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ABSTRACT 

 

OPTIONS FOR LOW-COST MANUFACTURING AND SAFER CELL THERAPIES 

 

by Melis Keceli 

 

The proposed work aims to overcome the economical and feasibility-related 

limitations of the chimeric antigen receptor therapies by developing an artificial cell 

signaling pathway whose design transforms K562 cells into in vivo living vectors to 

synthesize therapeutic proteins upon engaging diseased cells in the treatment of ovarian 

cancer. There are various advantages of using K562 cells throughout this process. First, 

Food and Drug Administration approves the reinfusion of K562 cells into patients’ 

bodies. Second, K562 cells are more affordable than T lymphocytes, and finally, these 

cells can be easily manipulated with any desired genetic material and can keep the 

expression of engineered genes stable. However, they do not express a chemokine 

receptor, a type of cytokine controlling the traffic of the immune cells to a desired site of 

the body. Therefore, these cells must be manipulated with chemokine receptors to enable 

them to migrate directly towards the tumor microenvironment to prevent harm to the 

healthy parts of the body. For the manipulation of all cells used in this study, lentiviruses 

were produced to transduce them. Nanoluc luciferase reporter was used as an effector 

protein to evaluate whether K562 cells can synthesize these enzymes in situ upon 

interacting with diseased cells. K562 cells lack necessary molecules that would drive 

them to form an immunological synapse to produce engineered proteins. As a result, 

they were not able to  produce the Nanoluc enzyme. On the other hand, this study shows 

that the chemokine system presents an excellent potential for immunotherapies, and it 

may help prevent damage to healthy tissue. 
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1 Introduction 

The oldest description of cancer dates back to about 3000 BC and is found in ancient 

Egyptian manuscripts. Cancer is the second leading cause of death, behind heart diseases, 

in the United States, and the World Health Organization (WHO) attributes an estimated 

9.6 million deaths to cancer worldwide (1). Research into the risk factors for developing 

cancer is considered a priority. Several factors have been identified: cancer can be 

hereditary, or it can occur because of ‘lifestyle factors, including but not limited to 

tobacco smoke, alcohol consumption, and excessive sun or radiation exposure (2). 

The treatments currently available for cancer include surgery, chemotherapy, 

radiation therapy, and immunotherapy. The selection of treatment is dependent on the 

type of cancer and its location, as well as how advanced it is. Some patients may receive 

only one type of therapy, while others receive a combination simultaneously or in 

sequence. The treatment goal is to eradicate as many tumor cells as possible while 

minimizing the harm to the surrounding healthy cells. However, all treatments have 

potential disadvantages and have the potential to cause harm. For example, 

chemotherapy, radiation therapy, and surgery may damage nearby tissues or may be 

unable to kill all the cancerous cells. Thus, it should be noted that none of these therapies 

may be able to cure cancer completely (3).   

Immunotherapy is an emerging area of cancer research that shows tremendous 

advantages in relation to increasing survival rates and the maintenance of patients’ life 

quality when compared to the other types of treatments mentioned above (4). 

Immunotherapy is a biological therapy that teaches the body’s immune system to fight 
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cancer. There are two lines of defense of the body against foreign substances: innate 

immunity and adaptive immunity. Innate immunity is the first line of defense and is 

present from birth, protecting the body from infections even before they start. Most 

infections can be stopped by innate immunity. However, if they cannot, the second line of 

defense, adaptive immunity, becomes active. As such, lymphocytes, the key elements of 

adaptive immunity, would recognize pathogens with their cell surface antigens and 

proliferate to clear the body of foreign substances (5,6). Lymphocytes are mainly divided 

into T lymphocytes and B lymphocytes. While B lymphocytes are programmed to 

produce antibodies, T lymphocytes are programmed to recognize antigens and respond to 

them (7). T lymphocytes have T cell receptors (TCRs) on their cell surface that would 

allow them to engage the major histocompatibility complex (MHC) on the target diseased 

cells. MHC is a genetic system that binds peptide fragments of pathogens and expresses 

them on the cell surface to be recognized and destroyed by immune cells. However, many 

cancer cells do not express MHCs on their cell surface as a result of an evolutionary 

mechanism, avoiding immune cells and spreading to other parts of the body (6,8). To 

overcome this limitation, scientists manipulate patients’ T cells with a protein called 

chimeric antigen receptor (CAR). CARs enable T cells to bind cancer cells even though 

they don’t have MHCs on their surface (9).  

In CAR T cell therapy, a patient’s white blood cells are collected, and the T cells are 

separated. These T cells are then genetically engineered in a laboratory to express CARs 

on their cell surface and are then grown into the hundreds of millions to be given to the 

patient by infusion. The CARs enable T cells to bind to the antigens on cancer cells and 
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kill them (10). Since each cancer type has its specific antigen, CARs must be specific and 

generated for each cancer type respectively to attach to the different receptors of different 

cancer cells.  CAR T cell therapy is a process in which each patient’s immune cells are 

meticulously treated and engineered to express specific receptors depending on the 

cancer type. However, Primary T cells are highly challenging to grow in the laboratory as 

they need to be activated first. Given these challenges, CAR T cell therapies are costly 

and not affordable for many cancer patients, even though there are two approved CAR T 

cell therapies by Food and Drug Administration (FDA). The two treatments, Kymriah 

and Yescarta, cost $475,000 and $373,000, respectively (11). As a result of being very 

expensive, a cheaper alternative to CAR T cell therapy must be found to provide more 

affordable and accessible treatments for cancer patients.  

Further to high treatment costs, current protein-based cancer therapies have side 

effects, such as systemic toxicity, and the dose-response relationship varies from patient 

to patient. To overcome these limitations, T cell biofactory technology represents a great 

potential to synthesize and deliver appropriate amounts of therapeutic proteins for cell-

based diseases like cancer, viral infections, and autoimmune diseases. T cell biofactory 

technology refers to developing an artificial cell-signaling pathway whose design 

transforms a T cell into a living vector that would synthesize engineered therapeutic 

proteins during the engagement with the antigen-presenting target cells. Reprogramming 

of a biofactory to recognize different targets depending on the cancer type or disease type 

is also possible.  A previous study performed by Bhatnagar et al. (45) showed that T cell 

biofactory has a great potential for targeting diseased cells with maximal specificity. This 
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technology was first applied to Jurkat cells (12). Jurkat cells, an immortalized line of T 

cells, have all the machinery that Primary T cells have, except they are cancer cells. 

Jurkat cells are preferred for new application evaluation because their culture and growth 

in the laboratory are more manageable compared to Primary T cells. Although this 

system has worked, and Jurkat cells have produced the engineered proteins, it is not 

possible to reinfuse Jurkat cells into the patient’s body as they are cancer cells. Also, 

implementing this system in Primary T cells would cause the therapy to be costly, which 

is unlikely accessible for all cancer patients. Also, for the best results of this therapy, the 

effector cells must migrate directly to the diseased cells. To do this, T cells are 

engineered to express chemokine receptors that drive them to the site of infection in the 

body. Chemokines, being chemotactic cytokines, control the homing, retention, and 

migration of immune cells towards the tumor microenvironment (13). Thus, the 

chemokine system represents a potential target for CAR T cell therapies as it enables 

effector cells to go directly to target cells. 

In order to find a cheaper alternative to CAR T cell therapies, one of the aims of this 

study was to test if K562 cells can be used as a cellular chassis for developing a 

biofactory technology to produce therapeutic proteins for ovarian cancer. It is important 

to note that it is possible to replace the antibodies that recognize antigens and the proteins 

that can be synthesized in situ upon the engagement of effector and target cells, 

depending on the disease type. Therefore, biofactory technology has a great potential for 

targeting different cell-based diseases. The rationale for choosing the K562 cell line is 

that it has been clinically approved to be safely administered to patients with acute 
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myeloid leukemia after being genetically modified, and it is cheaper and easier to expand 

than Primary T cells. As the price of CAR T cell therapies is an obvious barrier, this 

study may result in economic benefits. Another aim of this study was to test the 

hypothesis that Jurkat cells migrate directly to the tumor microenvironment. Neither 

Jurkat nor K562 express chemokine receptors. As a result, these cells may target and 

harm healthy parts of the body after reinfusion. Therefore, to have effector cells migrate 

directly to the diseased site, Jurkat cells were engineered to express appropriate 

chemokine receptors whose corresponding chemokines were produced in the ovarian 

tumor microenvironment. If Jurkat cells successfully migrate towards the tumor cells, the 

same system can be implemented in K562 biofactories in later studies. This 

implementation would provide safer therapy in which K562 biofactories directly migrate 

towards the tumor microenvironment without harming the healthy cells. 

  



6 
 

2 Literature Review 

This literature review first discusses different types of cancer immunotherapy, 

building background information. Second, CAR T cell therapies and their challenges are 

addressed to indicate the need for this study. Third, the importance of forming an 

immunological synapse and chemokine system for T cells’ migration, differentiation, and 

activation is discussed. Finally, different viral gene delivery techniques for delivering 

genetic material to CAR T cells are reviewed. 

2.1 Cancer Immunotherapy 

Immunotherapy, also known as biological therapy, is the fight of our immune cells 

against cancerous cells (4). Dr. William Coley, known as the father of immunotherapy, 

was moved to research immunotherapies for cancerous tumors after a 17-year-old patient, 

who did not recover and died weeks later despite the amputation of the sarcoma. Coley 

documented his successes through experimentation and published case series, achieving 

remission for sarcoma, lymphoma, and testicular cancer. However, his method was met 

with initial skepticism, and other oncologists were concerned about deliberately injecting 

patients with pathogenic bacteria to treat malignant cells (14). 

Since Coley’s early work, immunotherapy has progressed significantly, and there are 

now multiple types of immunotherapies available. One such method is adoptive T cell 

therapy, also known as cellular adoptive immunotherapy or T cell transfer therapy (7). 

There are three types of adoptive T cell therapy; tumor-infiltrating lymphocyte (TIL) 

therapy, engineered T cell receptor (TCR) therapy, and chimeric antigen receptor T cell 
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(CAR T cell) therapy. Researchers have recently begun to incorporate natural killer cells, 

another type of immune cell, for an alternative adoptive therapy (15).  

TIL therapy was pioneered in the late 1980s to treat metastatic melanoma. In this type 

of therapy, T cells are isolated from a patient’s tumor and expanded ex vivo with 

interleukin 2 (IL-2), a type of cytokine that enhances T cells’ activation and contributes 

to their differentiation into effector T cells (15,16). The effector T cells are then infused 

intravenously into the patient’s body. Even though studies show promising results, not 

every patient has T cells recognizing their tumors, meaning such patients’ T cells cannot 

bind to antigens and destroy cancer cells. To address this challenge and support a wider 

range of cancer patients, TCR therapy has been developed. In TCR therapy, patients’ T 

cells are isolated too, but instead of just activation and expansion, doctors and scientists 

can manipulate T cells and target specific tumor antigens. Once manipulated, T cells are 

grown in the laboratory and are then reinfused into the patient’s bloodstream. This 

method provides more personalized treatments compared to TIL therapy (7,15).  

Although these two therapies have led clinical oncologists to expect more significant 

tumor regression, results have been disappointing and below expectations. One 

explanation for the lackluster results may be the downregulation of major 

histocompatibility complex I (MHC-I) on the tumor surface. The downregulation of 

MHCs causes cancer cells not to be recognized and destroyed by T cells. Therefore, 

cancer cells can grow and spread to other parts of the body (8). To have promising results 

from TCR therapy, MHC or human leukocyte antigen complex (HLA complex), a 

chromosomal region with different genes, must present intracellular tumor-related 
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antigens on cancer cells’ surface to TCRs on T cells (5). MHC-I or MHC-II should be 

present on the cancer cells’ surface to be detected or destroyed by immune cells (8). To 

overcome this limitation, scientists equip patients’ T cells with a protein called chimeric 

antigen receptors (CARs). CARs enable T cells to bind to cancer cells despite not having 

MHCs on their surface and enable immune cells to better identify cancer cell antigens. 

Since each cancer type has its specific antigen, each CAR is generated specifically for 

each cancer type. CAR T cells contain extracellular, intracellular, and transmembrane 

regions. Whereas the extracellular region has a single-chain variable fragment (scFv) 

domain to recognize tumor-associated antigens, the intracellular domain is composed of 

immunoreceptor tyrosine-based activation motif (ITAM) of the cluster of differentiation-

3 zeta (CD3ζ), which activates co-stimulatory molecules (9,17).  

2.2 CAR T Cell Therapies 

  CAR is a hybrid antigen receptor, which includes a part of an antibody and a part of a 

TCR. The antibody part is found in the transmembrane domain, and the T cell receptor 

part is found in the intracellular domain. The antibody part of CAR enables it to bind to 

an antigen, and the TCR part helps activate the CAR when encountering antigen-

presenting cells (18). Over the past years, there have been five generations of CAR T 

cells, which have been generated to target a specific protein independent of MHC Class I 

or MHC Class II, which depends upon the type of T cell (either CD8+ or CD4+ T 

lymphocyte, respectively) on an antigen-presenting cell’s surface (9,17).  

In 1993, Eshhar et al. were the first to show the first-generation CARs, consisting of 

scFv extracellular domain as an antigen recognition motif and a cluster of differentiation-
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3 zeta (CD3ζ) ITAM domain as an activation motif. They expected these CARs would 

promote IL-2 secretion upon encountering cancer cells independent of MHC (19). 

However, two years later, Brocker et al. found that resting T cells and effector T cells had 

different signaling capabilities. The chimeric receptor ζ, which would activate T cells, 

expressed by transgenic mice was not sufficient to activate resting T cells. Nevertheless, 

if the T cells were preactivated, the chimeric receptor ζ was able to activate them. Also, 

the activated T cells were able to proliferate and had cytotoxic effects upon encountering 

antigen-presenting cells (20).  

In the late 1990s, Gong et al. conducted a study with patients at different stages of 

prostate cancer. They showed that if T cells were engineered to express the Pz-1 receptor, 

which lyses prostate cancer cells, they could release cytokines and target tumor cells (21). 

Upon completion of these studies (19, 20), it was concluded that the first-generation of 

CAR T cells had insufficient proliferation, secretion of cytokines, and cytotoxic activity 

in vivo (22).  

Going forward, co-stimulatory molecules identified as vital for T cell activation, 

proliferation, and survival were added to second and third-generation CARs. T cell 

activation needs two signals, one from a TCR and the other from a co-stimulatory 

molecule such as CD28. This co-stimulatory molecule improves IL-2 synthesis, a 

cytokine necessary for the T cell stimulation, as proved by Finney et al (23). Thus, the 

absence of co-stimulatory molecules prevents naive T cells' functions, which would lead 

to T cells' anergy (24, 25). The co-stimulatory molecule used to generate the second-

generation CARs is not limited to CD28. Song et al. and Homback et al. demonstrated 
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that CD27 or 4-1BB (CD137) and OX40 (CD134) can also promote T cell proliferation 

and improve CAR T cell function (26,27). The third-generation CARs are different in 

that they are made by combining CD3ζ-CD28-OX40 or CD3ζ-CD28-41BB to enhance 

the CARs' potential in terms of killing and cytokine secreting. This means that the third-

generation CARs have two co-stimulatory molecules rather than just one as in second-

generation CARs (24).  

The fourth-generation CARs, also known as TRUCKs (T cells redirected for antigen‐

unrestricted cytokine‐initiated killing), were generated by adding Interleukin 12 cytokine 

(IL-12) to the base of the second-generation CARs. IL-12 cytokine produced by different 

cells in response to an antigenic stimulation recruits macrophages that would destroy 

bacteria or other harmful microorganisms. Thus, TRUCKs can also treat innate system 

disorders such as viral infections. Studies exploring different cytokines such as IL-7, IL-

15, IL-18, and IL-23 to generate the fourth-generation CARs are still going on. Each has 

different features, but all ultimately aim to enhance T cell functions (28). These 

successive generations of CARs bring high expectations and hope in cancer treatment.  

2.3 CAR T Cell Therapy Challenges 

Over the decades, CAR T cell therapies have been under investigation due to their 

unprecedented and unparalleled results in cancer treatments. Even though many 

investigations aim to use CAR T cell therapies to treat different kinds of cancer, only a 

few have been approved by Food and Drug Administration (FDA). 

Clinical trials of CAR T cell therapies have shown remarkable results in B cell 

malignancies. B cell malignancies include relapsed and refractory chronic lymphocytic 
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leukemia (CLL), small lymphocytic lymphoma (SLL), mantle cell lymphoma (MCL), 

non-Hodgkin lymphoma (NHL), diffuse large B-cell lymphoma (DLBCL), and acute 

lymphocytic leukemia (ALL). B cell malignancy is a type of cancer formed in B cells. 

This disease causes the formation of many abnormal B lymphocytes that cannot fight 

germs as mature B cells do. B cells have a transmembrane glycoprotein, CD19, on their 

cell surface from early pro-B development to the end of their differentiation into mature 

B lymphocytes. B lymphocyte antigen CD19 is an attractive therapeutic target for CAR T 

cell therapies to treat B cell lymphoma because its expression is restricted to B cell 

lineage (29,30). Kochenderfer et al. treated a patient with advanced follicular lymphoma 

with a combination of chemotherapy and genetically engineered T cell therapy. They 

engineered T cells with retroviral vectors to express anti-CD19 CAR that was able to 

recognize CD19. They reinfused those T cells into the body, and 64% of those expressed 

the CAR as measured by flow cytometry. After nine weeks of the reinfusion, the patient's 

lymphoma showed partial remission, and thirty-six weeks after anti-CD19 CAR 

transduction, CD19+ cells were completely eradicated from their blood (31). After this 

first effective CAR T cell therapy, Kochenderfer et al. reported on the first clinical trial 

with 15 patients with DLBCL by using anti-CD19 CAR T cell therapy. Eight of the 15 

patients showed complete remission, and four of them achieved partial remission. These 

results demonstrated this treatment's broader effectiveness in treating B cell malignancies 

(29,32). 

Based on these successful results, many more studies have been conducted over the 

years, and the first CAR T cell therapy Kymriah, marketed by Novartis, was approved by 
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the FDA in 2017 for children and young adults up to age 25 with relapsed and refractory 

(r/r) ALL, or for adults with r/r DLBCL (33,34). Before the approval of this therapy, 

Maude et al. conducted Phase II ELIANA trial, the first pediatric global CAR T cell 

therapy, with 63 pediatric and young adults with r/r ALL. Upon completing this study, 

they found the overall remission rate as 83% within three months of infusion (35). 

Another study conducted by Schuster et al. was the international Phase II JULIET trial, 

the first multi-center global registration study, with 93 adult patients. The overall 

response rate was 52%, including 40% of complete responses and 12% of partial 

responses (36). One year after the approval, Kymriah was also authorized for use in 

Europe (30). 

 Another CAR T cell therapy, Axicabtagene ciloleucel (AXI-CEL/KTE-C19), 

marketed by Kite as Yescarta, received FDA approval in 2019 for patients with 

aggressive r/r NHL including DLBCL. Locke et al. conducted phase I of the ZUMA-1 

trial to support the KTE-C19 approval. Nine patients were enrolled in this study to 

evaluate the safety and efficacy of anti-CD19 CAR T cells (37). After getting promising 

results from this study, Neelapu et al. conducted phase II with 111 patients who have had 

histologically large B cell lymphoma. Phase II of the ZUMA-1 trial showed an objective 

response rate of 82% and a complete response of 54%. These results have made doctors 

and scientists believe that Axicabtagene ciloleucel provides clinical benefits to patients 

(38). 

Despite the successful results for ALL patients, there are still challenges to overcome 

for CAR T cell therapies. Today, two main challenges remain: selecting the right antigen 
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to be targeted and ensuring T-cell migration to the solid tumor. An ideal antigen for solid 

tumors should be highly expressed on them and remain unexpressed on other vital 

tissues. As solid tumors' antigens may also be found on healthy tissues, it is very hard to 

find the specific antigen for solid tumors (29,30). 

Lack of a specific target antigen for solid tumors may cause on-target off-tumor 

toxicity. This complication occurs when CAR T cells attack healthy cells that express the 

intended target antigen. Although this toxicity may be clinically manageable and may not 

be considered a life-threatening side effect for B cell malignancies, it is yet another 

challenge for solid tumors (30). For instance, Morgan et al. discuss a case that came to a 

catastrophic end. A 39-year-old female patient with metastatic colon cancer was infused 

with the CAR T cells targeting HER2 (ERBB2) antigen, which is overexpressed in the 

tumor microenvironment of some cancer types, including breast, colon, and ovarian 

cancers. After the infusion, the patient's epithelial cells of the lung were attacked by the 

CAR T cells, and she died five days after the infusion. Her death was attributed to the 

low levels of HER2 in the epithelial cells (39). Since this fatal event, scientists have been 

trying to find other cancer markers that are safer and more effective for solid tumors. One 

such marker is ICAM-1 (intercellular adhesion molecule-1), and it bears CARs with 

micromolar affinity rather than nanomolar affinity. Since ligands with nanomolar affinity 

would bind more tightly to the proteins when compared to those of micromolar affinity, 

ICAM-1 markers are expected not to bind to healthy cells tightly. The affinity of CARs 

influences cytokine release. Thus, a reduced affinity targeting strategy would allow rapid 
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tumor elimination while preventing the toxicity that would occur because of tight binding 

(40). 

The most frequently reported life-threatening toxicity associated with CAR T cell 

therapy is cytokine release syndrome (CRS). After the infusion of CAR T cells into the 

bloodstream, the number of cytokines, IFNγ, TNFα, and IL-2, in the body rises and 

causes CRS. The symptoms of CRS include high fever, nausea, headache, and or mild to 

severe tachycardia (30,41). Another CAR T cell-mediated fatal toxicity is neurotoxicity, 

co-occurring or after CRS. Some common manifestations of neurotoxicity are headache, 

confusion or delirium, and rarely acute cerebral edema (41,42). To date, both 

neurotoxicity and CSR occur in many patients who are treated with CD-19 CAR T cell 

therapy (30). Teachey et al. measured cytokine numbers in 51 patients’ bloodstream after 

receiving CD-19 CAR T cell therapy for ALL. They realized a peak in the number of 24 

cytokines including IFNγ and IL-6 (43). To identify risk factors of neurotoxicity resulting 

from CD-19 CAR T cell therapy, Gust et al. studied 133 patients’ neurological adverse 

events after the infusion. Fifty-three patients experienced neurological adverse events, 

from mild symptoms to death. Also, the majority of the 53 patients had CRS as well. 

These results led researchers to that CRS causes a higher risk of neurotoxicity 

development (44). 

2.4 Immunological Synapse 

To activate the cell signaling pathway developed for this study, the formation of an 

immunological synapse between the effector cells and the antigen-presenting cells 

(APCs) is vital. An immunological synapse (IS) is a junction between APCs and 
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lymphocytes, such as T cells, where the interaction of T cell receptors (TCRs) and 

peptide major histocompatibility complexes (MHCs) occurs (46,47). IS is also known as 

a supramolecular activation cluster (SMAC), and it is formed of three major 

compartments: central SMAC (cSMAC), peripheral SMAC (pSMAC), and distal SMAC 

(dSMAC) (46,48). The external ring, dSMAC, is composed of large membrane 

glycoproteins such as CD43 and CD45 (48). It is the site where TCR microclusters (MC) 

first engage with peptide-MHCs. Once TCR-MCs are formed, they are translocated 

toward pSMAC, which is formed of integrins and the proteins involved in cell adhesion, 

such as lymphocyte function-associated antigen-1 (LFA-1), the cytoskeletal protein talin, 

and ICAM-1 (49,50). The inner circle, cSMAC, is the center area of this structure in 

which TCRs, CD2, CD4, CD8, CD28, protein kinase Cθ (PKCθ), and lymphocyte-

specific protein tyrosine kinase (Lck) are concentrated (48,51). The proteins TCRs, CD2, 

CD4, CD8, and CD28 are expressed on the surface of immune cells (such as T cells), 

while Lck and PKCθ are expressed inside T cells. Whereas Lck associates with the 

cytoplasmic tails of CD4 and CD8, PKCθ plays a key role in the T cell activation. Each 

molecule mentioned here has an essential part in the function of IS, which integrates 

antigens, adhesion molecules, and co-stimulatory molecules. The co-stimulatory 

receptors CD4, CD8, and CD28 synergize to activate T cells, while the interaction 

between LFA-1 on the T cell surface and ICAM-1 on APCs allows rapid T cell migration 

and differentiation (46).  

The formation of IS initiates the differentiation of naive T cells into effector T cells, 

which defend the host against various pathogens and cancer cells (46,49). Upon the 
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formation of IS, Lck phosphorylates and activates ZAP-70, a crucial protein kinase for 

the three T cell signaling pathways. The first signaling pathway is NFAT (nuclear factor 

of activated T cells), also known as the Calcium pathway. It can initiate gene expression 

by itself or with other transcription factors (52). The second pathway, NFκB (nuclear 

factor-κB), is essential for regulating immune responses and activates PKCθ, which is 

vital for T cell activation (53,54). The third pathway is Activator protein 1 (AP-1), which 

regulates gene expression, proliferation, differentiation, and even cell death (55). Though 

each pathway has its essential role, their combined effect is necessary for T cells to 

proliferate, differentiate, and have effector functions. 

2.5 Chemokine System 

 Severe tissue damage occurs when immune cells migrate to the incorrect site and 

attack healthy parts of the body. The chemokine system represents a potential target for 

immunotherapy, and it is vital to prevent tissue damage. Besides their chemotactic 

ability, chemokines can also regulate T cell development and their effector functions. The 

four subfamilies of chemokines, differentiated by their initial cysteine residues position, 

are CXC, CC, CX3C, and XC structural motifs (56,57,58). Chemokines exert their 

biological effects by binding their corresponding G protein-coupled chemokine receptors. 

Chemokines are secreted in the tumor microenvironment, and their cognate receptors are 

expressed by tumor cells. There are almost 50 distinct chemokines and 20 chemokine 

receptors identified in humans. Some chemokine receptors are specific to one chemokine, 

and others may bind to many (58). Table 1 shows chemokines (ligands) and their 

corresponding receptors (59). 
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Table 1. Chemokines and Corresponding Chemokine Receptors 

Chemokine 

Receptor 

Ligand 

CCR1 CCL3, CCL4, CCL5, CCL7, CCL13, CCL14, CCL15, CCL16, 

CCL23 

CCR2 CCL2, CCL7, CCL8, CCL12, CCL13, CCL16 

CCR3 CCL5, CCL7, CCL8, CCL11, CCL13, CCL15, CCL16, CCL24, 

CCL26, CCL28 

CCR4 CCL2, CCL3, CCL5, CCL7, CCL22 

CCR5 CCL3, CCL4, CCL5, CCL8, CCL11, CCL14, CCL16 

CCR6 CCL20 

CCR7 CCL19, CCL21 

CCR8 CCL1, CCL4, CCL17 

CCR9 CCL25 

CCR10 CCL27, CCL28 

CXCR1 CXCL6, CXCL8 
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CXCR2 CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, CXCL8 

CXCR3 CXCL9, CXCL10, CXCL11 

CXCR4 CXCL12 

CXCR5 CXCL13 

CXCR6 CXCL16 

CXCR7 CXCL11, CXCL12 

CX3CR1 CX3CL1 

XCR1 XCL1, XCL2 

In terms of the chemokines’ function, there are two subfamilies, homeostatic and 

inflammatory chemokines. Homeostatic chemokines mainly direct the flow of leukocyte 

traffic throughout the body to screen for an invasion of pathogens. This family includes, 

but is not limited to, CCL14, CCL19, CCL20, CCL21, CCL25, CCL27, CXCL12, and 

CXCL13 (57). In different parts of the body, different chemokines recruit immune cells. 

For instance, CCL27 recruits T leukocytes in the skin, and CXCL12 mediates leukocytes 

homing in the brain (59). Some chemokines promote the formation of new blood vessels 

(angiogenesis). Although it is a part of the healing and growth of tissues, angiogenesis 

inhibitors can be essential for several diseases, including cancer. Since tumor cells need 

oxygen and nutrients to grow and spread to the other parts of the body, angiogenesis 
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inhibitors could block them from going to tumor cells. As a result, tumor cells starve and 

cannot grow or spread (60). Another chemokine family, inflammatory chemokines, is 

secreted to infection, tissue injury, or tumors. They control the inflammatory response of 

immune cells to infectious sites. CXCL8, CCL2, CCL3, CCL4, CCL5, CCL11, and 

CXCL10 are examples of inflammatory chemokines (61). However, these classifications 

are flexible, and some homeostatic chemokines may also be considered part of the 

inflammatory chemokines’ family (62).  

As one aim of this study was to have effector cells migrate to the tumor 

microenvironment directly, target and effector cells were engineered to express 

chemokines and their respective corresponding receptors. Chemokines and their 

corresponding receptors tend to bind each other. As a result, effector cells engineered to 

express chemokine receptors should be expected to go directly to the tumor 

microenvironment where the corresponding chemokines are secreted. Chemokines that 

are secreted in the tumor microenvironment depend on the type of cancer.  

2.6 Gene Therapies 

Genes maintain the production of proteins and enzymes within cells, providing 

essential body functions. Gene therapies to treat or prevent diseases have been 

investigated by scientists for decades. Gene therapy is the introduction of genomic 

material into a specific cell to give it new functions or the introduction of genomic 

material into a defective cell to correct abnormalities. There are many aspects of 

successful gene therapy, such as an effective therapeutic gene or an animal model 

simulating disease. 
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Gene therapy is divided into two categories: somatic gene therapy and germline gene 

therapy. Some consider germline therapy to be unethical as it replaces an offspring’s 

defective genes with healthier ones and is used to treat genetic disorders. It is 

controversial because it changes someone’s genetics who is not yet born, so they do not 

say whether they want treatment (63,64). Somatic gene therapy is considered to be 

ethically safer, as it affects only the patients’ genes, not future generations. There have 

been two delivery techniques for somatic gene therapy, viral and non-viral. Both delivery 

techniques have one goal: delivering genetic material across cell membranes and 

reaching the cell’s nucleus (63).  

In the 1990s, the potential of gene therapy created excitement, and many studies were 

conducted. However, the lack of experience in the clinical applications of viral vectors 

and their safety issues caused two catastrophic events. In 2003, Raper et al. reported the 

death of an 18-year-old male with partial ornithine transcarbamylase (OTC) deficiency, 

which is not a life-threatening disease. Adenovirus type 5 was used to deliver the gene 

therapy, and he was the 18th subject who received it. Before him, no one showed the 

symptoms he showed. Approximately 18 hours after the delivery, he reported not feeling 

well and died. His death was attributed to systemic inflammatory response syndrome and 

multiple organ system failures. After this experience, animal studies’ limitations in 

predicting human responses and subject-to-subject symptom variations were determined 

(65,66). Although the unsuccessful results led to a decrease in funding for gene delivery, 

there were, and still are, many scientists who believed in it. With this, gene delivery has 

become one of today’s promising therapies. 
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Viral gene delivery uses viruses to deliver genetic material; the viruses include 

adenoviruses, gamma retroviruses, lentiviruses, and adeno-associated viruses. 

Lentiviruses are a subclass of retroviruses. They have been used widely in scientific 

research as they have unique features, including the ability to integrate with both non-

dividing and dividing cells. Lentiviral vectors are derived from human immunodeficiency 

virus type 1 (HIV-1), becoming nonpathogenic and safe to use after some modifications 

(67). Naldini et al. proved that lentiviral vectors can be used in in vivo gene therapy in 

non-dividing cells, and they predicted that their feasibility in human gene therapy would 

improve (68). Lamers et al. conducted a study using gamma retroviruses instead, using γ-

retroviruses to modify the genes ex vivo of patients with metastatic renal cell carcinoma. 

In some patients, immunity against γ-retroviral vectors occurred, concerning researchers 

about γ-retroviral ex vivo applications (69). Different viral vectors have their advantages 

and disadvantages, and the selection should be specific to the study. In this study, 

lentiviruses were used to transfer the intended genetic materials to cells due to the 

advantages mentioned above. 
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3 Research Hypotheses 

3.1 Specific Aim 1: Developing a K562 Biofactory to Synthesize Therapeutic 

Proteins 

 
In this study, to find a cheaper alternative to CAR T cell therapies, K562 cells were 

explored as a biological chassis to evaluate their ability to synthesize engineered 

therapeutic proteins when engaged with ovarian cancer cells. In this part of the study, 

K562 cells were engineered with an artificial cell-signaling pathway whose design 

transforms them into antigen-specific effector cells producing Nanoluc luciferase 

enzyme, a quantifiable non-human effector protein. This pathway contained three 

constants (receptor, actuator, secretor) and two variable (sensor, effector) domains. 

Whereas the constant domains gave biofactory functionality, the variable domains 

expanded the possibility of targeting different cell-based diseases. 

The artificial cell signaling pathway developed here was a third-generation CAR. It 

was developed to be activated by an immunological synapse, which was to be formed 

between K562 cells and ovarian cancer cells when they engage with one another. When 

the pathway was activated, it was expected K562 cells synthesize the Nanoluc luciferase 

enzyme. In order to have quantifiable results and demonstrate if this system has worked, 

a NanoGlo luciferase assay system was used to measure the production of Nanoluc 

luciferase reporter. The null hypothesis was that K562 can be used as a cellular chassis 

for developing a biofactory technology as an alternative to T cells in the treatment of 

ovarian cancer, and the alternate hypothesis was the other way around. 
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3.2 Specific Aim 2: Engineering Jurkat Cells with Chemokine Receptors to Evaluate 

Their Migration Towards the Ovarian Cancer Microenvironment and Their 

Cytotoxic Functions on Tumor Cells 

 
In the second part of the study, the aim was to prevent tissue damage on healthy areas 

of the body and to see the cytotoxic functions of Jurkat cells on tumor cells. In order to 

have Jurkat cells migrate directly towards the tumor microenvironment, they were 

engineered to express two chemokine receptors independently. When chemokine 

receptors interact with chemokines, they tend to bind to corresponding ligands.  For this 

study, appropriate chemokine receptors were expected to be highly expressed on 

cytotoxic T cells (CD8+ T cells) and helper T cells (CD4+ T cells). Also, their low 

expression on T regulatory cells was another consideration. The reason was that Treg 

cells, also known as suppressor T cells, regulate and suppress other immune cells’ 

functions. So, their activation could prevent the migration of cytotoxic T cells into the 

tumor microenvironment. The chemokine receptors selected here were CCR5 and CCR7 

due to the reasons mentioned above. Whereas Jurkat cells were engineered to express 

CCR5 and CCR7, ovarian cancer cells were engineered to express CCL5 and CCL19, the 

corresponding ligands of CCR5 and CCR7. As a result, it was expected that CCR5 and 

CCR7 chemokine receptors of Jurkat cells would migrate directly towards the 

corresponding ligands and bind to them. 

On the other hand, to give cytotoxic functions to Jurkat cells, they were modified to 

express CAR on their cell surface. Jurkat cells were also modified with anti-folate 

receptor alpha to recognize folate receptor alpha, a receptor highly expressed on ovarian 

cancer cells’ surface. The last modification done was the engineering of Jurkat cells with 
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luciferase enzyme to give them quantifiable features. Here again, a NanoGlo luciferase 

assay system was used to obtain measurements.  
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4 Materials and Methods 

In this part, the materials and methods used to test the hypotheses for the two specific 

aims are discussed.  

4.1 Specific Aim 1 

To test the hypothesis of the specific aim 1, Jurkat and K562 biofactories were 

developed by designing an artificial cell-signaling pathway. As mentioned earlier, this 

pathway included five domains: the receptor, the actuator, the secretor, the sensor, and 

the effector. The receptor part was generated by adding an activator motif, CD3ζ, and co-

stimulatory molecules, 4-1BB and CD28. The CAR generated here was the third 

generation. Whereas CD3ζ led to a rise in the intracellular calcium (Ca2+) concentration, 

the combination of 4-1BB and CD28 enhanced the therapeutic response of CAR T cells. 

The actuator part was based on six copies of NFAT-RE (NFAT-RE6X, nuclear factor of 

activated T cell response) that would respond to Ca2+ rise and upregulate luciferase 

activity. The secretor part was composed of human interferon alpha-2 (IFN-2) that 

activates T cells to fight cancer cells and inhibits tumor cells’ proliferation. The other two 

parts, the sensor, and the effector, were subject to change depending on the study. In this 

case, the sensor part was developed to detect folate receptor alpha (FR), which is a 

receptor found on the surface of many cancer cells including ovarian cancer cells. Two 

different ovarian cancer cell lines (OVCAR-3 and A2780cis) were used in this study. 

OVCAR-3 human ovarian cancer cells were used as target cells because they express 

FR and can be detected by the anti-folate receptor alpha on the biofactory cells’ surface. 

On the other hand, A2780cis human ovarian cancer cells lacking FR were used as non-
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target negative controls. The fifth part of the pathway, an effector part, may comprise 

different reporter transgenes. In this study, a quantifiable non-human effector protein, 

Nanoluc luciferase reporter, was used for proof-of-concept. If biofactories can produce 

Nanoluc enzyme, they can be manipulated with different therapeutic proteins, instead of a 

quantifiable non-human protein, to give them therapeutic functions.  

To generate Jurkat and K562 biofactories, lentiviruses, with the necessary genetic 

material mentioned earlier, were produced by the transfection of HEK293T/17 cells. 

Once lentiviruses were generated, Jurkat and K562 parental cell lines were transduced 

with these viruses. To check if the transduction was successful, engineered cells' 

live/dead status was compared to one of the positive control cells (parental cell lines). 

Both transduced and unmodified cells were placed under selection for two weeks with 

puromycin, a type of antibiotic used to select and maintain cells stably transfected with 

viral vectors expressing puromycin. It was expected that successfully engineered cells 

stay alive under the selection. Once alive engineered cells were selected and grown in the 

laboratory, they were co-cultured with target and non-target cancer cells. The Nanoluc 

activity of cell biofactories was measured with a microplate reader called NanoGlo 

Assay. Three 96-well plates were seeded with different co-culture combinations to 

measure the Nanoluc activity produced by Jurkat and K562 biofactories when they 

engaged the target and non-target cells in respect to 24hr, 48hr, and 72hr. Figure 1 

illustrates the type of seeded cells in the plates.  
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Jurkat Biofactory and OVCAR-3  

Jurkat Biofactory and A2780cis 

K562 Biofactory and OVCAR-3 

K562 Biofactory and A2780cis 

Jurkat Biofactory cells 

K562 Biofactory cells  

OVCAR-3 cells  

A2780cis cells  

 

Figure 1. The combination of seeded cells in the 96-well plates 

To understand the effect of cancer cells’ mass on the Nanoluc synthesis, another 

NanoGlo assay was applied with the cell combinations shown in Figure 1. In this 

experiment, effector cell numbers remained constant, and target cell numbers were 

serially diluted. Nanoluc activity of biofactories was measured at 24 hours of co-culture.  

4.1.1 Materials and Reagents  

K562-BF, Jurkat-BF, OVCAR-3 (ATCC), and A2780cis (ATCC) cell lines were 

maintained in complete RPMI media [RPMI1640 with L-glutamine (Corning, CAT#    

10-040CV), and 10% fetal bovine serum (Sigma-Aldrich, Cat# F2442-500ml)]. 

Puromycin dihydrochloride (Thermo Fisher Scientific, Cat# A1113803) was used for 

selecting engineered cells.  
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4.1.2 Reviving Cell Lines 

Already engineered K562-BF and Jurkat-BF cell lines were provided by Dr. Parijat 

Bhatnagar’s laboratory. All frozen cells were rapidly (< 2 minute) thawed in a 37°C 

water bath. Thawed cells were slowly diluted with 10ml of pre-warmth complete RPMI 

media in a Falcon 15 mL conical centrifuge tube. Then, 15 mL tube was vortexed and 

centrifuged at 200G for 8 minutes. After the supernatant was removed, cells were 

resuspended with 5ml of growth media. After 48 hours of revival, K562-BF and Jurkat-

BF were placed in selection using 0.5 µg mL-1 and 0.2 µg mL-1 of puromycin 

dihydrochloride respectively for two weeks. After selection, all cell line were expanded 

for NanoGlo Assays and then were frozen using freezing media (complete culture media 

and 10% DMSO) for liquid nitrogen stocks.  

4.1.3 Stimulation of Biofactories  

2500 cells of OVCAR-3 and A2780cis were co-cultured with 12500 cells of Jurkat-

BF and K562-BF in 100 µL of complete RPMI media in a single well of 96-well plate. 

Also, OVCAR-3, A2780cis, Jurkat-BF and K562-BF were also seeded as controls, which 

were to be chemically stimulated with PMA ionomycin to evaluate the function of 

biofactories. Three 96-well plate were seeded for three time points (24, 48, and 72 hours).  

4.1.4 Stimulation of Biofactories with Variant Target Cells’ Mass 

  12500 cells of Jurkat-BF and K562-BF were co-cultured with variant target and non-

target cell numbers (from 125000 to 976) in 100 µL of complete RPMI media in a 96-

well plate. Cell number variation was obtained by serially diluting downwards of target 

cells.  
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4.1.5 NanoGlo Assay to Measure Nanoluc Activity 

 Nanoluc substrate was diluted in the cell lysis buffer, which was provided with the 

NanoGlo assay. It was added 1:1 to cells. After 3 minutes of incubation, Nanoluc activity 

of biofactory cells was read on a microplate reader (Perkin Elmer, Envision Multilabel 

Plate Reader Model: 2104-0010A).  

4.2 Specific Aim 2 

In this part of the study, the aim was to have effector cells, Jurkat cells, migrate 

towards the ovarian cancer cells, OVCAR-3 cells. Jurkat parental cells were manipulated 

with lentiviruses to recognize FR on OVCAR-3 cells’ surface. Also, they were 

engineered, independently, to express CCR5 and CCR7 chemokine receptors, and not to 

express CCR5 and CCR7. The cells engineered with CCR5 and CCR7 expressed these 

chemokine receptors on their cell surfaces. On the other hand, the cells engineered with 

CCR5 endogenous shRNA and CCR7 endogenous shRNA did not express these 

receptors. shRNA molecules knocked down gene expression. To check their chemotactic 

ability Jurkat cells were co-cultured with OVCAR-3 cells (target cells), which were 

engineered to express CCL5+, CCL5-, CCL19+, and CCL19-, the corresponding ligands of 

CCR5+, CCR5-, CCR7+, and CCR7-. Figure 2 illustrates different combinations of 

chemokine receptors expressed by Jurkat cells and chemokines secreted in the ovarian 

tumor microenvironment.  
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CCR5- and CCL5- 

CCR5+ and CCL5- 

CCR5- and CCL5+ 

CCR5+ and CCL5+ 

CCR7- and CCL19- 

CCR7+ and CCL19- 

CCR7- and CCL19+ 

CCR7+ and CCL19+ 

 

Figure 2. Combinations of chemokines and their receptors 

 

4.2.1 Materials and Reagents 

 Parental Jurkat and OVCAR-3 cells (ATCC) were maintained in complete RPMI 

media [RPMI1640 with L-glutamine (Corning, CAT# 10-040CV), and 10% fetal bovine 

serum (Sigma-Aldrich, Cat# F2442-500ml)] to be engineered. HEK293T/17 cells were 

maintained in complete DMEM media [DMEM with L-glutamine and 10% fetal bovine 

serum) to produce lentiviruses. Puromycin dihydrochloride (Thermo Fisher Scientific, 

Cat# A1113803) or G418 (Corning, Cat# 30 234-CR) was used for selecting engineered 

cells.  
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4.2.2 Lentivirus Production 

  HEK293T/17 cells were seeded and maintained in complete DMEM. In a 1.5mL 

microtube, 150mM NaCl, pAdv, pMD2.G, psPAX2, transporter, and the corresponding 

transfer plasmid [LentiStarter 2.0 kit (System Biosciences)] were mixed. This mixture 

was added on the plated HEK293T/17. Viral supernatant was collected 24, 48, and 72 

hours after transfection. Viral supernatant was filtered and ultracentrifuged by using 

Polypropylene Konical ultracentrifugation tube (Beckman Coulter #C14291) in Beckman 

Coulter ultracentrifuge (Beckman Coulter #369650). 

4.2.3 Transduction of Parental Cell Lines 

 Corresponding lentivirus particles were added to parental cell lines (Jurkat and  

OVCAR-3). After five hours of incubation, polybrene was added to flasks.  

4.2.4 Boyden Chamber Assay 

 Respective OVCAR-3 cells engineered with ligands were seeded at 10000 per well 

in a 24-well plate. After 24 hours of incubation, respective Jurkat cells engineered with 

chemokine receptors were seeded at 1x106 per well in Boyden chambers. Boyden 

chamber assemblies were incubated for 3 and 6 hours, and Boyden chambers were 

discarded. Migrated Jurkat cells were allowed to be co-cultured with OVCAR-3 cells for 

48 hours. 

4.2.5 NanoGlo Assay to Measure Luciferase Activity 

Luciferase reagent was added to each well of 24-well plate and plates were incubated 

for 5 minutes. Cells in 24-well plate were transferred to 96-well plate to be read 
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luminescence on a microplate reader (Perkin Elmer, Envision Multilabel Plate Reader 

Model: 2104-0010A). 

The most important safety consideration for Specific Aim 1 and 2 was to work with 

lentiviral vectors. While working with viruses, double gloves, double lab coats, and lab 

goggles must be worn. Also, ten percent of bleach must be always found in the hood to 

remove used pipettes.  
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5 Results 

In this thesis, two hypotheses were evaluated to be true or false through the data 

obtained by various experiments explained above. The first hypothesis was that K562 

cells could be used as a cellular chassis for developing a biofactory technology to 

produce therapeutic proteins for targeting diseased cells. In the first part (Figure 3, Figure 

4, Figure 5), the hypothesis that K562 cells synthesize engineered proteins in situ upon 

the interaction with ovarian cancer cells was evaluated. In the second part of the study 

(Figure 6, Figure 7), the hypothesis that manipulated Jurkat cells migrate towards ovarian 

cancer cells and have a cytotoxic effect on them was evaluated. For all comparisons of 

statistical significance, two-sample t-tests with common variance were used. Values of P 

< 0.05, P < 0.01, and P < 0.001 were considered as being significant, very significant, and 

extremely significant respectively. Values of P > 0.05 were considered as being not 

significant. The results are expressed as mean (M) ± standard deviation (SD). 

5.1 Specific Aim 1. K562 Biofactory Function 

5.1.1 NanoLuc Luciferase Expression Measurement of Chemically Stimulated 

Biofactories 

 
First, the function of K562 and Jurkat cell biofactories that had been chemically 

stimulated with Phorbol 12-Myristate 13-Acetate (PMA) ionomycin formulation were 

tested to see whether the cells were engineered successfully, and they were able to 

synthesize the NanoLuc enzyme. The comparison between chemically stimulated and 

non-stimulated biofactories is shown below (Figure 3). 
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Figure 3. Demonstration of chemically stimulated K562 and Jurkat cells biofactories’ 

function. Chemically stimulated and non-stimulated effector cells from both biofactories 

were compared to each other. 50,000 cells were seeded for each condition. Statistics 

between K562 and Jurkat biofactories were calculated by a two-sample t-test assuming 

equal variances. Values are expressed as mean ± SD. P values: *P < 0.05, **P < 0.01, 

***P < 0.001. a.u., arbitrary unit. 

Nanoluc activity of chemically stimulated and non-stimulated Jurkat biofactories 

(Jurkat-BF) was measured as 82 x 106 a.u. ± 1.4 x 106 and 2.4 x 106 a.u. ± 0.11 x 106; 

Nanoluc activity of chemically stimulated and non-stimulated K562 biofactories (K562-

BF) was measured as 57.4 x 106 a.u. ± 4.7 x 106 and 0.421 x 106 a.u. ± 0.064 x 106. 

Statistical analysis supported that the difference between the amount of Nanoluc 

synthesized by chemically stimulated and non-stimulated biofactories was extremely 

significant (p = 7.17x10-18 for Jurkat-BF and  p = 4.32x10-11 for K562-BF), meaning 
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chemically stimulated biofactories were able to produce a significant amount of Nanoluc 

compared to a non-stimulated biofactory. 

5.1.2 NanoLuc Luciferase Expression Measurement of Biofactories that Interact with 

Cancer Cells 

 
Second, to evaluate the K562 biofactory function in situ upon interaction with ovarian 

cancer cells, Nanoluc expression of effector cells (K562-BF and Jurkat-BF) and target 

cells (OVCAR-3 and A2780cis cells) co-cultures were measured and compared to each 

other. Co-culture of effector cells with OVCAR-3 cells were used as positive controls, 

and co-culture of effector cells with A2780cis cells were used as negative controls.  

It was expected that both biofactories would produce the Nanoluc enzyme when 

engaged with OVCAR-3 cells. The Nanoluc amount expressed by K562-BF was 

compared to the one expressed by Jurkat-BF to evaluate whether K562 cells could be 

substituted for T cells as a cellular chassis for developing a biofactory technology. 

The chemically stimulated biofactories were able to synthesize the Nanoluc enzyme 

whereas chemically stimulated target cells were not (Figure 3). When the Nanoluc 

expression of the positive control and negative control of Jurkat-BF (13.43 x 106 a.u. ± 

1.3 x 106 and 0.95 x 106 a.u. ± 0.13 x 106) were compared to each other, it was seen that 

Jurkat cells synthesize Nanoluc in situ upon interaction with OVCAR-3 cells. This 

finding was also supported by a two-tail t-test (p = 0.008). It was concluded that the 

difference between co-cultures of Jurkat-BF with positive and negative controls was very 

significant. However, the co-cultures of K562-BF with OVCAR-3 and A2780cis (0.21 x 

106 a.u. ± 0.014 x 106 and 0.17 x 106 a.u. ± 0.035 x 106) expressed almost the same 

amount of Nanoluc enzyme (p = 0.46), meaning K562-BF did not produce Nanoluc when 



36 
 

engaged with antigen-presenting target cells. To confirm this finding, a two-tailed t-test 

between co-cultures of biofactories with OVCAR-3 was applied and again K562-BF did 

not produce Nanoluc enzyme as Jurkat-BF did (p = 0.007, a very significant difference). 

All t-tests were done according to the data at 48 hours (Figure 4).   

 

Figure 4. Nanoluc expression measurement of effector cells, JURKAT-BF and K562-BF, 

after co-culture with target cells, OVCAR-3 and A2780cis, and of chemically stimulated 

(PMA ionomycin) K562-BF, JURKAT-BF, OVCAR-3, and A2780cis cells at 24, 48, and 

72 hours. 12,500 effector and 2,500 target cells were seeded for each condition. Statistics 

were calculated by a two-sample t-test assuming equal variances. Values are expressed as 

mean ± SD. P values: *P < 0.05, **P < 0.01, ***P < 0.001. a.u., arbitrary unit. 
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5.1.3 Effect of Target Cells’ Mass on Nanoluc Enzyme Expression 

Last, we tested the effect of target cells’ mass (OVCAR-3 and A2780cis) on Nanoluc 

enzyme synthesis by the biofactories. Eight different amount of target cells (from 

125,000 to 976 cells) were co-cultured with same amount of effector cells. For Jurkat-BF, 

effector protein activity was proportional to the mass of target cells. However, for K562-

BF, the mass of target cells did not have any effect on the Nanoluc expression as K562-

BF cells were almost unable to produce Nanoluc enzyme when encountered by the 

antigen presenting target cells (Figure 5). This finding was supported by statistical 

analysis done between the co-cultures of biofactories with OVCAR-3 cells, where the 

number of seeded cells of effector and target cells were 12,500 and 125,000 respectively. 

It was concluded that K562-BF did not produce Nanoluc as Jurkat-BF did, and there was 

an extremely significant difference between their Nanoluc expression 

(p = 2.9 x 10-6). 

 

Figure 5. Evaluation of the effect of target cells’ mass on the effector cells’ Nanoluc 

expression. Target cell numbers were serially diluted from 125,000 to 976 cells whereas 

effector cell numbers remained constant at 12,500 cells. Statistics were calculated by a 

two-sample t-test assuming equal variances. Values are expressed as mean ± SD. P 

values: *P < 0.05, **P < 0.01, ***P < 0.001. a.u., arbitrary unit. 
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5.2 Specific Aim 2. Function of CAR Jurkat Cells Engineered with Chemokine 

Receptors 

 
In this part of the study, the migration and cytotoxic ability of Jurkat cells on 

OVCAR-3 cells were tested. Results were found by measuring luciferase (Luc2) 

expression of cancer cells. 

5.2.1 Function of CCR5 Jurkat Cells  

First, we tested the killing ability of Fr-CAR Jurkat cells expressing CCR5 on 

OVCAR-3 cells. Various statistical analyses were applied with different co-cultures 

combinations illustrated in Figure 2. Fr-CAR Jurkat cells expressing CCR5 chemokine 

receptor (Jurkat CCR5+) were co-cultured with OVCAR-3 expressing CCL5 (OVCAR-3 

CCL5+) and OVCAR-3 non-expressing CCL5 (OVCAR-3 CCL5-). Fr-CAR Jurkat non-

expressing CCR5 (Jurkat CCR5-) was also co-cultured with OVCAR-3 CCL5+. Then, the 

migration and cytotoxic ability of Fr-CAR Jurkat cells on OVCAR-3 cells were 

measured at 3 and 6 hours. Luc2 expression of OVCAR-3 cells are illustrated below 

(Figure 6).  
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Figure 6. The migration ability and cytotoxic effect of CAR Jurkat CCR5+ and CAR 

Jurkat CCR5- on OVCAR-3 CCL5+ and OVCAR-3 CCL5- are shown by the 

measurement of Luc2 expression of target cells. Luc2 expression of OVCAR-3 CCL5- 

cells co-cultured with CAR Jurkat CCR5+ and CAR Jurkat CCR5- were measured as 

12356 a.u. and 9329 a.u. at 3 hours, and 20516 a.u. and 14849 a.u at 6 hours respectively. 

Luc2 expression of OVCAR-3 CCL5+ cells co-cultured with CAR Jurkat CCR5+ was 

measured as 2604 a.u. at 3 hours and 2498 a.u. at 6 hours. OVCAR-3 cells and CAR 

Jurkat cells were seeded at 10,000 and 1x106 cells for each condition. Statistics were 

calculated by a two-sample t-test assuming equal variances. Values are expressed as 

mean ± SD. P values: *P < 0.05, **P < 0.01, ***P < 0.001. a.u., arbitrary unit. 

It was hypothesized that Jurkat CCR5+ cells would migrate more towards OVCAR-3 
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OVCAR-3 CCL5+ at 3 and 6 hours (p = 0.027 at 3 hours and p = 6x10-5 at 6 hours). 

Another analysis was done between 3 and 6 hours to understand whether time has an 

effect on the migration and killing ability of Jurkat cells. It was found that the cytolytic 

ability of Jurkat CCR5+ cells on OVCAR-3 CCL5+ cells remained constant after 3 and 6 

hours co-culture (p = 0.79, no significant difference).  

The second hypothesis was that Fr-CAR Jurkat CCR5+ cells would migrate more 

towards OVCAR-3 CCL5+ cells and have more killing effect on them than the migration 

and killing ability of Jurkat CCR5- cells on OVCAR-3 CCL5- cells. This hypothesis was 

supported by the statistical analysis done between Jurkat CCR5+ / OVCAR-3 CCL5+ and 

Jurkat CCR5- / OVCAR-3 CCL5- at both 3 and 6 hours. At 3 hours the difference was 

very significant (p = 0.0034) and at 6 hours the difference was extremely significant       

(p = 6x10-7).  

5.2.2 Function of Jurkat Cells Expressing CCR7+ and CCR7- 

Second, we tested the migration and killing ability of Fr-CAR Jurkat cells 

expressing CCR7 on OVCAR-3 cells. The hypothesis for this stage of the study remained 

the same as the previous stage, which Fr-CAR Jurkat CCR7+ cells would migrate more 

towards OVCAR-3 CCL19+ cells and would have a higher cytotoxic effect on them 

compared to their co-culture with OVCAR-3 CCL19- cells. Luc2 expression of   

OVCAR-3 cells are demonstrated below (Figure 7). 
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Figure 7. The migration ability and cytotoxic effect of CAR Jurkat CCR7+ and CAR 

Jurkat CCR7- on OVCAR-3 CCL19+ and OVCAR-3 CCL19- are shown by the 

measurement of Luc2 expression of target cells. Luc2 expression of OVCAR-3 CCL19- 

cells co-cultured with CAR Jurkat CCR7+ and CAR Jurkat CCR7- were measured as 

26871 a.u. and 16267 a.u. at 3 hours, and 32467 a.u. and 16293 a.u. at 6 hours 

respectively. Luc2 expression of OVCAR-3 CCL19+ cells co-cultured with CAR Jurkat 

CCR7+ was measured as 4627 a.u. at 3 hours and 3760 a.u. at 6 hours. OVCAR-3 cells 

and CAR Jurkat cells were seeded at 10,000 and 1x106 cells for each condition. Statistics 

were calculated by two-sample t-test assuming equal variances. Values are expressed as 

mean ± SD. P values: *P < 0.05, **P < 0.01, ***P < 0.001. a.u., arbitrary unit. 

The Fr-CAR Jurkat CCR7+ cells migrated more to OVCAR-3 CCL19+ than 

OVCAR-3 CCL19- at both 3 and 6 hours. The difference at both 3 and 6 hours was 

extremely significant (p = 0.00014 and p = 3.8x10-5). The cells’ killing ability at 3 and 6 

hours was same (p = 0.058, no significant difference). It was also found that Jurkat 
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CCR7+ cells’ killing ability on OVCAR-3 CCL19+ was much higher than Jurkat CCR7- 

cells on OVCAR-3 CCL19-. The difference between their cytolytic effect at 3 and 6 

hours was extremely significant (p = 0.00037 at 3 hours and p = 0.00012 at 6 hours).  
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6 Discussion 

Despite having unprecedented and unparalleled results in cancer treatments, CAR T 

cell therapies are not affordable for many patients and may have fatal side effects. Thus, 

Bhatnagar et al. studied T cell biofactory technology (45) and transformed T cells into 

living vectors to synthesize therapeutic proteins in situ when engaging with diseased cells 

in the body. Yet, this technology is very expensive and may have side effects as it uses 

Jurkat cells, an immortalized line of human T lymphocytes cells. This thesis aimed to 

create a cheaper and safer alternative to CAR T cell therapy by testing the hypothesis that 

K562 cells can be used as a cellular chassis to synthesize therapeutic proteins when 

encountering diseased cells. K562 cells used in this research were derived from a 53-

year-old woman with chronic myelogenous leukemia in blastic crisis, and they can be 

easily manipulated and keep the expression of manipulated genes stable (70).  

To evaluate the hypothesis, this study was divided into two parts. The first part 

investigated whether K562 cells would synthesize the engineered protein, Nanoluc 

luciferase, when interacting with antigen-presenting cells. The second part evaluated 

whether engineered Jurkat cells migrate to target cells with the help of chemokine 

receptors and if they have a cytolytic effect on them. If promising results from the second 

part were found, the same system could be implemented in K562 biofactories in later 

studies. 

6.1 K562 Biofactory Function Evaluation 

A brief ex-vivo stimulation of Jurkat and K562 biofactories was conducted using 

PMA ionomycin. PMA ionomycin formulation activates multiple intracellular signaling 
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pathways, resulting in the biofactories’ activation. While there are other methods to 

stimulate cytokine production, the optimal method is to use this formulation, as found by 

Ai et al. in 2013 (71). 

PMA activates protein kinase C (PKC), which has an essential role in mature T cell 

activation. When immune cells are engaged with antigens of cancer cells in normal 

conditions, CD3ζ, a part of CAR signaling, causes Ca2+ to rise within the cells. PKC 

enzymes are in turn activated by these signals. Consequently, T cells are activated. 

Alternately, ionomycin is a calcium ionophore that facilitates the calcium ion transfer 

into and out of cells. When ionomycin is combined with PMA, they activate NFκB and 

NFAT transcription factors, leading to cytokine production (72).  

As previously mentioned in Materials and Methods for Specific Aim 1, the artificial 

cell-signaling pathway of both biofactories was composed of three constant domains 

(receptor, actuator, secretor) and two variable domains (sensor, effector). The receptor 

domain consisted of the CD3ζ signaling domain (causing Ca2+ to increase upon 

interaction with antigen-presenting cells), the CD28 that connects the intracellular and 

extracellular domains of CAR, and 4-1BB that enhances the therapeutic response of 

CAR. The actuator domain contained six copies of NFAT-RE (NFAT-RE6X), and IFN 

alpha-2 was selected as a secretor due to its high Nanoluc activity. Bhatnagar et al. 

evaluated three versions of the actuator domain (three, six, and nine copies of NFAT-

RE), and five different signal peptides for the secretor domain (HSA, IL-6, IL-2, Gluc, 

and IFN alpha-2) (45). Specific to this study, the sensor part was derived from an anti-
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Fr antibody to detect Fr receptor on target cells. The Nanoluc reporter enzyme was 

used as an effector.  

As both biofactories were engineered with identical constant and variable domains, 

their structure was expected to be the same. Thus, it was anticipated that PMA ionomycin 

would activate them both. From the comparison of the Nanoluc expression by chemically 

stimulated and non-stimulated biofactories, it was concluded that biofactories activated 

by PMA ionomycin were able to synthesize Nanoluc whereas non-stimulated ones were 

not (Figure 3). This meant the engineering of K562 and Jurkat cells was successful, and 

the cells were ready to be co-cultured with antigen-presenting target cells and non-target 

cells to evaluate their function of Nanoluc synthesis in situ upon engaging with cancer 

cells.  

The feasibility of the K562 cell biofactory’s engineered protein synthesis for targeting 

diseased cells was compared to the Jurkat biofactory, the feasibility of which was already 

proven in situ upon engaging with ovarian cancer cells (45). Both biofactories were 

engineered to recognize a specific receptor on the cancer cells’ surface, facilitating their 

protein expression after stimulation.  

Two different ovarian cancer cell lines were used to prove the function of 

biofactories. The rationale behind the selection of two distinct ovarian cancer cell lines 

was the expression of a specific receptor, Fr. Fr is overexpressed on OVCAR-3 cells, 

and its expression on normal cells is limited (45, 73). Thus, OVCAR-3 cells were used as 

target cells (positive controls) as Fr would enable ligand-receptor recognition between 
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cancer cells and biofactories. A2780cis cells lacking Fr were used as non-target 

negative controls.  

Upon engaging target cells and biofactories, it was expected that Fr on Jurkat-BF 

and K562-BF would engage the antigens on target diseased cells, which would, in turn, 

result in biofactory activation. Along with this activation, Nanoluc and IFN-2 syntheses 

were upregulated. IFN-2 (secretor peptide) was cleaved off, and Nanoluc (effector 

peptide) was transported in the extracellular space (45).  

The results obtained from the co-culture of Jurkat-BF, with positive and negative 

controls, demonstrated that Fr found on the surface of OVCAR-3 cells enabled Jurkat-

BF’s stimulation and thus synthesized the Nanoluc reporter enzyme. Nanoluc enzyme, 

which produces bright and sustained luminescence (74), represented a quantifiable non-

human effector protein. The Nanoluc expressed by Jurkat-BF co-cultured with OVCAR-3 

cells was much greater than the Jurkat-BF and A2780cis co-culture at 24, 48, and 72 

hours (Figure 4). The findings of Bhatnagar et al. (45), a similar study, support these 

results. 

Even though both Jurkat and K562 cells were engineered with the same artificial cell-

signaling pathway, co-cultured K562-BF and OVCAR-3 did not elicit similar results to 

the co-cultured Jurkat-BF and OVCAR-3. The results of the chemically stimulated K562 

cells’ expression of the Nanoluc enzyme showed that they were successfully stimulated 

by PMA ionomycin and synthesized the Nanoluc enzyme. However, when they were 

engaged with antigen-presenting target cells, the pathway was not activated, and K562 

cells were not able to produce the Nanoluc enzyme. In other words, when PMA, a PKC 
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activator, was not added to the culture media, the engagement of K562 and target 

antigens was not sufficient to activate the cell signaling pathway. As such, the PKC 

enzymes were not activated by the insufficient initial Ca2+rise, which would have driven 

the NFAT signaling pathway activity, in turn upregulating Nanoluc activity (45, 75).  

These results should be taken into account when considering how other cells line can 

be substituted with T cells for immunotherapies. Since the constant domains of the 

signaling pathway of this study give the biofactory functionality, it is highly possible that 

at least one of the constant domains did not perform its function. As a result, the 

immunological synapse was not formed between K562 cells and target cells. An 

immunological synapse is an interface between antigen-presenting cells and lymphocytes 

such as T cells. For the integration of an immunological synapse, there are three broad 

categories of receptors: antigens, adhesion molecules, and costimulatory molecules, 

which are involved in T cell activation (46). Since Jurkat cells have all the machinery that 

Primary T cells have, the immunological synapse between Jurkat-BF and OVCAR-3 cells 

successfully formed. However, K562 cells do not express all the receptors that Jurkat 

cells do. As a result, it was concluded that K562-BF was not a good choice to be 

substituted with Primary T cells to recreate biofactory technology. 

The ICAM-1 and LFA-3 adhesion molecules that are required to form an effective 

immunological synapse are expressed by K562 cells. However, K562 cells do lack many 

molecules that are necessary for the formation of the immunological synapse and the 

activation of biofactories. The co-stimulatory signal, the second signal to activate an 

immune response when engaged with antigen-presenting cells, depends on two co-
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stimulatory molecules expressed by T cells. One of them is CD28, which was expressed 

by K562-BF as it was used to manipulate both biofactories. However, ICOS (Inducible 

co-stimulator or CD278), the second co-stimulatory molecule for T cell proliferation and 

cytokine secretion, was not expressed by K562 cells (46, 70).  

Furthermore, K562 cells do not express the T cell receptors that enable T cells to 

form the complex with CD3, the interaction of which would trigger an antigen-specific 

immune response. Upon the formation of an immunological synapse, Lck (lymphocyte-

specific protein tyrosine kinase) phosphorylates and activates ZAP-70, a protein whose 

activation is required for the induction of NFAT transcriptional activity (76). All these 

molecules have a specific function in the formation of an immunological synapse and, in 

consequence, the synthesis of therapeutic proteins. It is highly possible that the lack of 

these molecules is the reason that K562-BF did not synthesize the Nanoluc enzyme when 

engaging with target cells. 

6.2 Function of Jurkat Cells that are Engineered to Express Chemokine Receptors  

Chemokines are vital for many biological activities. The chemokine system 

represents a potential target for immunotherapy, and it is vital in preventing healthy tissue 

damage in the body. Chemokines, a large family of cytokines, control the migration and 

positioning of immune cells within the body. In this part of the study, we generated a 

second-generation Fr specific chimeric antigen receptor. The antigen recognition motif 

was composed of an anti-folate receptor alpha antibody. The signaling domains consisted 

of CD28 and CD3ζ.  
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Jurkat cells were engineered to express this CAR receptor along with the CCR5 and 

CCR7 chemokine receptors, in order to evaluate their migration and cytolytic ability on 

cancer cells. Whereas the CAR receptor gave Jurkat cells the killing ability, the anti-Fr 

antibody enabled them to recognize human ovarian cancer antigen, folate receptor alpha, 

on OVCAR-3 cells. The rationale behind the selection of CCR5 and CCR7 chemokine 

receptors was that CCL5 and CCL19, corresponding ligands of CCR5 and CCR7, are 

highly produced in the ovarian tumor environment (77, 78, 79). As a proof of concept, 

OVCAR-3 cells were also engineered to express CCL5 and CCL19 as their receptors 

enable Jurkat cells to migrate and bind to their corresponding ligands. Target cells were 

also engineered to express luciferase (luc2), which was measured to see whether 

OVCAR-3 cells were alive. Since luciferase activity is ATP-dependent, dead cells cannot 

produce bioluminescence. If the amount of luc2 were too high, it means OVCAR-3 cells 

are alive and able to produce luc2 enzyme. 

Figure 6 and Figure 7 show the luc2 expression of OVCAR-3 cells that were co-

cultured with Jurkat cells, expressing CCR5 and CCR7. The results and analysis 

supported the theory that Jurkat CCR5+ and Fr-CAR Jurkat CCR7+ cells migrated 

successfully towards OVCAR-3 CCL5+ and OVCAR-3 CCL19+ cells at 3 and 6 hours. 

Both cells were found to be responsive to their corresponding ligands. Aldinucci et al. 

(2020) and Cheng et al. (2020) supported the idea that CCR5/CCL5 and CCR7/CCL19 

could be targeted in ovarian cancer (80,81). Both Jurkat cells, which express CCR5 and 

CCR7, had the same cytolytic ability on target cells at different hours (3 and 6 hours). It 

is therefore concluded that the cytolytic ability of Jurkat cells is not time dependent.  
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7 Conclusion 

Options for low-cost manufacturing and safer cell therapies were evaluated 

throughout this research. To find a safer and cheaper alternative to CAR T cell therapies, 

K562 cells were explored whether to be used instead of T cells. The rationale behind 

using this cell line is that it has been approved as safe to be reinfused into the human 

body by the FDA. Also, it is cheaper compared to T cells. Therefore, therapies generated 

by K562 cells may be more affordable and safer for cancer patients.   

Even though K562 cells were engineered with the same biofactory as Jurkat cells, 

they were not able to synthesize Nanoluc protein as Jurkat cells did. Jurkat cells, an 

immortalized line of T cells, have all the machinery that T lymphocytes have. As a result, 

when they encounter antigen-presenting cells, an immunological synapse forms and 

activates the biofactory. Upon activation of the biofactory, Jurkat cells synthesize 

engineered proteins. K562 cells lack some of the molecules and receptors vital for the 

formation of an immunological synapse. Thus, in situ upon interacting with antigen-

presenting cells, intracellular signaling pathways were not activated. Therefore, the 

signaling pathways whose activation is necessary to produce therapeutic proteins were 

not activated either.  

The study's second aim was to have effector cells migrated directly towards target 

cells without harming the healthy sides of the body by using the chemokine system. 

Effector cells and target cells were engineered to express chemokines and chemokine 

receptors respectively to bind one another. This part of the study showed that the 
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chemokine system is crucial to create safer therapies as they may prevent healthy tissue 

damage. 

  



52 
 

References 

1. Cancer. (2018, September 12). Retrieved from https://www.who.int/health-topics/cancer 

2. U.S. Cancer Statistics Working Group. U.S. Cancer Statistics Data Visualizations Tool, 

based on November 2018 submission data (1999-2016): U.S. Department of Health and 

Human 22 Services, Centers for Disease Control and Prevention and National Cancer 

Institute; www.cdc.gov/cancer/dataviz, June 2019. 

 

3. Arruebo, M., Vilaboa, N., Sáez-Gutierrez, B., Lambea, J., Tres, A., Valladares, M., & 

González-Fernández, Á. (2011). Assessment of the evolution of cancer treatment 

therapies. Cancers, 3(3), 3279-3330.  

 

4. Esfahani, K., Roudaia, L., Buhlaiga, N., Del Rincon, S. V., Papneja, N., & Miller, 

J.,W.H. (2020). A review of cancer immunotherapy: From the past, to the present, to the 

future. Current Oncology (Toronto), 27, S87-S97.  

5. Parham, P., Janeway, C., & Murphy, K. (2015). The immune system. New York: Garland 

Science. 

 

6. Crotty, S. (2015). A brief history of T cell help to B cells. Nature Reviews.Immunology, 

15(3), 185-189.  

 

7. Perica, K., Varela, J. C., Oelke, M., & Schneck, J. (2015). Adoptive T cell 

immunotherapy for cancer. Rambam Maimonides Medical Journal, 6(1), e0004.  

 

8. Garrido, F., Aptsiauri, N., Doorduijn, E. M., Garcia Lora, A.,M., & van Hall, T. (2016). 

The urgent need to recover MHC class I in cancers for effective immunotherapy. Current 

Opinion in Immunology, 39, 44-51.  

 

9. Met, Ö, Jensen, K. M., Chamberlain, C. A., Donia, M., & Svane, I. M. (2018). Principles 

of adoptive T cell therapy in cancer. Seminars in Immunopathology, 41(1), 49-58.  

 

10. Graham, C., Hewitson, R., Pagliuca, A., & Benjamin, R. (2018). Cancer immunotherapy 

with CAR-T cells – behold the future. Clinical Medicine (London, England), 18(4), 324-

328.  

 

11. Master, D. (2020, April 02). Kymriah vs. Yescarta; 

https://nucleusbiologics.com/resources/kymriah-vs-yescarta/ 

 

12. Repellin, C. E., Patel, P., Beviglia, L., Javitz, H., Sambucetti, L., & Bhatnagar, P. (2018). 

Modular Antigen‐Specific t‐cell biofactories for calibrated in vivo synthesis of 

engineered proteins. Advanced Biosystems, 2(12), 1800210-n/a.  

 

https://www.who.int/health-topics/cancer
https://nucleusbiologics.com/resources/kymriah-vs-yescarta/


53 
 

13. Mollica Poeta, V., Massara, M., Capucetti, A., & Bonecchi, R. (2019). Chemokines and 

chemokine receptors: New targets for cancer immunotherapy. Frontiers in Immunology, 

10, 379.  

 

14. Abbott, M., & Ustoyev, Y. (2019). Cancer and the immune system: The history and 

background of immunotherapy. Seminars in Oncology Nursing, 35(5), 150923.  

 

15. Waldman, A. D., Fritz, J. M., & Lenardo, M. J. (2020). A guide to cancer 

immunotherapy: From T cell basic science to clinical practice.Nature 

Reviews.Immunology, , 1-18.  

 

16. Rosenberg, S. A., Packard, B. S., Aebersold, P. M., Solomon, D., Topalian, S. L., Toy, S. 

T., . . . White, D. E. (1988). Use of tumor-infiltrating lymphocytes and interleukin-2 in 

the immunotherapy of patients with metastatic melanoma. The New England Journal of 

Medicine, 319(25), 1676-1680.  

 

17. Zhang, Q., Ping, J., Huang, Z., Zhang, X., Zhou, J., Wang, G., . . . Ma, J. (2020). CAR-T 

cell therapy in cancer: Tribulations and road ahead.Journal of Immunology Research, 

2020, 1-11.  

 

18. Subklewe, M., von Bergwelt-Baildon, M., & Humpe, A. (2019). Chimeric antigen 

receptor T cells: A race to revolutionize cancer therapy.Transfusion Medicine and 

Hemotherapy, 46(1), 15-24.  

 

19. Eshhar, Z., Waks, T., Gross, G., & Schindler, D. G. (1993). Specific activation and 

targeting of cytotoxic lymphocytes through chimeric single chains consisting of antibody-

binding domains and the gamma or zeta subunits of the immunoglobulin and T-cell 

receptors. Proceedings of the National Academy of Sciences - PNAS, 90(2), 720-724.  

 

20. Brocker, T., & Karjalainen, K. (1995). Signals through T cell receptor-zeta chain alone 

are insufficient to prime resting T lymphocytes.The Journal of Experimental Medicine, 

181(5), 1653-1659.  

 

21. Gong, M. C., Latouche, J., Krause, A., Heston, W. D. W., Bander, N. H., & Sadelain, M. 

(1999). Cancer patient T cells genetically targeted to prostate-specific membrane antigen 

specifically lyse prostate cancer cells and release cytokines in response to prostate-

specific membrane antigen. Neoplasia (New York, N.Y.), 1(2), 123-127.  

 

22. Abate-Daga, D., & Davila, M. L. (2016). CAR models: Next-generation CAR 

modifications for enhanced T-cell function. Molecular Therapy.Oncolytics, 3, 16014.  

 

23. Finney, H. M., Lawson, A. D. G., Bebbington, C. R., & Weir, A. N. (1998). Chimeric 

receptors providing both primary and costimulatory signaling in T cells from a single 

gene product. The Journal of Immunology, 161(6), 2791. 



54 
 

 

24. Zhang, C., Liu, J., Zhong, J. F., & Zhang, X. (2017). Engineering CAR-T cells. 

Biomarker Research, 5(1), 22-6.  

 

25. Magee, C. N., Boenisch, O., & Najafian, N. (2012). The role of co-stimulatory molecules 

in directing the functional differentiation of allo-reactive t helper cells. American Journal 

of Transplantation, 12(10), 2588-2600.  

 

26. Song, D., Ye, Q., Poussin, M., Harms, G. M., Figini, M., & Powell, D. J. (2012). CD27 

costimulation augments the survival and antitumor activity of redirected human T cells in 

vivo. Blood, 119(3), 696-706.  

 

27. Hombach, A. A., & Abken, H. (2013). Of chimeric antigen receptors and antibodies: 

OX40 and 41BB costimulation sharpen up T cell-based immunotherapy of cancer. 

Immunotherapy, 5(7), 677-681.  

 

28. Chmielewski, M., Kopecky, C., Hombach, A. A., & Abken, H. (2011). IL-12 release by 

engineered T cells expressing chimeric antigen receptors can effectively muster an 

antigen-independent macrophage response on tumor cells that have shut down tumor 

antigen expression. Cancer Research (Chicago, Ill.), 71(17), 5697-5706.  

 

29. Abreu, T. R., Fonseca, N. A., Gonçalves, N., & Moreira, J. N. (2020). Current challenges 

and emerging opportunities of CAR-T cell therapies. Journal of Controlled Release, 319, 

246-261.  

 

30. Halim, L., & Maher, J. (2020). CAR T-cell immunotherapy of B-cell malignancy: The 

story so far. Therapeutic Advances in Vaccines and Immunotherapy, 8, 

251513552092716.  

 

31. Kochenderfer, J. N., Dudley, M. E., Kassim, S. H., Somerville, R. P. T., Carpenter, R. O., 

Stetler-Stevenson, M., . . . Rosenberg, S. A. (2015). Chemotherapy-refractory diffuse 

large B-cell lymphoma and indolent B-cell malignancies can be effectively treated with 

autologous T cells expressing an anti-CD19 chimeric antigen receptor. Journal of 

Clinical Oncology, 33(6), 540-549.  

 

32. Kochenderfer, J. N., Wilson, W. H., Janik, J. E., Dudley, M. E., Stetler-Stevenson, M., 

Feldman, S. A., . . . Rosenberg, S. A. (2010). Eradication of B-lineage cells and 

regression of lymphoma in a patient treated with autologous T cells genetically 

engineered to recognize CD19. Blood, 116(20), 4099-4102.  

 

33. Lancet, T. (2017). CAR T-cells: An exciting frontier in cancer therapy. The Lancet 

(British Edition), 390(10099), 1006.  

 



55 
 

34. Novartis receives first ever FDA approval for a CAR-T cell therapy, Kymriah (TM) 

(CTL019), for children and young adults with B-cell ALL that is refractory or has 

relapsed at least twice, Novartis (2017), https://novartis.gcs-web.com/novartis- receives-

fda-approval-for-KymriahTM (accessed May 1st, 2019). 

 

35. Maude, S. L., Laetsch, T. W., Buechner, J., Rives, S., Boyer, M., Bittencourt, H., . . . 

Grupp, S. A. (2018). Tisagenlecleucel in children and young adults with B-cell 

lymphoblastic leukemia. The New England Journal of Medicine, 378(5), 439-448.  

 

36. Schuster, S. J., Bishop, M. R., Tam, C. S., Waller, E. K., Borchmann, P., McGuirk, J. P., . 

. . Maziarz, R. T. (2019). Tisagenlecleucel in adult relapsed or refractory diffuse large B-

cell lymphoma. The New England Journal of Medicine, 380(1), 45-56.  

 

37. Locke, F. L., Neelapu, S. S., Bartlett, N. L., Siddiqi, T., Chavez, J. C., Hosing, C. M., . . . 

Go, W. Y. (2017). Phase 1 results of ZUMA-1: A multicenter study of KTE-C19 anti-

CD19 CAR T cell therapy in refractory aggressive lymphoma. Molecular Therapy, 25(1), 

285-295.  

 

38. Neelapu, S. S., Locke, F. L., Bartlett, N. L., Lekakis, L. J., Miklos, D. B., Jacobson, C. 

A., . . . Go, W. Y. (2017). Axicabtagene ciloleucel CAR T-cell therapy in refractory large 

B-cell lymphoma. The New England Journal of Medicine, 377(26), 2531-2544.  

 

39. Morgan, R. A., Yang, J. C., Kitano, M., Dudley, M. E., Laurencot, C. M., & Rosenberg, 

S. A. (2010). Case report of a serious adverse event following the administration of T 

cells transduced with a chimeric antigen receptor recognizing ERBB2. Molecular 

Therapy, 18(4), 843-851.  

 

40. Martinez, M., & Moon, E. K. (2019). CAR T cells for solid tumors: New strategies for 

finding, infiltrating, and surviving in the tumor microenvironment. Frontiers in 

Immunology, 10, 128.  

 

41. Bonifant, C. L., Jackson, H. J., Brentjens, R. J., & Curran, K. J. (2016). Toxicity and 

management in CAR T-cell therapy. Molecular Therapy.Oncolytics, 3, 16011.  

 

42. Gust, J., Taraseviciute, A., & Turtle, C. J. (2018). Neurotoxicity associated with CD19-

targeted CAR-T cell therapies. CNS Drugs, 32(12), 1091-1101.  

 

43. Teachey, D. T., Lacey, S. F., Shaw, P. A., Melenhorst, J. J., Maude, S. L., Frey, N., . . . 

Grupp, S. A. (2016). Identification of predictive biomarkers for cytokine release 

syndrome after chimeric antigen receptor T-cell therapy for acute lymphoblastic 

leukemia. Cancer Discovery, 6(6), 664-679.  

 



56 
 

44. Gust, J., Hay, K. A., Hanafi, L., Li, D., Myerson, D., Gonzalez-Cuyar, L., . . . Turtle, C. 

J. (2017). Endothelial activation and Blood–Brain barrier disruption in neurotoxicity after 

adoptive immunotherapy with CD19 CAR-T cells. Cancer Discovery, 7(12), 1404-1419.  

 

45. Repellin, C. E., Patel, P., Beviglia, L., Javitz, H., Sambucetti, L., & Bhatnagar, P. (2018). 

Modular Antigen‐Specific t‐cell biofactories for calibrated in vivo synthesis of 

engineered proteins. Advanced Biosystems, 2(12), 1800210-n/a.  

 

46. Dustin, M. L. (2014). The immunological synapse. Cancer Immunology Research, 2(11), 

1023-1033.  

 

47. Bromley, S. K., Green, J. M., Davis, S. J., Shaw, A. S., Weiss, A., Dustin, M. L., . . . 

Iaboni, A. (2001). The immunological synapse and CD28-CD80 interactions. Nature 

Immunology, 2(12), 1159-1166.  

 

48. Alarcón, B., Mestre, D., & Martínez‐Martín, N. (2011). The immunological synapse: A 

cause or consequence of t‐cell receptor triggering?Immunology, 133(4), 420-425.  

 

49. Onnis, A., & Baldari, C. T. (2019). Orchestration of immunological synapse assembly by 

vesicular trafficking. Frontiers in Cell and Developmental Biology, 7, 110.  

 

50. Watanabe, K., Kuramitsu, S., Posey, A. D., & June, C. H. (2018). Expanding the 

therapeutic window for CAR T cell therapy in solid tumors: The knowns and unknowns 

of CAR T cell biology. Frontiers in Immunology, 9, 2486.  

 

51. Dustin, M. L., Chakraborty, A. K., & Shaw, A. S. (2010). Understanding the structure 

and function of the immunological synapse. Cold Spring Harbor Perspectives in Biology, 

2(10), a002311.  

 

52. Oh-hora, M., & rao, A. (2009). The calcium/NFAT pathway: Role in development and 

function of regulatory T cells. Microbes and Infection, 11(5), 612-619.  

 

53. Oh, H., & Ghosh, S. (2013). NF-κB: Roles and regulation in different CD4 + T-cell 

subsets. Immunological Reviews, 252(1), 41-51.  

 

54. Stahelin, R. V., Kong, K., Raha, S., Tian, W., Melowic, H. R., Ward, K. E., . . . Cho, W. 

(2012). Protein kinase cθ C2 domain is a phosphotyrosine binding module that plays a 

key role in its activation. The Journal of Biological Chemistry, 287(36), 30518-30528.  

 

55. Atsaves, V., Leventaki, V., Rassidakis, G. Z., & Claret, F. X. (2019). AP-1 transcription 

factors as regulators of immune responses in cancer. Cancers, 11(7), 1037.  

 



57 
 

56. Franciszkiewicz, K., Boissonnas, A., Boutet, M., Combadiere, C., & Mami-Chouaib, F. 

(2012). Role of chemokines and chemokine receptors in shaping the effector phase of the 

antitumor immune response. Cancer Research (Chicago, Ill.), 72(24), 6325-6332.  

 

57. Mollica Poeta, V., Massara, M., Capucetti, A., & Bonecchi, R. (2019). Chemokines and 

chemokine receptors: New targets for cancer immunotherapy. Frontiers in Immunology, 

10, 379.  

 

58. Sokol, C. L., & Luster, A. D. (2015). The chemokine system in innate immunity. Cold 

Spring Harbor Perspectives in Biology, 7(5), a016303.  

 

59. Chen, K., Bao, Z., Tang, P., Gong, W., Yoshimura, T., & Wang, J. M. (2018). 

Chemokines in homeostasis and diseases. Cellular & Molecular Immunology, 15(4), 324-

334.  

 

60. Nishida, N., Yano, H., Nishida, T., Kamura, T., & Kojiro, M. (2006). Angiogenesis in 

cancer. Vascular Health and Risk Management, 2(3), 213-219.  

 

61. Borsig, L., Wolf, M. J., Roblek, M., Lorentzen, A., & Heikenwalder, M. (2013). 

Inflammatory chemokines and metastasis—tracing the accessory. Oncogene, 33(25), 

3217-3224.  

 

62. Zlotnik, A., Burkhardt, A. M., & Homey, B. (2011). Homeostatic chemokine receptors 

and organ-specific metastasis. Nature Reviews.Immunology, 11(9), 597-606.  

 

63. Nayerossadat, N., Maedeh, T., & Ali, P. A. (2012). Viral and nonviral delivery systems 

for gene delivery. Advanced Biomedical Research, 1(1), 27.  

 

64. Wolf, D. P., Mitalipov, P. A., & Mitalipov, S. M. (2019). Principles of and strategies for 

germline gene therapy. Nature Medicine, 25(6), 890-897.  

 

65. Raper, S. E., Chirmule, N., Lee, F. S., Wivel, N. A., Bagg, A., Gao, G., . . . Batshaw, M. 

L. (2003). Fatal systemic inflammatory response syndrome in a ornithine 

transcarbamylase deficient patient following adenoviral gene transfer. Molecular 

Genetics and Metabolism, 80(1), 148-158.  

 

66. Lundstrom, K. (2018). Viral vectors in gene therapy. Diseases, 6(2), 42.  

 

67. White, M., Whittaker, R., Gándara, C., & Stoll, E. A. (2017). A guide to approaching 

regulatory considerations for lentiviral-mediated gene therapies. Human Gene 

Therapy.Part B.Methods, 28(4), 163-176.  

 



58 
 

68. Naldini, L., Blomer, U., Gallay, P., Ory, D., Mulligan, R., Gage, F. H., . . . Trono, D. 

(1996). In vivo gene delivery and stable transduction of nondividing cells by a lentviral 

vector. Science (American Association for the Advancement of Science), 272(5259), 263. 

 

69. Lamers, C. H., Willemsen, R., Elzakker, P., Steenbergen-Langeveld, S., Broertjes, M., 

Oosterwijk-Wakka, J., . . . Gratama, J. W. (2011). Immune responses to transgene and 

retroviral vector in patients treated with ex vivo-engineered T cells. Blood, 117(1), 72-82.  

 

70. Butler, M. O., & Hirano, N. (2014). Human cell‐based artificial antigen‐presenting cells 

for cancer immunotherapy. Immunological Reviews, 257(1), 191-209.  

 

71. Ai, W., Li, H., Song, N., Li, L., & Chen, H. (2013). Optimal method to stimulate 

cytokine production and its use in immunotoxicity assessment. International Journal of 

Environmental Research and Public Health, 10(9), 3834-3842.  

 

72. Björn Albrecht, Celine D. D'Souza, Ding, W., Tridandapani, S., Mark Coggeshall, K., & 

Lairmore, M. D. (2002). Activation of nuclear factor of activated T cells by human T-

lymphotropic virus type 1 accessory protein p12I. Journal of Virology, 76(7), 3493-3501.  

 

73. Gupta, S., Pathak, Y., Gupta, M. K., & Vyas, S. P. (2019). Nanoscale drug delivery 

strategies for therapy of ovarian cancer: Conventional vs targeted. Artificial Cells, 

Nanomedicine, and Biotechnology, 47(1), 4066-4088.  

 

74. Dixon, A. S., Schwinn, M. K., Hall, M. P., Zimmerman, K., Otto, P., Lubben, T. H., . . . 

Wood, K. V. (2016). NanoLuc complementation reporter optimized for accurate 

measurement of protein interactions in cells. ACS Chemical Biology, 11(2), 400-408.  

 

75. Crabtree, G. R., & Olson, E. N. (2002). NFAT signaling: Choreographing the social lives 

of cells. Cell, 109(2), S67-S79.  

 

76. Lin, J., & Weiss, A. (2001). T cell receptor signalling. Journal of Cell Science, 114(2), 

243-244. 

 

77. Milliken, D., Scotton, C., Raju, S., Balkwill, F., & Wilson, J. (2002). Analysis of 

chemokines and chemokine receptor expression in ovarian cancer ascites. Clinical 

Cancer Research, 8(4), 1108-1114. 

 

78. Muralidhar, G. G., & Barbolina, M. V. (2013). Chemokine receptors in epithelial ovarian 

cancer. International Journal of Molecular Sciences, 15(1), 361-376.  

 

79. Zsiros, E., Duttagupta, P., Dangaj, D., Li, H., Frank, R., Garrabrant, T., . . . Coukos, G. 

(2015). The ovarian cancer chemokine landscape is conducive to homing of vaccine-

primed and CD3/CD28-costimulated T cells prepared for adoptive therapy. Clinical 

Cancer Research, 21(12), 2840-2850.  



59 
 

 

80. Aldinucci, D., Borghese, C., & Casagrande, N. (2020). The CCL5/CCR5 axis in cancer 

progression. Cancers, 12(7), 1765.  

 

81. Cheng, S., Han, L., Guo, J., Yang, Q., Zhou, J., & Yang, X. (2014). The essential roles of 

CCR7 in epithelial-to-mesenchymal transition induced by hypoxia in epithelial ovarian 

carcinomas. Tumor Biology, 35(12), 12293-12298.  

 

 

 

  



60 
 

Appendices 

Appendix A Specific Aim 1. K562 Biofactory Function 

Table 2 shows NanoLuc expression amounts of chemically stimulated biofactories. 

 

Table 2. Means and Standard Deviation of Nanoluc Expression Measurements of Jurkat 

and K562 Biofactories 

Effector 

Cells 

Mean (x106 a.u.) Standard Deviation (x106 a.u.) 

PMA/Io No treatment PMA/Io No treatment 

Jurkat BF 82 2.4 1.4 0.11 

K562 BF 57.4 0.421 4.7 0.064 

 

Table 3 shows NanoLuc expression amounts of biofactories that interact with cancer 

cells. 

 

Table 3. Means and Standard Deviation of Nanoluc Expression Measurements of Effector 

and Target Cells, and Their Co-culture 

 

Co-culture 

Combinations 

Mean (x106 a.u.) 

 

Standard Deviation (x106 a.u.) 

24 hrs 48 hrs 72 hrs 24 hrs 48 hrs 72 hrs 

JK-BF / OVCAR-3 12 13.43 18.1 1.4 1.3 0.6 

JK-BF / A2780cis 0.9 0.95 1.5 0.12 0.13 0.047 

K562-BF / OVCAR-3 0.13 0.21 0.27 0.0092 0.014 0.13 

K562-BF / A2780cis 0.16 0.17 0.1 0.03 0.035 0.031 

JK-BF 2.1 4.5 7.1 0.4 1.4 1.04 

OVCAR-3 0.21 0.21 0.021 0.003 0.004 0.006 

K562-BF 7.1 7.8 7.6 0.19 0.21 0.29 

A2780cis 0.025 0.035 0.049 0.0075 0.015 0.022 
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Table 4 introduces the Nanoluc enzyme expressions of the biofactories that were co-

cultured with positive and negative controls. 

Table 4. Nanoluc Expression Amounts After 24 hours of Co-culture of Target and 

Effector Cells (a.u.) 

Effecter 

Cell 

Number 

Target Cell 

Number 

JK-BF / 

A2780cis 

JK-BF / 

OVCAR-3 

K562-BF / 

OVCAR-3 

K562-BF / 

A2780cis 

12500 976 0.59 

 

10.57 0.18 

 

0.164 

 

12500 1953 0.74 

 

13.71 

 

0.14 

 

0.135 

 

12500 3906 0.75 

 

13.84 

 

0.13 

 

0.152 

 

12500 7812 0.92 

 

13.8 

 

0.14 

 

0.173 

 

12500 15625 0.95 

 

15.69 

 

0.12 

 

0.144 

 

12500 31250 1.12 

 

14.31 

 

0.107 

 

0.113 

 

12500 62500 1.34 

 

14.88 

 

0.094 

 

0.111 

 

12500 125000 1.63 

 

16.751 

 

0.125 

 

0.152 
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Appendix B Specific Aim 2. Function of CAR Jurkat Cells Engineered with 

Chemokine Receptors 

Table 5 and Table 6 introduce the Luc2 expression of the co-cultures of OVCAR-3 and 

Jurkat cells at 3 and 6 hours. 

Table 5. Luc2 Expression by Target Cells' Co-cultured with Effector Cells Expressing 

CCR5+ and CCR5- at 3 and 6 hours 

Receptor and 

Ligand 

Combinations 

3 hours 6 hours 

Mean 

(a.u.) 

Standard 

Deviation  

(a.u.) 

Mean 

(a.u.) 

Standard 

Deviation  

(a.u.) 

CCR5- / CCL5- 9329 

 

1860 14849 220 

CCR5+ / CCL5- 12356 

 

4915 20516 1738 

CCR5+ / CCL5+ 2604 297 2498 311 

 
Table 6. Luc2 Expression by Target Cells' Co-cultured with Effector Cells Expressing 

CCR7+ and CCR7- at 3 and 6 hours 

Receptor and 

Ligand 

Combinations 

3 hours 6 hours 

Mean 

(a.u.) 

Standard 

Deviation 

(a.u.) 

Mean 

(a.u.) 

Standard 

Deviation 

(a.u.) 

CCR7-/CCL19- 16267 1770 1629 

 

1467 

CCR7+/CCL19- 26871 2687 32467 2502 

CCR7+/CCL19+ 4627 394 3760 
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