & Berns, 2008). On the contrary, integrating viral vectors need to be utilized 

for gene therapies where continuous gene expression is required as in the case of cells of 

the hematopoietic lineage. Gammaretroviruses and lentiviruses belong to the family of 

integrating viral vectors where an RNA genome is packed into the virus particle and 

reverse-transcribed genetic material is inserted into the host cell genome after infection. 

Gammaretroviruses lack certain elements that help nuclear import of genomic material 

so they can only integrate during cell division. Even though they belong to the same 

family, lentiviruses do not require host cell division and can more readily integrate into 

the genome (Bukrinsky et al., 1993), thus reaching higher efficiencies of integration in 

many cell types when used as gene therapy vectors (Sakuma et al., 2012). 

Lentiviral vectors that are derived from human immunodeficiency virus (HIV-1) are one 

of the most promising tools for gene therapy among many other integrating and non-

integrating viral vectors (Escors & Breckpot, 2011). Before going through the details of 

the lentiviral vector design and assembly for uses in gene therapy, lentiviruses will be 

explained in the following section. 

 

1.3.2 Lentivirus 

 

Lentiviruses are a subgroup of retroviridae, which are single-stranded (ss) diploid, sense 

RNA viruses that use reverse transcriptase to form DNA and insert this synthesized DNA 

into the host genome for stable viral gene expression. HIV-1 is among the most 

manipulated pathogenic lentiviruses that are engineered for uses in gene therapy purposes 

in human hematopoietic cells. A typical lentivirus is almost spherical with a lipid bilayer 

of the host cell membrane making up the outmost layer, covered with envelope (ENV) 

protein. Inside, one can find the following proteins: matrix proteins (MA) surround the 

capsid (CA) that contains the viral RNA genome in complex with nucleocapsid (NC) 

proteins and essential proteins such as reverse-transcriptase that is required for reverse 

transcription of RNA genome, integrase (IN) that is required for integration into host 
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genome and other accessory proteins that block or alter anti-viral responses of the host 

cell (Figure 1.5A). The genome structure is efficiently ordered in the 5’ to 3’ direction 

where three major genes gag, pol and env encode all essential genes. Proteins responsible 

for structural properties are encoded by the gag gene whereas enzymes required for 

integration, reverse-transcription and HIV-1 life cycle are encoded by the pol gene. 

Envelope proteins are encoded by the env gene determine the tropism of the virus (Figure 

1.5B). 

 

Figure 1.5. HIV-1 structure and genome organization. (A) HIV-1 structure can 
be schematized as shown.  (B) The viral genome of HIV-1 as seen after 
integration is enclosed by 5’ and 3’ Long-terminal repeats (LTRs) where LTR is 
further subdivided into 3 regions: U3 (promoter), R and U5 acting important 
roles in transcription and replication. Packaging signal (Y) is required for 
packaging of HIV genome into viral particles. Gag-pol and env genes encode 
essential structural proteins, enzymes and envelope proteins respectively. Vif, 
vpr, vpu and nef genes encode accessory proteins. The complete genome size is 
9.7 kb as shown on the figure. (MA: matrix, CA: capsid, NC: nucleocapsid, PR: 
protease, RT: reverse-transcriptase, IN: integrase, SU: surface glycoprotein, TM: 
trans-membrane glycoprotein, gag: group-specific antigen, pol: polymerase, vif: 
viral infectivity factor, vpr: viral protein r, vpu: viral protein u, env: envelope, 
tat: trans-activator, rev: regulator of virion gene expression, nef: negative-
effector) 
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The typical life cycle of HIV-1 starts with docking of surface glycoprotein to CD4 

receptor found on helper T cells (TH cells) of the immune system (Berson et al., 1996; 

Feng et al., 2011) and to the co-receptor CXC chemokine receptor 4 (CXCR4) found on 

T cells or CC-chemokine receptor 5 (CCR5) found on T cells, macrophages, dendritic 

cells and microglial cells to a certain extent. Binding of the virus surface protein to its 

corresponding receptor causes conformational changes in the protein structure that results 

in membrane fusion and leads to direct entry of the virus particle or entry by endocytosis, 

releasing the nucleocapsid into the host cell cytoplasm. The capsid structure is highly 

stable, strengthened by the binding of host protein CypA until the uncoating of the capsid 

finally releases genomic RNA into the host cell cytoplasm (C. Liu et al., 2016). ssRNA 

genome of lentiviruses gets reverse-transcribed and translocated to nucleus for 

integration. Unlike gammaretroviruses, lentiviruses do not require the host cell to go 

through cell division to have access to genomic DNA because they are already equipped 

with accessory proteins to translocate synthesized dsDNA through nuclear pores 

(Bukrinsky et al., 1993; Gallay et al., 1997; Popov et al., 1998).  

Once integrated, the viruses take advantage of host cell transcription and translation 

machinery and start making RNAs and viral proteins required for complete virion 

assembly. The 5’ LTR acts as the enhancer and promoter because it contains binding sites 

for transcription factors NFAT and NF-kB abundantly found in activated T cells. The 

packaging signal found downstream of the 5’ LTR maintains the assembly of untranslated 

ssRNA and viral proteins into mature virion structure. Once transcription is started, Rev 

binds to the Rev-response element (RRE) found on viral transcripts to manage the export 

of spliced or non-spliced RNAs (Malim et al., 1989). New viral genome is formed by 

dimerization of ssRNA copies interacting with Gag proteins on the plasma membrane (J. 

Chen et al., 2009, 2016). Combining all essential requirements, new viral particles bud 

off from the host cell’s membrane that contains the surface glycoproteins necessary for 

the next cycle of infection (Sundquist & Kräusslich, 2012) (Figure 1.6 top part).  
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Figure 1.6. HIV-1 and lentiviral vector life cycles. HIV-1 (top) enters the host 
cell via docking on to the CD4 found on the surface of TH cells (1). Upon binding 
to its receptor, conformational changes on the envelope protein leads to fusion 
of cell membranes and disassembly of viral capsid and proteins (2). Capsid 
uncoating in cytoplasm releases the RNA genome which then gets reverse-
transcribed to form the pre-integration complex (3). Viral genes spanned by the 
LTRs get integrated into the host cell genome (4) and start producing mRNAs to 
be used both as the genome of new viral particles and for translation to make the 
proteins required for the viral life cycle (5). All components come together at the 
plasma membrane, assembling into the virus structure (6) and bud off from the 
membrane, later maturing into complete HIV-1 (7). Lentiviral vector (bottom) 
pseudotyped with VSV-G docks itself to the host cell via the LDLR. The 
disassembly and reverse transcription occur as above, however; the integrated 
genetic material contains SIN-LTRs and only expresses the transgene (shown as 
GFP in this figure). Thus, there are no components found to produce new viral 
particles. 
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1.3.3 Lentiviral vectors 

 

The path from naturally occurring HIV to lentiviral vectors required several years of 

research that led to safer and more efficient design over time. During the course of 

lentiviral vector production, HEK293 cells are transfected with different plasmids 

encoding various structural parts of the HIV required to make an infectious particle 

enclosing the gene of interest. The system we use in the lab is also known as the 3rd 

generation lentiviral vector system. This process assembles pieces required to make a 

replication-incompetent virus, that holds a one-way ticket to the cell of interest. Once 

inside the host cell, lentiviral vectors do get integrated into the genome but are incapable 

of producing new viral particles, therefore assuring an important level of safety for uses 

in gene therapy (Figure 1.6 bottom part).  

To achieve target-specific gene transfer and reduce the pathogenicity of the virus, several 

optimizations needed to be completed with 1st, 2nd and 3rd generation of lentiviral vectors 

(Sakuma et al., 2012). Additionally, envelope proteins are engineered to increase 

transduction efficiency in a target cell-specific manner and in lentiviral gene therapy the 

most widely used envelope protein is VSV-G; replacing the CD4-tropism of HIV-1 with 

low-density lipoprotein receptor (LDLR) expressed on many somatic cells as well as 

human cell lines (Lévy et al., 2015). VSV-G provides high stability with broad range of 

targets but when it comes to in vivo experiments, human serum is shown to inactivate the 

VSV-G-pseudotyped viruses so other approaches need to be investigated for clinical use 

(DePolo et al., 2000). 

In the first generation of lentiviral vectors, viral genes except Env were cloned into 

expression plasmids, with a gene-of-interest plasmid enclosed with the LTRs and the 

packaging signal as found in the wild type virus structure. This was the first attempt for 

separating viral components to different plasmids. However, all virulent genes were still 

in the construct, creating a highly pathogenic vector. With the second generation of 

lentiviral vector system, viral genes were limited to Gag, Pol, Rev and Tat and the rest of 

the system was the same with the 1st generation (Figure 1.7).  
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Figure 1.7. Lentiviral vector systems. (A) In the 1st generation lentiviral vector 
system, all viral genes except Env were included in the packaging plasmid, still 
containing all virulent factors. (B) In the 2nd generation, packaging plasmid only 
contained Gag, Pol, Rev and Tat. In both 1st and 2nd generation, VSV-G plasmid 
and gene-of-interest plasmids were separate but the LTRs were still intact. (C) 
In the 3rd generation, safety level was maximized by including only Gag and Pol 
in the packaging plasmid, and by deleting the U3 region of LTRs in the gene-of-
interest plasmid (Sakuma et al., 2012). 
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Having intact LTRs in the gene-of-interest plasmid creates a high risk of homologous 

recombination with pre-existing viral components in the cell. In the RNA genome of the 

wildtype HIV-1, 5’-U3 and 3’-U5 regions are missing; and the RNA is capped by R 

regions. The copying of the 3’-U3 region to the 5’-LTR occurs right at the reverse 

transcription stage, prior to the integration of cDNA into the genome. Even though the 

viral genes are not enclosed by the LTRs in the viral vector, the possibility of 

complementation by pre-existing viral infections of the host cell could potentially result 

in a recombination event that results in the creation of replication-competent lentiviruses 

(RCLs). Studies with retroviral vectors have shown that even 10 bp-long homology 

regions were enough to end up with replication-competent retroviruses (RCRs) (Otto et 

al., 1994). 

Another major concern regarding the intact LTRs is the issue of LTRs turning on the 

expression of undesired genes like proto-oncogenes in the host cell that could have drastic 

effects. In one of the pioneering gene therapy trials for twenty X-linked severe combined 

immunodeficiency (SCID-X1) patients using gammaretroviral vectors carrying the IL-2 

receptor common gamma chain for transduction of CD34+ HSCs (Cavazzana-Calvo et 

al., 2000), results showed positive outcomes that had successful reconstitution of the 

immune system; however, five of the patients showed serious side-effects related to the 

vector. Four out of five showed integration of viral vector at the promoter of LMO2, a 

proto-oncogene, leading to insertional mutagenesis and the development of leukemia 

(Houghton et al., 2015).  

To overcome these problems, self-inactivating (SIN)-LTRs were introduced in the later 

generation of lentiviral vectors that could potentially eliminate insertional mutagenesis 

issues related to LTRs (Zufferey et al., 1998). Thus, the safest system came out after 

deletion of the U3 region from the LTRs in the 3rd generation, also limiting the viral genes 

to Gag and Pol in one plasmid and Rev in another, creating a Tat-independent system. 

With the 3rd generation of lentiviral vectors, standard procedure for virus production 

requires transfection of HEK293 or HEK293T cells with four different plasmids for 

packaging, viral regulatory genes and envelope genes along with one plasmid that 

contains the packaging signal and the gene of interest enclosed by the SIN-LTRs. 

Separating these plasmids and the packaging signal has been a precaution for viral gene 

recombination and with this method efficiency of virus production is still very high (Dull 

et al., 1998; Zufferey et al., 1998).  
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Increasing safety with the 3rd generation vector systems have helped develop more 

efficient gene expression from the transgene construct. The addition of central polypurine 

tract (cPPT) to the construct results in higher transgene expression mainly acting through 

the nuclear translocation of cDNA (Van Maele et al., 2003). Another element enhancing 

transgene expression is the woodchuck hepatitis virus (WHV) post-transcriptional 

regulatory element (WPRE) that helps increase unspliced RNA amount (Zufferey et al., 

1999). Likewise, effects of WPRE and specialized poly A termination sequences BGH 

and SV40 can be used in combination for enhanced transgene expression in lentiviral 

vector systems (Real et al., 2011). 

There are certain limitations regarding the lentiviral vector systems. The primary 

limitation is the size of genetic material that can be packed into the virion. In the case of 

HIV-1 the genome size is around 9 kb. A second disadvantage of lentiviral vectors (which 

is commonly shared by all integrating vectors) is the unknown integration site profile that 

could potentially lead to the disruption of an essential gene or contrarily turn on the 

expression of an undesired gene such as a proto-oncogene. Although these issues are 

tackled to a somewhat successful extend with approaches like SIN-LTRs (Zufferey et al., 

1998) or insulator sequences (Ramezani & Hawley, 2010), directing the exact integration 

site still remains as a challenge.  

Current research on employing precise genome editing technologies such as 

CRISPR/Cas9 within lentiviral vectors shows promise in the development of the next 

generation of gene therapy vectors. Groundbreaking work by Naldini and colleagues have 

shed light on site-directed integration by zinc-finger nucleases (ZFNs) at the precise site 

of mutation in the IL2RG in CD34+ HSCs that causes the SCID-X1 disease as mentioned 

above. Their method brought together specific genome editing by ZFNs and integration-

deficient lentiviral vectors for homology-directed repair (HDR) that led to the expansion 

of healthy immune cell populations (Genovese et al., 2014). More recently, another study 

showed CRISPR/Cas9-mediated genome editing could potentially be used for site-

directed integration by using sgRNA-Cas9 protein mixtures along with non-integrating 

AAV vectors for applications in beta-thalassemia, by the correction of HBB gene in 

CD34+ HSCs (Dever et al., 2016). Collectively, these data set examples for a whole new 

era of targeted genome-editing for the future of gene therapy. 
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Another limiting factor for viral vectors in general is the intracellular innate immune 

response by the infected cell that can lead to very low transduction efficiency as in the 

case of natural killer cells, which will be discussed in detail in the forthcoming sections. 

Even though the viral vectors are stripped from their natural pathogenicity, they are still 

composed of immunogenic viral proteins that are sensed as foreign components in the 

host cell, activating the intracellular immune response via pattern recognition receptors 

(PRRs), cytoplasmic RNA/DNA sensors and cellular restriction factors. These molecules 

can each be turned on by the envelope, capsid, RNA or DNA structures inside the cell 

that overall lead to an inflammatory response (Kajaste-Rudnitski & Naldini, 2015).  

 

Figure 1.8. Lentiviral vector production with 1st, 2nd and 3rd generation vector 
systems. 1st and 2nd generation systems (left) result in virus particles with 
accessory proteins that are highly pathogenic for the host whereas 3rd generation 
systems (right) have increased safety and decreased immunogenicity. (GOI: 
gene-of-interest) 

 

Considering the future of gene therapy would require a broad range of lentiviral vectors 

produced in clinical-grade and large quantity, the transition from research scale to mass 

production seems to be a challenge at first. For small scale productions, HEK293 of 

HEK293T cell lines are used as the producing cell line and conventional transfection 

methods are utilized for transfection of these cells with four plasmids. When scaling up 

the production, the basic principles are kept constant but with adherent cells, multilayer 

plates are used for ease of handling (Merten et al., 2011). There have been trials for vector 

production with suspension cells to reduce cost and the results are promising (Ansorge et 

al., 2009; Sheu et al., 2015). However, the current approach with adherent cell 
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transfection is still more beneficial since supernatant collection can be achieved in a cell-

independent manner and this is harder to achieve with suspension cells although 

supernatant collection times can be optimized (Ansorge et al., 2009). Transfection and 

supernatant collection are just the first steps on the way to mass production, since 

downstream applications require optimization for purification and quality control of 

lentiviral vectors to be used in gene therapy in large-scale quantities in the near future 

(Merten et al., 2016). 

 

1.3.4 Strategies and examples of NK cell genetic modifications 

 

Lentiviral gene therapy in the scope of this study is important for altering gene expression 

in cells of the immune system, specifically NK cells. In a variety of cancers, NK cells can 

be manipulated by the suppressive cytokines in the tumor microenvironment and this 

might result in the escape of cancer cells from immune surveillance or dampening of 

cytotoxic activity (Baginska et al., 2013; Hasmim et al., 2015). Thus, it is an interesting 

approach to isolate NK cells from a cancer patient or from an allogeneic donor (or use 

NK-92 cell line, explained in other sections) and genetically modify them to become 

unmistaken killers. (i) Upregulation of activating receptors or downregulation of 

inhibitory receptors, (ii) expression of chimeric antigen receptors (CARs) that target 

tumor-associated antigens, (iii) expression of chemokine receptors for tumor-homing, (iv) 

autocrine secretion of proliferative cytokines and (v) protection from suppressive 

cytokines could potentially provide personalized approaches in cancer immunotherapy. 

The list of genetic modification approaches in NK cells can be summarized in Table 1.2.  
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Approach Transgene Method Reference 

Cytokine 
stimulation 

IL-2 RV (Konstantinidis et al., 2005; Nagashima 
et al., 1998) 

 IL-15 RV, LV, EP (Imamura et al., 2014; W Jiang, Zhang, 
& Tian, 2008; Wen Jiang, Zhang, Tian, & 
Zhang, 2014; Sahm, Schönfeld, & Wels, 

2012) 

Cytotoxicity a-CD19 CAR RV, LV, EP (Boissel et al., 2012, 2013; Boissel et al., 
2009; L. Li et al., 2010; Romanski et al., 

2016; Shimasaki et al., 2012) 

 a-CD20 CAR RV, LV, EP (Boissel et al., 2012, 2013; Müller et al., 
2008) 

 a-CD33 CAR EP (Schirrmann & Pecher, 2005) 

 a-CD138 CAR LV (Chang et al., 2013; H. Jiang et al., 
2014) 

 a-CS1 CAR LV (Chu et al., 2014) 

 a-GD2 CAR RV (Altvater et al., 2009; Esser et al., 2012) 

 a-HER2 CAR RV, EP (Kruschinski et al., 2008; J. M. Lee et al., 
2010; H. Liu et al., 2015; Schönfeld et 

al., 2015; C. Zhang et al., 2016) 

 a-EGFR CAR LV, HSV (X. Chen et al., 2016; Genßler et al., 
2016; Han et al., 2015) 

 a-CEA CAR EP (Schirrmann & Pecher, 2002) 

 a-EpCAM CAR LV (Sahm et al., 2012) 

 a-NKG2D-L CAR 
a-TRAIL-R1 

CAR 

RV (Kobayashi et al., 2014) 

 a-GPA7 CAR RV (Binyamin et al., 2008; G. Zhang et al., 
2013) 

Protection from 
suppressive 

cytokine 

DNTbRII EP (B. Yang et al., 2013) 

Silencing 
inhibitory signal 

NKG2A shRNA 
 

LV (Figueiredo, Seltsam, & Blasczyk, 2009) 

 

Table 1.2. List of genetic manipulations in primary NK cells and NK cell lines 
for therapeutic approaches (developed from Carlsten & Childs, 2015). RV: 
Retroviral, LV: Lentiviral, HSV: Herpes Simplex Virus, EP: Electroporation, 
CAR: Chimeric-antigen receptor. 
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1.4 Innate Anti-Viral Immune Response and Signaling 

 

 

Genetic modification of NK cells by using viral vectors has proven to be a taunting task. 

Several anti-viral signaling events that occur in innate immune cells limit the efficiency 

of viral vector-mediated gene delivery. Therefore it is essential to fully characterize these 

signaling pathways to overcome the barriers in a transient process to achieve efficient 

transgene expression. 

Microbial molecules or structural parts named as pathogen-associated molecular patterns 

(PAMPs) trigger a group of receptors and proteins named as pattern recognition receptors 

(PRRs) that include a variety of Toll-like receptors (TLRs), C-type Lectin Receptors 

(CLRs), Nod-like receptors (NLRs), retinoic acid inducible gene-I (RIG-I)-like receptors 

(RLRs) and other cytosolic RNA/DNA sensors along with cellular restriction factors. 

Upon virus entry, viral parts activate different pathways that overall lead to anti-viral 

signaling within the cell mediated by NF-kB, IRF3/7, AP-1 and STATs, turning on targets 

named as interferon-stimulated genes (ISGs) and lead to the production of inflammatory 

cytokines, mainly type I interferons IFNα and IFNβ. For the scope of this study, the 

details will be given on the anti-viral signaling components alarmed exclusively in RNA-

virus infections and lentiviral vectors in particular. 

 

1.4.1 Pattern Recognition Receptors (PRRs) in anti-viral signaling 

 

1.4.1.1 Toll-like receptors (TLRs) 

There are 10 different TLRs identified in humans, recognizing mainly lipids (TLR1, 2, 4, 

6) or nucleic acids (TLR3, 7, 8, 9) coming from foreign organisms (Takeuchi & Akira, 

2010) (Figure 1.9). TLR2 and TLR4 are among mostly studied receptors that are localized 

on the cell surface, recognizing bacterial lipopeptides and lipopolysaccharides (LPS) 

respectively. They can also recognize some viral glycoproteins found on the surface of 
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HSV (Leoni et al., 2012), CMV  (Boehme et al., 2006), Hepatitis C (Dolganiuc et al., 

2004) or VSV (Georgel et al., 2007).  

 

Figure 1.9. TLRs and their ligands. Among TLRs found on the cell surface, 
TLR1, TLR6 and TLR10 can make heterodimers with TLR2 and recognize 
lipopeptides. TLR4 recognizes LPS and TLR5 binds to flagellin. Endosomal 
TLRs recognize nucleic acid structures. (adapted from O’Neill et al., 2013).  

 

The nucleic acid receptors TLR3, TLR7, TLR8 and TLR9 are localized exclusively in 

endosomes, making it the setting of the first encounter with viruses that enter the host cell 

via endocytosis. TLR3 is a short, dsRNA sensor that signals through adaptors TRIF and 

TRAF, inducing NF-kB, IRF3 or MAPK activation via IKKabg or TBK1/IKKe complex 

(Fitzgerald et al., 2003). TLR7 and TLR8 recognize ssRNA and signal through MyD88 

and induce IRF7 and MAPK activation. TLR9 is a DNA sensor, especially detecting 

unmethylated CpG motifs associated with viral and bacterial DNA. Both TLR3 and TLR7 

have been found to be associated with HIV-1-derived lentiviral vector sensing in dendritic 

cells (Breckpot et al., 2010). With the VSV-G-pseudotyped lentiviral vectors, the viral 

particles are shown to enter the cell predominantly via endocytosis in DCs (Breckpot et 

al., 2010). In primary NK cells, it is shown that using inhibitors that interfere with TLR3 

signaling increase transduction efficiency dramatically. BX795, a small molecule 

inhibitor of TBK1/IKKe, has shown promising advances in transduction of primary NK 

cells as well as several immune cell lines (Sutlu et al., 2012). Taken together,  these results 

show that it is very likely that endosomal TLRs would be the first line of defense in the 

course of lentiviral gene delivery systems in some cells of the hematopoietic system 

(Kajaste-Rudnitski & Naldini, 2015).  
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1.4.1.2  C-type lectin receptors (CLRs) 

CLRs are identified as soluble and transmembrane receptors recognizing viral 

polysaccharide structures, containing at least one C-type-lectin-like domain (CTLD) 

traditionally known to recognize fungal parts but have recently been associated with dead 

or cancerous cells (Dambuza & Brown, 2015). Dendritic cell-specific intracellular 

adhesion molecule-3-grabbing non-integrin (DC-SIGN) found on the membrane of 

dendritic cells plays a role in the endocytosis of HIV-1 and its rapid degradation or 

replication and spread to T cells (Turville et al., 2004). Mannose receptors have similar 

roles identified in virus entry into macrophages (Lai et al., 2009).  

 

1.4.1.3  NOD-like receptors (NLRs)  

NLRs recognize a variety of PAMPs arising from different microbial infections and 

among their members, NOD2 and NOD-, LRR- and pyrin domain-containing 3 (NLRP3) 

are best characterized to have roles in viral infections where inflammasomes direct IL-1b 

production and inflammasome-independent signals lead to interferon production 

(Kanneganti, 2010). The pro-inflammatory cytokine IL-1b production requires NF-kB-

driven signals for making of pro-IL-1b as well as caspase-1 activation signals. In this 

context, RIG-I (explained in detail in the following section) is found to act on both NF-

kB signaling and also induction of inflammasome activation independent of NLRP3 to 

promote IL-1b production in response to influenza A virus (Poeck et al., 2010).  

 

1.4.1.4  RIG-I-like receptors (RLRs) 

Retinoic acid-inducible gene I (RIG-I, also known as DDX58), melanoma differentiation 

associated 5 (MDA5, also known as IFIH1) and laboratory of genetics and physiology 2 

(LGP2) are three known members of the RLRs, each containing a DExD/H-box RNA 

helicase domain that is required for binding to RNA ligands. Each recognize and bind to 

specific RNA molecules that have viral origin. RIG-I and MDA5 signal through caspase 

activation and recruitment domains (CARDs) when met with dsRNA, inducing NF-kB, 

IRF3/7 (Yoneyama et al., 2005) or p38 MAPK (Mikkelsen et al., 2009) activation, leading 

to IL-1beta production (Poeck et al., 2010). LGP2 on the other hand lacks CARDs for 
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signal transduction and was first identified as a negative regulator of the antiviral signal 

induced by RIG-I and MDA5 (Yoneyama et al., 2005). Recent studies have shown that 

LGP2 can also act as a positive regulator of MDA5 signaling by causing more rapid 

complex formation with viral RNA and stabilizing shorter fragments of MDA5, thus 

enhancing anti-viral signaling (Bruns & Horvath, 2015; Bruns et al., 2014; Satoh et al., 

2010). RIG-I can specifically bind to 5’ triphosphate (5’PPP) motif that is only found in 

viral RNA, that is present in the cytoplasm during infection of the host cell. The ssRNA 

templates can be matching to create dsRNA or can be found as ssRNA. However, MDA5 

is proposed to recognize longer base-paired RNA molecules, thus acting on different 

ligands (Kato et al., 2006).  

Upon binding to their target PAMPs, most PRRs induce signals via their corresponding 

adapters. In the case of RIG-I and MDA5, the activation due to 5’PPP RNA leads to a 

cascade of events by mitochondrial antiviral signaling protein (MAVS). In the absence 

of their ligand, RIG-I and MDA5 are found at a phosphorylated state at specific serine or 

threonine residues in the CARD or C-terminal domains. Ligand binding initiates a 

conformational change, stimulated by protein kinase R (PKR) activator (PACT). This 

change then brings phosphatases PPIα or PPIg to remove the phosphate residues from the 

CARDs, bringing it to a signaling-active form. During RIG-I signaling, tripartite motif 

protein 25 (TRIM25) and Riplet that are E3 ubiquitin ligases, add ubiquitin chains to the 

CARD and C-terminal domains respectively, which is a crucial step leading to the 

tetramerization of RIG-I and its interaction with MAVS on the mitochondrial membrane 

(Gack et al., 2007). On the other hand, MDA5 binding to longer stretches of RNA goes 

through a different conformational change that leads to its elongated structure, bringing 

it closer to MAVS (Wu et al., 2013). MAVS further recruits either the TBK1/IKKe 

complex leading to IRF3/7 activation or the inhibitor of-kB (IkB) kinase (IKK) complex 

leading to NF-kB activation in addition to AP-1 (Kai Chan & Gack, 2016) (Figure 1.10). 

Using the small molecule inhibitor BX795 results in an increase in lentiviral gene delivery 

efficiency in primary NK cells either interfering with the endosomal TLR3 pathway or 

the RIG-I/MDA5 pathway (Sutlu et al., 2012). 
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Figure 1.10. RLR signaling. Upon 
binding to their relative PAMPs, MDA5 
and RIG-I are recruited to the adapter 
MAVS found on the mitochondria, as a 
result of ubiquitination (pink spheres) by 
TRIM25 and Riplet (not shown here). 
MAVS further activates the IKKabg 
complex that leads to NF-kB activation 
or the TBK1/IKKe complex that results 
in IRF3 and IRF7 activation and 
translocation to nucleus to turn on the 
expression of pro-inflammatory 
cytokines. (Adapted from Kai Chan & 
Gack, 2016)   

 

 

 

1.4.1.5 Cytoplasmic RNA/DNA sensors 

Interferon-induced protein with tetratricopeptide repeats 1 (IFIT1) is an RNA sensor 

recently described to bind to 5’PPP motif found in viral RNA, suggested to act on a 

different network than RLRs (Pichlmair et al., 2011). Similarly, Protein Kinase R (PKR) 

is a cytoplasmic kinase again recognizing viral RNA, interfering with the RLR signaling 

pathways (Nallagatla et al., 2007). Additionally, RNA polymerase III is also shown to 

have a role in converting dsRNA of viruses into small 5’PPP-containing RNAs that turn 

on the RLR signaling pathways (Ablasser et al., 2009; Chiu et al., 2009). Together, these 

cytoplasmic RNA sensors act as additional forces against viral RNA parts especially after 

induction of ISGs in the later stages of anti-viral response.  

IFN-gamma-inducible protein 16 (IFI16) and cyclic AMP-GMP synthase (cGAS) are 

cytoplasmic DNA sensors, known to have roles in HSV and HIV infections. IFI16, like 

PKR, is one of the many ISGs triggered by the innate immune response and IFI16 can 

particularly bind to reverse-transcription products of HIV-1; signaling through the 

adapter protein stimulator of IFN genes (STING) found on the ER, inducing IKK and 

TBK1 pathways as explained for the RLRs (Altfeld & Gale Jr, 2015; Jakobsen et al., 

2013). cGAS can bind to dsDNA, further forming cyclic GMP-AMP (cGAMP) that is 
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capable of binding to STING and inducing anti-viral signaling that results in type I 

interferon production (Sun et al., 2013).  Triggering the immune response with 

oligonucleotides (ODN) and cyclic dinucleotides (CDNs) via DNA sensors cGAS 

through the adapter STING are among many influential uses of cytoplasmic DNA sensors 

for immunization strategies (Yildiz et al., 2015).  

2’-5’ oligoadenylate synthase (OAS) is another sensor turned on by the cytosolic dsDNA, 

forming 2’-5’oligoadenylates, further activating RNase L that blocks viral replication by 

degrading RNA and feeding into the RLR pathways (Hornung et al., 2014; Malathi et al., 

2007). Similarly, DNA-dependent activator of IFN-regulatory factors (DAI) is a 

cytoplasmic DNA sensor that can recognize DNA viruses, leading to IRF3 activation and 

type I IFN production (Takaoka et al., 2007). Last but not least, Absent in melanoma 2 

(AIM2) is also a cytoplasmic DNA sensor shown to have roles in the caspase-1-related 

inflammasome signaling rather than the IRF3 pathway (Fernandes-Alnemri et al., 2009; 

Hornung et al., 2009). 

Having such a variety of RNA and DNA sensors might be the ultimate outcome of years 

of evolution in highly complex mammalian cells that are under continuous attack by an 

ever-changing selection of viruses. There are still many other sensors discovered recently 

with intrinsic cell- and pathogen-specific roles such as DDX41, DXH9, DXH36, DNA-

dependent protein kinase (DKR) and MRE11 (Dempsey & Bowie, 2015).     

 

1.4.1.6 Cellular restriction factors 

The outstanding variety of cytoplasmic sensors are not limited to the nucleic acid ligands 

but also serve to interfere with the machinery adapted by viral invaders of the host system. 

These molecules are named as the cytoplasmic restriction factors that have distinct roles 

in pathogen intrusion, multiplication and interference with the host cell metabolism. For 

example, Apolipoprotein B editing complex 3 (APOBEC3) proteins are members of 

ISGs, transcribed as a result of IFN signaling and further act on HIV-1 and other viruses 

by introducing G to A mutations during the viral reverse transcription process (Stavrou 

& Ross, 2015). Another factor named as SAM domain and HD domain-containing protein 

1 (SAMHD1) is shown to inhibit HIV-1 replication, predominantly in cells of myeloid 

lineage, by degradation of cellular dNTPs (Hrecka et al., 2011; Laguette et al., 2011; 
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Lahouassa et al., 2012).  Schlafen11 (SLFN11) is another host cell restriction factor 

described in the recent years to inhibit HIV-1 protein production by selectively binding 

to tRNAs in a codon-usage-dependent manner (M. Li et al., 2012). 

Among many cellular restriction factors, Tripartite motif 5a  (TRIM5a) is an important 

inhibitor of the HIV-1 life cycle that recognizes the capsid protein and causes pre-mature 

uncoating of the capsid. TRIM5a contains a RING E3 ubiquitin ligase domain and signals 

through the transforming growth factor-beta (TGFb)-activated kinase 1 (TAK1) leading 

to the activation of MAPK pathways and induction of the transcription factors AP-1 and 

NF-kB in a broad range of cell types (Lascano et al., 2016; Pertel et al., 2011). On the 

contrary, Cyclophilin A (CypA) is known for binding to the capsid lattice of HIV-1 and 

unlike TRIM5a, plays a role in the viral life cycle that might increase the infectivity of 

the virus. Recent crystallography results have shown that a new binding site in CypA 

correlates with a structurally more stable curved capsid lattice, thus helping the protection 

of the capsid. However, in the case of high abundance of CypA along with TRIM5a, it is 

suggested that the structure of the lattice is no longer steady, thus resulting in pre-mature 

uncoating (C. Liu et al., 2016). 

Another interesting member of the tripartite motif containing protein family is TRIM28, 

also known as Kruppel-associated box protein-1 (KAP-1), that can act as an antiviral 

agent. Besides its antiviral activity, it plays significant roles in DNA damage responses 

and gene silencing during embryonic stem cell differentiation. Shown in the recent years, 

TRIM28 interacts with the integrase of HIV-1, inhibiting integration to host genome. This 

interaction occurs through the acetylated residues on the integrase and causes 

deacetylation by recruiting histone deacteylase 1 (HDAC1). TRIM28 knock down causes 

increased viral activity in some cell lines that are natural targets of HIV-1 (Allouch et al., 

2011). 

Taken together, these cellular restriction factors have shown the multiple ways the host 

cell can fight against pathogens like HIV-1 in order to stop the life cycle of the virus 

before completion.  
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1.4.2 Transcription factors involved in anti-viral response 

 

Type I interferons are the ultimate factors playing major roles in viral infections as a result 

of multiple anti-viral signaling pathways. The 5’ region of IFNa and IFNb genes named 

as the virus response elements (VREs) contain multiple repetitions of GAAANN 

consensus sequence (Altfeld & Gale Jr, 2015). Upon anti-viral signaling, IRFs, AP-1 (c-

Jun and ATF-2 subunits) and NF-kB (p50 and p65 subunits) are recruited to the VREs 

and turn on the expression of IFNb (Panne et al., 2007). The VRE of IFNa gene does not 

contain the GAAANN consensus, thus cannot recruit NF-kB and is only controlled by 

IRF proteins that bind to the AANNGAAA repeats that are found in abundance. Among 

other members of the IRF family, IRF3 and IRF7 are known as the anti-viral IRFs that 

can form homo- or hetero-dimers with each other and contribute to the expression of 

interferon-stimulated genes (Paun & Pitha, 2007). 

The abundance of type I interferons in the environment during viral infections induces 

signals through the cytokine receptor, resulting in phosphorylation of STAT1 and STAT2 

by JAK1 and TYK2 found in the cytoplasmic tail region of the receptor. IRF9 is another 

member of this family, again playing a significant role in anti-viral signaling by binding 

to the interferon-sensitive response element (ISRE) sites on the 5’ region of ISGs. STAT1 

and STAT2 also form homo- or hetero-dimers and form a complex with IRF9 for the 

expression of ISGs (Rustagi & Gale, 2014).  

As mentioned before in various PRR pathways, IRF3 is directly phosphorylated by 

TBK1/IKKe complex and gets activated whereas NF-kB activation requires the 

phosphorylation of IkB by IKKabg complex. Additionally, AP-1 transcription factor is 

downstream of MAPK pathways that play essential roles in anti-viral signaling, induced 

by TRIM5a, TLR7/8 and cytokine signaling pathways. NF-kB and AP-1 both have broad 

effects on survival and proliferation of immune cells that are far beyond the scope of this 

thesis (Figure 1.11).  

Interestingly, there are several studies supporting the relationship between MAPK 

pathways and WT HIV-1 infections. Among the members of MAPK family, p38 is shown 

to be required for AP-1 induction during HIV-1 infection where p38 phosphorylation is 

rapidly observed upon lentiviral entry in Jurkat cells or PBMCs (Muthumani et al., 2005). 
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Introducing p38 inhibitors block the lentiviral life cycle and therefore show potential 

applications as anti-viral drugs in HIV-1 (Muthumani et al., 2004) or influenza infections 

(Börgeling et al., 2014). The activation of p38 leads to Serine-727 phosphorylation of 

STAT1 which is observable upon viral entry and the use of p38 inhibitors cause a 

reduction in the type I interferon production in the host cell (Börgeling et al., 2014). It is 

evident that viral protein Nef is responsible for PD-1 upregulation in HIV-1-infected cells 

that requires p38 phosphorylation (Muthumani et al., 2008). In different RNA virus 

infections, the presence of cytoplasmic 5’PPP-RNA initiates RIG-I signaling that 

activates p38 and JNK (Mikkelsen et al., 2009; Poeck et al., 2010). Inhibition of JNK is 

also shown to reduce lentiviral infection of fibroblasts and keratinocytes (Lee et al., 

2011). Additionally, the involvement of p38 and JNK in viral infections are not restricted 

to RNA viruses and the viral signaling could potentially be abrogated by the use of MAPK 

inhibitors in DNA virus infections (Pan et al., 2006). Taken together, the involvement of 

MAPKs in lentiviral gene delivery shows exciting paths to be discovered. 
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Figure 1.11. Important signaling pathways activated in anti-viral response. WT 
viruses or lentiviral vectors that enter the host cell cytoplasm cause differential 
signals to be induced by the genomic RNA, cDNA or the capsid proteins. The 
capsid lattice is detected by TRIM5a in the cytoplasm, signaling through TAK1 
and MAPKs to induce AP-1. Viral RNA that contains the 5’PPP motif gets 
detected by RIG-I and MDA5 in the cytoplasm, signaling via MAVS with a role 
of TRIM25 causing the ubiquitination of RIG-I. This brings together the 
signaling molecules required for the downstream signal transduction towards 
IKK and TBK1 pathways, further causing the activation of NF-kB and IRF3 
respectively. The result of reverse-transcribed viral genome is detected by 
cytoplasmic DNA sensors, DAI, IFI16 and cGAS, that require the adaptor 
STING found on ER to induce NF-kB and IRF3 activation. Alternatively, viral 
RNA detected in the endosomes induce signals from TLR3 that results in NF-
kB and IRF3 activation or TLR7/8, leading to MAPKs or IRF7 phosphorylation. 
IRF3 and IRF7 homo and heterodimers bind to their corresponding VREs on the 
5’ region of IFNa and IFNb genes, resulting in cytokine production. IFNa and 
IFNb secreted in an autocrine manner or from neighboring cells end up 
activating STAT1 and STAT2 signaling due to the phosphorylation of Tyrosine 
residues by JAK and TYK found on the cytoplasmic tail of cytokine receptor. 
STAT1/STAT2 can further bind to GAS elements in the genome, turning on the 
expression of a variety of IRF genes including IRF9. IRF9 forms a complex with 
STAT1/STAT2 and together they bind to the ISRE elements in the ISGs, 
expressing genes associated with anti-viral response. IL-2 and IL-21 receptors 
are shown to include other main signaling events occurring in the NK cell culture 
environment that could potentially interfere with the anti-viral pathways. Dashed 
lines indicate translocation, black lines indicate activation (adapted partially 
from Melchjorsen, 2013). 

 

 



 32 

 

 

 

1.5 CRISPR/Cas9-Mediated Genome Editing 

 

 

1.5.1 History and mechanism of genome editing 

 

Targeted genome editing has been the major hurdle of all genetic engineers around the 

world for many years who have been in search of altering and investigating specific roles 

of genes. Astonishingly, the tools required for the most efficient genome editing came 

from the nature itself, found in the world of microorganisms. CRISPR/Cas9 technology 

has been the most exciting discovery of this decade, with accelerated findings about the 

nature of genome editing used in a variety of cell types and broad applications.  

Looking back at the most applied genome editing systems of the past twenty years, Zinc-

finger nucleases (ZFNs), Transcription activator-like effector nucleases (TALENs) and 

most recently CRISPR/Cas9 have all adapted the same basic principle of creating double-

stranded breaks (DSBs) at the target sequence. ZFNs and TALENs rely on a protein-DNA 

interaction for the recognition of target sequence and utilize a nuclease, mostly FokI, for 

the DSB at desired location. On the other hand, the CRISPR/Cas9 system derived from 

Streptococcus pyogenes revolutionized this approach by introducing RNA-DNA 

interactions mainly through complementation and cut the genome with an RNA-targeted 

nuclease, Cas9 (Ran et al., 2013).  

The introduction of DSBs in the genome alerts DNA repair systems of the host cell that 

results in two outcomes: non-homologous end joining (NHEJ) where random insertion or 

deletions (together known as INDELs) occur at the cut site or homology-directed repair 

(HDR) that uses a DNA template to fill the missing parts (Figure 1.12). In an attempt to 

knock-in specific sequences, DNA templates in the form of plasmids or single-stranded 

oligonucleotides (ssODNs) can be co-transfected with the genome-editing system. Even 

though their mechanisms of action seem similar, ZFNs and TALENs require a very 

troublesome cloning procedure that combines the specific DNA-binding proteins in the 



 33 

necessary order and bases the DSB on the dimerization of nucleases that span the 

upstream and downstream sequences of the target site. On the contrary, CRISPR/Cas9 

system only requires the cloning of a 20 nucleotide-long guide RNA sequence to the RNA 

backbone of the construct where RNA-guided Cas9 is produced from a single plasmid.  

 

Figure 1.12. CRISPR/Cas9-mediated genome editing. Example shows a 
genomic DNA sequence where CRISPR target site (black) has a PAM sequence 
(red) in the 5’ to 3’ direction where hypothetical double-stranded break (DSB) 
will occur at the annotated site (lightning sign). The outcome of DSB can either 
be non-homologous end joining (NHEJ) with random indel mutations or 
homology-directed repair (HDR) where a single-stranded oligonucleotide 
(ssODN, blue) or a plasmid can be used to serve as a template for repair. (Dashed 
lines indicate homology regions) Single cell clones can be isolated to identify 
specific mutants.  

 

The only requirement for CRISPR design is the existence of a protospacer adjacent motif 

(PAM) sequence that is generically an NGG at the 3’ end of the target sequence and it is 

suggested that the theoretical cut site is 3 bp upstream of this sequence (Ran et al., 2013). 

Thus, any sequence in the genome that contains this motif can theoretically be altered by 

the CRISPR/Cas9 system which is now named as Sp-Cas9 to define its origin. 

Additionally, the discoveries of new Cas9 homologs from other species, Cpf1 just to 

name a recent one (Zetsche et al., 2015), and engineering of the original construct have 

enlightened the path for researchers to use different PAM sequences in the genome for 

targeted editing (Hirano et al., 2016; Kleinstiver et al., 2015). The biggest concern about 

the use of CRISPR/Cas9 system for genome editing is the issue of off-target binding 

possibility. This is due to the complementation of gRNA to other sequences with partial 

matches in the genomic DNA that is currently trying to be predicted with smart software 
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design. The predictions lead the users to pick sites with the least off-target effects but still 

remain to be resolved for future therapeutic uses.  

With recent advances in the field, CRISPR/Cas9 system has evolved beyond imagination, 

serving specific needs to change or alter genes, create knock-out or knock-ins, stimulate 

large deletion or inversions, turn the expression of genes on and off by interacting with 

DNA modifications and imaging of genomic loci by the help of fluorescent tags (Sander 

& Joung, 2014). It is also the new tool in the field of gene therapy as mentioned earlier 

in the section 1.3.3 with new advances in directing viral vector integration into a specific 

site in the genome for precise targeted therapy. The first clinical trial with CRISPR gene 

editing in humans was announced in the second half of 2016 that would potentially target 

T cells of cancer patients (Cyranoski, 2016).   

 

1.5.2 Genome-wide approaches with the GeCKO library  

 

Genome-scale CRISPR-Cas9 knock-out (GeCKO) library is a tool for complete knock-

out screen in human cells, targeting more than 19,000 genes with a variety of gRNAs. It 

consists of two sets of libraries, named as Library A and Library B where each library 

has 3 unique guide RNA sequences targeting one gene in the human genome, increasing 

the total number of guide RNA sequences to 6 per gene. Library A additionally contains 

guide RNA sequences targeting miRNAs. There are also 1000 non-targeting control 

guide RNAs (Sanjana et al., 2014; Shalem et al., 2014). The complete description of the 

contents of the library can be listed in Table 1.3.  

Current applications of GeCKO library in mammalian cells aim to screen genes that play 

roles in a certain limitation factor. For example, chemotherapeutic drug vemurafenib 

resistance, related to certain types of chemo-resistant cancers, can be mapped to genes 

playing roles in this process. Melanoma cells have been utilized for this approach in one 

study (Shalem et al., 2014) where GeCKO-transduced cells were further introduced with 

the drug and the surviving cells were sequenced in order to figure out which genes 

complemented in cancer cell survival in the presence of the drug. This tool can be adapted 

to many different biological questions, in theory to any cell line that is efficiently 

transduced with lentiviral vectors, further creating complete loss-of-function screens. 



 35 

Species human 

Total number of genes targeted 19,050 

Targeting constructs per gene 6 per gene (3 in Library A, 3 in Library B)  

Number of miRNA targeted 1,864 

Targeting constructs per miRNA 4 per miRNA 

Control (non-targeting) sgRNAs 1,000 

Total sgRNA constructs 122,411 (65,383 in Library A, 58,028 in Library B) 

Viral plasmid backbone lentiCRISPRv2 

Table 1.3. Features of GeCKO Library (adapted from www.genome-
engineering.org/gecko/). 
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2. AIM OF THIS STUDY 

 

 

 

 

NK cells show resistance to lentiviral gene delivery and the reasons behind this resistance 

have not yet been fully identified in HIV-1-based, VSV-G-pseudotyped 3rd generation 

lentiviral vector systems. The use of small molecule inhibitor of the TBK1/IKKe 

complex, BX795, enhances lentiviral gene delivery in primary NK cells as well as many 

other cells of hematopoietic lineage. However, the exact pathways playing roles in this 

effect have not been assessed. The main suspected pathways included viral RNA sensors 

that induced an overall anti-viral response in the host cell, RIG-I-like receptors that utilize 

TBK1/IKKe complex and their corresponding transcription factors NF-kB, IRF3 and 

IRF7. Additionally, endosomal sensing of viral RNA through TLR3 also may induce 

signals by the TBK1/IKKe complex. However, another cytoplasmic restriction factor 

TRIM5a recognizing the capsid structure of HIV-1 mainly activates TAK1 and related 

MAPK pathways that could result in the activation of NF-kB and AP-1 transcription 

factors with diverse effects in immune cells. The induction of these pathways resulting in 

an overall anti-viral response and production of type I interferons that could further 

activate STAT signaling. The relationship between WT HIV-1 infection and MAPK 

pathways have been identified but the specific interactions with NK cells in lentiviral 

gene delivery have not yet been found. The studies involving WT HIV-1 and host 

interactions included the natural hosts of the virus, namely T cells, macrophages and DCs 

to some extent. The responses to the lentiviral vectors have been investigated, to some 
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extent, in some cell lines but not specifically in NK cells. How and why lentiviral vectors 

fail in gene delivery to NK cells is unknown. Thus, this study aimed:  

I. To identify specific roles of anti-viral signaling components and the kinase 

inhibitor BX795 in NK-92 cells by molecular pathway analysis and gene knock 

out strategies using CRISPR/Cas9-mediated genome editing, 

II. To map the potential pathways playing a role in anti-viral signaling in NK cells 

by genome-wide approaches, 

III. To shed light on novel pathways and other inhibitors that might have higher 

success in lentiviral gene delivery and provide potential use in gene therapy. 
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3. MATERIALS AND METHODS 

 

 

 

 

3.1 Materials 

 

 

3.1.1 Chemicals 

 

All the chemicals used in this thesis are listed in Appendix A. 

 

3.1.2 Equipment 

 

All the equipment used in this thesis is listed in Appendix B. 

 

3.1.3 Buffers and solutions 

 

Calcium Chloride (CaCl2) Solution: 60mM CaCl2 (diluted from 1M stock), 15% 

Glycerol, 10mM PIPES (pH 7.00) were mixed and sterilized by autoclaving at 121oC for 

15 minutes and stored at 4oC.  
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Agarose Gel: For 100 ml 1% w/v gel, 1 g of agarose powder was dissolved in 100 ml 

0.5X TBE buffer by heating. 0.01% (v/v) ethidium bromide was added to the solution. 

Phosphate-buffered saline (PBS): For 1000 ml 1X solution, 100 ml 10X DPBS was added 

to 900 ml ddH2O and the solution was filter-sterilized. 

Tris-Borate-EDTA (TBE) Buffer: For 1 L 5X stock solution, 54 g Tris-base, 27.5 g boric 

acid, and 20 ml 0.5M EDTA (pH 8.00) were dissolved in 1 L of ddH2O. The solution is 

stored at room temperature (RT) and diluted 1 to 10 with ddH2O for working solution of 

0.5X TBE.  

 

3.1.4 Growth media 

 

Luria Broth (LB): For 1 L 1X LB media, 20 g LB powder was dissolved in 1 L ddH2O 

and then autoclaved at 121°C for 15 minutes. For selection, kanamycin at a final 

concentration of 50 µg/ml or ampicillin at a final concentration of 100 µg/ml was added 

to liquid medium just before use. 

LB-Agar: For 1X agar medium in 1L, 20 g LB powder and 15 g bacterial agar powder 

were dissolved in 1 L ddH2O and then autoclaved at 121°C for 15 minutes. Then, 

autoclaved LB agar is mixed with antibiotic of interest at desired ratio. Kanamycin at a 

final concentration of 50 µg/ml or ampicillin at a final concentration of 100 µg/ml was 

added to prepared medium just before pouring onto sterile petri dishes. Sterile agar plates 

were kept at 4°C. 

DMEM: 293FT cells were maintained in culture in DMEM supplemented with 10% heat-

inactivated fetal bovine serum, 2mM L-Glutamine, 1mM Sodium Pyruvate, 0.1mM 

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

RPMI: YTS cell line is maintained in culture in RPMI1640 supplemented with 20% heat-

inactivated fetal bovine serum, 25mM HEPES, 2mM L-Glutamine, 1X MEM vitamins, 

0.1mM MEM Non-essential amino acid solution, 1mM Sodium Pyruvate and 0.1 mM 2-

mercaptoethanol.  
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SCGM: NK-92 cell line is maintained in culture in CellGro SCGM supplemented with 

20% heat-inactivated fetal bovine serum. 1000 U/ml Interleukin-2 is added to culture 

every 48 hours. 

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

containing 6% DMSO (v/v). 

 

3.1.5 Commercial kits used in this study  

 

All the commercial kits used in this thesis is listed in Appendix C. 

 

3.1.6 Enzymes 

 

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

from either Fermentas or New England Biolabs.  

 

3.1.7 Antibodies 

 

Antibodies used in this study are listed in Appendix D. 

 

3.1.8 Bacterial strains 

 

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

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

 

293FT: Human embryonic kidney 293 (HEK293) cell line derivative that stably express 

the large T antigen of SV40 virus and has fast-growing specificity (Invitrogen R70007). 

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

lymphoma patient (ATCC® CRL 2407™).  

YTS: Derivative of YT cell line that was originally from a 15-year old male with acute 

lymphoblastic leukemia (ALL) were TCR-negative cells with NK cell activity (DSMZ 

ACC 434).   

 

3.1.10 Plasmids and oligonucleotides 

 

The plasmids and the oligonucleotides used in this thesis are listed in Table 3.1 and Table 

3.2, respectively. 

PLASMID NAME PURPOSE OF USE SOURCE 

pMDLg/pRRE Virus production/packaging plasmid 
(Gag/Pol) 

Addgene (#12251) 

pRSV-REV Virus production/packaging plasmid (Rev) Addgene (#12253) 

pCMV-VSV-g Virus production/packaging plasmid (Env) Addgene (#8454) 

LeGO-G2 Lentiviral construct for GFP expression Kind gift from Prof. Boris 
Fehse of University Medical 
Center Hamburg-Eppendorf, 
Hamburg, Germany 

LeGO-G2-Puro Lentiviral construct for GFP expression 
with Puromycin resistance gene 

Kind gift from Prof. Boris 
Fehse of University Medical 
Center Hamburg-Eppendorf, 
Hamburg, Germany 

lentiCRISPRv2 Lentiviral construct for CRISPR/Cas9 
expression with Puromycin resistance gene 

Addgene (#52961) 

lentiCRISPRv2-GeCKO 
Human Library A 

Lentiviral construct for CRISPR/Cas9 
expression with Puromycin resistance gene 
– GeCKO Human knock out Library A 

Addgene (#1000000048) 

lentiCRISPRv2-GeCKO 
Human Library B 

Lentiviral construct for CRISPR/Cas9 
expression with Puromycin resistance gene 
– GeCKO Human knock out Library B 

Addgene (#1000000048) 
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pspCas9(BB)-2A-GFP Mammalian expression plasmid for 
CRISPR/Cas9 system with GFP 

Addgene (#48138) 

pspCas9(BB)-2A-Puro Mammalian expression plasmid for 
CRISPR/Cas9 system with Puro 

Addgene (#48139) 

DDX58_pspCas9(BB)-2A-GFP Mammalian expression plasmid with 
DDX58-targeting CRISPR/Cas9 and GFP  

Lab construct 

DDX58_pspCas9(BB)-2A-Puro Mammalian expression plasmid with 
DDX58-targeting CRISPR/Cas9 and 
Puromycin resistance  

Lab construct 

IFIH1_pspCas9(BB)-2A-GFP Mammalian expression plasmid with 
IFIH1-targeting CRISPR/Cas9 and GFP  

Lab construct 

IFIH1_pspCas9(BB)-2A-Puro Mammalian expression plasmid with 
IFIH1-targeting CRISPR/Cas9 and 
Puromycin resistance  

Lab construct 

TBK1_pspCas9(BB)-2A-GFP Mammalian expression plasmid with 
TBK1-targeting CRISPR/Cas9 and GFP  

Lab construct 

TBK1_pspCas9(BB)-2A-Puro Mammalian expression plasmid with 
TBK1-targeting CRISPR/Cas9 and 
Puromycin resistance  

Lab construct 

TRIM5a_pspCas9(BB)-2A-GFP Mammalian expression plasmid with 
TRIM5a-targeting CRISPR/Cas9 and GFP  

Lab construct 

TRIM5a_pspCas9(BB)-2A-Puro Mammalian expression plasmid with 
TRIM5a-targeting CRISPR/Cas9 and 
Puromycin resistance  

Lab construct 

DDX58_lentiCRISPRv2  Lentiviral construct for DDX58-targeting 
CRISPR/Cas9 expression with Puromycin 
resistance  

Lab construct 

IFIH1_lentiCRISPRv2  Lentiviral construct for IFIH1-targeting 
CRISPR/Cas9 expression with Puromycin 
resistance  

Lab construct 

IRF3_lentiCRISPRv2  Lentiviral construct for IRF3-targeting 
CRISPR/Cas9 expression with Puromycin 
resistance  

Lab construct 

IRF7_lentiCRISPRv2  Lentiviral construct for IRF7-targeting 
CRISPR/Cas9 expression with Puromycin 
resistance  

Lab construct 

IRF9_lentiCRISPRv2  Lentiviral construct for IRF9-targeting 
CRISPR/Cas9 expression with Puromycin 
resistance  

Lab construct 

JAK3_lentiCRISPRv2  Lentiviral construct for JAK3-targeting 
CRISPR/Cas9 expression with Puromycin 
resistance  

Lab construct 

LCK_lentiCRISPRv2  Lentiviral construct for LCK-targeting 
CRISPR/Cas9 expression with Puromycin 
resistance  

Lab construct 

MAP3K7_lentiCRISPRv2  Lentiviral construct for MAP3K7-targeting 
CRISPR/Cas9 expression with Puromycin 
resistance  

Lab construct 



 43 

MAPK8_lentiCRISPRv2  Lentiviral construct for MAPK8-targeting 
CRISPR/Cas9 expression with Puromycin 
resistance  

Lab construct 

MAPK14_lentiCRISPRv2  Lentiviral construct for MAPK14-targeting 
CRISPR/Cas9 expression with Puromycin 
resistance  

Lab construct 

MAVS_lentiCRISPRv2  Lentiviral construct for MAVS-targeting 
CRISPR/Cas9 expression with Puromycin 
resistance  

Lab construct 

PIK3CA_lentiCRISPRv2  Lentiviral construct for PIK3CA-targeting 
CRISPR/Cas9 expression with Puromycin 
resistance  

Lab construct 

SYK_lentiCRISPRv2  Lentiviral construct for SYK-targeting 
CRISPR/Cas9 expression with Puromycin 
resistance  

Lab construct 

TBK1_lentiCRISPRv2  Lentiviral construct for TBK1-targeting 
CRISPR/Cas9 expression with Puromycin 
resistance  

Lab construct 

TLR3_lentiCRISPRv2  Lentiviral construct for TLR3-targeting 
CRISPR/Cas9 expression with Puromycin 
resistance  

Lab construct 

TLR7_lentiCRISPRv2  Lentiviral construct for TLR7-targeting 
CRISPR/Cas9 expression with Puromycin 
resistance  

Lab construct 

TMEM173_lentiCRISPRv2  Lentiviral construct for TMEM173-
targeting CRISPR/Cas9 expression with 
Puromycin resistance  

Lab construct 

TRIM5a_lentiCRISPRv2  Lentiviral construct for TRIM5a-targeting 
CRISPR/Cas9 expression with Puromycin 
resistance  

Lab construct 

TRIM25_lentiCRISPRv2  Lentiviral construct for TRIM25-targeting 
CRISPR/Cas9 expression with Puromycin 
resistance  

Lab construct 

TRIM28_lentiCRISPRv2  Lentiviral construct for TRIM28-targeting 
CRISPR/Cas9 expression with Puromycin 
resistance  

Lab construct 

Table 3.1. Complete list of plasmids used in this study. 
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OLIGO NAME SEQUENCE (5’ to 3’) PURPOSE OF USE 

DDX58_top CACCGTCGCTGCTCGGTGGTCATGC pspCas9 cloning 

DDX58_bottom AAACGCATGACCACCGAGCAGCGAC pspCas9 cloning 

DDX58_forward ATACTAAGGAAGAGCCCT Genomic DNA PCR for 
RFLP and sequencing of 
DDX58 CRISPR target site 

DDX58_reverse TCGGAAAATCCCTGCTTT Genomic DNA PCR for 
RFLP and sequencing of 
DDX58 CRISPR target site 

DDX58 ssODN CGGATATAATCCTGGAAGGCTTGCAGGCT
GCGTCGCTGCTCGGTGGAATTCCCGGCCTC
TGCTTGCAGCTAGCTACGTTCCCCGCAGGC
TGTGCCTC 

For HDR in DDX58 
transcription start site 

IFIH1_top CACCGTGAGAAAGAAAGATGTCGAA pspCas9 cloning 

IFIH1_bottom AAACTTCGACATCTTTCTTTCTCAC pspCas9 cloning 

IFIH1_forward ATGCACTTATCCAAGACG Genomic DNA PCR for 
RFLP and sequencing of 
IFIH1 CRISPR target site 

IFIH1_reverse GACCCTGCTTCTCTAAGT Genomic DNA PCR for 
RFLP and sequencing of 
IFIH1 CRISPR target site 

IFIH1 ssODN CAGCACCATCTGCTTGGGAGAACCCTCTCC
CTTCTCTGAGAAAGAGTCGACTCGAATGG
GTATTCCACAGACGAGAATTTCCGCTATCT
CATCTCGT 

For HDR in IFIH1 
transcription start site 

TBK1_top CACCGAGAGCACTTCTAATCATCTG pspCas9 cloning 

TBK1_bottom AAACCAGATGATTAGAAGTGCTCTC pspCas9 cloning 

TBK1_forward ACATTGGCTAGAACTGAAC Genomic DNA PCR for 
RFLP and sequencing of 
TBK1 CRISPR target site 

TBK1_reverse TCTTCAGACAAAGGGATCAA Genomic DNA PCR for 
RFLP and sequencing of 
TBK1 CRISPR target site 

TBK1 ssODN TATAACAAGAGGATTGCCTGATCCAGCCA
AGATTCAGAGCACTTCGAATTCTCTGTGGC
TTTTATCTGATATTTTAGGCCAAGGAGCTA
CTGCAAAT 

For HDR in TBK1 
transcription start site 

TRIM5a_top CACCGGGAATAGCTACTATGGCTTC pspCas9 cloning 

TRIM5a_bottom AAACGAAGCCATAGTAGCTATTCCC pspCas9 cloning 
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TRIM5a_forward CACAAAGCCAGCAAATGA Genomic DNA PCR for 
RFLP and sequencing of 
TRIM5a CRISPR target site 

TRIM5a_reverse CCTTTTCTTATTTCTCCCCT Genomic DNA PCR for 
RFLP and sequencing of 
TRIM5a CRISPR target site 

TRIM5a ssODN AGAGGAACCTCAGCAGCCAGGACAGGCAG
GAGCAGTGGAATAGCTGAATTCGCTTCTGG
AATCCTGGTTAATGTAAAGGAGGAGGTGA
CCTGCCCCA 

For HDR in TRIM5a 
transcription start site 

TBK1_A2_top CACCGCATAAGCTTCCTTCGTCCAG LentiCRISPRv2 cloning 

TBK1_A2_bottom AAACCTGGACGAAGGAAGCTTATGC LentiCRISPRv2 cloning 

DDX58_A1_top CACCGGGGTCTTCCGGATATAATCC LentiCRISPRv2 cloning 

DDX58_A1_bottom AAACGGATTATATCCGGAAGACCCC LentiCRISPRv2 cloning 

IFIH1_A1_top CACCGCGAATTCCCGAGTCCAACCA LentiCRISPRv2 cloning 

IFIH1_A1_bottom AAACTGGTTGGACTCGGGAATTCGC LentiCRISPRv2 cloning 

TRIM5a_A2_top CACCGGTATGACAAAACCAACGTCT LentiCRISPRv2 cloning 

TRIM5a_A2_bottom AAACAGACGTTGGTTTTGTCATACC LentiCRISPRv2 cloning 

TRIM25_A2_top CACCGAAAGCCAGTCTACATCCCCG LentiCRISPRv2 cloning 

TRIM25_A2_bottom AAACCGGGGATGTAGACTGGCTTTC LentiCRISPRv2 cloning 

TLR3_A1_top CACCGTTCGGAGCATCAGTCGTTGA LentiCRISPRv2 cloning 

TLR3_A1_bottom AAACTCAACGACTGATGCTCCGAAC LentiCRISPRv2 cloning 

TLR7_A1_top CACCGAAGGAATAGTCACCTCCGTA LentiCRISPRv2 cloning 

TLR7_A1_bottom AAACTACGGAGGTGACTATTCCTTC LentiCRISPRv2 cloning 

IRF3_B1_top CACCGATCTACGAGTTTGTGAACTC LentiCRISPRv2 cloning 

IRF3_B1_bottom AAACGAGTTCACAAACTCGTAGATC LentiCRISPRv2 cloning 

IRF7_A2_top CACCGCGCGTCGCTTCGTGATGCTG LentiCRISPRv2 cloning 

IRF7_A2_bottom AAACCAGCATCACGAAGCGACGCGC LentiCRISPRv2 cloning 

IRF9_A1_top CACCGGAACTGTGCTGTCGCTTTGA LentiCRISPRv2 cloning 
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IRF9_A1_bottom AAACTCAAAGCGACAGCACAGTTCC LentiCRISPRv2 cloning 

MAPK14_A2_top CACCGCTTATCTACCAAATTCTCCG LentiCRISPRv2 cloning 

MAPK14_A2_bottom AAACCGGAGAATTTGGTAGATAAGC LentiCRISPRv2 cloning 

MAP3K7_A2_top CACCGTAGACCAACAACGAGTCATC LentiCRISPRv2 cloning 

MAP3K7_A2_bottom AAACGATGACTCGTTGTTGGTCTAC LentiCRISPRv2 cloning 

MAVS_A2_top CACCGTTCACTAGTGCAGACGCCGC LentiCRISPRv2 cloning 

MAVS_A2_bottom AAACGCGGCGTCTGCACTAGTGAAC LentiCRISPRv2 cloning 

TMEM173_A1_top CACCGGCGGGCCGACCGCATTTGGG LentiCRISPRv2 cloning 

TMEM173_A1_bottom AAACCCCAAATGCGGTCGGCCCGCC LentiCRISPRv2 cloning 

JAK3_A2_top CACCGAATCCTTGCGTAGCCCGAAG LentiCRISPRv2 cloning 

JAK3_A2_bottom AAACCTTCGGGGCTACGCAAGGATTC LentiCRISPRv2 cloning 

PIK3CA_A1_top CACCGTACACAGACACTCTAGTATC LentiCRISPRv2 cloning 

PIK3CA_A1_bottom AAACGATACTAGAGTGTCTGTGTAC LentiCRISPRv2 cloning 

MAPK8_A2_top CACCGTAGTAGCGAGTCACTACATA LentiCRISPRv2 cloning 

MAPK8_A2_bottom AAACTATGTAGTGACTCGCTACTAC LentiCRISPRv2 cloning 

TRIM28_B3_top CACCGTTGCACATAACCAGATCGCC LentiCRISPRv2 cloning 

TRIM28_B3_bottom AAACGGCGATCTGGATATGTGCAAC LentiCRISPRv2 cloning 

LCK_A3_top CACCGGCCCAGATCTCCGTCGTGAG LentiCRISPRv2 cloning 

LCK_A3_bottom AAACCTCACGACGGAGATCTGGGCC LentiCRISPRv2 cloning 

SYK_A1_top CACCGGAAAGAAGTTCGACACGCTC LentiCRISPRv2 cloning 

SYK_A1_bottom AAACGAGCGTGTCGAACTTCTTTCC LentiCRISPRv2 cloning 

hU6_forward GAGGGCCTATTTCCCATGATTCC lentiCRISPRv2 sequencing 
primer 

V2 adapter forward AATGGACTATCATATGCTTACCGTAACTTG
AAAGTATTTCG 

PCR1 of GeCKO Library A 
and B samples 
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V2 adapter reverse TCTACTATTCTTTCCCCTGCACTGTTGTGGG
CGATGTGCGCTCTG 

PCR1 of GeCKO Library A 
and B samples 

GECKO F01 AATGATACGGCGACCACCGAGATCTACAC
TCTTTCCCTACACGACGCTCTTCCGATCTTA
AGTAGAGTCTTGTGGAAAGGACGAAACAC
CG 

PCR2 of GeCKO Library A 
samples used for NGS  

GECKO F02 AATGATACGGCGACCACCGAGATCTACAC
TCTTTCCCTACACGACGCTCTTCCGATCTAT
ACACGATCTCTTGTGGAAAGGACGAAACA
CCG 

PCR2 of GeCKO Library B 
samples used for NGS 

GECKO R02 CAAGCAGAAGACGGCATACGAGATGTGAC
TGGAGTTCAGACGTGTGCTCTTCCGATCTT
TCTACTATTCTTTCCCCTGCACTGT 

PCR2 of GeCKO Library A 
and B samples used for 
NGS 

Table 3.2. Complete list of primers and oligonucleotides used in this study. 

 

3.1.11 DNA Ladder 

 

DNA ladder used in this study is shown in Appendix E. 

 

3.1.12 DNA sequencing 

 

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

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

 

3.1.13 Software, computer-based programs and websites 

 

The software and computer based programs used in this project are listed in Table 3.3.  
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SOFTWARE, PROGRAM, 
WEBSITE NAME 

 

COMPANY/ADDRESS 

 

PURPOSE OF USE 

FlowJo v10 Tree Star Inc. Viewing and analyzing flow 
cytometry data 

CLC Main Workbench v7.7 CLC bio Constructing vector maps, 
restriction analysis, DNA 
sequencing analysis, DNA 

alignments, etc 

Ensembl Genome Browser http://www.ensembl.org/index.

html 

Human genome sequence 
information 

LightCycler 480 SW 1.5 ROCHE Analyzing qPCR results 

Image Studio LI-COR Biosciences, Lincoln, 
Nebraska, USA 

Analyzing immune cell signaling 
array output 

MIT CRISPR design tool http://crispr.mit.edu/ Website for CRISPR design and 
off-target analysis 

Addgene https://www.addgene.org/ Plasmid map and sequence 
information, CRISPR design tool 

guidelines 

GeCKO v.2 Library  http://www.genome-
engineering.org/gecko/ 

Plasmid map, protocols and 
sequence information of all 

CRISPR constructs used in the 
GeCKO v.2 Library 

GraphPad Prism v7 GraphPad Software, Inc., San 
Diego, CA, USA 

Data analysis, statistical analysis 

Table 3.3. Complete list of software and programs. 
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3.2 Methods 

 

 

3.2.1 Bacterial cell culture 

 

Bacterial culture growth:  E.coli cells were cultured in LB media with required antibiotics 

and grown at 37oC with 220 rpm shaking. For single colony picking, cells were spread 

on petri dishes prepared with required antibiotics by the use of glass beads and incubated 

overnight at 37oC without shaking. For long term storage of bacteria, single colonies 

grown overnight in liquid culture were further diluted 1:3 and were grown for another 3 

hours at 37oC with 220 rpm shaking. Bacteria were taken at log phase of growth and 

mixed with glycerol in 1ml at final 10% (w/v) and preserved in cryotubes at -80oC.  

Preparation of competent bacteria: Previously obtained competent E.coli cells were 

incubated in 50 ml LB without any antibiotics in a 250ml-flask and grown overnight 

(approximately 16 hours) at 37oC with 220 rpm shaking. The following day, 4 ml of 

overnight-grown culture was added into 400 ml of LB without any antibiotics in a 2L-

flask and incubated at 37oC with 220 rpm shaking until OD590 is around 0.375. The culture 

is aliquoted into eight 50ml-tubes and incubated on ice for 5-10 minutes. Cells were kept 

cold and centrifuged at 1600g for 10 minutes always at 4oC from then on. Then 

supernatant was discarded and each pellet was resuspended in 10 ml of ice-cold CaCl2 

solution and centrifuged at 1100g for 5 minutes again at 4oC. Then supernatant was 

discarded and each pellet was resuspended in 2 ml of ice-cold CaCl2 solution. Cells were 

kept on ice for 30 minutes and finally all were combined in one tube and distributed into 

200 µl aliquots that were snap-frozen in liquid nitrogen and stored at -80oC.  

Transformation of competent bacteria: Competent E.coli cells were kept in 200 µl 

aliquots at -80oC. For each transformation, plasmid DNA and competent E.coli cells were 

thawed on ice. Plasmid DNA was added to competent E.coli cells at desired amounts and 

cells were further incubated on ice for 30 minutes. The cells were then taken to heat block 
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pre-adjusted to 42oC and heat shocked for 90 seconds and immediately taken to ice for 

another minute. 800 µl of LB was added to each tube and competent cells were incubated 

at water bath pre-adjusted to 37oC for 45 minutes. All cells were centrifuged at 13,200 

rpm for 1 minute and the pellet was resuspended in 100 µl volume to be spread on petri 

dishes. Glass beads were placed on petri dishes prepared with LB agar containing 

appropriate antibiotic and 100 µl bacterial cell suspension was spread equally on the plate 

surface. Plates were then incubated at 37oC without shaking overnight.  

Plasmid DNA isolation: Invitrogen or Macherey-Nagel Mini-Midiprep Kits were applied 

according to manufacturer’s protocols. The resultant DNA concentration and purity were 

obtained by a NanoDrop spectrophotometer. 

 

3.2.2 Mammalian cell culture 

 

Maintenance of cell lines: 293FT cells were maintained in complete DMEM medium in 

sterile tissue culture flasks with filtered caps at an incubator set to 37oC with 5% CO2. 

Cells were split when maximum 90% confluency was reached. Cells were washed with 

PBS and trypsin was added to cell culture flasks and incubated at an incubator set to 37oC 

with 5% CO2 for 5-6 minutes. Then the cells were resuspended in complete DMEM and 

split at 1:3 to 1:8 ratio and split every two days, never letting them reach full confluency. 

NK-92 cells were maintained in SCGM supplied with 20% heat-inactivated fetal bovine 

serum and 1000 U/ml human Interleukin-2 (IL-2) in sterile tissue culture flasks with 

filtered caps at an incubator set to 37oC with 5% CO2.  Cells were kept at a density 

between 300,000 cells/ml to 1,000,000 cells/ml and fresh IL-2 was added every 48 hours. 

YTS cells were maintained in complete RPMI medium in sterile tissue culture flasks with 

filtered caps at an incubator set to 37oC with 5% CO2. Cells were kept at a density between 

300,000 cells/ml to 1,000,000 cells/ml.  

Cell freezing: Regardless of cell type, cells were split one day before freezing to a 

concentration of 500,000 cells/ml for suspension cells and to a confluency of 30-40% for 

adherent cells. The next day, cells to be frozen were counted and at least 3x106 cells were 

frozen per vial. For each vial, cells were centrifuged at 300g for 5 minutes where 

supernatant was discarded and the pellet was resuspended in 0.5ml FBS and incubated on 
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ice for 15-20 minutes. In the meantime, 0.5 ml FBS with 12% DMSO was prepared fresh 

and incubated on ice. When the incubation was over, 0.5 ml cell suspension was mixed 

with 0.5 ml freezing medium to reach 6% DMSO in 1 ml. Cells were stored in cryotubes 

first in -80oC, then in liquid nitrogen for long term storage. 

Cell thawing: Cells preserved in liquid nitrogen in cryotubes were taken on ice and slowly 

brought to RT. 15 ml tubes were prepared for each cell with 5 ml FBS. When the cell 

suspension was at RT, 1 ml frozen sample was pipetted very carefully into FBS, taking 

2-3 minutes in total to avoid harming cells and dilute remnants of DMSO. The cells were 

then centrifuged at 300g for 5 minutes and supernatant was discarded. The cell pellet was 

resuspended with complete media to reach 500,000-700,000 cells/ml concentration and 

the cells were followed every day after thaw.  

Lentiviral vector production: For lentiviral vector production, 14x106 293FT cells were 

cultured overnight in poly-L-lysine-coated 150mm cell culture plates. Next morning, 

cells were transfected with 30µg gene-of-interest (GOI) plasmid (LeGO-G2, LeGO-G2-

Puro or LeGO-T2 unless specified differently) (Weber, Bartsch, Stocking, & Fehse, 

2008) expressing eGFP (or tdTomato) in combination with 15ug pMDLg/pRRE 

(Gag/Pol), 10µg pRSV-Rev (Rev) and 5µg phCMV-VSV-G (Env) plasmids using 

Calcium Phosphate transfection kit in the presence of 25 µM chloroquine. Approximately 

10-12hr later medium was changed and afterwards virus containing media was collected 

at 24hr and 36hr time points, filtered with 0.45 µm filters. Aliquots were taken from each 

virus production and stored at -80oC with no repeated freeze and thaw cycle. Serum-free 

virus batches were obtained by purifying 40 ml viral supernatant using Vivapure 

LentiSELECT 40 kit according to manufacturer’s protocol.  

Virus titer determination: Virus titer was obtained by transducing 5 x105 293FT cells  per 

well in 24-well plates with serial dilution of viral supernatant for 16 hours in the presence 

of 8 µg/ml Protamine Sulfate. GFP for LeGO-G2 virus was analyzed by flow cytometry 

on day 3 after transduction. GFP vs SSC plots were used to calculate GFP+ cell numbers 

(likewise, PE was used for LeGO-T2 virus). Flow cytometry plots for a sample analysis 

are represented in Figure 3.1. GFP percentages that were below 20% are selected for titer 

calculation (Kustikova et al., 2003) (the linearity of virus amount and GFP percentage are 

reliable up until this limit; above that value there can be one cell getting more than one 

infectious particle so the titer would not be correct).  
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For 0.1 µl and 0.5 µl viral supernatant, GFP percent was converted to cell numbers to get 

the values for infectious particles, assuming that starting cell number was exactly 5 x105 

and one cell was infected by one viral particle. Then the average of these two calculations 

are used as the titer of viral vector in terms of infectious particles per ml. 

 

Virus amount (µl) GFP+ cell number Infectious particles in 1ml 

0.1 50,000*2.77/100=1385 1385*10,000=13.8x106 

0.5 50,000*10.2/100=5100 5100*2000=10.2x106 

 

Figure 3.1. Sample analysis for virus titer determination. 293FT cells were 
transduced with 0.1, 0.5 or 1 µl viral supernatant and GFP percent was analyzed 
by flow cytometry on day 3 post transduction. 

 

Lentiviral transduction: Lentiviral transduction of NK-92 cells was done with 2x105 cells 

per well in 24-well tissue culture plates, at specified multiplicity of infection (MOI) in 

the presence or absence of inhibitor BX795 (3 to 6 µM final concentration was used), 

1000 U/ml IL-2 and 8 µg/ml Protamine Sulfate for 6 hours unless specified otherwise. 

After culturing cells in virus containing media for the given time, plates were centrifuged 

for 15 minutes at 1000g with acceleration 9 and deceleration 4 for transductions done in 

24-well plates. For larger scale transductions, cells were taken to sterile tubes and 

centrifuged at 300g for 5 minutes. Virus containing supernatant was completely removed 

and cells were cultured in their regular growth media for 72 hours before GFP expression 

was assessed by flow cytometry. Same procedure was followed for YTS cells, except for 

culturing media conditions. 

Flow cytometry: For surface staining, NK-92 cells were washed once with PBS and 

stained with anti-CD56-APC as required according to provider’s protocol on ice and in 
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dark for 30 minutes. Cells were washed once more and carried on to analysis. Gating 

strategy was always the same in all flow cytometry experiments; first on single cells then 

to CD56high GFP+ cell percentage was indicated in the results. Cells were acquired by 

using FACScanto and analysis was done by FlowJo software. For intracellular staining 

with P-STAT3, RIG-I or IRF7 required amount of antibody was used following 

manufacturer’s protocol. As a positive control for P-STAT3 detection, cells were cultured 

with 20 ng/µl IL-21. Transduction was done in the presence of 6 µM BX795 or DMSO 

control and virus was used at MOI 20.  After 30 minutes of culture, cells were diluted 1:2 

in 4% PFA solution pre-warmed to 37oC and incubated for another 15 minutes for 

fixation. Cells were then washed with ice-cold PBS, and resuspended in 500 µl ice-cold 

Methanol (100%) for permeabilization, that was added drop by drop while vortexing. 

Samples were stored on ice for 15 minutes and washed twice with ice-cold PBS. Antibody 

was added in required amounts and incubated on ice and dark for 30 minutes. Cells were 

washed twice again as indicated and acquired at FACScanto.  

Immune cell signaling array: Normal or serum-free growing NK-92 cells were transduced 

with normal or serum-free virus at MOI 20 as indicated above, at various conditions. 

5x105 to 1x106 cell lysates were collected according to manufacturer’s protocol. The 

PathScan® Immune Cell Signaling Antibody Array Kit (Fluorescent Readout) is a multi-

sample immunoblotting kit that enables one to compare 16 different conditions and 21 

different protein levels of the signaling events in immune cells on the same slide (Figure 

3.2). The antibodies readily found on the slide were Erk1/2 (Thr202/Tyr204), Akt 

(Ser473), p38 MAPK (Thr180/Tyr182), SAPK/JNK (Thr183/Tyr185), Caspase-7 

(Asp198 cleavage), IkBa (total), IkBa (Ser32/36), TAK1 (Ser412), Stat1 (Tyr701), Stat1 

(Ser727), Stat3 (Tyr705), Stat3 (Ser727), Stat5a (Tyr694), Stat6 (Tyr641), Lck (Tyr416), 

Syk (Tyr352), Zap-70 (Tyr319), RIG-I (total), and IRF-3 (total). A biotinylated detection 

antibody was used as a secondary antibody and then streptavidin was used to detect 

fluorescence by an image scanner. Images were analyzed by Image Studio. 
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Figure 3.2. Immune cell signaling array template. On a multi-sample 
immunoblotting kit, one can compare 16 different conditions and 21 different 
protein levels of the signaling events in immune cells on the same slide. A 
biotinylated detection antibody is used as a secondary antibody and then 
fluorescence-labelled streptavidin is used to detect emitted light by an image 
scanner. Image Studio software is used for quantification of signal values. Image 
is from one representative experiment where all 16 conditions are different. 

 

Apoptosis assay: NK-92 cells were harvested at 2.5x105 cells per well amount in 24-well 

plates in 0.5 ml volume per well in the presence of indicated amounts of BX795 or DMSO 

control for 6 hours. Cells were first stained with antiCD56-APC as explained above and 

then stained with FITC Annexin V Apoptosis Detection Kit according to manufacturer’s 

protocol.  

RNA isolation and qRT-PCR: 3-4 x106 cells were used for RNA isolation as suggested 

by manufacturer’s protocol. qRT-PCR was performed with TaqMan probes in 

LightCycler-480 according to TaqMan Universal Master Mix II program suggestion. 
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3.2.3 CRISPR design and assembly 

 

Throughout this study, there are two types of CRISPRs used: the ones cloned into 

pspCas9(BB) plasmids for transient expression by transfection method and the ones 

cloned into lentiCRISPRv2 for stable expression by lentiviral transduction method. 

CRISPR design and off-target analysis: CRISPR design was carried out using human 

genome sequences for required target genes retrieved from ensembl.org and CLC Main 

Workbench software following guidelines from Zhang Lab provided on addgene.org. 

Required CRISPR target sequences were uploaded on crispr.mit.edu website provided by 

Zhang Lab of MIT for off-target score analysis of the designed CRISPRs. CRISPRs with 

lowest off-target binding were selected for assembly. Selected guide RNA sequences 

were ordered in top and bottom strand oligonucleotide format with flanking sequences 

that would ligate with the pspCas9(BB) plasmids with BbsI enzyme and lentiCRISPRv2 

plasmid after digestion with BsmBI restriction enzyme. For selected genes, guide RNA 

sequences from GeCKO v.2 library were obtained and included in lentiCRISPR construct 

design.   

Oligo annealing: For each CRISPR design, top and bottom oligos were ordered from The 

Midland Certified Reagent Co (TX, USA). After arrival, each oligo was diluted in sterile 

water to 100 µM concentration. Then the following reaction was set up for each pair of 

top and bottom oligos and reaction was completed in a thermocycler as follows: 

 

sgRNA top oligo (100 µM) 1 µl 

sgRNA bottom oligo (100 µM) 1 µl 

10X T4 Ligase Buffer 1 µl 

T4 PNK NEB 1 µl 

ddH2O 6 µl 

Total volume 10 µl 
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37oC 30 minutes 

95oC 5 minutes 

Ramp down to 25oC  -5oC per minute 

 

Synthesized oligo pairs were then run on 2% Agarose gel with 0.5X TBE along with 

single oligo pairs to visualize a shift in oligo-duplex due to increased size when compared 

to single oligos. 

pspCas9 (BB) vectors digest and ligation reactions: pspCas9 (BB)-2A-GFP and pspCas9 

(BB)-2A-Puro plasmids were used as the vector in mammalian expression system 

CRISPR designs used for transfection purposes. Vector digest and ligation with the oligo 

duplex were completed in the same reaction set up as the following and then treated with 

Exonuclease V for 30 minutes at 37oC to eliminate non-ligated DNA fragments. 

Exonuclease V inactivation is completed with final 10mM EDTA at 70oC for 30 minıtes. 

pspCas9(BB) plasmid 100 ng 

Oligo-duplex (1:200) 1 µl 

NEB BbsI (10,000 U/ml) 1 µl 

NEB T4 ligase 0.5 µl 

NEB 10X T4 ligase buffer 2 µl 

DTT (10 mM) 1 µl 

ATP (10 mM) 1 µl 

ddH2O Up to 20 µl 

Total volume 20 µl 

 

37oC 5 minutes 

21oC 5 minutes 

Repeat cycles 5 times  Total 1 hour 
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NEB Exonuclease V 1 µl 

NEB 10X Buffer 4  3 µl 

ATP (10 mM)  3 µl 

ddH2O Up to 30 µl with the total 20 µl 
reaction 

 

These samples were stored at -20oC and 2 µl out of 35 µl reaction was used for 

transformation of each plasmid. For all constructs, negative control ligations were 

prepared with tubes that did not contain the oligo duplex. 

lentiCRISPRv2 vector digest and ligation reactions: lentiCRISPRv2 plasmid was used as 

the vector in all lentiviral CRISPR designs. First of all, vector was digested according to 

the following set up with BsmBI restriction enzyme for 2 hours at 55oC at a thermocycler 

and a filler sequence was removed. Then the full reaction was carried on to CIAP 

treatment at 37oC for 30 minutes at a thermocycler as follows:  

lentiCRISPRv2 plasmid 5 µg 

NEB BsmBI (10,000 U/ml) 3 µl 

NEB 10X 3.1 Buffer 3 µl 

DTT (10 mM) 5 µl 

ddH2O Up to 30 µl 

Total volume 30 µl 

 

Full BsmBI digestion reaction 30 µl 

Fermentas CIAP 3 µl 

Fermentas 10X CIAP Buffer 5 µl 

ddH2O 12 µl 

Total volume 50 µl 
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The larger sequence (12.5kb) was visualized and extracted from a 1% Agarose gel 

prepared with 0.5X TBE. Gel extraction was carried out with Macherey-Nagel 

commercial kit according to manufacturer’s protocol. Resultant elution concentration 

containing the plasmid was measured by a NanoDrop spectrophotometer. 

Ligation reaction of gel extracted vector and oligo-duplex was carried out for 15 minutes 

at RT as follows: 

lentiCRISPRv2 gel extract 50 ng 

Oligo-duplex (1:200) 1 µl 

NEB T4 DNA ligase 1 µl 

NEB 10X T4 DNA ligase buffer 2 µl 

ddH2O Up to 20 µl 

Total volume 20 µl 

 

Transformation and confirmation of positive colonies: For pspCas9(BB) samples, 2 µl of 

the above described ligation reaction was used to transform 200 µl DH5a competent 

E.coli cells and for lentiCRISPRv2 samples, 10 µl to 200 µl Top10 competent E.coli cells 

as described in section 3.2.1. Next day, three colonies were picked from each 

transformation and miniprep cultures were started. Minipreps for plasmid DNA were 

carried out the following day with Macherey-Nagel commercial kit according to 

manufacturer’s protocol. Completed minipreps were sent for sequencing of the guide 

RNA ligation region, with a forward primer binding to human U6 promoter sequence 

upstream of ligation site (hU6_forward). All CRISPR constructs contained the 20-

nucleotide target sequence of relevant genes after the cloning procedure (sequence results 

can be found in Appendix G).  

Transfection with pspCas9(BB) plasmids and ssODNs: 3x105 293FT cells were incubated 

in 6-well plates in the evening. The next morning, 1 µg of relevant pspCas9(BB)-2A-GFP 

or -2A-Puro CRISPR construct plasmid (DDX58, IFIH1, TBK1 and TRIM5a) and 2 µl 

of 10 µM relevant ssODN were co-transfected by Calcium Phosphate transfection kit as 

explained before. pspCas9(BB)-2A-GFP CRISPR transfections were used as control 

where GFP expression was analyzed 48 hours after transfection. For pspCas9(BB)-2A-



 59 

Puro CRISPR transfections, Puromycin selection was started 24 hours after transfection 

and continued for 3 days.  

Single-cell analysis and RFLP: After complete selection, pspCas9(BB)-2A-Puro CRISPR 

transfection samples were diluted and plated in 96-well plates, by making calculations 

aiming for 0.5 cell/well in 200 µl volume. On day 7, wells that contain single cell growth 

were marked. On day 14, cells were expanded to 24-well plates and later to flasks for 

expansion, genomic DNA isolation, freezing and transduction purposes. Genomic DNA 

isolation was carried out according to manufacturer’s protocol. Each transfection sample 

(DDX58, IFIH1, TBK1 and TRIM5a) single-cell clone were subjected to PCR spanning 

the CRISPR binding site and PCR products were further digested with enzymes inserted 

in the relevant ssODN sequences. IFIH1 colonies were digested with SalI and DDX58, 

TBK1 and TRIM5a colonies were digested with EcoRI for 2 hours at 37oC. Each PCR 

and digest product were run on 1.5% agarose gels side-by-side and restriction fragment 

length polymorphism (RFLP) results were used for mutant colony selection. If digests 

worked, this was a sign for HDR where ssODN was used as a template for repair. The 

regions of PCR did not have any other restriction site for the selected enzymes. The design 

and binding sites of each primer, CRISPR and restriction enzyme can be found in 

Appendix H. 

Sequencing of gDNA PCR products: For selected lentiCRISPRv2 transduced and Puro 

selected NK-92 cells (DDX58-lentiCRISPR transduction) genomic DNA isolation was 

followed and PCR products were cloned into InsTA Clone Kit according to 

manufacturer’s protocol. The ligation product was transformed into DH5a competent 

cells and 24 colonies were picked for miniprep and sent for sequencing.  

 

3.2.4 GeCKO v.2 library transduction work flow 

 

GeCKO v.2 library plasmid prep: Plasmids arrived in two separate stocks, as Library A 

and B therefore the following protocol was followed for both libraries. The 

transformation, expansion and plasmid prep were all done according to provider’s 

protocol from www.genome-engineering.org/gecko website.  
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GeCKO v.2 lentivirus production: Lentivirus production containing Library A or Library 

B were completed following the protocol explained in section 3.2.2 only with the change 

of 30 µg of gene-of-interest plasmid with Library A or Library B plasmid prep DNA. 

Virus titer was obtained by transducing NK-92 cells with serial dilution of viral 

supernatant. 24 hours after transduction, WT or transduced NK-92 cells were started on 

0 or 1µg/ml Puromycin. The growth of cells in terms of cell count was recorded every 

day afterwards, both from 0 and 1µg/ml Puromycin containing samples. The cell count 

in Puromycin-containing wells was then divided to the cell count in normal growing 

wells, finally showing a percent viability directly related to the percentage of transduced 

cells. According to titration results, optimal amount of virus to be used in experiments 

was recorded, aiming for at most 20% transduction efficiency in order to make sure there 

would be only one construct per cell and not more.  

Transduction of NK-92 cells with GeCKO v.2 Library A or Library B: 107 NK-92 cells 

were transduced with GeCKO v.2 Library A or Library B virus for 6 hr in the presence 

of 3 µM BX, aiming for 10-20% transduction efficiency to ensure one construct entry per 

cell. 24 hr post-transduction, Puromycin selection was started and cells were counted 

every two days to set the concentration to 0.5x106 cells/ml and the surviving cells were 

named as GeCKO+NK-92 cells from then on. Cells were expanded until 50x106 cells 

were reached (two weeks of selection) and 40x106 cells from each library were used for 

genomic DNA isolation and PCR for next generation sequencing of base library. 

Transduction of GeCKO+NK-92 cells with LeGO-G2 lentiviral vector: 107 cells from 

each GeCKO+NK-92 population were transduced with LeGO-G2 virus at MOI 10 for 6 

hr in the absence of inhibitor to assess the loss of function effect of candidate genes on 

lentiviral gene delivery in NK cells. 3 days after LeGO-G2 transduction, GFP expression 

was analyzed with flow cytometry and GFP+ and GFP- populations were sorted and 

further expanded. 20x106 cells from each library GFP+ and GFP- populations were used 

for genomic DNA isolation and PCR for next generation sequencing (NGS). 

PCR1 and PCR2 for Next-Generation Sequencing: There were two steps of sequencing 

sample preparation and they were named as PCR1 and PCR2. The lentiviral construct of 

lentiCRISPRv2 backbone was the same for all GeCKO targets, therefore it was known 

which sequences would be integrated into the genome of host cell. PCR1 aimed for 

amplifying the constructs starting from U6 promoter region of the lentiCRISPR vector, 
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containing the target sequence and the beginning of the sgRNA scaffold sequence. Once 

the PCR1 products were obtained, PCR2 was set up with NGS forward and reverse 

primers that were almost 100 bp in length and add flow cell adapters and barcode 

sequences. Both PCR protocols were obtained from Shalem et al., 2014 and further 

optimized. 

 

Figure 3.3. GeCKO v.2 library PCR1 and PCR2 strategy. PCR1 with forward 
and reverse primers amplifies the region integrated into host cell genome, 
containing the unique sgRNA sequence (green). Then PCR2 uses PCR1 products 
as templates and adds flow cell adapters for NGS.  
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Figure 3.4. GeCKO v.2 library work flow. NK-92 cells are transduced with 
GeCKO library and Puromycin selection is started 24 hr post transduction. Puro-
selected cells are expanded and genomic DNA is taken from this population to 
use as base library in NGS. LeGO-G2 viral vector for GFP expression is 
transduced to GeCKO+NK-92 cells. Next, GFP- and GFP+ cells are sorted and 
further expanded for genomic DNA isolation to be used as templates for NGS. 
All procedure is completed for both Library A and B samples.  
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4. RESULTS 
 
 
 
 
4.1 Optimizing Lentiviral Transduction Parameters in NK Cell Lines 

 

Primary NK cells obtained from human PBMCs show high resistance against viral 

infections. NK cell lines NK-92 and YTS share this trait. The use of IKKe/TBK1 small 

molecule inhibitor BX795 during transduction shows remarkable enhancement of gene 

delivery to primary NK cells (Sutlu et al., 2012) however, the use of this inhibitor with 

NK cell lines requires further optimization. Thus, transduction parameters such as 

inhibitor dose, transduction and inhibitor treatment time and MOI values all had to be 

investigated and optimized with the NK cell lines. 

In a standard transduction experiment, cells were incubated with lentiviral vector-

containing supernatant for a given time and green fluorescence protein-positive (GFP+) 

population was analyzed 3 days after transduction by flow cytometry. Below is the 

timeline and the map of mainly used lentiviral vector LeGO-G2 (Figure 4.1). 

For flow cytometric analysis of NK-92 transductions, cells were stained with anti-CD56 

antibody to gate on a live population of NK-92 cells. Samples were first gated on intact 

cell population on the FSC/SSC plot named as ‘p1’, then single cells were gated by using 

FSC-A/FSC-H, followed by CD56+ gating and finally GFP+ cell percentage was acquired 

(Figure 4.2). (On some occasions where CD56 staining was absent, cells were stained 

with propidium iodide (PI), then gated on PI- samples). 
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Figure 4.1. Transduction timeline and LeGO-G2 lentiviral construct. Cells were 
incubated with lentiviral vector containing supernatant for required amount of 
time, then medium was changed and the cells were left to recover for three days. 
Flow cytometry analysis was done on day 3 post transduction. The mainly used 
lentiviral vector LeGO-G2 has Long Terminal Repeats (LTRs) enclosing eGFP 
gene under the control of SFFV promoter. (RRE: rev response element; cPPT: 
central polypurine tract; SFFV: Spleen focus-forming virus; wPRE: Woodchuck 
hepatitis virus post-transcriptional regulatory element)  

 

 

Figure 4.2. NK-92 transduction sample analysis. NK-92 cells were transduced 
with LeGO-G2 virus for 6 hr in the presence (6 µM) or absence of BX795. Flow 
cytometry analysis was done on day 3 post transduction. One representative 
experiment. 

 

4.1.1 Optimization of transduction time 

 

Knowing that NK cells had very low transduction efficiency, it was important to 

understand if transduction efficiency was consistently increasing with time of exposure 

to viral vector. For this purpose, we tested different incubation times of NK-92 cells with 
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lentiviral vector containing supernatant (at MOI=20) and BX795 during that interval and 

checked GFP+ cells by flow cytometry 72 hours after transduction (Figure 4.3). The 

results showed that there was viral vector entry at any time point and it could take place 

as early as fifteen minutes of exposure. Also the effect of inhibitor was prominently 

observed after one hour of exposure to viral vector, which points out the role of BX795 

in events triggered upon viral vector entry that take place after an hour. Still, the optimum 

results in terms of enhanced efficiency were observed around the 6 hour-time point so we 

continued to use 6 hours for regular transduction protocols unless specified differently.  

Furthermore, 3 and 6 µM BX795 treatment showed comparable transduction efficiency 

in NK-92 cell line.   

 
Figure 4.3. NK-92 transduction time determination. NK-92 cells were incubated 
with LeGO-G2 lentiviral vector containing supernatant at MOI=20 for indicated 
times in the presence (3 or 6 µM) or absence of BX795. GFP percent was 
analyzed by flow cytometry on day 3 post transduction. Data plotted from four 
independent experiments, error bars indicating SEM. (2way ANOVA analysis, 
**** p<0.0001; n.s.: not significant) 

 

4.1.2 MOI titration 

 

Some easy-to-transduce cell lines such as 293FT only require MOI values ranging from 

0.1 to 0.5 whereas NK cells are resistant to lentiviral transduction at those values. In order 

to understand the optimum viral load to be used on NK-92 cells, the effect of increasing 

MOI was tested by trying values ranging from 1.25 to 20 with LeGO-G2 virus for 6 hours 

with or without the inhibitor and GFP expression was recorded 72 hours after transduction 

by flow cytometry (Figure 4.4). Without the inhibitor, there was a linear increase with 
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increasing MOI. Increasing MOI resulted in up to 15% GFP+ cells without the inhibitor 

and above 30% with BX795 at MOI=20. The enhancing effect of BX795 was seen 

prominently at all MOI values. Thus, NK-92 cells were effectively transduced with 

lentiviral vectors at MOI=20 in the following experiments.  

 
Figure 4.4. NK-92 transduction MOI titration. NK-92 cells were transduced 
with LeGO-G2 virus at indicated MOI in the presence (6 µM) or absence of 
BX795. GFP percent was analyzed by flow cytometry on day 3 post 
transduction. Data plotted from three independent experiments, each run in 
duplicates; error bars indicating SEM. (2way ANOVA analysis, **** p<0.0001) 

 

4.1.3 BX795 dose titration and toxicity determination 

 

Trials with 3 and 6 µM BX795 treatment during transduction showed similar effects, 

therefore it was crucial to see the dose-dependent effect of BX795 addition during the 

transduction of NK-92 cells (Figure 4.5A). Transduction without any inhibitor 

application (dashed line) resulted in 25% GFP+ NK-92 cells and a significant increase in 

transduction efficiency was observed with increasing doses of BX795, reaching a 

maximum and remaining as high as 50% between 3-10 µM concentration. Thus, using 

BX795 at doses 3 to 6 µM showed at least double the efficiency with NK-92 cells when 

added during 6 hours of transduction. Similarly, transduction efficiency of YTS cells 

were increased from 23% without any inhibitor (dashed line) to 40% with the addition of 

BX795 at doses 2 to 4 µM (Figure 4.5B).  
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Figure 4.5. BX795 dose titration during transduction. (A) NK-92 cells or (B) 
YTS cells were transduced with LeGO-G2 virus at MOI=20 in the presence or 
absence of varying doses of BX795. GFP percent was analyzed by flow 
cytometry on day 3 post transduction. Data plotted from two independent 
experiments, each run in triplicates; error bars indicating SEM. (One-way 
ANOVA analysis) 

 

BX795 presence during 6 hours of transduction became a part of the standard protocol 

therefore it was crucial to find out if the inhibitor caused any toxicity on cells in this 

period. When the same set of concentrations were used on NK-92 cells without the viral 

supernatant, mimicking the experimental conditions of transduction, toxicity was only at 

basal levels within the range of concentrations of BX795 used (Figure 4.6). Without 

exceeding the level of 10% death, 1.5 to 6 µM BX795 showed comparable results and 

could be safely used for transduction period in NK-92 cells.  

 

Figure 4.6. BX795 toxicity assay with Annexin V/PI staining. NK-92 cells were 
incubated with varying doses of BX795 for 6hr and later stained with Annexin 
V (apoptotic cells) and PI (dead cells). Data plotted from two independent 
experiments, each run in duplicates. (Multiple t-test analysis) 
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4.1.4 The reversibility of BX795 treatment on NK-92 cells 

 

Next, we wanted to understand if pre-treatment of NK-92 cells with BX795 would make 

a difference in transduction efficiency. For this purpose, NK-92 cells were treated with 6 

µM BX795 for 6 hours, washed and transductions were set up immediately or 2,4 and 6 

hours after wash away where no further inhibitor was added and viral supernatant was 

kept for 6 hours. For comparison, each transduction time point had control samples with 

no inhibitor and inhibitor added during transduction alone. All transductions were done 

at MOI=20 and GFP expression was analyzed 72 hours after transduction by flow 

cytometry (Figure 4.7).  

 

Figure 4.7. The effect of BX795 pre-treatment on NK-92 transduction 
efficiency. NK-92 cells were treated with 6 µM BX795 or DMSO (control) for 
6 hr and washed away. Untreated (white) or overnight-treated (grey) cells were 
then transduced with LeGO-G2 virus at MOI=20 at 0, 2, 4 and 6 hours after 
inhibitor wash-away. One set of cells were treated with 6 µM BX795 during 
transduction only (black). GFP percent was analyzed by flow cytometry on day 
3 post transduction. Data plotted from one representative experiment, run in 
duplicates. (2way ANOVA analysis, **** p<0.0001) 

 

Strikingly, all time points showed exactly the same transduction efficiency where the 

effect of BX795 was completely null after wash away and pre-treatment did not enhance 
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any of the conditions tried. As a conclusion, it can be stated that BX795 does not have 

any preparative effects on the host cell and can only act once the viral vector triggers host 

cell anti-viral response and its effects are completely reversible upon wash away. 

 

4.1.5 Scaling-up the transduction protocol 

 

NK-92 transductions were generally set up in 24-well plates with maximum 1 ml total 

volume per well. It was necessary to address if larger transduction volume would interfere 

with transduction efficiency for upcoming experiments that required larger cell numbers. 

For this purpose, various transduction sizes were compared side by side in 24-well plates 

(1 ml), T25 (5 ml) and T75 (15 ml) flasks (Figure 4.8A). It was clear that all transduction 

volumes showed equal transduction efficiency at MOI=5 with LeGO-G2-Puro virus 

where untreated and BX795-treated samples showed 10% and 25% GFP-Puro+ cells 

respectively.  

Next, it was important to know how many days of Puromycin selection was required with 

these transduction efficiencies (Figure 4.8B).  It was observed that with a starting 

population of 10% GFP-Puro+ cells, selection was complete in 6 days. However, with a 

starting population of 25%, selection took even shorter time and by the end of 6 days both 

populations could be fully selected. In another setting, three different starting populations 

named as test1 with 9.13%, test 2 with 25.8% and test 3 with 33.6% GFP-Puro+ NK-92 

cells were started on selection and GFP percent was analyzed three days later (Figure 

4.8C). It was observed that with a starting population above 30%, test 3 resulted in 

complete selection in just 3 days. Thus, transduction efficiency is not dependent on 

volume and puromycin selection can be completed in at most one week with a starting 

population as low as 10% GFP-Puro+ cells. 
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Figure 4.8. Transduction size comparison and Puromycin selection of NK-92 
cells. (A) NK-92 cells were transduced with LeGO-G2-Puro virus at MOI=5 at 
indicated sizes in the presence (6 µM) or absence of BX795. GFP percent was 
analyzed by flow cytometry on day 3 post transduction. (B) 10% (no inhibitor 
transduction) and 25% (BX795 transduction) GFP-Puro+ cells were started on 
Puromycin (1 µg/ml) and GFP percent was followed by flow cytometry on days 
0, 3 and 6. Data plotted from one representative experiment. (C) Flow cytometry 
plots showing Puro selection with different starting transduction efficiencies 
named as test1, 2 and 3. 
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4.1.6 Serum-free growth of NK-92 cells 

 

For certain experiments that require analysis of phosphorylation events that are triggered 

during anti-viral signaling, cells are advised to be serum-starved for a period of time in 

order to reduce the background levels of phosphorylation. However, our preliminary 

experiments have proven that it is very difficult to get reliable results with serum-

starvation of NK-92 cells because their viability is deeply affected by this process. To 

circumvent this problem, NK-92 cells were adapted to serum-free culture by gradually 

culturing them in media with reduced serum concentration over a period of 4 weeks. The 

cell culture media serum content was gradually decreased from 20% to 15%, 10%, 5% 

and finally serum-free culturing was possible (Chrobok et al., manuscript in preparation) 

(Figure 4.9A). Serum-free culturing of NK-92 cells holds a special place for applications 

in immunotherapy where cells to be infused to a patient cannot be grown with FBS in the 

context of clinical trials.  

To understand if serum-free growth of NK-92 cells had a significant effect on the profile 

of the cells or their transduction capability, it was necessary to compare transduction of 

normal and serum-free-grown NK-92 cells side by side. To eliminate any effect of serum 

residues coming from the viral supernatant to the serum-free-grown NK-92 cells, the viral 

supernatant used in these experiments were purified and eluted in serum-free SCGM. 

Two sets of transductions with non-purified (Figure 4.9B) or purified (Figure 4.9C) 

LeGO-G2 virus at MOI values 2.5, 5, 10 and 20 showed comparable results for both cell 

types. Transductions done without the inhibitor or with 6 µM BX795 showed overlapping 

GFP+ cell percentages for both conditions. Thus, it was evident that the use of serum-

free-grown NK-92 cells did not cause any changes in transduction efficiency with non-

purified or purified virus.  
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Figure 4.9. Serum-starvation and transduction comparison of normal and serum-
free-grown NK-92 cells. (A) The cells were gradually split in media containing 
20, 10, 5 or 0% FBS at indicated weeks. Normal-grown or serum-free-grown 
NK-92 cells were transduced with (B) non-purified or (C) purified LeGO-G2 
viruses. Transductions were done in the presence (6 µM) or absence of BX795. 
GFP percent was analyzed by flow cytometry on day 3 post transduction. Each 
graph plotted from two independent experiments, set up as duplicates; error bars 
with SEM. S: serum-containing normal NK-92; SF: serum-free grown NK-92. 
(2way ANOVA analysis, ** p<0.01, *** p<0.001, **** p<0.0001) 

 

We also speculated that serum-free-grown NK-92 cells could potentially have altered 

their cytotoxic profile. To examine this, it was tested whether serum-free NK-92 cells 

could degranulate against target leukemia cell line K562. When normal or serum-free 

NK-92 cells were co-cultured with target cell line K562 for four hours in 1:1 effector to 

target ratio, it was observed that serum-free NK-92 cells still had the capacity to 

degranulate against target cells (data not shown).  

 

4.1.7 The role of cytokines on lentiviral transduction efficiency 

 

IL-2 has a vital importance for the growth of NK-92 cell line because the cells are 

completely dependent on continuous supply or they die within 72 hours of IL-2 

deprivation. Primary NK cell culturing requires additional cytokines for proliferation and 

expansion such as common gamma chain cytokines IL-15 and IL-21 and both of these 

cytokines increase transduction efficiency (Sutlu et al., 2012). On the other hand, type I 
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interferons (IFNa and IFNb) that are secreted in response to detection of intracellular 

viral components trigger an anti-viral response in the cell and reduce transduction 

efficiency. We wondered if selected cytokines important in NK cell culture or anti-viral 

response would enhance or reduce transduction efficiency in NK-92 cells when used in 

combination with IL-2. In order to eliminate any effects coming from viral supernatant 

(such as secreted factors from producer cell line 293FT), purified LeGO-G2 virus was 

used in these experiments. As expected, type I interferons IFNa and IFNb caused a 

decrease in transduction efficiency especially when used together (Figure 4.10). To our 

surprise, IL-12 caused an enhanced transduction efficiency in NK-92 cells where no other 

cytokine tested had such an effect but it was not significant when compared to IL-2 alone. 

IL-15 and IL-21 did not show any effect seen in primary NK cells. 

 
Figure 4.10. The effect of cytokines added during transduction. NK-92 cells 
were transduced with purified LeGO-G2 virus at MOI=10 in the presence (6 
µM) or absence of BX795 with the addition of each cytokine at 20 ng/µl 
concentration alongside 1000 U/ml IL-2. GFP percent was analyzed by flow 
cytometry at 72hr post transduction. Data plotted from three independent 
experiments, error bars indicating SD. (2way-ANOVA analysis, * p<0.05, ** 
p<0.01) 
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4.2 The Dynamics of Signals Triggered by Viral Vector Entry in NK-92 Cells 

 

 

4.2.1 Intracellular elimination of viral vector  

 

Considering the very low efficiency of lentiviral gene delivery even with MOI=20 in the 

absence of inhibitor in NK-92 cells, the problems could be due to low viral vector entry 

or intracellular elimination. It was evident that lentiviral vector entry in NK-92 cells was 

observed even in 15 minutes of exposure to virus with significant efficiency. In order to 

understand the intracellular dynamics of anti-viral response and elimination of viral 

vector in NK-92 cells, two types of experiments were set up.  

In the first scenario, we tried six hours of exposure to lentiviral vector along with BX795 

treatment for changing amounts of time. BX795 was added either at the beginning of the 

transduction and kept for the whole six hours or after a period of one to five hours and 

kept until the end of the total six hours of transduction (Figure 4.11A). At the end of six 

hours, viral vector and BX795 were washed away and the cells were cultured in regular 

growth medium. As usual, GFP+ cells were analyzed 72 hours after transduction and the 

GFP+ cell percentage was normalized to that of no inhibitor sample for calculating the 

fold enhancement in gene delivery efficiency. The results showed that there was no 

particular difference in transduction efficiency no matter when the inhibitor was added 

after viral vector exposure. This suggests that when viral vector is abundantly available 

in the environment, viral vector entry can take place at any time and BX795 can enhance 

the efficiency at all of these time points. 
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Figure 4.11. The effect of BX795 on intracellular elimination of viral vector in 
NK-92 cells. NK-92 cells were transduced with LeGO-G2 virus at MOI=20 (A) 
for 6 hours or (B) 1 hour in the presence (6 µM) or absence of BX795 for 
indicated intervals. Timeline represents the 6-hour period where the grey line 
indicates incubation with viral vector and black dashed line indicates BX795 
treatment intervals. GFP percent was analyzed by flow cytometry on day 3 post 
transduction. Data plotted from three independent experiments for each part, 
each run in duplicates, error bars indicating SD. Each transduction efficiency 
was normalized to that of no inhibitor control samples to get fold transduction 
values. (One-way ANOVA analysis, *** p<0.001) 

 

To test the opposite scenario, we next wanted to have limited amount of viral vector 

exposure and see the effects of BX795 only on viral vector that was already inside the 

host cell (Figure 4.11B). For this purpose, the cells were incubated with viral vector 

containing supernatant for 1 hour (at MOI=20) and were washed. Then BX795 was added 

either immediately or at 1 to 4 hours after washing away the viral vector and GFP 

expression was analyzed 72 hours after transduction by flow cytometry. The effect of 

BX795 was very high (doubled when compared to control group) when added 

immediately after viral vector containing supernatant was washed away and incubated for 

5 hours. However, if the gap between viral vector wash away and BX795 treatment was 
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longer, the transduction efficiency decreased, eventually reaching the basal level obtained 

without any inhibitor (dashed line); suggesting that BX795 acts on early events triggered 

by viral vector entry and prevents the intracellular elimination of viral vector. 

Thus, it can be concluded that the major restriction of gene delivery by lentiviral vectors 

into NK-92 cells is due to intracellular elimination of viral vector and BX795 acts on 

early events turned on by these anti-viral signaling pathways to prevent elimination of 

viral vector inside the cell. 

 

4.2.2 Analysis of signaling events triggered by viral vector entry 

 

In order to understand which pathways were specifically turned on by the viral vector and 

which of those were differentially inhibited by BX795 to cause increased lentiviral gene 

delivery, we used immune cell signaling antibody arrays (Figure 3.2). Because many of 

the antibodies were specific for phosphorylated proteins, serum-free growing NK-92 cells 

transduced with purified LeGO-G2 virus were used for all experiments. In preliminary 

experiments, late time points such as 6 hours after lentiviral vector entry did not show 

differential expression patterns in selected signaling molecules (data not shown), 

therefore the priority switched to identifying early targets induced within the first two 

hours of lentiviral exposure. 

As positive controls for phosphorylation events in the signaling array, NK-92 cells were 

treated with DMSO (control), IL-21 or IFNa and IFNb for 30 minutes (Figure 4.12A) 

where signal values were quantified and plotted in terms of Relative Fluorescence Units 

(RFU) and these results were normalized to that of DMSO-treated controls for fold 

change analysis (Figure 4.12B). It was recorded that IL-21 alone caused a 10-fold 

increase in STAT3 Tyr phosphorylation when compared to control and IFNa and IFNb 

treatments caused a 2-fold increase in STAT1 Tyr phosphorylation fitting the 

expectations.  
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Figure 4.12. Immune cell signaling array with 30-minute IL-21 or IFNa and 
IFNb treatment. Serum-free NK-92 cells were treated with DMSO alone (black), 
20 ng/ul IL-21 (grey) or 20 ng/ul of IFNa and IFNb each (white). (A) The 
average of two blots for each protein were plotted. RFU: relative fluorescence 
unit. (B) Each signal value was normalized to that of DMSO control for each 
protein. The average of two blots for each protein were plotted. Dashed line 
indicates the level of DMSO control sample set to 1. Error bars indicate SD.  

 

Knowing that viral vector entry could take place as early as fifteen minutes, we tried 15, 

30 and 90 minutes of exposure time and immediately lysed the cells for immune cell 

signaling array (Appendix Figure I1). For transduction efficiency confirmation, a fraction 

of cells from each group were incubated for at least 72 hours after viral vector removal 

and GFP expression was verified by flow cytometry. The first approach was to detect 

signal values directly from each blot, but the signal levels of all proteins were different. 

Therefore, in the next set of analysis, each sample was normalized to DMSO control of 

that time point (Appendix Figure I2) for accurate comparison. Expression patterns of 

selected proteins from the results of this set were plotted as time-course graphs in Figure 
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4.13. The same experiment was repeated with serum-free NK-92 cells and purified 

LeGO-G2 with exactly the same parameters but this time IL-2 was included during 

transduction period and 15-minute time point was excluded.  Again, the signal values 

were plotted (Appendix Figure I3) and the values were further analyzed by calculating 

fold induction by normalizing to DMSO control of their relative time points (Appendix 

Figure I4). The average of these two independent experiments were plotted for 30- and 

90-minute time-points as shown in Figure 4.14.  

For all transductions in general, it was evident that 15 minutes did not cause any changes 

in expression level or phosphorylation status of selected proteins. We noted that BX795 

treatment alone caused a decrease in STAT1, STAT3 and STAT5a Tyr phosphorylations 

as well as p38 and SAPK/JNK when compared to DMSO control of that time-point. This 

effect of BX795 was observed at all time points, showing the role of BX795 independent 

of viral vector presence inside the cells (Figure 4.13). 

We observed that the earliest detectable change in the levels of p38, SAPK/JNK, TAK-1 

and STAT1 begins 30 minutes after viral vector incubation and increases at the 90-minute 

time-point. This pattern was fitting to the model of MAPK signaling pathways, where the 

signal starts from MAP3Ks (such as TAK-1), phosphorylating MAPKs (such as p38 and 

JNK) that in turn phosphorylate Ser residues of STAT1 and STAT3. Looking at the time-

course graphs combined for selected proteins from the first experiment, there were some 

early and late responders to viral vector in the cell. Some early signaling molecules that 

were phosphorylated in response to the intracellular virus included Lck and Syk, whereas 

late increases were seen in p38, TAK-1 and STAT1 Ser phosphorylation. These 

observations were all true for combination of two independent experiments shown in 

Figure 4.14, for the 90-minute time-point specifically when virus was present. The only 

difference between the two experiments was the addition of IL-2 in the latter; marking a 

change in the levels of Lck dramatically when present. This effect was due to the position 

of Lck in the IL-2 receptor b tails that induced other signals independent of the virus or 

inhibitor presence (Hatakeyama et al., 1991). 
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Figure 4.13. Time-course expression levels of selected proteins from immune 
cell signaling array. Serum-free NK-92 cells were treated with BX795 alone 
(black line), virus alone (black dashed line) and virus with BX795 (grey dashed 
line) for 15, 30 or 90 minutes and each signal was normalized to that of DMSO 
control for each time point. 
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Figure 4.14. Immune cell signaling array with 30-90 minute-transductions 
normalized to control (average of two independent experiments). Serum-free 
NK-92 cells were incubated with DMSO alone, 6 µM BX795 alone (dark grey), 
viral vector at MOI=20 (striped) or viral vector with 6 µM BX795 (light grey) 
for (A) 30 or (B) 90 minutes and each signal value was normalized to that of 
DMSO control for each time point. The average of two blots from two 
independent experiments for each protein were plotted. Dashed line indicates the 
level of DMSO control sample. Error bars indicate SEM. (2way-ANOVA 
analysis: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001) 

 

The inhibitory effect of BX795 on STAT phosphorylation was also observed with 

intracellular flow cytometry for STAT3-Ser727 phosphorylation and the results were 

correlated with the immune cell signaling array (Figure 4.15). Cells stained with 

intracellular STAT3-P-Ser727 showed that there was an increase in Ser phosphorylation 

in a time-dependent manner and this phosphorylation was inhibited by BX795 treatment 

alone that was parallel to the results seen before in the immune cell signaling array. Total 

RIG-I and Phospho-IRF7 peaked at 90 minutes with virus, and IRF7 Ser phosphorylation 

was also inhibited by BX795 treatment alone. Taken together, these observations suggest 

that viral vector triggers STAT3 Ser phosphorylation that is dependent on MAPK 
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pathways in NK-92 cells and BX795 alone can inhibit these events that interfere with 

anti-viral signaling.  

 

Figure 4.15. Intracellular flow cytometry with STAT3 P-Ser727, RIG-I and 
IRF7 P-Ser 477/479 antibodies. (A) NK-92 cells were treated with 3 µM BX795 
alone, transduced with LeGO-G2 virus alone or transduced with LeGO-G2 virus 
in the presence of 3 µM BX795 for 120 minutes. (B) NK-92 cells were 
transduced with LeGO-G2 virus alone (at MOI=20) for 30, 60, 90 or 120 minutes 
and stained intracellularly with STAT3 P-Ser727, RIG-I and IRF7 P-Ser 
477/479 antibodies. MFI value of each sample was normalized to that of 
unstimulated sample to get MFI ratio. One representative experiment. 
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4.3 Targeting Candidate Genes in 293FT and NK-92 Cell Lines by CRISPR/Cas9-
Mediated Genome Editing 

 

 

4.3.1 Targeting genes in the 293FT cell line 

 

293FT cells were chosen for the first trial with CRISPRs targeting DDX58, IFIH1, TBK1 

and TRIM5a genes with the pspCas9(BB) backbone delivered by transfection. Each 

CRISPR was designed to disrupt the start codon of the corresponding genes, therefore 

altering gene expression. Additionally, HDR was aimed with 100 bp-long ssODN design 

containing 5’ and 3’ homology arms spanning the upstream and downstream of the 

transcription start site. A 7 bp-long spacer region contained the altered sequence changing 

the ATG-containing sequence into a restriction enzyme recognition site (EcoRI or SalI) 

that was not found anywhere else in the region of interest. The restriction enzyme 

recognition site was 6 bp long and one more base was inserted to ensure frameshift if 

correct insertion could occur. (All CRISPR design schemes with annotations can be found 

in Appendix H.) 

293FT cells were first co-transfected with CRISPR/Cas9 plasmid (pspCas9(BB)-2A-

Puro) and ssODNs for HDR for each gene individually. Puromycin selection was started 

24 hours post-transfection and the cells were kept in Puromycin (1 µg/ml) for 3 

consecutive days. Then Puromycin was removed and the cells were set up in 96-well 

plates for growth of single cell clones. In a course of four weeks following transfection, 

single cell clones were expanded and genomic DNA was isolated. For each gene, the 

region of interest could be amplified by PCR and the PCR product could be digested with 

the corresponding restriction enzyme to select clones with successful HDR. This process 

known as restriction fragment length polymorphism (RFLP) helped identify single cell 

clones with desired mutations. In summary, the transfections led to the following results: 
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target PCR 
product 
size (bp) 

restriction 
enzyme 

digest 
product 
size (bp) 

# of single 
cell clones 

# of single 
cell clones 
with HDR 

# of single 
cell clones 
with other 
mutations 

DDX58 572 EcoRI 108 + 464 19 2 2 

IFIH1 527 SalI 110 + 417 23 4 3 

TBK1 506 EcoRI 180 + 326 16 5 7 

TRIM5a 546 EcoRI 192 + 354 19 8 2 

Table 4.1. 293FT CRISPR/Cas9-modified single cell clones.  

 

 

Figure 4.16. RFLP and transduction of 293FT CRISPR/Cas9-modified single 
cell clones. For each single cell clone, PCR product (left lane) and corresponding 
restriction digest result (right lane) from gel electrophoresis were depicted below 
clone name and number. Each clone was then subjected to LeGO-G2 
transduction (MOI=0.1) and GFP percentage was analyzed by flow cytometry 
on day 3 post transduction. Dashed line indicates baseline transduction value of 
WT sample. One representative experiment.    

 

RFLP results for selected clones (Figure 4.16) showed that most clones with HDR were 

heterozygous mutants and one allele was either still WT or contained other mutations. 

TBK1.c4 and MDA5.c20 showed multiple bands in PCR, suggesting homozygous 

mutations whereas all other clones showed one undigested intact PCR product and one 

digested product, suggesting one allele successfully altered with HDR. Regardless, two 

single cell clones with successful genome editing for each target were selected for further 

analysis with LeGO-G2 transduction. Aiming to see potential alterations in lentiviral gene 

delivery, a low MOI value (MOI=0.1) was selected. Due to the easily-transduced nature 

of 293FT cells, transduction resulted in 12.5% GFP+ WT cells and some, especially one 
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MDA5 clone and both TRIM5a clones showed remarkable differences in GFP 

percentage, reaching up to 20%. Taken together, it was concluded that among all targets 

TRIM5a participated in lentiviral gene delivery and that its disruption enhanced 

transduction in 293FT cells.  

The selected clones being heterozygous raised question marks about the remaining gene 

expression in these cells. Consequently, it was decided to switch to the lentiviral CRISPR 

constructs (target sequences cloned into lentiCRISPRv2 vector, collectively referred to 

as lentiCRISPR constructs from here on) to potentially disrupt gene expression in all cells 

transduced with the corresponding lentiCRISPR virus. (sgRNA target sequences for these 

constructs were retrieved from GeCKO v.2 Library as explained in Section 3.2.3 and were 

different from sgRNA sequences used in transfection experiments.) The anti-viral 

signaling pathways differ from cell to cell, therefore it was necessary to check how an 

easily-transduced cell line such as 293FT would respond to transductions after alteration 

of 20 candidate genes playing roles in distinct pathways. These selected target genes are: 

TBK1, JAK3, MAVS, SYK, LCK, MAP3K7 (TAK1), IRF3, IRF7, IRF9, TLR3, TLR7, 

MAPK8 (JNK), TMEM173 (STING), MAPK14 (p38a), TRIM5a, TRIM25, TRIM28, 

DDX58 (RIG-I), IFIH1 (MDA5) and PIK3CA (PI3K).  

293FT cells were transduced with the lentiCRISPR viruses one by one where Cas9+ cells 

were selected with Puromycin starting 72 hours post transduction. Single cell assays were 

not set up in this case because all transduced and Puro-selected cells were expected have 

constant lentiCRISPR expression, therefore disrupting all alleles found in the genome. 

After complete selection, lentiCRISPR+ cells were subjected to LeGO-G2 transduction 

first at MOI value 0.2 to compare differences in lentiviral gene delivery efficiency. As 

expected, WT cells were 20% GFP+ whereas some of the lentiCRISPR+ cells, namely 

TRIM5a-lentiCRISPR+ and to some extent MAVS-lentiCRISPR+ cells, showed higher 

results than the baseline (Figure 4.17A). The transduction of 293FT cells change 

dramatically with the number of infectious particles per cell, hence selected cell lines 

were further transduced with LeGO-G2 at MOI 0.1, 0.2 and 0.4 to test whether the 

differences in GFP expression would be affected by limiting or extra infectious particles 

in the environment (Figure 4.17B). Strikingly, TRIM5a-lentiCRISPR+ cells showed the 

highest efficiency at every MOI level tested. The cell lines that showed no effect in 

transduction at any MOI were similar with the previous experiment. Thus, it was clear 
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that different anti-viral signaling pathways were triggered depending on cell type and 

TRIM5a played a major role in lentiviral gene delivery in non-immune cell line 293FT.  

 

Figure 4.17. 293FT lentiCRISPR-transduced cell lines show changes in 
lentiviral gene delivery. (A) 293FT cells were first transduced with 
corresponding lentiCRISPR viruses for 16 hours. Three days later, all cells were 
started on Puromycin selection. After complete Puro selection, LeGO-G2 virus 
transductions were carried out (at MOI=0.2). (B) Selected 293FT lentiCRISPR+ 
cell lines were transduced with LeGO-G2 (at MOI=0.1; 0.2; 0.4). GFP percent 
was analyzed by flow cytometry on day 3 post transduction. Data plotted from 
one representative experiment in each part, each run in duplicates, error bars 
indicating SD. Dashed line indicates baseline for transduction at each MOI. 
(2way-ANOVA analysis: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001) 
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4.3.2 Targeting genes in the NK-92 cell line 

 

It was well assessed that certain genes play roles in anti-viral signaling in NK cells that 

could potentially interfere with lentiviral gene delivery, therefore CRISPR/Cas9 system 

was utilized for potentially creating knock-out cell lines. For this purpose, the same 20 

genes were selected for CRISPR/Cas9-mediated genome editing and the cells were 

transduced with the lentiCRISPR viruses one by one where lentiCRISPR+ cells were 

selected with Puromycin starting 72 hours post transduction. After the course of a week-

long selection, lentiCRISPR+ cells were subjected to LeGO-G2 transduction to compare 

differences in lentiviral gene delivery efficiency. With two independent transductions 

done 3 days apart, it was striking to see that some gene disruptions caused significant 

increases in transduction efficiency both in the absence and presence of BX795 (Figure 

4.18A).  

To our surprise, the highest impact was seen with the TRIM25-lentiCRISPR+ NK-92 

cells, followed by PI3K-, JNK-, SYK- and STING-, TRIM28-, DDX58- and MDA5- 

lentiCRISPR+ cells. Endosomal RNA sensors TLR3 and TLR7 and their corresponding 

transcription factors IRF3 and IRF7 showed a decrease in transduction efficiency upon 

genome editing when compared to others, as did MAPK14- lentiCRISPR+ NK-92 cells. 

The GFP level of all transduced samples showed steady values when checked with flow 

cytometry on days 2, 3 and 6 post transduction (data not shown). To confirm the 

downregulation of genes targeted in lentiCRISPR+ NK-92 cells; qRT-PCR was carried 

out with 12 out of 20 candidate genes. All 12 lentiCRISPR+ NK-92 cells showed 

decreased expression when normalized to actin and WT NK-92 expression levels (Figure 

4.18B). Thus, it was clear that lentiviral vectors induced signaling from cytoplasmic RNA 

sensors RIG-I and MDA5 more dominantly than the endosomal RNA receptors TLR3 

and TLR7; and the role of TRIM25 in the signaling of RIG-I was particularly effective in 

this pathway in NK-92 cells. 
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Figure 4.18. NK-92 lentiCRISPR-transduced cell lines show changes in 
lentiviral gene delivery. (A) NK-92 cells were first transduced with 
corresponding lentiCRISPR viruses in the presence of 3 µM BX795 for 6 hours. 
Three days later, all cells were started on Puromycin selection. On day 10 and 
day 13 of Puro selection, two independent LeGO-G2 virus transductions were 
carried out (at MOI=10) in the presence (3 µM) or absence of BX795. GFP 
percent was analyzed by flow cytometry on day 3 post transduction. Data plotted 
from two independent experiments for each part, each run in duplicates, error 
bars with SD. Dashed line indicates baseline for transduction. Statsistical 
analysis made with multiple annova with comparisons of each value to WT 
sample’s no inhibitor or BX795 counterpart. (**** p<0.0001) (B) qRT-PCR 
analysis was done with total RNA isolated from 12 of the NK-92 lentiCRISPR-
transduced and Puro- selected cell lines. Expression values were quantified by 
2(-ddCt) calculations made with b-actin selected as reference gene and then all 
values were normalized to that of WT NK-92 cells. Average of duplicates were 
plotted for each sample with error bars indicating SD.  
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Focusing on RIG-I signaling could potentially provide answers about lentiviral gene 

delivery in NK cells therefore genomic DNA sequence analysis were carried out with 

DDX58-lentiCRISPR+ NK-92 cells. Genomic DNA isolates were used in PCR with 

primers spanning the binding site of CRISPR and the start codon of the DDX58 gene. 

(DDX58-lentiCRISPR binding site with annotations can be found in Appendix H.) The 

sequencing of PCR products revealed that lentiCRISPR was successful in genome 

editing, with NHEJ outcomes ranging from 1 bp to 134 bp deletions in the target region 

(Figure 4.19). All alterations were found to be upstream of PAM sequence (on the reverse 

strand) at the theoretical site of DSB. This set of sequences reflected a small fraction of 

altered cells in the transduced pool of NK-92 cells, which overall should have various 

mutant or truncated versions of the RIG-I protein. Strikingly, a single nucleotide 

polymorphism (SNP) from C to T was detected downstream of transcription start site 

even in the WT PCR products independent of lentiCRISPR, causing an Arg to Cys 

mutation in the 7th amino acid, that could potentially alter the structure and function of 

the protein and create a heterogeneous population (Hu et al., 2010). The position of this 

amino acid is strategically significant, because the N-terminus of the protein contains the 

CARD required for MAVS signaling therefore affecting the rest of the anti-viral response.  

 

Figure 4.19. Sequencing of DDX58-lentiCRISPR+ NK-92 genomic DNA pool 
containing the CRISPR binding site. Start codon of DDX58 (orange) and 
lentiCRISPR binding site (red) are indicated on figure. LentiCRISPR binding 
site and PAM sequence are in the reverse strand. Mutations (m) are shown with 
blue.  
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Taken together, these results indicated that i) the lentiCRISPR constructs were reliable in 

genome editing resulting in NHEJ, ii) potential DSB site 3 bp upstream of PAM sequence 

was the hotspot for mutations and, iii) certain SNPs in RIG-I could be one of the reasons 

behind the low efficiency of lentiviral gene delivery in the NK-92 cell line and perhaps 

in human primary NK cells.  

 

 

 

4.4 Preliminary Results for Future Directions 

 

 

4.4.1 A p38 inhibitor: a twisted player in anti-viral signaling 

 

The MAPK p38 was a promising candidate for increasing transduction efficiency because 

p38 phosphorylation was upregulated in the presence of viral vectors and downregulated 

in the presence of BX795 treatment. To understand the role of p38 in lentiviral 

transduction, we tested a known potent p38a inhibitor, VX745, and observed the effects 

in NK-92 cells. To our surprise, the addition of VX745 during transduction of NK-92 

cells caused a markedly lower transduction efficiency than the DMSO controls (Figure 

4.20A). This trend was the same with all four doses tried during transduction and no 

toxicity was observed at any concentration. Interestingly, BX795 alone could increase the 

transduction efficiency from 13% to 40% but when VX745 was added along with BX795, 

the efficiency decreased to 25%. This showed that blocking p38a with a potent inhibitor 

caused some other pathways to play more dominant anti-viral roles when the lentiviral 

vector was inside the host cell, correlated with findings with a variety of WT viruses.  

Alternatively, the addition of VX745 once viral vector was internalized also showed 

inhibition of viral gene delivery. Although the experiment was set up in the same way as 

before (Figure 4.11B) we observed lower transduction efficiencies when compared to 

DMSO controls at all time points (Figure 4.20B). BX795 caused a 3-fold induction in 

transduction efficiency when added during transduction as expected. These findings 
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indicate that blocking p38 pathways after viral vector exposure caused a marked reduction 

in viral gene delivery in NK-92 cells.   

 

Figure 4.20. The role of p38a inhibitor VX745 when added during transduction 
of NK-92 cells. NK-92 cells were transduced with LeGO-G2 virus (at MOI=10) 
(A) for 6 hours or (B) for 1 hour in the absence of any inhibitors, with BX795 or 
VX745 at indicated concentrations. GFP percent was analyzed by flow 
cytometry on day 3 post transduction. (GFP percentages were normalized to 
DMSO control in part B to get fold transduction values.) Data plotted from one 
representative experiment for each part, run in duplicates, error bars indicating 
SD. Dashed line represents baseline for transduction. 
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4.4.2 Genome editing using the GeCKO library in NK-92 cells 

 

4.4.2.1 Transduction, selection and expansion of GeCKO+NK-92 cells 

Finding out candidate genes playing pivotal roles in lentiviral gene delivery in NK cells 

has been a crucial task throughout this study where single gene silencing and knock-out 

approaches were tried. Notably, a wider perspective could be useful in understanding the 

big picture, making more sense about the crosstalk between previously unlinked 

pathways and leading to the discovery of novel actors in antiviral signaling pathways. 

Therefore, GeCKO library approach was used to obtain a complete knock-out library of 

NK-92 cells. The complete work flow for GeCKO experiments was summarized in Figure 

3.3.  

In essence, NK-92 cells are first transduced with GeCKO Library A and B viruses 

separately where the lentiviral lentiCRISPRv2 construct contains a target-specific sgRNA 

sequence and Cas9-PuroR enclosed within the LTRs. This part of the construct gets 

integrated into the host cell’s genome where target-specific CRISPR/Cas9 would be 

expressed constantly, causing the disruption of its target gene. By obtaining a GeCKO+ 

NK-92 cell population with the right transduction efficiency, we ensure that each and 

every construct will be found in the genomic DNA isolate from these pools which can be 

named as “base library A and B”. By completing two PCR set ups summarized in Figure 

3.2, the part that contains the target-specific sgRNA sequence will be amplified from each 

transduced pool. Hypothetically speaking, if a gene X causes resistance against lentiviral 

gene delivery in NK cells, the cells with gene X knock-out would have higher efficiency 

when a secondary transduction occurs. By making this secondary transduction with the 

GFP-virus LeGO-G2, we aimed to further isolate GFP- and GFP+ populations and 

compare their genomic DNA make-up to the base libraries. Coming back to the example, 

if gene X-targeting sgRNA sequence was found in the GFP+ population but not in the 

GFP- population, it would prove the hypothesis that gene X is involved in antiviral 

resistance. In order to achieve reliable results with the complexity of GeCKO approach, 

each step had to be planned and carefully compiled. The timeline of events can be 

summarized in the chart below: 
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Figure 4.21. GeCKO library timeline.  

Briefly, GeCKO Library A and B virus productions were followed as the regular protocol 

and titration of these productions were completed in NK-92 cells. Transduction of NK-

92 cells were aimed at 10-20% GeCKO+ cells in order to assure one construct entry per 

cell, that would result in one gene knock-out per transduced cell. Starting with 107 cells 

per transduction with each Library, transductions were done in the presence of 3 µM 

BX795 for 6 hours in 15ml volume (knowing that scaling-up the transduction protocol 

would not cause any changes in transduction efficiency). 24 hours after the transduction, 

Puromycin selection was started to enrich the GeCKO+ population. Selection and 

expansion of GeCKO-LibA+-NK-92 and GeCKO-LibB+-NK-92 cells took 14 days. At 

the end of this timeline, 40x106 cells from each population (Library A or B) were taken 

for genomic DNA isolation. This expansion was crucial to have each and every construct 

represented at least 100X in the genomic DNA pool that would be used as sequencing 

baseline. 

 

4.4.2.2 Transduction of GeCKO+NK-92 populations with LeGO-G2 

On day 14 of Puromycin selection, 107 cells from each GeCKO-LibA+-NK-92 and 

GeCKO-LibB+-NK-92 cells were subjected to LeGO-G2 transduction in the absence of 
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any inhibitor, at MOI=10 for 6 hours. GFP expression of control or GeCKO+ NK-92 cells 

were assessed by flow cytometry 48 and 72 hours following transduction (Figure 4.22). 

Surprisingly, GeCKO-LibA+-NK-92 and GeCKO-LibB+-NK-92 cells showed almost 

43% and 45% transduction respectively whereas control transduction was down at 26%. 

This could potentially mean that disrupting certain genes would make a difference in 

lentiviral gene delivery, therefore GFP+ and GFP- populations in both transductions were 

FACS-sorted and expanded further. 18 days after sorting (21 days after LeGO-G2 

transduction), GFP expression of each population was checked again by flow cytometry 

(Figure 4.23). Notably, all populations showed stable GFP expression, therefore genomic 

DNA isolation was completed from 20x106 cells from each GFP- and GFP+ population.  

 

Figure 4.22. LeGO-G2 transduction of GeCKO+ NK-92 cells. WT NK-92, 
GeCKO-LibA+-NK-92 and GeCKO-LibB+-NK-92 cells were transduced with 
LeGO-G2 virus at MOI=10 for 6 hours. GFP expression was assessed 48 and 72 
hours after transduction.  
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Figure 4.23. GFP expression of sorted GeCKO+ NK-92 cells. GFP+ and GFP- 
populations of (A) GeCKO-LibA+-NK-92 and (B) GeCKO-LibB+-NK-92 cells 
18 days after sorting (21 days after LeGO-G2 transduction).  
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5. DISCUSSION 

 

 

 

 

Current gene therapy trials rely on genetic modification of immune cells using viral 

vectors. The use of lentiviral vectors provides efficient genetic modification with the 

advantages of integrating gene-of-interest into host cell genome. The potential 

approaches to genetic modification of NK cells open new doors in fighting autoimmune 

diseases and a variety of cancers (Alici & Sutlu, 2009; Carlsten & Childs, 2015; Childs 

& Berg, 2013). However, both primary NK cells and NK-92 cells are resistant to lentiviral 

gene delivery compared to other members of the hematopoietic system and the use of 

IKKe/TBK1 small molecule inhibitor BX795 during transduction shows remarkable 

enhancement in primary NK cells (Sutlu et al., 2012). The roles of specific PRRs were 

suspected to be significant in this process (Kajaste-Rudnitski & Naldini, 2015); however, 

there were no previous reports suggesting the involvement of any known innate immune 

response mechanism related to lentiviral transduction in NK cells. HIV-1 is naturally 

packed with virulent factors that play various roles in blocking anti-viral signaling 

pathways of the host system (Rustagi & Gale, 2014). Using one or more of these factors 

as examples, the host system can be manipulated to provide highly efficient lentiviral 

gene delivery in NK cells. Small molecule inhibitors especially with reversible effects 

and low toxicity are among the main candidates for this purpose.  

The current study aiming to identify specific roles of the small molecule inhibitor BX795 

in lentiviral gene delivery in NK cells examined transduction dynamics and signaling 

events related to viral vector transduction. BX795 was shown to be the inhibitor of 
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IKKe/TBK1-mediated phosphorylation of IRF3 in macrophages upon signaling of LPS 

or poly (I:C) treatment (Clark et al., 2009). Regarding the use of BX795 to enhance 

lentiviral gene delivery, all previous data relied on information retrieved from primary 

NK cell transductions (Sutlu et al., 2012). It is difficult to get sufficient amount of primary 

NK cells for comprehensive analysis of intracellular dynamics of lentiviral gene delivery. 

Thus, transduction parameters such as inhibitor dose, transduction and inhibitor treatment 

time and MOI values all needed to be optimized with the NK cell lines. 

NK-92 cells were previously reported to have transduction efficiencies ranging from 20 

to 90% with different protocols that require consecutive transductions and various viral 

loads (Imamura et al., 2014; Micucci et al., 2006; Nagashima et al., 1998; Sutlu et al., 

2012). Here, we wanted to obtain an optimal transduction protocol for ease of application 

throughout this study. Our results demonstrated that transduction time and viral load 

could only be increased to a certain extent and the restrictive factors were still present in 

all conditions, preventing the cells to become fully transduced. Transduction time 

determination experiments showed that increasing viral vector exposure time had a 

directly proportional effect on the transduction efficiency in NK-92 cells. Surprisingly, 

viral vector exposure as short as 15 minutes could be enough for viral vector entry into 

the host cells and 6 hours of exposure was optimal in standard transduction experiments. 

By using BX795 at two different doses during these transduction times, it was conclusive 

that both concentrations showed enhanced lentiviral gene delivery starting from 1 hour 

of exposure to lentiviral vector. Before that time point, there was no significant difference 

observed between control sample and the samples treated with BX795. This information 

provided clues about the requirement for BX795 in early signaling events taking place 

upon viral vector internalization.  

Transduction of NK-92 cells at various MOI values indicated an increase in transduction 

efficiency with increasing viral load. Working with very high-titer lentiviral vectors, we 

were able to try MOI levels ranging from 1.25 to 20. Interestingly, the level reached 

without inhibitor at the highest MOI was almost the equivalent of the level reached with 

BX795 treatment at the lowest MOI value. This showed that BX795 could potentially be 

used with 10-fold less viral particles and still result in higher transduction efficiency. In 

the clinical setting, it would be highly preferable to use as few viral particles as possible 

to rule out the possibility of more than one lentiviral vector integrating in the host genome, 

potentially creating unpredicted gene disruption.  
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The dose-dependent effect of BX795 during lentiviral transduction and its related toxicity 

in primary NK cells were shown before (Sutlu et al., 2012). In this study, it was 

demonstrated that both NK-92 and YTS cell lines act in parallel to primary NK cells, 

showing a dose-dependent increase in transduction efficiency when exposed to the 

inhibitor BX795 during transduction. It was clearly seen that using doses of 3 to 6 µM 

BX795 in NK-92 cells and 1.5 to 3 µM in YTS cells were enough to induce significant 

increases in transduction efficiency. Additionally, the use of BX795 at these 

concentrations during transduction did not cause any toxicity in NK-92 cells. 

Collectively, these data supported the reliability of BX795 treatment in lentiviral gene 

delivery in terms of host cell viability.  

For small-scale experiments, 24-well plates were optimal for transduction with small 

amount of cells and total volume requirement. However, for experiments that use millions 

of cells per condition, the transduction protocol needed to be scaled-up. Our results 

showed equally efficient transduction in all sizes tried. Puromycin selection was essential 

for lentiCRISPR and GeCKO library experiments. It was clear that a starting population 

of 30% GFP-PuroR-positive cells could reach up to 100% in less than a week. This was 

easy to assess with a fluorescent marker where GFP- PuroR-positive cells could be 

analyzed by flow cytometry. However, there was not a fluorescent marker for follow up 

with lentiCRISPR experiments and the required starting population was 10-20% PuroR-

positive cells. By the help of these optimization experiments, we could estimate the 

minimum time required for complete selection and expansion of cells in lentiCRISPR 

transductions. 

In the context of signaling experiments, the use of serum-starved cells was advised for 

phosphorylation events to be detected accurately. However, NK-92 cells were 

dramatically affected by short-term serum-deprivation. In an attempt to grow NK-92 cells 

without serum, we deprived serum gradually over the course of four weeks and eventually 

obtained healthy cells living in serum-free media. These experiments also became one 

part of another project run in collaboration with Dr. Adil Duru’s and Dr. Evren Alici’s 

groups and is currently being prepared for publication, showing the growth and profile of 

serum-free-grown NK-92 cells for potential clinical applications (Chrobok et al., 

manuscript in preparation). The signaling events that were triggered upon lentiviral gene 

delivery required comparable transduction of serum-free growing NK-92 cells to their 

regularly cultured counter parts. For this purpose, the two cell types were transduced with 
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either regular lentiviral supernatant collected from the culture of 293FT cells or with 

column-purified virus to eliminate any factors coming from the 293FT culture interfering 

with serum-free growing cells. To our surprise, both transductions showed equally 

comparable results in regular and serum-deprived NK-92 cells; thus, the use of serum-

free growing cells for signaling experiments was completely reliable. 

Involvement of common g-chain cytokines, especially IL-2, -12, -15, -18 and -21 in 

clinical expansion of primary NK cells as well as NK-92 cells affect many features 

ranging from cytotoxic profile to enhancement of immune responses have been 

demonstrated both in vitro and in vivo (Adib-Conquy et al., 2014; Ferlazzo, Pack, et al., 

2004; Gregoire et al., 2007; Imamura et al., 2014; Klingemann & Martinson, 2004; 

Konstantinidis et al., 2005; Krzewski & Strominger, 2008; Sahm et al., 2012). 

Additionally, stimulation of primary NK cells with IL-2, -15 and -21 prior to transduction 

was shown to increase lentiviral gene delivery (Micucci et al., 2006; Sutlu et al., 2012). 

However, this was not the case with NK-92 when we tested the effect of these cytokines 

added alongside IL-2. Surprisingly, only IL-12 showed an enhancement in transduction 

efficiency both in the absence and presence of BX795, correlated with previous findings 

(Micucci et al., 2006). NK-92 cells are dependent on IL-2 for survival and their culture 

contains excessive amount of IL-2 that could potentially limit the amount of available 

common g-chain receptor required for the signaling of IL-15 and -21. As expected, type 

I interferons caused a decrease in lentiviral gene delivery. Overall, standard transduction 

experiments did not require any additional treatment with cytokines to enhance lentiviral 

gene delivery in NK-92 cells. 

Lentiviral gene delivery dynamics were intriguing to investigate because it was evident 

that viral vector internalization was a requirement for BX795-mediated enhancement of 

transduction. Our results demonstrated that viral vector entry could take place any time 

during 6 hours of transduction and BX795 addition at any point of this time scale resulted 

in at least a 2-fold enhancement. We knew that BX795 treatment did not have preparative 

effects on the host cell but it was clear that it could act on cells that had already taken up 

viral particles. This effect could not be assessed fully unless viral vector entry was limited 

to a time frame. The exact requirement for BX795 in any of the events leading to lentiviral 

RNA reverse-transcription, cDNA synthesis or integration was still unknown. In the 1-

hour-transduction scenario, limited amount of viral vector exposure showed that BX795 

treatment was increasing the efficiency of gene delivery for vectors already inside the cell 
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where no new entry could take place. Furthermore, this effect of BX795 was vanishing 

as the gap between viral vector exposure and inhibitor treatment was extending. Overall, 

these data suggested that BX795 prevented early elimination of viral vector, probably 

increasing the level of integration by dampening first stages of anti-viral response.   

Knowing that BX795 acted on early events upon lentiviral vector entry, it was appealing 

to see which signaling pathways in particular were affected by the presence of the 

inhibitor. To test this, lentiviral vector alone, BX795 alone and both of them together 

were incubated with NK-92 cells and the pathways were analyzed by the immune cell 

signaling array. After testing time points ranging from 15 minutes to 12 hours, we 

determined that phosphorylation events for these specific signaling molecules could be 

detected up to 2 hours of lentiviral vector exposure. It was aimed to see differential gene 

expression patterns in transduced cells with or without the inhibitor however, there were 

no differences detected with transduced cells in 15 minutes when compared to control. 

Interestingly, the effect of BX795 alone on other signaling molecules in the absence of 

lentiviral vector could be followed starting from 15 minutes. These events were most 

likely due to the off-target binding of BX795 to kinases other than its major target 

IKKe/TBK1. STAT1, STAT3 and STAT5 Tyr phosphorylations that are dependent on 

JAKs were significantly downregulated by the presence of BX795 even in 15 minutes. 

However, STAT1 and STAT3 Ser phosphorylations were not affected in the same 

manner. Looking at the longer time points revealed that BX795 alone could also cause 

reduced phosphorylation of p38, JNK and IkBa as well as STAT1 and STAT3 Ser 

phosphorylations that are known to be downstream of MAPK signaling (Decker & 

Kovarik, 2000; Goh et al., 1999; Lim & Cao, 1999). This was also in parallel with 

intracellular flow cytometry results showing similar downregulation in STAT3 P-Ser727 

in 2 hours of treatment with the inhibitor whereas lentiviral vector could increase this 

phosphorylation in a time-course trend, peaking at 90 minutes of exposure.  

When we examined the signals activated in cells transduced by only the lentiviral vector, 

it was clearly seen that there was a time-dependent increase in p38 and JNK 

phosphorylation, correlated with previous findings in WT HIV (Lee et al., 2011; 

Muthumani et al., 2004, 2005, 2008) and other RNA virus infections (Börgeling et al., 

2014; Mikkelsen et al., 2009; Poeck et al., 2010). To our knowledge, there were no 

previous studies showing the effect of lentiviral gene delivery in NK cells inducing p38 

phosphorylation in vitro. Furthermore, p38 was suggested to be induced by poly (I:C) 
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triggering, an RNA-virus genome mimetic, in NK cells (Pisegna et al., 2004). Taken 

together, these observations suggested that the presence of lentiviral vectors could induce 

MAPK signaling and BX795 could have adverse effects on MAPKs that in turn regulate 

Ser phosphorylation of STATs important in immune cell signaling. 

The nature of RNA signaling was controversial where total RIG-I and IRF3 amounts did 

not seem to be altered significantly upon lentiviral transduction at any time point tested. 

Total RIG-I expression in NK-92 cells could already be high prior to lentiviral 

transduction therefore there could not be any further increase observed. BX795 treatment 

was shown to inhibit IRF3 phosphorylation in some contexts where cytoplasmic RNA 

and DNA sensors induced TBK1-driven anti-viral responses (Devhare et al., 2016; K. 

Yang et al., 2015; S. Yang et al., 2016). Surprisingly, one study in macrophages showed 

that using BX795 treatment before poly (I:C) stimulation abrogated the TLR response 

and elevated RLR response (Hotz et al., 2015). When checked with intracellular staining, 

RIG-I expression was increased to only 1.5-fold compared to unstimulated control and 

BX795 treatment did not cause any changes in this pattern. Similarly, P-IRF7 detection 

was eminent with lentiviral vector entry regardless of BX795 presence. These findings 

suggested that IRF7 signaling might not be under direct influence of BX795 however the 

experiments need repeating before further conclusions. 

Based on previous knowledge, TLR3 signaling can induce NF-kB and IRF3 and to some 

extent MAPKs and AP-1 whereas TLR7/8 signaling is known to induce IRF7 in a 

MyD88-dependent fashion (O’Neill et al., 2013). APC-independent activation of NK 

cells through dsRNA sensing by TLR3 was shown previously (Schmidt et al., 2004). The 

stimulation of NK cells with dsRNA signaling was also reported to activate TLR3 

pathways that involved p38 and IRF3 (Pisegna et al., 2004). In the same study, it was 

assessed by RT-PCR analysis that freshly isolated NK cells as well as YTS and NK-92 

cell lines expressed adequate levels of TLR3 without any prior stimulation. This finding 

was correlated with increased cytotoxicity in dsRNA-stimulated in primary NK cells and 

NK-92 cell line. p38 phosphorylation was also correlated with dsRNA exposure time, 

hypothesized to be related to TLR3 signaling in primary NK cells and NK-92 cell line 

where TLR3low NKL cell line did not show this response. MAPK family members ERK, 

JNK and p38 were also reported to play roles in NK cell cytotoxicity (Trotta et al., 2000). 

These data collectively point to specific roles of p38 and JNK in NK cells that can be 
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linked to the presence of danger signals and result in increased cytotoxicity against targets 

but it remains to be tested. 

Another group showed that primary NK cells express almost no TLR7/8 and 

predominantly get activated by poly (I:C) triggering through TLR3 whereas TLR7/8-

induced activation requires further cytokine signals provided by other immune cells in 

the host system (Gorski et al., 2006). However, a later study showed that poly (I:C) 

triggering induced RLR-mediated IFNg response in human NK cells rather than TLR3 

and required activation by cytokines produced by DCs (Perrot et al., 2010). Activation of 

primary NK cells by HIV-1 ssRNA was also shown to induce TLR-mediated responses 

in crosstalk with DCs (Alter et al., 2007; Sivori et al., 2004). Overall, the expression of 

TLRs and their mechanisms of activation rely on the complex immune microenvironment 

in vivo (Adib-Conquy et al., 2014). Hence, it was crucial to see which pathway, TLR- or 

RLR-mediated signaling, had the leading role in lentiviral gene delivery in NK-92 cells. 

Therefore, we aimed to create single gene knock-out cell lines with CRISPR/Cas9-

mediated genome editing. 

First, it was interesting to see how the selected gene disruptions would affect the success 

of lentiviral gene delivery in easy-to-transduce cell line 293FT. The constructs designed 

to target the start codon of selected genes DDX58 (RIG-I), IFIH1 (MDA5), TBK1 and 

TRIM5a by transient expression of CRISPR/Cas9 plasmids were all successful in 

generating cells with at least one allele mutated at target site. The targeted genome editing 

was achieved by HDR by introduction of ssODNs with homology arms in both 5’ and 3’ 

regions spanning the CRISPR binding site but the start codon was replaced with a 

restriction enzyme recognition site for selecting single cell clones with RFLP method. 

We showed that CRISPR/Cas9-mediated genome editing is a powerful tool, working with 

high efficiency by transfection method where CRISPR/Cas9 complex can only be found 

in the cell for a restricted amount of time and ssODN can be utilized for successful HDR 

in 293FT cells. Single cell clones needed to be identified in this context because not all 

transfected cells ended up having HDR and mutant clones were to be used in further 

experiments (summarized in Table 4.1).  

Among selected clones, TRIM5a mutants were the ones showing the most anticipated 

difference in transduction with lentiviral vector compared to WT. TRIM5a was one of 

the most effective members of tripartite motif family proteins that induced NF-kB and 
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AP-1 in HEK293 cells and TAK-1 signaling was essential for this induction (Pertel et al., 

2011; Uchil et al., 2013). One out of two MDA5-mutant single cell clones also showed 

an increase in transduction but the verification of these mutants required further 

experiments. 

To further assess the roles of candidate genes in anti-viral signaling, the usual suspects 

list was increased to 20 genes and 20 different lentiviral CRISPR/Cas9 constructs were 

cloned and produced as lentiviral vectors (from then on referred to as lentiCRISPRs for 

ease of use). NK cells have very low transfection efficiency, therefore all constructs were 

required to be in lentiviral vector system. To first address if constructs were functional, 

they were transduced one by one to 293FT cells. The constructs had PuroR to select for 

successfully transduced cells and once selection was complete, all cells were expected 

have target site mutated in all alleles. To screen the effect of each gene on lentiviral gene 

delivery in 293FT cells, a low MOI (0.2) transduction was set up. The results showed 

significant increase in TRIM5a- and to some extent in MAVS-lentiCRISPR+ samples.  

This effect could be due to limited amount of infectious particles in the transduction 

environment, therefore different MOI values were tested for selected high-ranking and 

non-effective samples. For all transductions tried, TRIM5a-lentiCRISPR+ samples 

showed the highest transduction efficiency when compared to WT. The verification of 

these results at protein expression level remain to be tested.  

When the set up was switched to NK-92 cells, more candidates showed differential results 

fitting the expectations coming from signaling data. We tested NK-92 transductions with 

LeGO-G2 lentiviral vector with or without BX795 to follow if any of the gene disruptions 

would result in an indifferent response to BX795. To our surprise, all conditions tested 

showed an increase in transduction in the presence of BX795, even in TBK1-targeting 

sample, suggesting either incomplete alteration of the target gene or off-target binding of 

the inhibitor as seen in the immune cell signaling array. Convincingly, the highest impact 

in transduction was seen with the TRIM25-lentiCRISPR+ samples. This effect could 

further support the roles of RLRs in anti-viral signaling where TRIM25 is responsible for 

ubiquitination of RIG-I (Gack et al., 2007). RIG-I- and MDA5-lentiCRISPR+ cells were 

among the highest-ranking samples in transduction, showing important roles of cytosolic 

RNA sensing. At the same level, TRIM28-lentiCRISPR+ samples showed an effect in 

transduction efficiency, probably due to the roles of TRIM28 in integration of reverse-

transcription products (Allouch et al., 2011). Among these samples, MDA5- and 
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TRIM28-lentiCRISPR+ ones showed 80% reduction in their corresponding gene 

expression when checked at mRNA level whereas RIG-I- and TRIM25-lentiCRISPR+ 

samples showed 40% reduction. These data suggested that the genes were altered in all 

12 lentiCRISPR+ cell lines however there could still be truncated or mutated proteins 

transcribed from these genes.  

SYK-, JNK-, STING- and PI3K-lentiCRISPR+ samples also showed significantly higher 

lentiviral gene delivery in NK-92 cells, fitting the expectations coming from immune cell 

signaling data. PI3K is involved with many of the important signaling events in NK cells 

including IL-15 and Akt pathways (Ali et al., 2015). Surprisingly, endosomal RNA 

sensors TLR3 and TLR7 failed to enhance transduction as much as RIG-I and MDA5 

after lentiCRISPR targeting. Interestingly, STING targeting seemed to cause a higher 

impact in efficiency than TLRs. It might suggest that reverse transcription products of 

lentiviral vector could still induce signals through cytoplasmic DNA sensors (Altfeld & 

Gale Jr, 2015). Overall, these data could potentially show a more dominant role for 

cytoplasmic RNA/DNA sensors rather than TLRs in initiating the anti-viral state of NK-

92 cells upon lentiviral transduction.  

Interestingly, two major candidates selected from signaling experiments, JNK and p38, 

showed opposite effects upon lentiCRISPR targeting. JNK-lentiCRISPR+ samples were 

significantly more prominent in lentiviral gene delivery; on the contrary, p38-

lentiCRISPR+ samples showed almost no difference. Danger signals associated with viral 

invasion cause the activation of TAK-1 through TRIM5a upon capsid binding or nucleic 

acid sensing by endosomal TLRs and these could further activate MAPKs p38 and JNK 

in NK-92 cells. Previous studies with HIV-1 showed abrogation of infection by JNK 

inhibitors (Lee et al., 2011; Muthumani et al., 2004); however, our findings pointed the 

opposite in potential knock-down of JNK but the levels of knock-down still need to be 

tested. JNK is important for STAT3 Ser phosphorylation (Lim & Cao, 1999) that was 

found to be upregulated upon lentiviral vector internalization in our experiments. 

Apparently, MAPKs play essential roles in NK cell signaling dynamics but there are 

many other factors influencing the balance of these signals.  

Among all candidate genes targeted, RIG-I seemed to have the highest potential for 

causing adverse effects in abrogation of lentiviral gene delivery in NK-92 cells. 

Therefore, we sequenced the PCR products spanning the DDX58 genomic DNA region 
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containing the potential DSB site. Astonishingly, among the sequenced products, many 

showed variations in the potential cut site of Cas9, 3 bp upstream of PAM sequence. 

Ranging from 1 to 134 bp, most samples showed deletions and a few had mutations but 

no insertions were observed. It was crucial to see a variety of mutations in the population 

due to the risk of clonal selection. If a certain mutation had caused selective advantage, 

all clones would be descendants of the same mutant, therefore limiting the outcome of 

following experiments. The most surprising finding was the discovery of an SNP a few 

nucleotides downstream of transcription start site, causing a major alteration in the amino 

acid sequence from Arg to Cys in the 7th position. This SNP was also identified in one 

study showing differential anti-viral responses in DCs due to the change in RIG-I protein 

structure right at the CARDs, impacting the downstream signaling (Hu et al., 2010). Thus, 

it would be very appealing to see the genotype of transduced NK-92 cells and compare 

the lentiviral gene delivery associated with RIG-I polymorphism in the population.  

The curious case of p38 induction led to the investigation of the effects of a new inhibitor, 

VX745, that could potentially change the dynamics of lentiviral gene delivery. VX745 

was used in many studies for complete inhibition of p38a including clinical trials in 

autoimmune disease rheumatoid arthritis to dampen inflammation (Gaestel et al., 2009). 

We hypothesized that blocking p38 would cause an increase in lentiviral gene delivery in 

NK-92 cells since the results of signaling array showed an upregulation of p38 

phosphorylation upon viral exposure and downregulation when BX795 was present. 

Surprisingly, the results conveyed reduced transduction efficiency in NK-92 cells when 

VX745 was used during or hours after exposure to lentiviral vector. Preliminary results 

were intriguing and further experiments are required to reach a conclusion about the 

specific role of this inhibitor in anti-viral signaling in NK cells. 

Observing the effect of one gene knock-out/knock-down at a time is useful and necessary 

for identification of candidate players in anti-viral immunity of NK cells. However, 

genome-wide screens provide a different perspective and help one understand the very 

complex network of signaling pathways contributing to the anti-viral state. Therefore, it 

was illuminating for us to apply a genome-wide screen with GeCKO library in NK-92 

cells to see the effects of pathways contributing to the elimination of viral vectors. 

Preliminary data provided us remarkable results where GeCKO-LibA+- and GeCKO-

LibB+-NK-92 cells showed almost double the efficiency when transduced with the 

LeGO-G2 vector, almost mimicking the effect of BX795 in the absence of the inhibitor.  
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Based on our findings, we propose a role for BX795 interfering with the responses 

downstream of RLRs and TLRs in a complex network. Additionally, we think that the 

lentiviral vector entry induces as RLR-dominated response with specific roles of TRIM25 

in NK-92 cells. The cytokines and danger signals obtained from the culture are expected 

to influence the intracellular dynamics of lentiviral vector signaling through the activation 

of MAPKs p38 and JNK in this process. Overall, our model can be summarized in Figure 

5.1. 

 

Figure 5.1. Proposed model for signaling events triggered upon lentiviral vector 
delivery in NK cells. BX795, the small molecule inhibitor of TBK1/IKKe, could 
increase transduction efficiency in NK cells by potentially blocking signals 
received from RLRs and TLR3, with additional effects on MAPK signaling. It 
is possible that some signaling events (annotated with black arrows) such as 
dsRNA signaling are more dominant in NK cells over others (annotated with 
grey) but their individual contributions remain to be tested.   
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6. CONCLUSION 

 

 

 

This study is an extensive effort in investigating the roles of candidate genes in anti-viral 

signaling pathways that are causing resistance to lentiviral gene delivery in human NK 

cells. The use of small molecule inhibitor BX795 has significantly altered the 

transduction efficiency of NK cells and the update of current lentiviral transductions is 

valuable for future uses in immunotherapy. The optimization of transduction methods and 

better understanding of responses to lentiviral gene delivery may provide answers for all 

gene therapy trials with applications ranging from stem cells to other members of the 

lymphocytic lineage. Regarding further applications, other studies in our lab have used 

optimized transduction protocols with BX795 to generate genetically-modified NK-92 

cells retargeted against specific tumor antigens. 

Our aim in characterizing novel pathways to target with small molecule inhibitors has led 

us to the identification of primarily TRIM5a in 293FT and RIG-I and TRIM25 in NK-92 

cells that gave rise to an anti-viral response upon lentiviral gene delivery. Overcoming 

signaling events in 293FT that interfere with lentiviral vector production could be useful 

in generation of higher-titer vectors. The identification of RIG-I pathway as the main 

resistance behind lentiviral gene delivery in NK cells could potentially open new doors 

in gene therapy applications. The induction of MAPKs in NK-92 cells in the presence of 

lentiviral vectors requires further analysis to find the specific roles of the pathways 

leading to p38 and JNK phosphorylation. If RIG-I and p38 pathways are intertwined, this 

would be a novel finding that impacts our understanding of the response of NK cell to 

lentiviral vectors.  
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APPENDIX 
 
 
 
 

APPENDIX A: Chemicals Used in This Study 

 

Chemicals and Media Components  Company 

Agarose     Sigma, Germany 
Ampicillin Sodium Salt   CellGro, USA 
Boric Acid     Molekula, UK 
Bradford Reagent    Sigma, Germany 
Distilled Water    Merck Millipore, USA 
DMEM     Thermo Scientific, USA 
DMSO      Sigma, Germany 
DNA Gel Loading Dye, 6X   NEB, USA 
DPBS      Sigma, Germany 
EDTA      Applichem, Germany 
Ethanol     Sigma, Germany 
Ethidium Bromide    Sigma, Germany 
Fetal Bovine Serum    Thermo Scientific, USA 
HEPES Solution, 1 M    Sigma, Germany 
Hydrochloric Acid    Merck Millipore, USA 
Isopropanol     Sigma, Germany 
Kanamycin Sulfate    Thermo Scientific, USA 
LB Agar     BD, USA 
LB Broth     BD, USA 
L-glutamine, 200 mM    Sigma, Germany 
MEM Vitamin Solution, 100X  Sigma, Germany 
MEM Non-essential Amino Acid Solution Sigma, Germany 
2-Mercaptoethanol    Sigma, Germany 
Methanol     Sigma, Germany 
PIPES      Sigma, Germany 
Sodium Pyruvate Solution, 100 mM  Sigma, Germany 
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APPENDIX B: Equipment Used in This Study 

 

Equipment     Company 

Autoclave     Hirayama, HiClave HV-110, Japan 
Balance     Sartorius, BP221S, Germany  
      Schimadzu, Libror EB-3200 HU, Japan 
Centrifuge     Eppendorf, 5415D, Germany 
      Eppendorf, 5702, Germany 
CO2 incubator     Binder, Germany 
      Thermo Fisher Scientific, USA 
Countess II FL automated cell counter Thermo Fisher Scientific, USA 
Deepfreeze      -80oC, Forma,Thermo ElectronCorp.,USA 

-20oC, Bosch,Turkey 
Electrophoresis Apparatus   Biorad Inc., USA   
Filters (0.22 µm and 0.45µm)   Merck Millipore, USA 
Flow cytometer    BD FACScanto, USA 
Gel Documentation    Biorad, UV-Transilluminator 2000, USA 
Heater Thermomixer Comfort, Eppendorf, 

Germany 
Hemocytometer    Hausser Scientific, Blue Bell Pa., USA 
Ice Machine     Scotsman Inc., AF20, USA 
Incubator     Memmert, Modell 300, Germany 
      Memmert, Modell 600, Germany 
Laminar Flow     Heraeus, HeraSafe HS12, Germany 
      Heraeus, HeraSafe KS, Germany 
LightCycler® 480    Roche, Switzerland 
Liquid Nitrogen Tank    Taylor-Wharton, 3000RS, USA 
Magnetic Stirrer VELP Scientifica, ARE Heating Magnetic 

Stirrer, Italy 
Microliter Pipettes    Gilson, Pipetman, France 
      Isolab, Germany 
      Thermo Fisher Scientific, USA 
Microscope     Zeiss, Primo Vert, Germany 
      Olympus IX70 inverted, USA 
Microwave Oven    Bosch,Turkey 
pH meter     WTW, pH540 GLP MultiCal, Germany 
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 Used in This Study 

Commercial Kit     Company 

Calcium Phosphate Transfection Kit   Sigma-Aldrich, USA 
FITC Annexin V Apoptosis Detection Kit  BD Biosciences, USA 
High-Capacity cDNA Reverse Transcription Kit Thermo, USA  
InsTAclone PCR Cloning Kit    Thermo, USA 
NuceloSpinâ Gel and PCR Clean up   Macherey-Nagel, USA 
NuceloSpinâ Plasmid Miniprep Kit   Macherey-Nagel, USA 
NuceloSpinâ Plasmid Midiprep Kit   Macherey-Nagel, USA 
PathScan® Immune Cell Signaling Antibody Cell Signaling Technology, USA 
Array Kit (Fluorescent Readout)    
PureLinkâ HiPure Plasmid Midiprep Kit  Invitrogen, USA 
PureLinkâ Genomic DNA Mini Kit   Invitrogen, USA 
Quick-RNATM Miniprep Kit    Zymo Research, USA 
TaqMan® Gene Expression Assays   Thermo, USA 
Vivapureâ LentiSELECT 40    Sartorius, Germany 

 
     

APPENDIX D: Antibodies Used in This Study 

Antibody       Company 

Mouse APC anti-CD56 (NCAM 16.2)   BD Biosciences, USA 
Mouse AF647 anti-STAT3 (pS727) (Clone 49)  BD Biosciences, USA 
Mouse PE anti-IRF-7 (pS477/pS479) (Clone K47-671) BD Biosciences, USA 
Mouse AF647 anti-RIG-I (Clone IMG2M6F10)  Imgenex, Novus, USA 
Mouse AF647 IgG1k (Clone MOPC-31C)   Imgenex, Novus, USA  

 
 

APPENDIX E: DNA Ladder 

 

Figure E1. 10kb Gene Ruler DNA Ladder Mix (Fermentas) 
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APPENDIX F: Plasmid Maps 

 

Figure F1. The vector map of LeGO-G2. 

 

Figure F2. The vector map of lentiCRISPRv2. 
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APPENDIX G: Sequencing Results 

 



 130 

 



 131 

 

Figure G1. Sequencing results of lentiCRISPR constructs. 
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APPENDIX H: CRISPR Target Sites  

 

 

Figure H1. DDX58 (lentiCRISPR design) genomic DNA region. 
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Figure H2. DDX58 (pspCas9(BB) design) genomic DNA region. 
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Figure H3. IFIH1 (pspCas9(BB) design) genomic DNA region. 
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Figure H4. TBK1 (pspCas9(BB) design) genomic DNA region. 
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Figure H5. TRIM5a (pspCas9(BB) design) genomic DNA region. 
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APPENDIX I: Immune Cell Signaling Array Results 

 

Figure I1. Immune cell signaling array with 15-30-90 minute-transductions. 
Serum-free NK-92 cells were treated with DMSO alone (black), 6 µM BX795 
alone (dark grey), viral vector at MOI=20 (striped) or viral vector with 6 µM 
BX795 (light grey) for (A) 15, (B) 30 or (C) 90 minutes. The average of two 
blots for each protein were plotted. RFU: relative fluorescence unit. Error bars 
indicate SD. 
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Figure I2. Immune cell signaling array with 15-, 30-, 90-minute transductions 
normalized to control. Serum-free NK-92 cells were treated with DMSO alone, 
6 µM BX795 alone (dark grey), viral vector at MOI=20 (striped) or viral vector 
with 6 µM BX795 (light grey) for (A) 15, (B) 30 or (C) 90 minutes and each 
signal value was normalized to that of DMSO control for each time point. The 
average of two blots for each protein were plotted. Dashed line indicates the level 
of DMSO control sample. Error bars indicate SD. 
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Figure I3. Immune cell signaling array with 30- and 90-minute transductions. 
Serum-free NK-92 cells were treated with DMSO alone (black), 6 µM BX795 
alone (dark grey), viral vector at MOI=20 (striped) or viral vector with 6 µM 
BX795 (light grey) for (A) 30 and (B) 90 minutes in the presence of IL-2. The 
average of two blots for each protein were plotted. RFU: relative fluorescence 
unit. Error bars indicate SD. 
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Figure I4. Immune cell signaling array with 30- and 90-minute transductions 
normalized to control. Serum-free NK-92 cells were treated with DMSO alone, 
6 µM BX795 alone (dark grey), viral vector at MOI=20 (striped) or viral vector 
with 6 µM BX795 (light grey) for (A) 30 and (B) 90 minutes in the presence of 
IL-2.  Each signal value was normalized to that of DMSO control for each time 
point. The average of two blots for each protein were plotted. Dashed line 
indicates the level of DMSO control sample. Error bars indicate SD. 

 

 

 

 

 

 

 


