
Development of approaches for immunotherapy by chimeric
antigen receptor modified hematopoietic stem cell transfer

Item Type text; Electronic Dissertation

Authors Badowski, Michael Steven

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:02:53

Link to Item http://hdl.handle.net/10150/193512

http://hdl.handle.net/10150/193512


 
 
 

DEVELOPMENT OF APPROACHES FOR IMMUNOTHERAPY USING 

 CHIMERIC ANTIGEN RECEPTOR MODIFIED  

HEMATOPOIETIC STEM CELL TRANSFER 

 

By 

Michael Steven Badowski 

 

 

__________________________ 

 

 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF IMMUNOBIOLOGY 

In Partial fulfillment of the Requirements 
For the Degree of  

DOCTOR OF PHILOSOPHY 
WITH A MAJOR IN MICROBIOLOGY AND IMMUNOLOGY 

In the Graduate College  

THE UNIVERSITY OF ARIZONA 

 

 

2009 



 2

THE UNIVERSITY OF ARIZONA  
GRADUATE COLLEGE  

 

As members of the Dissertation Committee, we certify that we have read the dissertation 

prepared by  Michael Steven Badowski 

entitled  DEVELOPMENT OF APPROACHES FOR IMMUNOTHERAPY

 USING CHIMERIC ANTIGEN RECEPTOR MODIFIED  

 HEMATOPOIETIC STEM CELL THERAPY 

and recommend that it be accepted as fulfilling the dissertation requirement for the 
Degree of Doctor of Philosophy  
 
____________________________________________________________Date: 1/8/2010 
David T Harris 
 
 
____________________________________________________________Date: 1/8/2010 
Harris Bernstein 
 
 
____________________________________________________________Date: 1/8/2010 
Samuel Schluter 
 
 
____________________________________________________________Date: 1/8/2010 
Richard Ablin 
 
Final approval and acceptance of this dissertation is contingent upon the candidate's 
submission of the final copies of the dissertation to the Graduate College.  
 
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement.  
 
 
____________________________________________________________Date: 1/8/2010 

Dissertation Director: David T Harris 



 3

 
 
 
 
 

STATEMENT BY AUTHOR 
 
This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at the University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 
 
Brief quotations from this dissertation are allowable without special permission, provided 
that accurate acknowledgment of source is made.  Requests for permission for extended 
quotation from or reproduction of this manuscript in whole or in part may be granted by 
the head of the major department or the Dean of the Graduate College when in his or her 
judgment the proposed use of the material is in the interests of scholarship.  In all other 
instances, however, permission must be obtained from the author. 
 
 
 
                         SIGNED: Michael Steven Badowski 
 
 
 
 
 



 4

ACKNOWLEDGMENTS 
 
 
I would like to thank my advisor, Dr. David Harris, for his guidance, support, and 
patience. I’m honored to have benefited from his expertise. I would also like to thank the 
members of my committee: Dr. Samuel Schluter, Dr. Richard Ablin, and Dr. Harris 
Bernstein, for their scientific acumen and their unmitigated support during times of strife. 
 
I would also like to thank all the members of the Harris laboratory, past and present – 
especially Dr. Tom Tsang, whose support, encouragement, and advice was invaluable.  
 



 5

DEDICATION 
 
 
 

I dedicate this work to my family, from whom I get my strength, 
 

and 
 

To “Jack” Marchalonis, PhD 
A great man, a great scientist, a great leader 

 
 
 
 



 6

TABLE OF CONTENTS 
 

LIST OF FIGURES ...........................................................................................................8 
LIST OF TABLES ...........................................................................................................10 
ABSTRACT .....................................................................................................................11 
 
CHAPTER 1: INTRODUCTION ....................................................................................13 
    Part 1: Immunotherapy and Cancer .............................................................................15 
    Part 2: Gene Therapy ...................................................................................................17 
    Part 3: Chimeric Antigen Receptors ............................................................................29 
    Part 4: Adoptive T-cell transfer for cancer immunotherapy ........................................33 
    Part 5: Gene Transfer into Hematopoietic Stem Cells .................................................36 
    Part 6: Lentiviral vectors ..............................................................................................38 
 
CHAPTER 2: HEAT SHOCK AND CELL CYCLE TIMING AS STRATEGIES TO 

INCREASE LENTIVIRAL TRANSDUCTION EFFICIENCY 
(adapted from Increasing transduction efficiency by lentivirus vectors using 
 heat shock and cell cycle specific integration, in press: Gene Therapy & 
Molecular Biology) ............................................................................................42 

    2.1 Summary ............................................................................................................42 
    2.2 Introduction ........................................................................................................43 
    2.3 Methods..............................................................................................................46 
 2.3.1 Cell lines ..............................................................................................46 
 2.3.2 Application of heat shock ....................................................................46 
 2.3.3  Cell harvesting .....................................................................................46 
 2.3.4  Cell cycle analysis................................................................................47 
 2.3.5  Flow cytometry ....................................................................................47 
    2.4 Results ..............................................................................................................48 
 2.4.1 Heat shock increases the rate of vector uptake ....................................48 
 2.4.2 Toxicity of heat shock and genistein treatments to cell culture ...........52 
 2.4.3 Heat shock can increase transduction efficiency and 

 transgene expression ...........................................................................54 
 2.4.4 Cell cycle phases are correlated with increased transduction 8 hours 

after lentivirus vector addition. ............................................................61 
 2.4.5 Increased GFP transgene expression is correlated with a decrease in 

cells in the S-phase fraction of the cell cycle. ......................................63 
    2.5 Discussion ..........................................................................................................66 
 
CHAPTER 3: CHIMERIC ANTIGEN RECEPTORS FOR  

STEM CELL BASED IMMUNOTHERAPY 
(adapted from Chimeric antigen receptors for stem cell based immunotherapy,  
in press in Journal of Experimental Therapeutics and Oncology) .....................72 

    3.1 Introduction ........................................................................................................72 
    3.2 Methods..............................................................................................................75 



 7

TABLE OF CONTENTS - Continued 
  
 3.2.1 Cell Lines .............................................................................................75 
 3.2.2  Flow cytometry ....................................................................................75 
 3.2.3 RT-PCR Isolation of Antibody and TCR genes ..................................76 
 3.2.4 Determination of combined antibody and TCR sequences..................76 
 3.2.5 Bioinformatic analysis .........................................................................77 
 3.2.6 Cloning of single chain molecules .......................................................77 
 3.2.7 Lentiviral delivery system....................................................................78 
 3.2.8 Titer of lentiviral supernatant ...............................................................79 
 3.2.9 Mice .....................................................................................................79 
 3.2.10 ELISA ..................................................................................................80 
 3.2.11 Cell conjugation ...................................................................................81 
    3.3  Results ..............................................................................................................82 
 3.3.1 Determination of genes encoding anti-tumor receptors .......................82 
  3.3.1.1 Anti-HER2 antibody genes ......................................................82 
  3.3.1.2 Anti-HER2 TCR genes ............................................................89 
 3.3.2 Construction of the single chain vectors ..............................................95 
 3.3.3 Production of high titer virus .............................................................106 
 3.3.4 Cell Transduction  ..............................................................................113 
  3.3.4.1 Common culture cells ........................................................113 
  3.3.4.2 Murine T cells ....................................................................116 
  3.3.4.3 Bone marrow derived stem cells ........................................119 
 3.3.5 Transgenic GFP expression in multiple hematopoietic lineages  ......121 
 3.3.6 Increase in transgene-expressing immune cells after immunization  125 
 3.3.7 Long tern transgenic expression in multiple hematopoietic lineages 131 
 3.3.8 Single chain vectors rescue IL-2 production in p56lck  

deficient T-cells .................................................................................133 
 3.3.9  CAR transduced cells do not appreciably bind target bearing cells  .137 
    3.4  Discussion ........................................................................................................138 
 
CHAPTER 4: CONCLUSIONS ....................................................................................143 
 
APPENDIX A: BUFFERS AND MEDIA ..................................................................147 
APPENDIX B:  RNA EXTRACTION PROTOCOL ..................................................149 
APPENDIX C:  PLASMIDS USED IN TRANSFECTIONS ......................................150 
APPENDIX D:  ANIMAL USE APPROVAL .............................................................151 
APPENDIX E:  STEM CELLS AND DIABETES ......................................................152 
  (In press in The Open Stem Cell Journal) 
APPENDIX F:  CHIMERIC ANTIGEN RECEPTORS FOR STEM CELL  

BASED IMMUNOTHERAPY ..........................................................159 
  (In press in Journal of Experimental Therapeutics and Oncology) 
REFERENCES ............................................................................................................170 
 



 8

LIST OF FIGURES 
 

 
Figure 1 Transduction fraction change with application of heat shock  ......................50 

Figure 2 Gene expression change with application of heat shock in some cell lines ..51 

Figure 3 Change in cell numbers due to genistein and heat shock ...............................53 

Figure 4 Increase in transduction due to heat shock and genistein in A549 cells ........55 

Figure 5 Effects of combined heat shock and genistein treatment upon efficacy of 

transduction upon SW480 and MCF-7 cell lines .......................................56 

Figure 6  Heat shock timing after vector treatment is critical to maximize transgene 

expression ..................................................................................................59 

Figure 7 Effects of heat shock timing after vector treatment in MCF-7 and SW480 

cultures  ......................................................................................................60 

Figure 8 Increase in transduction efficiency is correlated with a  

decrease in S-phase cells ............................................................................62 

Figure 9  Higher GFP transgene expression is correlated with a  

decrease in S-phase cells  ...........................................................................64 

Figure 10 Expression sorted cells revert to heterogeneous expression of the  

transduced gene ..........................................................................................65 

Figure 11 Anti-HER2 antibody kappa chain V region sequence alignment  .................85 

Figure 12 Anti-HER2 antibody kappa chain J region sequence alignment   .................86 

Figure 13  Anti-HER2 antibody heavy chain V region sequence alignment  .................87 

Figure 14  Anti-HER2 antibody heavy chain J region sequence alignment   .................88 

Figure 15  Anti-HER2 antibody binding to target cells ..................................................88 

Figure 16  Nucleotide sequence alignment of HER2 reactive TCR beta chain  .............90 

Figure 17  Anti-HER2 TCR beta chain protein sequence alignment  .............................91 

Figure 18  Nucleotide sequence alignment of HER2 reactive TCR alpha chain  ...........92 

Figure 19  Anti-HER2 TCR alpha chain protein sequence alignment  ...........................93 

Figure 20  Specificity of the Vβ2 TCR against HER2/neu antigen ................................94 

Figure 21  Schematic map of scFv  .................................................................................96 



 9

LIST OF FIGURES - continued 

 

Figure 22 Primer scheme for SOE-PCR method to join genetic elements  ...................98 

Figure 23 (Gly4Ser)3 primary DNA and amino acid sequence  ...................................100 

Figure 24 Locations of restriction enzyme sites for ligation of (Gly4Ser)3 linker  ......102 

Figure 25 Synthetic sequences and positions for the (Gly4Ser)3 adapter fragment .....103 

Figure 26 Map of Gwiz lentivirus vector  ....................................................................105 

Figure 27 Titration of rev plasmid in viral vector production ......................................110 

Figure 28 Time course comparison of calcium phosphate and  

lipid transfection  .....................................................................................112 

Figure 29  Transduction of cells in culture  ...................................................................114 

Figure 30 Correlation of GFP reporter with scTCR transgene  ...................................115 

Figure 31  Transduction of primary mouse splenocytes  ..............................................118 

Figure 32 Transduction of bone marrow derived stem cells  .......................................120 

Figure 33 Engraftment of transgene at 3 months post transplant (animal 671N) ........123 

Figure 34 Engraftment of transgene at 3 months post transplant (animal 672R).........124 

Figure 35 Increase in peripheral WBC count in transgenic mice after immunization  127 

Figure 36 Engraftment of transgene 2 weeks post immunization (animal 671N) ........128 

Figure 37 Engraftment of transgene 2 weeks post immunization (animal 672R)  .......129 

Figure 38 Response to immunization in animals expressing low levels of transgene .130 

Figure 39 Engraftment levels of transgene at 6 months post transplant  .....................132 

Figure 40 IL-2 production by CAR transduced J.CaM1.6 cells  ..................................135 

Figure 41 Ag stimulation of IL-2 production in CAR bearing E6-1 cells ...................136 

Figure 42  CAR bearing cells fail to show increased effector/target duplexing  ..........137 

 
 
 



 10

LIST OF TABLES 
 
 

Table 1  Viral and non-viral gene therapy vectors  ..............................................28  

Table 2 Titration of viral production plasmids ...................................................109 

 
 
 

 



 11

ABSTRACT 

 

Cancer is an uncontrolled growth of the body’s own cells. While cancer rates increase 

with age, this disease afflicts both young and old. Traditional cancer therapy has had 

three major facets: 1) chemotherapy, which can non-specifically damage healthy tissue, 

2) radiation, which can make some types of cancer more likely in the future, and 3) 

surgery, which can be physically traumatic and is not effective in removing unseen 

microtumors or circulating metastases. Immunotherapy, by its very nature, is drastically 

different. Immunotherapy seeks to employ cells or molecules from the immune system, in 

their original or a modified form, to augment, assist or replace missing elements of the 

native functioning immune system. Our immunotherapeutic approach has been to 

develop novel chimeric antigen receptors (CAR) and deliver the engineered transgene 

into hematopoietic stem cells (HSC). We have developed a novel single chain TCR 

(scTCR) in which the TCR Vα and Vβ segments are joined by a flexible linker. In 

addition to our scTCR we developed a single chain antibody molecule (scFv) to increase 

avidity to the tumor antigen and avoid the potential limitation of MHC restriction. Our 

lab has previously developed a signaling cassette based on the CD3 zeta chain, CD28 and 

p56Lck proteins which are prominent in the T-cell signaling pathway. The single chain 

specificities are linked to the signaling cassette that we have shown to function in T-cells. 

With specificity and signaling coupled, the chimeric antigen receptor can be transduced 

into hematopoietic stem cells (HSC) via a lentivirus vector. This adoptive 

immunotherapy can potentially eliminate malignant cells or supplement traditional 

therapies by providing engineered specificity and a useful method to transfer and expand 
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tumor specific T-cells. We show in this study that the CAR can be delivered effectively 

to HSC and that the introduced transgene is expressed in multiple cell lineages. We also 

have developed a novel method of increasing lentiviral transduction efficiency. Both 

transduced fraction of cells and overall expression can be increased by proper timing and 

coordination of cell growth, cell cycle phase, vector addition and treatment with heat 

shock.  

 

 
 

 

 



 13

CHAPTER 1: INTRODUCTION 

 

 Cancer is an uncontrolled growth of the body’s own cells. While cancer rates 

increase with age, this disease afflicts both young and old. Despite “the war on cancer” 

for the past thirty years, cancer remains the number two killer in the U.S.  Clearly new 

therapies are needed. Traditional treatments of radiation, surgery and chemotherapy have 

not had the desired effect. Immunotherapy has now emerged as another way to attack 

cancer. Immunotherapy utilizes and enhances the body’s own mechanisms of cancer 

defense. Without destroying native immunity, immunotherapy employs strategies to 

augment the immune system thus enhancing anti-tumor efficacy. As methods of 

employing these strategies, techniques of gene therapy and molecular engineering 

provide us with new ways to design and utilize immunotherapeutic approaches. By using 

portions of different immune molecules, it is now possible to design chimeric antigen 

receptors (CAR) specific for cancer targets of our choosing. Advances in the 

understanding of stem cell biology now allows us to deliver engineered genes into early 

progenitors that will expand and deliver the therapeutic receptor to many different cells 

and cell types. The Specific Aims for this study include: 1) Development of new chimeric 

antigen receptors capable of recognizing HER-2 antigens and mediating signal 

transduction in T-lymphocytes, 2)  lentiviral delivery of scFv and scTCR CAR into 

hematopoietic stem cells for expansion into recipient animals, 3) characterization of 

immune properties of CAR bearing cells, and 4) development of strategies to enhance 

lentiviral delivery.  
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The achievement of these goals will help elucidate the value of CAR and viral 

delivery vectors and describe their use in stem cell based immunotherapy. This strategy 

has been shown to have great promise. Techniques, advancements, and implications of 

such therapy will be discussed. Additionally, as gene therapy of cells has become a more 

common practice, elements of gene therapy and strategies for improving gene therapeutic 

approaches are also an important area of research. This dissertation also will discuss a 

novel approach to more efficient gene transfer using lentiviral vectors. We show here 

combining cell cycle manipulations with mild heat shock offers a novel way to enhance 

lentiviral transduction efficiency in some cases. A new model of cell cycle specific 

integration utilizing heat shock during lentiviral vector application is postulated. 

Furthermore, it can be viewed that all work here is done under the umbrella of stem cell 

therapy. Hematopoietic stem cells (HSC) are the target for the CAR therapy. The features 

and advantages of such an approach will be discussed. Work done in improving lentiviral 

vector gene delivery was designed with applications toward stem cell therapy in mind. 

Other work (appendix E) is included to highlight my experience and training in stem cells 

manipulation for research and, ultimately, therapeutic purposes.  



 15

Part 1: Immunotherapy and Cancer  

 Despite advances in medical technology, cancer is still the number two killer in 

the United States as well as in many other developed countries. Age adjusted data shows 

that the death rate due to cancer has remained virtually unchanged for the last 50 years. 

While great progress has been made in treating other killers such as heart disease, a 

relative lack of similar progress is seen in the overall efficacy of cancer therapies. This 

fact leaves us with the staggering conclusion that a higher percentage of people died of 

cancer in 2005 than died in 1975 [1]. For decades, traditional cancer therapy has had 

three major facets. 1) Chemotherapy, in which toxins are introduced to kill the cancer 

tissue. This therapy can non-specifically damage healthy tissue, and has been described 

by patients as “the cure that’s worse than the disease.” 2) Radiation, which causes side 

effects from damage to healthy tissue along with cancerous tissue [2], and can make 

some types of cancer more likely in the future [3]. This risk is most profound in children 

and younger cancer patients [4, 5]. 3) Surgery, which can also be physically traumatic. 

Surgery is precise on a macro scale but is not effective in removing unseen microtumors 

or circulating metastases.  

  In light of the obvious limitations of traditional cancer treatments, immunotherapy 

offers new strategies and directions to explore. Immunotherapy has a major advantage 

compared to traditional therapy in that the native immune system remains intact; its 

purpose is to augment the native immune system. Cancer in human beings is, in most 

cases, a slowly progressing disease. This implies that the immune system is having some 

success in controlling the neoplasm. The immune system may not kill the tumor 
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completely, but can often keep rapid expansion at bay for months or years. While 

chemotherapy and radiation do have some therapeutic value, they also cause other 

problems. Specifically, these therapies can drastically impair native immunity. While the 

cancer cells are affected by the treatment, once treatments are finished it can be a race to 

see if the cancer or the immune system will recover first. This race can be a major factor 

in determining whether the eventual patient outcome is relapse or long term survival. 

 Immunotherapy, by its very nature, is drastically different. While there are 

numerous strategies that would fall under the umbrella of immunotherapy, there is one 

common thread. Immunotherapy seeks to employ cells or molecules from the immune 

system, in their original or a modified form, to augment, assist or replace missing 

elements of the native functioning immune system. Immunotherapy can be further 

divided into two main categories. The first consists of treatments to immune cells that 

involve peptides, cytokines, antibodies, or other elements that change or utilize the 

normal immune pathways. The second consists of gene therapy approaches, in which 

normal or engineered genes are introduced or utilized in non-native immune pathways. It 

is this second approach, gene therapy using engineered chimeric antigen receptors, to 

which much attention is given in the first part of this work 
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Part 2: Gene Therapy 

 Human beings have an estimated 25,000 - 30,000 genes encoded in their DNA 

[6].  Disease states can result from the loss or aberration of a single gene. Hemophilia, 

cystic fibrosis, Gaucher disease, and muscular dystrophy are examples of diseases that 

can originate from a single loss of function. Other diseases, such as many cancers, can be 

the result of a dysfunction of several genes simultaneously. Fortunately, the repair, 

replacement, or augmentation of defective genetic elements can, in some cases, be 

accomplished to reverse pathology. Prior to Watson and Crick’s elucidation that DNA 

was the carrier of genetic information [7], the concept of “gene therapy” had a very 

different meaning. Although the terminology was used in scientific literature its meaning 

referred more to Mendelian heredity and the repair of genetic defects through cross-

breeding [8]. However, after 1953 it became clear that the use of DNA as a molecular 

tool would be the main thrust of future “gene therapy” [9].  

 The field of gene therapy took several decades to develop while our 

understanding and use of DNA manipulation grew. New methods were developed and 

many in vitro and animal studies were done until the first human gene therapy trial was 

attempted in 1990 [10].  While still maturing, gene therapy has seen some important 

success and still possesses great potential. Some patients have shown great improvement 

recovering from genetic diseases such as adenosine deaminase deficiency [11] and severe 

combined immunodeficiency due to γ-chain deficiency (SCID-X1) [12, 13]. 

  SCID-X1 is a disease caused by the lack of a functional common cytokine γ-

chain, which participates in the formation of receptors for IL-2, -4, -7, -9, and -15. As 
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signaling from these cytokine receptors is necessary for the differentiation, expansion and 

proper function of lymphocytes, γ-chain deficiency results in a lack of T-cells and NK 

cells. B-cells are also functionally impaired.  The clinical gene therapy trials [13], showed 

that addition of the missing γ-chain gene to CD34+ cells was sufficient to restore 

populations and function of these lymphocytes. It should be highlighted that these 

therapeutic approaches was based on the manipulation of stem cells. By affecting a 

genetic repair in the lymphocyte precursors, the cells that would otherwise have failed to 

develop, were then able to expand and mature normally.  

 In one trial, SCID-X1 was treated with γ-chain insertion into CD34+ HSC in a 

total of 9 patients. Eight of the patients showed long term engraftment and increased T-

cells levels. These results were viewed as very successful. However, some of the patients 

later developed T-cell leukemia [14]. Details and implications of this fact will be 

discussed in another section. 

 The strategy of gene repair of stem cells has some obvious advantages over 

therapy with other cells. One of the most important differences is that, theoretically, only 

one copy of the repaired gene needs to be inserted into one properly potent stem cell. In 

practice, of course, we cannot expect a single gene copy to cure the genetic disease, but 

the advantages of stem cell therapy are clear. One genetically altered stem cell is clearly 

as potent as a multitude of differentiated cells. 

 Gene delivery strategies can be divided into two main types: viral and non-viral. 

While viral vectors generally are more efficient at delivering the gene of interest, they 

have some safety concerns not associated with their non-viral counterparts. Some positive 
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features and disadvantages of the various techniques of gene delivery are listed in Table 

1. Apart from the technical aspects of the vector used for gene delivery, however, ever-

present is the larger strategic question -- “What is the gene to be delivered?” For some 

diseases, that question is very simple. Those diseases resulting from a loss of function of 

a single gene can potentially be cured by the single gene repair or replacement. 

 Hemophilia is one such example and is a good candidate for gene therapy. The 

two types, hemophilia A and B, are congenital X-linked disorders. The disease is the 

result of a lack of a single gene -- coagulation factor XIII (FVIII) or factor IX (FIX), 

respectively. As the entire pathology is caused by the lack of a single protein, the 

replacement of the missing element is essentially the cure. These coagulation factors are 

normally produced by hepatocytes and endothelial cells but only need be present in the 

serum. Thus, the factors can be effectively secreted by cells easier to access by gene 

therapy, such as fibroblasts, myocytes and adipocytes. Additionally, maintenance of 

FVIII at approximately 1% of normal serum levels is sufficient to significantly reduce the 

severity of the disease. Gene delivery into 100% of the target cells is therefore, not 

necessary. These features of the disease made hemophilia an obvious target for gene 

therapeutic approaches. Established treatment has been the transfusion of recombinant or 

donor coagulation factors to replace the missing element in the patient. However, this 

standard protein therapy entails a high dollar cost as well as the risk of side effects. After 

some studies essentially curing hemophilia in animals [15], there have been several 

clinical trials that show promise [16]. The replacement of the missing gene ameliorates 
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disease and has been shown to express coagulation factor as long as a year. This example 

shows how a single gene can treat a simple genetic deficiency. 

 The types of therapeutic genes in cancer can be quite different, however. In single 

gene diseases, the choice of gene is obvious. In more complex scenarios, like cancer, 

many approaches are available.  

 

Introduction of genes encoding immunostimulatory cytokines. The addition of 

cytokines such as IL-2, IL-12, GM-CSF, and IFNγ, is clearly a way to 

increase the cellular arm of the immune response against cancer. Often the 

best strategy is to introduce the cytokine gene into cancer cells. 

Introduction can be done in situ [17] or a sample of tumor tissue can be 

removed, genetically modified and cultured under selection to ensure 

expression of the desired gene. The cells would then be irradiated and 

returned to the individual. Introducing the gene into the tumor insures that 

the tumor microenvironment will have sufficient cytokines to activate 

nearby immune cells, thus enhancing anti-tumor response. Creating an 

environment with enhanced levels of TH1 type cytokines will reduce the 

effect of TH2 cytokines by driving more T-cells toward the TH1 lineage. 

This manipulation has the effect of strengthening the TH1 cellular arm of 

immunity. Some tumors produce TH2 cytokines resulting in cells diverted 

from the cellular arm toward TH2 humoral immunity [18-20]. This 
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immune diversion can reduce anti-cancer efficacy, thus restoring the 

cellular arm with TH1 cytokines can be a useful approach. 

 

Increasing MHC expression by gene therapy. Many cancers reduce their MHC 

expression to evade immune surveillance. Restoring normal levels of class 

I and/or class II MHC expression can restore immune surveillance and 

allow native immunity to generate anti-cancer activity [21-23]. 

Transfecting cancer cells with MHC genes which are then used in a 

vaccine-based approach, has been observed to reduce metastatic lesions 

[24]. 

 

Increasing expression of co-stimulatory molecules. Lymphocytes can often be found 

surrounding and infiltrating a solid tumor [25, 26]. It was observed that tumor 

infiltrating lymphocytes (TILs) can express receptors specific for tumor antigens. 

However, TILs are not always sufficiently tumor reactive. One reason for this can 

be the limitation of B7 signals. B7-1 and B7-2 are critical elements in proper T-

cell activation and tolerance. The B7 molecules on the antigen presenting cells 

provide the “second signal” to the T-cell. B7 binding to CD28 provide the needed 

co-stimulatory signal to illicit an immune response; while B7 binding to CTLA-4 

on the T-cell serves to reduce the T-cell response. It has been observed that 

immunization with cDNA for B7-2 can function to drive CTL responses in vivo 

[27].  
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Suicide gene therapy. In this strategy a gene is introduced into the cancer that 

will cause the tumor tissue to die. The most common gene used as a 

suicide gene is the herpes simplex virus thymidine kinase (HSV-TK) [28]. 

Mammalian thymidine kinase can only phosphorylate nucleotides. It is 

incapable of phosphorylating thymidine nucleosides. The HSV-TK, 

however, can phosphorylate a thymidine nucleoside, and more 

importantly, nucleoside analogs such as gancyclovir. Therefore, cells 

containing HSV-TK phosphorylate the gancyclovir pro-drug, and 

incorporate it into DNA. Processed in this fashion, gancyclovir acts as a 

chain terminator halting DNA replication. Some success has been 

observed with this strategy in many cancers including hepatic, prostate, 

and colorectal cancer [29-31]. Further refinements include the addition of 

specific promoters to better target the suicide gene [32, 33]. 

 

Repair or re-introduction of tumor suppressor genes. During the process of 

carcinogenesis, many tumors accumulate a variety of mutations including 

mutations in tumor suppressor genes such as p53, Rb or APC [34-36]. The 

reintroduction of the tumor suppressor gene into a tumor cell can affect a 

repair, causing cell cycle arrest or apoptosis [37, 38]. Variations of this 

strategy have shown some success in animals and in clinical trials [39].  
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Introduction of oncolytic genes. Although this approach may be described by 

some as “virotherapy,” the introduction of a set of viral genes is indeed, a 

form of gene therapy. One way cancers evade destruction is to utilize 

mechanisms that reduce immune response. Viruses also utilize methods of 

reducing immunity. Therefore if a given virus has its immune reducing 

capabilities removed, the cells it infects should be susceptible to the 

normal immune response. Cancer cells, however, often do not have a 

normal immune response. Since many cancer cells have partially or fully 

reduced the native immune mechanisms, the modified virus would 

replicate more efficiently in immune compromised cancer cells. Thus a 

lytic virus would become “oncolytic.” One example of an oncolytic virus 

is the E1 modified adenovirus. It was noticed that a gene product of the 

adenovirus E1 gene (E1B55kDa) is needed to inactivate cellular p53, thus 

blocking apoptosis. From this observation it was proposed that an E1B 

deleted mutant adenovirus would preferentially replicate in p53 deficient 

cells. Since the adenovirus can produce a lytic infection, it was hoped that 

the E1B- mutant would be oncolytic. While ultimate efficacy of this 

specific strategy is still being studied, one such vector, Shanghai Sunway 

Biotech H101, has already received regulatory approval for clinical use.  

 

Protecting bone marrow with resistance genes. The multiple drug resistance 

gene 1 (MDR1) is a protein capable of removing toxic agents from cells 
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thus making them more able to withstand high doses of various drugs and 

toxins [40]. This gene is frequently overexpressed in multi-drug resistant 

cell lines and chemotherapy resistant cancers [41, 42]. In the bone marrow 

reside the hematopoietic stem cells (HSC) – the population of blood 

forming cells required for survival. In cancer treatments that involve 

chemotherapy, the introduction of the MDR1 gene into bone marrow cells 

can potentially reduce the therapy related toxicity to these cells. Since the 

HSC are some of the most sensitive cells to chemotherapy and also 

critically important to long term survival of the patient, preservation of the 

HSC population is crucial.  Thus, MDR1 introduction would allow higher 

chemotherapy doses to be tolerated in a patient. This higher chemotherapy 

dose is more likely to kill the tumor. In MDR1+/- chimeric patients the 

MDR1+ fraction in bone marrow was found to increase after 

chemotherapy [43]. However, while this strategy protects bone marrow, it 

still carries the risk of other organ toxicities. High dose chemotherapy can 

result in neurological conditions such as various encephalopathies 

(headache, confusion, and seizures), stroke, aseptic meningitis, and other 

toxic effects. Cardiac toxicity, renal toxicity, and metabolic syndromes 

such as overproduction of anti-diuretic hormone are other conditions that 

also can result from stepped up chemotherapy. As gene delivery to these 

solid organ systems is more difficult than delivery to bone marrow, MDR1 
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therapy is not likely to reduce chemotherapeutic toxicities that are other 

than hematological. 

 

Increased tumor antigen gene expression.  Cancer is the enhanced growth of 

otherwise normal cells. Many cancer cells express antigens that are, 

therefore, extremely limited in antigenic potential. By increasing the 

amount of tumor associated antigens (TAA) available for MHC display on 

tumor cells, it may be possible to break tolerance, allowing the immune 

system to target the neoplasm. Many have approached this problem by 

utilizing peptides as the therapeutic agents. There also exists, however, a 

gene therapy approach. By introducing the gene for the TAA, the antigen is 

then produced by the cell. This approach has been shown to confer anti-

tumor immunity when antigen genes are introduced into the lymph nodes as 

well as the tumor itself [44, 45]. Other modalities can include the genetic 

immunization of dendritic cells. In a study by Zhang, [46]  the gene for the 

tyrosine related protein 1 (TRP-1), a melanoma associated antigen, was 

introduced into dendritic cells. Anti-tumor activity was mediated by CD8 

T-cells. In another study, dendritic cells treated with murine tumor antigen 

gene gp70 was found to induce interferon-γ at higher levels in T-cells as 

compared to induction by the peptide [46]. Combination gene therapies 

have also been devised as the genes for TAA epitopes have been included 

into cytokine signal peptides. Studies involving this innovative approach 
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show increased cytokine production and T-cell proliferation upon TAA 

stimulation [47, 48]. 

 

Introduction of a novel engineered receptor into effector cells. This approach 

encompasses strategies seen in other types of immunotherapy. However, 

other immunotherapies simply increase existing immune elements. 

Addition of cytokines, increases in MHC levels, expansion of tumor 

infiltrating lymphocytes, increased tumor antigen peptide display, etc., are 

obvious strategies to supplement the existing normal immunity. However, 

the introduction of novel elements of the immune system, such as CARs, 

can potentially be more effective in increasing overall immunity. In this 

case an entirely new effector mechanism is introduced that feeds into 

current pathways, potentially enhancing the entire response. An important 

factor to consider when retargeting immune components is the fraction of 

cells that will be retargeted. It is not practical or even necessary that 100% 

of the cells be retasked by the introduction of a new gene. Indeed, native 

immunity may suffer if too many immune resources are diverted away to 

other purposes. It is reasonable to assume that only a very small fraction of 

cells would need to be gene recipients. If the CAR and cells are functional 

as designed the activation of this new element would expand to fulfill its 

new immune function. Furthermore, non-specific immunization strategies 

could also be employed. For example, to expand CAR bearing T-cells in 
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vivo, it may be efficacious to immunize with influenza antigen, allogeneic 

antigen or other agents known to increase overall T-cell numbers. Such a 

non-specific (heterologous) response may not change the fraction of 

transgenic-positive T-cells but would increase overall T-cell numbers 

which may have the desired effect. 
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Table 1.  
 
 
Viral based vectors Features  Limitations  
Adenovirus Easy to produce Highly antigenic 
 (e.g. Ad5) Infects non-cycling cells Easily neutralized  
  High yield Non-integrating 
  High expression 
  Stable virions 
 
 
Adeno-associated virus Genome integrating  Small insert size  
  Minimally antigenic Low yield  
 
Herpes virus Large insert size  Neurotropic  

(e.g. HSV-1)  Lytic/latency unknowns 
   High cytotoxicity  
  
Retrovirus  Integrates into genome Can recombine with 
 (e.g. MoMuLV) Transduces cycling cells  endogenous retrovirus 
 
Lentivirus  Integrates into genome  Can recombine with 
 (e.g. HIV-1) Transduces non-dividing endogenous retrovirus 
  cells 
 
 
Non-viral based vectors Features Limitations  
Naked plasmid DNA Inexpensive Transient,  
  Ease of use Low efficiency 
 
Calcium phosphate Inexpensive Transient 
   Low efficiency 
 
Lipid/DNA transfection Ease of use Transient 
  Many lipid options Cell toxicity 
 
Electroporation High efficiency High equipment cost, 
   High cell toxicity 
 
Gene gun Highly localized High equipment cost, 
  No antigenicity Tissue must be  
   accessible to gene gun 
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Part 3: Chimeric Antigen Receptors (CAR) 

Clearly, gene therapy as a means of cancer treatment has great promise. Genes 

that could be potentially useful might include tumor suppressor genes [49], antisense 

oligonucleotides [50], negative regulators of cell growth [51], major histocompatibility 

complex (MHC) regulatory elements [52], antibody genes [53], peptides containing 

tumor associated antigens [54], interleukens [55], as well as many other possibilities [56]. 

One of these possibilities that have shown some success is the engineered CAR. 

Lymphocytes or other cells can be retargeted by the addition of modified receptor genes. 

As the mechanisms of combinatorial immunity are proficient in creating multitudes of T-

cell receptors and B-cell receptors, these molecules have a variety of specificities that can 

be utilized as anti-cancer elements.  

One of the first methods of anti-cancer gene therapy was to introduce a 

functionally rearranged mu heavy chain gene into the germ line of a mouse [57]. It was 

observed that the gene, though present in all cells, was expressed almost exclusively in 

lymphoid cells. These mice were seen to have elevated levels of the antibody encoded by 

that gene. This work was an important proof of concept showing that combinatorially 

derived, native immune molecules can be manipulated as immunotherapy. As antibodies 

and T-cell receptors have exquisite specificity for their cognate antigens, the utilization of 

receptors bearing a known paratope shows the potential of genetic immunotherapy. 

Furthermore, the ability to introduce functional genes with known specificity into early 

progenitor cells was another important step in the progress of immunotherapy. This 

observation shows that a single copy of the desired gene can be inserted into a cell that 
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will ultimately expand and proliferate. Many copies of the therapeutic gene pass into 

different cell types, which are created by normal cellular mechanisms of proliferation and 

differentiation.  

 The next step in the evolution of CAR technology was the development of the 

antibody and TCR hybrid molecule  [58, 59].  These chimeric molecules were developed 

by the tying together of TCR constant regions with antibody variable regions. When 

tested with epitope bearing bacteria, the CAR bearing lymphocytes cells were activated 

as evidenced by intracellular calcium fluxes. These molecules are often referred to as T-

bodies.  

 This early approach only modified the variable segment of the genes and did not 

change other aspects of receptor expression. Notably, the heavy/β chain and light/α 

chains were expressed separately, just as are the α and β chains of a normal TCR and the 

heavy and light chains of a normal Ig molecule. In a normal TCR or Ig receptor the two 

separate protein chains dimerize with high efficiency. However, in a T-cell with 

endogenous α and β chains, the introduced elements can pair with the endogenous 

elements creating a receptor pairing of unknown and unpredictable specificity. These 

unwanted molecules can reduce the intended effectiveness of the therapy, at best. At 

worst, they may result in autoimmunity from the unforeseen and unwanted receptor 

specificities.  

 A system of double transfection was necessary with these experiments involving 

two receptor chains. The two transfections must be done as a co-transfection – with the 

limited efficiencies associated with that process, or they must be done as two successive 
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transfections – with two separate selective markers, one for each transfection. This 

approach is particularly troublesome with T-cells or hematopoietic stem cells, both of 

which tend to be difficult to transfect efficiently. To reduce the complexity of double 

transfection and ameliorate the problems of non-productive pairings and potential 

autoimmunity, Bird [60], Huston [61] and others developed the single chain variable 

fragment (scFv). This construct allowed for the single polypeptide chain expression of 

both VH and VL domains of the antibody binding region. As the domains are linked 

together in very close proximity there is no inappropriate dimerization with endogenous 

chains.  

 As these types of single chain constructs appear to have many advantages, 

investigators have been studying various aspects of these molecules. Work done by 

Marchalonis and others have shown binding of scTCRs to be comparable to binding of 

the natural molecules [62-64]. Other work such as functional expression level on various 

cells [65], quality of retargeting [66], stability of the molecule [67], co-stimulation 

requirements [68, 69], etc. have been analyzed by other laboratories and validated that 

these single chain constructs are useful tools.  

 This approach was further refined by joining the antibody scFv with various 

signaling elements derived from T-cells [70, 71]. This development demonstrated that the 

transmembrane or intracellular domain of the CAR can encompass any signaling 

component desired, thus offering a variety of possibilities as to the signal pathway to be 

utilized. The number of possible signaling molecules offers a very broad spectrum of cell 

types that can potentially be recipients of a useful single chain CAR. This work also 
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confirmed that both full length TCR and single chain TCR genes transferred into T-cells 

were both able to bestow T-cells with specificity and functional activity.  
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Part 4: Adoptive T-cell transfer for cancer immunotherapy 

 Cytotoxic T-lymphocytes (CTLs) play an important role in the clearance of tumor 

cells. CTLs recognize minimal peptides of eight to ten residues, which are presented at 

the cell surface by MHC class I molecules. The antigenic specificity of T cells rests 

entirely on the T cell receptor. TCRs bind MHC/peptide complexes and signal the T cell 

to carry out its function. The transfer of tumor-specific cloned TCR genes into T-cells 

offers the potential to target T-cells and direct their immune response toward the tumor. 

This strategy avoids the limitation of the low frequency of tumor-specific T-cells often 

observed in patients. It also allows for the facilitated expansion of antigen-specific T-

cells up to therapeutic levels [72, 73]. From an immunotherapeutic viewpoint, the transfer 

of tumor-specific T-cells has the most important feature of avoiding the problem of 

immune suppression often observed after chemotherapy and/or radiation therapy.  

 In the majority of TCR-based studies [74-76] primary T lymphocytes have been 

endowed with tumor or virus specificity by transfer of full length TCR genes. These 

redirected T cells were shown to respond specifically toward target cells expressing both 

the corresponding antigen and the correct MHC molecule. Despite encouraging results of 

TCR gene transfer in bestowing specificity and functionality, its efficiency and usage 

could be compromised by incorrect chain pairing between endogenous and transgenic 

TCR molecules. Introduction of transgenic TCR α and β chains into mature T cells could 

result in incorrect α and β pairings which might alter TCR antigen recognition specificity 

leading to autoimmunity [76], especially when highly polyclonal primary T cell 

populations are modified. Also, endogenous TCR expression will limit the level of 
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exogenous TCR expression. In addition, suppressive T cell reactivity may develop due to 

TCR transfer into naïve, suppressor or regulatory T-cells. Further, lack of expression of 

the correct MHC molecule may limit transgenic T-cell function. Finally, Transgenic, 

mature T-cells may not persist in the host for sufficient amounts of time. An alternative 

strategy to avoid the introduction of new specificities and limitations of MHC restriction 

is the use of three-domain single chain CAR derived from a BCR variable fragment 

(scFv). In this construct the BCR heavy and light chains are joined by a flexible linker 

with signal transduction domains fused at the carboxyl termini as signal transducers and 

amplifiers [71, 77, 78].  The scFv, which could bypass the receptor-mediated proximal 

signaling events, are considered to be advantageous over TCR in cancer patients. 

Engineered TCR, scTCR, as well as scFv-engineered T cell adoptive transfer, are being 

intensely investigated and have shown some efficacy in experimental animal tumor 

models [79]. 

 Use of genetically engineered T cells has been successfully reported for both 

animals and patients. One of the earliest demonstrations was that by Fujio who 

demonstrated functional transfer of MHC II restricted TCR molecules in vitro into T cells 

[75]. In animals, Wilkie et al constructed a scFv CAR using a monoclonal antibody 

against the MUC1 antigen fused to a signaling cassette consisting of the 

CD28/OX40/CD247 molecules [80]. Transfer of the CAR to mouse T cells permitted the 

control of established tumors. Recently, another group introduced an scFv against 

adhesion molecule CD171 into peripheral blood T-cells [81]. As this was a phase I 

clinical trial, obviously a great deal of effort went into ensuring proper T-lymphocyte 
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distribution and CAR expression before cells were infused into the patient. In this study 

each individual patient’s lymphocytes were harvested and subjected to gene modification 

to augment the cells with the CAR. To ensure CAR expression, protein from expanded 

clones was run as a western blot with CD3ζ specific antibody. An expanded population of 

the gene modified lymphocytes was re-infused into the patient as a treatment for 

refractory or relapsed malignant neuroblastoma. Since this work was a phase I trial, 

clinical response was not the primary purpose. However, the survival of patients 

receiving treatment was increased an average of 8 months over those in the study that did 

not receive treatments. One drawback with this study’s approach was that the patients 

were forced to wait an average of approximately 6 months for the CAR transgenic 

lymphocytes to be generated, tested and expanded to therapeutic numbers. Future 

improvements in efficacy may be tied to faster generation of treatment lymphocytes or 

treatment of patients with primary tumors unencumbered by selective pressure already 

applied by failure of a previous therapy. 
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Part 5: Gene transfer into hematopoietic stem cells  

Adoptive immunotherapy to date relies on the ability to exogenously manipulate 

mature lymphocytes to function and proliferate, and then persist after reintroduction. 

Unfortunately, the long-term persistence of transferred T cells has rarely been observed 

[82, 83].   The transduction of HSC provides a promising alternative. HSC are long-lived 

and have the ability to self-renew and produce more HSC. These cells have an enormous 

repopulating potential and give rise to cells of both the myeloid and lymphoid lineages 

[84]. HSC transplantation has been the standard therapy for many cancers that originate 

in the blood and bone marrow. Several recently developed lentivirus vector techniques 

allow for efficient transduction of HSC with improved safety [85, 86]. Self-inactivating 

lentivirus vectors, in which the viral LTR is permanently disabled after integration, 

enables transgene expression to be controlled solely by an internal promoter [87]. Studies 

with various transgenes have shown moderate to high levels of transgene expression in 

HSC and their progeny cells both in vitro and in vivo [88]. Long-term continuous 

expression of transgenes has also been demonstrated, concomitant with normal 

phenotype and function in progeny cells [89, 90]. Thus, it is attractive to hypothesize that 

transduction of HSC with antigen specific scFv or scTCR genes will generate long-term 

tumor surveillance by the immune system. Along with the advantage of more persistent 

transgenic T cells in vivo, the use of scFv or scTCR modified HSC rather than scFv or 

TCR modified T cells may generate transgenic progeny T cells with antitumor cytolytic 

function in greater numbers, without compromising the pre-existing immune repertoire. 

The use of scFv or scTCR CAR will not compromise endogenous TCR expression, and 
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will permit normal development of the native immune system. Essentially, every T cell 

will express a normal TCR with specificity for cognate antigen in addition to a large 

number of T cells also expressing a single chain CAR with engineered specificity against 

the chosen tumor antigen. Murine and human HSC transduction studies to date, some of 

which have also shown that the transgenic TCR on progeny T-cells could respond to 

antigen specific challenge, in vivo, demonstrate that the use of transgenically modified 

HSC to generate long-term, high levels of circulating tumor antigen-specific T-cells is 

feasible [91]. To date, no one has reported transferring a scFv into HSC, let alone the 

subsequent generation and expansion of the transgenic T-cells.  

Published studies on the transfer of any CAR into HSC have been limited. One 

study by van Lent et al [92] reports that HSC into which anti-viral TCR have been 

transferred, are capable of generating fully mature functional T-cells with controlled 

antigen specificity. T-cells were grown from these HSC utilizing the OP9 (Notch/DL-1) 

culture system. However, no in vivo data was obtained. Another such report from Finn et 

al [93] used a scTCR against MUC1. They reported CAR expression in vivo primarily on 

NK and myeloid cells after transplantation. This limited expression, however, was 

protective versus a xenografted tumor. These limited reports indicate successful 

differentiation, and suggests that CAR expression solely in T cells may not be required 

for clinical efficacy. Debate still persists as to whether both CD4 and CD8 T-cells need to 

express the transferred receptor in order to obtain maximal efficacy. However, the use of 

HSC obviates this potential problem.  
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Part 6: Lentiviral vectors 

 Despite numerous advances in vector options, effective gene delivery into cells 

remains a challenge. While simple methods such as lipid transfection, calcium 

phosphate/DNA co-precipitation, and electroporation allow the delivery of genetic 

material to cells in vitro, delivering a genetic package to an individual’s cells with a real 

therapeutic purpose in vivo is much more difficult. The gene gun is capable of in situ 

delivery. It can place DNA into the cells of skin, muscle or any tissue that can be 

physically exposed to the apparatus. It is, however, limited by those physical properties 

and results in only transient gene expression. Delivery vectors capable of permanent 

integration into the host genome are clearly needed to fulfill the promise of permanent 

cures for disease states. Some viral vectors, such as those based on lentiviruses, may be 

the most effective vectors in this respect.  

 Prior to the lentivirus vectors currently available, other retrovirus based vectors 

were used including those derived from oncoretroviruses such as murine leukemia virus 

(MLV). A major limitation with the use of these vectors was the requirement that target 

cells must be actively proliferating. The “simple” retroviruses lack a mechanism for 

crossing the nuclear membrane. Only when the nuclear membrane is broken down during 

mitosis is the cell’s DNA accessible to the integrating viral vector. This was a significant 

constraint on those seeking to transfer genes into non dividing cells such as neurons, 

hepatocytes, or HSC. As lentiviruses are not constrained by the non-proliferation of cells, 

vectors based on this type of virus have a potentially broader application. 
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 Another advantage of lentiviral vectors over other retroviral vectors is the reduced 

risk of oncogenic insertions. The previously mentioned clinical trials treating SCID-X1 

children used MLV based vectors for treatment [13]. In two SCID-X1 trials using 

retrovirally modified CD34+ cells, a total of five patients have developed a 

lymphoproliferative disease resembling leukemia. Remarkably, four of these five patients 

have been found to have genetic insertions at the LIM domain-only 2 (LMO2) locus. The 

LMO2 locus is known to be critical in hematopoietic development. Thus, it was viewed 

that the patients’ leukemias were due to an insertional oncogenic event in the LMO2 [94]. 

It seems now clear that vectors based on oncoretroviruses (MLV in this case) carry the 

risk of oncogenic events even in their modified vector form.  Specifically, it is viewed 

that these particular MLV based vectors used in these clinical trials presents a significant 

risk due to the powerful enhancer sequences in the intact viral LTR. More broadly, any 

retroviral vectors with whole and intact LTR could also carry this same risk of 

oncogenesis.  

 Vectors based on lentiviruses instead of oncoretroviruses would seem to have 

some potential advantage due to a much lower likelihood of oncogenic events. While 

lentiviral vectors are found to integrate in areas of active transcriptional units, it does not 

appear that transduced cells have an undue number of insertion events near the 5’ ends of 

proto-oncogenes or within tumor suppressor genes [95].   

 Lentiviral vectors were originally derived from the HIV-1 virus. Since HIV is the 

agent causing AIDS, there was, rightfully, much concern. Specifically, the most pressing 

safety concern was the possibility of creation of replication competent virus. As such, 
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there has been much work done to alter the native virus into a safe and reliable vector. 

This family of vectors has gone through several improvements since they were 

introduced. The current generation of lentivirus vectors has several safety features as part 

of the overall design, to ensure that no replication competent virus particles are produced 

[96]. The HIV based vectors are generally gutted of all accessory genes such as vif, vpr, 

vpu and nef. The removal of these genes was not found to inhibit the vectors ability to 

transduce nonproliferating cells [97, 98]. Another improvement is that the viral genome 

was divided into several separate elements [99]. The gag/pol genes are separated from the 

integrating portion of the genome. The rev gene is also separated and on its own plasmid 

apart from the gag/pol genes. The fact that the vector genome is present on multiple 

separate plasmids makes recombination into a single complete genome unlikely. 

Additionally, the env genes are often deleted altogether. These genes can be replaced 

with an alternate pseudotyping gene such as VSV-G offering enhanced tropism [100]. 

The safety benefit is that the native HIV env gene is removed completely and therefore, 

recombination is impossible. Pseudotyping with VSV-G also allows higher titers of 

vector to be produced as it is reported that VSV-G adds stability to the virus particle 

allowing ultracentrifugation.  

 Another improvement in the lentiviral vector has been the development of the 

self-inactivating (SIN) virus [87]. This improvement involves the replacement of a 

portion of the 5’ LTR with a non-lentiviral promoter, such as CMV. Additionally, there is 

a deletion of a portion of the U3 region of the 3’ LTR including the TATA box and 

transcription factor binding sites. After reverse transcription, the 3’ LTR deletion is 
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transferred to the 5’ LTR. The integrated provirus is thus transcriptionally deficient. Any 

subsequent expression will then be dependent upon the transgenic cis-elements inserted 

between the LTRs. Such modifications have not been found to decrease titer of the 

generated vector.  

 As such today’s lentiviral vectors are far removed from the HIV cousins from 

whom they were derived. Increase safety, increased tropism, and ease of use make these 

vectors an excellent choice for gene therapy applications. In fact, recently the FDA 

approved such a vector for use in clinical trials [101].  
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CHAPTER 2: HEAT SHOCK AND CELL CYCLE TIMING AS STRATEGIES  

TO INCREASE LENTIVIRAL TRANSDUCTION EFFICIENCY 

(adapted from Increasing transduction efficiency by lentivirus vectors using 
 heat shock and cell cycle specific integration, in press: Gene Therapy & 
Molecular Biology) 

 

2.1 Summary 

Gene therapy has evolved over the past 20 years and has seen both great success 

and astounding failure. Lentivirus vectors have been shown to be powerful tools for gene 

therapy that can deliver a transgene to an extremely wide variety of cell types. However, 

use of these vectors still carries risks of insertional mutagenesis and viral toxicity. Safety 

can be increased if we can, in any given circumstance, use fewer viral particles or less 

overall viral protein.  Therefore, strategies that increase efficiency of viral transduction 

will affect an increase in safety. Both cell cycle timing and heat shock have been used to 

increase the efficiency of various methods of gene delivery.  We show that combining 

these techniques and applying them to lentivirus transduction can offer greater efficiency 

than either technique alone, due to cell cycle specific integration that is observed as 

increased transgene expression.  
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2.2 Introduction 

Gene therapy involves the introduction of DNA elements into a cell to either add 

a cellular function or repair a dysfunction. Despite some notable and discouraging 

failures [102, 103], gene therapy has had some success and shows great promise [104]. 

Viral vectors are an incredibly useful resource for research and in applied human gene 

therapy. Viral mechanisms can be utilized to deliver a genetic package for transient 

expression (e.g., adenovirus) or to be stably integrated into the genome (e.g., retrovirus). 

However, use of excess vectors in vitro can lead to cellular toxicity, while in vivo one can 

observe systemic problems due to extreme immune reaction to viral proteins that can 

cause illness or death [103]. We must, therefore, develop strategies and techniques to 

maximize the efficiency of these viral vectors while using the smallest dose possible. 

Ideally, a single viral vector particle would transduce a single cell. It is, of course, 

unrealistic to expect such efficiency. In reality, random movement and distribution of 

transducing particles in culture along with normal cellular anti-viral defenses require 

many particles to achieve a single productive transduction. This finding implies that in an 

incompletely transduced population, some cells will have many integrating particles and 

some will have none. As such, multiple vector integration sites can be potentially 

troublesome [105-107]. New strategies to control the site, number, and efficiency of 

integrations are important for several reasons. Inappropriate integration sites may activate 

oncogenes, or the delivered gene may be under control of an inappropriate promoter. 

Such a result could cause transformation and possible neoplastic growth [108-110]. It is 

also possible for a gene to be integrated into an area of a chromosome not normally 
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transcribed. In areas such as hypercoiled condensed chromatin or areas not near 

transcription centers, the transgene would not be accessible to transcription factors. In 

this case the introduced gene would not be expressed. Although the cell was transduced, 

such placement would render the gene silent.  

Transfections, such as with the delivery of DNA by lipid, gene gun, or 

adenovirus, are transient and generally do not integrate into the host genome in any but 

the rarest of circumstances. However, nature has designed the lentivirus to integrate with 

regularity. The lentivirus has somewhat of a tendency to integrate in the general area of 

transcribed genes [107, 111].  Despite this minor preference in integration site, it largely 

appears to integrate randomly throughout the genome. Much work has been done to study 

what factors influence the site of integration. We propose that the phase of the cell cycle 

at the time the integration complex enters the nucleus will significantly affect the ultimate 

expression of the transgene. Other investigators have shown quite clearly the 

phenomenon of cell cycle specific-transcription [112-115]. Additionally, while other 

strategies of transfection utilize timing of cell cycle phase [116, 117], we show that 

combining cell cycle timing to the life cycle of the viral vector increases both 

transduction efficiency and gene translation levels. We have also utilized a mild heat 

shock to increase the fraction of transduced cells. The expression level of the positive 

fraction is also seen to be increased in some cell types when this technique is applied 

[118].  

To begin to elucidate the mechanism of the observed increases in transduction we 

turned to studies of the cell cycle state. When the fraction of S-phase cells is smallest, 
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heat shock of the cell culture has its greatest effect on transduction. It takes 

approximately 8-10 hours after lentivirus vector addition for the maximum efficiency of 

heat shock to be realized.  Furthermore, we show that combining mild heat shock with 

these timing strategies allows for even greater efficiency. Proper coordination of these 

elements can double the transduction efficiency, thereby potentially halving the amount 

of vector needed to achieve the same transduction level. The timing and techniques 

described herein promote transduction efficiency due to cell cycle phase specific 

integration.  
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2.3 Methods 

2.3.1 Cell lines  

Cell lines A549, MCF-7 and SW480 were cultured in RPMI media supplemented 

with 2mM L-glutamine (Mediatech, Herndon, VA), 1mM sodium pyruvate (Mediatech, 

Herndon, VA), 10% heat inactivated fetal bovine serum (Atlanta Biologicals, 

Lawrenceville, GA), 100 units/ml penicillin and 100µg/ml streptomycin. Cells were 

grown in 5% CO2 at 37ºC and were passaged when 90-95% confluent. 

 

2.3.2 Application of heat shock 

Heat shock was done as described [119]. Briefly, cells were plated in 6-well 

plates at 105 cells per well in 2ml of media, or in 12-well plates at 0.5 X 105 cells per well 

in 1 ml of media. 24 hours after plating, the plates were wrapped in parafilm and 

submerged in a water bath at 42ºC or 44ºC for 10, 30 or 40 minutes. Plates were then 

removed and cleaned with 70% ethanol before being returned to a 37ºC incubator.  

 

2.3.3 Cell harvesting 

Cells were cultured for 2 days after addition of lentiviral supernatant to insure 

expression of the GFP reporter gene. Individual wells were washed once with PBS and 

treated with 0.25% trypsin (Mediatech, Herndon, VA) for 5 minutes at room temperature 

to achieve a single cell suspension in preparation for analysis by flow cytometry. Single 

cell suspensions were washed once in FACS staining buffer consisting of PBS with 2% 

FBS. Cells were resuspended in 200-400 µl of FACS staining buffer for analysis. 
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2.3.4 Cell cycle analysis 

For cell cycle experiments, 3 X 105 A549 cells were plated in 2ml media in a 

35mm well and cultured for 24 hours. Genistein [120] dissolved in DMSO was added to 

the wells in molar concentrations ranging from 0 to 100 µM. After a four hour treatment 

media was removed, the cells were washed once with PBS and fresh media was replaced. 

Ploidy was measured as previously described [121]. At various time points the cells were 

removed by trypsin and resuspended in 200 µl cold PBS. While vortexing, 4ml ice cold 

70% ethanol was added to the resuspended cells and allowed to incubate at -20ºC 

overnight. At least 30 minutes prior to analysis, the ethanol was removed and fixed cells 

were resuspended in a mixture of 100µg/ml RNAse and 40 µg/ml propidium iodide in 

PBS.  

 

2.3.5 Flow cytometry 

Samples for cell cycle analysis were analyzed with a FACScan flow cytometer 

(BD, Franklin Lakes, NJ). Data was analyzed using ModFit software to determine ploidy 

and cell cycle phase of the population. Samples were analyzed for GFP expression with 

an LSRII flow cytometer (BD, Franklin Lakes, NJ) using a laser emitting at 488nm. The 

GFP+ population was defined by comparison with a “cells only” negative control in 

which the GFP+ fraction was approximately 0.25% or less. Mean fluorescence intensity 

(MFI) of the GFP+ population was measured on a log scale. Data was analyzed using 

FacsDiva software (BD, Franklin Lakes, NJ).   
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2.4 Results 

2.4.1 Heat shock increases the rate of vector uptake. 

To test methods of increasing lentiviral vector transduction efficiency several cell 

types were used. A549, MCF-7 and SW480 cells were all subjected to heat shock during 

transduction with a lentiviral vector. Low multiplicities of infection (MOI) were used, 

ranging from 0.05 to 0.2. A low MOI was employed to insure transduction of only a 

small fraction of the cell culture and to minimize multiple viral integrations per cell 

[122], allowing us to more accurately measure the effect of the heat shock. When using 

our viral vector, maximum transduction efficiency for any given MOI was not reached 

until the vector containing supernatant was incubated with the cells for 18-24 hours (data 

not shown). To increase the level of transduction at sub-optimal periods of time, a heat 

shock of 42ºC for 10 or 30 minutes just prior to vector removal was employed.  Not only 

was the fraction of transduced cells increased but in some cases, the level of reporter gene 

expression per cell was increased as well. Figure 1 (upper panel) shows the change in 

transduction fraction in cultures of A549 cells. Analysis of the linear portions of the two 

curves reveals that the slopes of both lines were nearly equal, with a less than 1% 

difference. From this data we calculated that the mild heat shock treatment shortens the 

lentiviral incubation time by 0.7 hours. That is, sub-optimal vector incubation times 

reached the same level of transduction 0.7 hours sooner when the culture was heat 

shocked as compared to non-heat shocked cultures. These time differences to reach the 

same level of transduction were more pronounced in experiments with other cell types. 

Heat shock experiments with SW480 cells showed average reduction of 1.6 hours. Using 
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MCF-7 cells the average time was 1.7 hours. Figure 1 (lower panel) shows the effect of 

heat shock in increasing transduction fraction in SW480 and MCF-7 cells.  

It can be noticed in some experiments that the slope of linear fit of the heat 

shocked and non-heat shocked samples are not equal. This is exemplified in the shown 

SW480 experiment in Figure 1. In such cases the time difference was calculated by 

choosing the midpoint time of the experiment, which, in these examples was 6 hours. 

Figure 2 (upper panel) shows the change in mean fluorescence intensity (MFI) of 

the GFP reporter gene in A549 cells. The heat treated culture shows significant increases 

(p<0.05) in MFI at all time points past the first two hours. However, experiments with 

other cell types fail to show the same results. We find that the trends appear to show 

increased level of expression, but the results fail significance tests. 
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Figure 1. Transduction fraction change with application of heat shock.  
A549 (above) cells were treated for varying periods of time with a viral vector encoding a 
GFP reporter gene. FACS analysis revealed increases in both GFP positive fractions. 
Error bars show SEM from samples in triplicate from one representative experiment of 
three. Identical experiments were done with SW480 cells (below left) and MCF-7 cells 
(below right). Examples of the linear fit are shown in the lower graphs.  
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Figure 2. Gene expression change with application of heat shock in some cell lines. 
A549 cells (above) were treated for varying periods of time with a viral vector encoding a 
GFP reporter gene. FACS analysis revealed increases in GFP expression level of the 
positive fraction. Error bars show SEM from multiple samples (4<n<6) from two 
combined experiments. Typical experiments from other cells lines SW480 (below left) 
and MCF-7 (below right) do not show significant increases.  
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2.4.2 Toxicity of heat shock and genistein treatments to cell cultures 

Results from earlier experiments plus published data [120, 123]  indicated that the 

transduction enhancing treatments of heat shock and addition of genistein would not be 

unduly toxic at the doses they were to be used. To verify that these treatment conditions 

do not drastically change the survival/growth characteristics of cells, both treatments, 

alone and together were tested. Previous reports have shown that various types of cells 

are viable after treatment with genistein at doses up to 120µM [120]. Our intention here 

was to verify those levels in the cell types used in our experiments and confirm that the 

treatments used did not disrupt the cell culture at unacceptable levels when used in 

conjunction with heat shock treatment. 

A moderate heat shock (30 minutes at 42ºC) applied to cell cultures was found to 

reduce the viable cell numbers by only small percentages. In A549, MCF-7 and SW480 

cultures, the number of viable cells two days after treatment was 94%, 85%, and 95% of 

untreated controls respectively. The reduction due to genistein was only slightly more 

pronounced. For the same cells types, a 4 hour treatment with 40µM genistein reduced 

the number of viable cells in the culture to 67%, 94%, and 75% respectively of the 

untreated controls after a period of 48 hours. When both treatments were applied to the 

cell cultures of A549, MCF-7 and SW480 cells, the number of viable cells was 63%, 

94%, and 57% of the controls respectively. This data is shown in Figure 3.   
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Figure 3. Change in cell numbers due to genistein and heat shock.  
Cell cultures counted 2 days after treatment with 30 minute heat shock, 40 µM genistein 
or both. All results are averages of three independent experiments. Significant decreases 
by t-test (p<.05) are marked. 
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2.4.3 Heat shock can increase transduction efficiency and transgene expression 

In preliminary experiments, heat shock was applied immediately upon initiation 

of lentivirus vector addition. In these instances, the transduction efficiency was not found 

to be significantly changed. It was, therefore, necessary to optimize the time frame after 

vector addition in which the heat shock had the greatest positive effect. While previous 

viral vector treatment periods were done for sub-optimal lengths of time, here A549 cell 

cultures were treated for a full 24 hours to allow maximum binding and uptake of the 

vector. At various points during vector incubation heat shock was applied. Additionally, 

different degrees of heat shock were used. For our purposes, a mild heat shock is defined 

as 42ºC for 10 minutes, a moderate heat shock as 42ºC for 30 minutes, and a severe heat 

shock as 44ºC for 40 minutes .  

It was observed that all three heat shock conditions were able to increase the 

fraction of A549 cells transduced when heat was applied at 8 hours after initiation of 

vector incubation. These increases in transduction fraction were compared to another 

reported technique for increasing lentiviral transduction -- pre-treatment of cells with 

genistein [124]. The increase in transduction attributable to mild heat shock (19.4%) or 

moderate heat shock (23.9%), while significantly above the non-heat shocked control 

(p<0.05), was less than the increase seen due to 4 hours of 30 µM genistein pre-treatment 

(33.8%). A severe heat shock did increase the level of transduction over genistein 

treatment, improving to 67.4% above the no heat shock control. However, at this level of 

heating, cell survival and growth after the heat treatment became a concern. While 

transduction level was high, cell cultures subjected to severe heat shock consisted of 
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Figure 4. Increase in transduction due to heat shock and genistein in A549 cells. 
A549 cells were incubated with transducing virus for 24 hours. Cultures were treated 
with heat shock at 8 hours after vector addition, pre-treated with 30µM genistein for 4 
hours prior to vector addition or both. Numbers above each bar show the increase above 
the “vector only” group. Error bars show SEM from samples in triplicate. Every 
condition shown is significantly (p <.05) above the “vector only” group. 
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Figure 5. Effects of combined heat shock and genistein treatment upon efficacy of 
transduction upon SW480 and MCF-7 cell lines. 
SW480 (top panel) or MCF-7 (bottom panel) cells were incubated with transducing virus 
for 24 hours. Cultures were treated with heat shock at 8 hours after vector addition, pre-
treated with 40µM genistein for 4 hours prior to vector addition or both. Numbers above 
each bar show the increase above the “vector only” group. Results shown are an average 
(+/- SEM) of three experiments with significant changes over the “vector only” group 
(p<.05) marked. 
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only a fraction of the number of cells when compared to control. Most importantly, 

however, was the observation that the effects of genistein pre-treatment and heat shock 

were additive. For every heat shock condition employed, the increase in transduction 

fraction when both genistein and heat shock were applied was higher than with either 

single treatment alone. Figure 4 displays the different transduction efficiencies 

attributable to both the genistein and heat shock treatments applied to A549 cells. 

 The combined treatment of moderate heat shock and genistein was also applied to 

MCF-7 and SW480 cell cultures. Similarly, increases in transduction level were found in 

response to heat shock and pre-treatment with 40µM genistein. However, the increases 

were somewhat smaller. In SW480 cell cultures, an average increase of 11.7% was due to 

moderate heat shock and an increase of 14.4% was seen in genistein pre-treated cultures. 

As was the case with A549 cells the increase seen with both treatments was higher than 

either single treatment (30.1%). Student’s T-test revealed that all of these increases are 

significantly (p<.05) above the vector only control (see Figure 5). This level of 

significance was not reached, however, with MCF-7 cultures where only very small 

increases in transduction level in the heat shock group (0.9%), the genistein group (2.8%) 

and in the dual treatment groups (7.8%) were observed.  

In addition to analyzing the changes in overall transduction percentage, the 

relative expression levels of the transgene in the positive cells were also tracked. The 

level of GFP reporter protein in the cell correlates with fluorescent intensity [125]. 

Therefore, the mean fluorescent intensity (MFI) of the GFP-positive population was used 

as a measure of the level of transgene expression. Although a mild or moderate heat 
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shock by itself increased the overall percentage of cells transduced, the MFI of the 

positive population was actually decreased at several timepoints. Figure 6 shows this 

effect in A549 cultures. In some cell types this decrease was in contrast to the earlier 

observation that showed an increase in MFI when cultures were vector treated for sub-

optimal periods of time and heat-shocked.  

In heat-treated A549 cultures not treated with genistein the overall levels of GFP 

expression were reduced approximately 20-25%. This level was consistent regardless of 

when the heat shock was applied (0-12 hours). Upon addition of genistein pre-treatment, 

however, the expression levels of the positive fractions could be significantly increased 

over the controls. More interestingly, the timing of the heat shock became a much more 

important factor. Figure 6 shows the different times where heat shock increased or 

decreased the MFI of the genistein treated culture. It was observed that the maximum 

increase in MFI occurred when heat shock was applied 8-10 hours after vector addition.  

A similar pattern can be seen in the experiments done with MCF-7 cells (Figure 

7). In the genistein treated cells, a decrease was seen when the heat shock was applied 

during the first 3 hours of the vector treatment. An increase in expression level was seen 

when the heat shock was applied at hour 4 or later. However, both the increase and 

decrease are only at a level 5% different from the non-heat shocked control average. Only 

at the peak decrease (heat shock applied at hour 1) and peak increase (heat shock applied 

at hour 6) did the difference meet significance by t-test.    

These experiments showed no advantage of heat shock to increase expression in 

SW480 cells. The differences in expression levels in these cultures are not significantly 
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different at any point regardless of when heat shock was applied. However, as can be 

seen in Figure 7, the trend does appear to show a slight decrease in expression due to heat 

shock.  

             

 

 

  
 
Figure 6. Heat shock timing after vector treatment is critical to maximize transgene 
expression. A549 cells were pre-treated with 30µM genistein for 4 hours prior to being 
treated with lentivirus vector at MOI of 0.1. A heat shock of 42ºC for 10 minutes was 
applied immediately with vector addition or hours after as indicated. All measurements 
are compared to the non-heat shock control. Values are averages of three independent 
experiments (+/- SEM). Timepoints that show significantly different MFI from control 
levels by t-test (p<.05) are marked. 
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Figure 7. Effects of heat shock timing after vector treatment in MCF-7 and SW480 
cultures. Cell cultures were pre-treated with 40µM genistein for 4 hours prior to being 
treated with lentivirus vector at MOI of 0.1. A heat shock of 42ºC for 30 minutes was 
applied immediately with vector addition or hours after as indicated. All measurements 
are compared to the non-heat shock control. Values are averages (+/- SEM) of three 
independent experiments. Heat shock at 1 hr (MCF-7) showing significantly different 
MFI from control level by t-test (p<.05) is marked. 
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2.4.4 Cell cycle phases are correlated with increased transduction 8 hours after 

lentivirus vector addition.  

Genistein is known to be an agent promoting cell cycle arrest at the G2 phase of 

the cell cycle [126]. Thus, it was not unrealistic to hypothesize that the observed increase 

in transduction efficiency could be attributable to changes in A549 cell cycle. A decrease 

in the fraction of S-phase cells and an increase in the fraction of G2 cells were observed 

at 8 hours following a 4-hour genistein pre-treatment (see Figure 8). In agreement with 

published results [120, 124], cell cycle changes were observed to be genistein dose 

dependent. The upper panel in Figure 8 shows that the fraction of S-phase cells decreased 

while the fraction of cells in G2 increased with genistein dose. The lower panel of Figure 

8 shows that the increase in the number of transgene positive cells also increased with 

genistein dose. This fraction of positive cells was significantly higher for the cultures 

treated with combined mild heat shock and genistein, compared to either treatment alone. 



 62

Cell cycle phase of genestein treated cells

0%

10%

20%

30%

40%

50%

0 20 40 80
genestein dose (µM)

S phase

G2 phase

  

Increase in transduction 
with genestein dose

15

20

25

30

35

40

0 20 40 80

genestein dose (µM)

pe
rc

en
t G

F
P

+

37ºC

10 min @ 42ºC

 

Figure 8. Increase in transduction efficiency is correlated with a decrease in S-phase 
cells. A549 cells were stained with propidium iodide for ploidy analysis after a 4 hour 
treatment with genistein. The decrease in S-phase and the increase in G2 populations 
were dose dependent with genistein treatment (top). Transduction efficiency in both heat 
shocked and non-heat shocked samples also increased with genistein dose (bottom). 
Transduction data is representative of two independent experiments and is presented as 
mean +/- SEM from triplicate samples. Error bars shown do not exceed the size of the 
graphed data point.  
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2.4.5 Increased GFP transgene expression is correlated with a decrease in cells in 

the S-phase fraction of the cell cycle. 

In order to correlate phases of cell cycle with expression of lentiviral delivered 

transgene, A549 cells were transduced at MOI of 0.2 to achieve levels of approximately 

20% transduction. After 48 hours, when expression was at maximum, cells were sorted 

according to GFP transgene expression. As shown in Figure 9, the GFP positive 

population contained an S-phase fraction of 15.5%. By contrast, the fraction of S-phase 

cells in the transgene negative sorted population was more than doubled that at 32.0%. 

Necessarily, a lower fraction of S-phase cells would result in a correspondingly higher 

fraction of cells that were in the G0/1 and G2 phases of the cell cycle. However, in the 

GFP positive sorted fraction, the S-phase percentage reduction corresponds to an increase 

in the G1 percentage of cells (57.0% to 77.0%) but also a decrease in the G2 percentage 

(11.0% to 7.4%). Thus, to summarize, the GFP positive fraction of cells had a much 

higher percentage of G0/1 cells and a lower percentage of G2 and S-phase cells as 

compared to both the negative fraction and to unsorted cells.  

In this same experiment, cells that were sorted previously as GFP+ were further 

subdivided according to expression level by quartiles. The highest expressing (by MFI) 

25% of cells were sorted and are referred to as quartile 4 (Q4). The 25% of GFP+ cells 

with the lowest MFI are then quartile 1 (Q1), etc. The quartiles were then incubated for 5 

days normal growth to dissipate any differences in cell cycle phase. When the cells were 

analyzed by flow cytometry, the levels of expression were no longer separated as they 

were upon initial sorting. (Figure 10) After 5 days of outgrowth, the level of expression 
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from the 4 groups shows very large overlap. Cells from each quartile no longer remained 

with the range of expression on which they were sorted. Instead, the sorted populations 

drifted into other regions. The high expressing groups later consisted of cells that were 

“high expressors” and some cells that were “low expressors.” Likewise, the low 

expressing group also became a population consisting of both “high expressors” and “low 

expressors.”  
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Figure 9. Higher GFP transgene expression is correlated with a decrease in S-phase 
cells. A549 cells were virally transduced and sorted according to GFP transgene 
expression or lack thereof. Cell cycle analysis shows a higher percentage of G1 cells and 
a lower percentage of G2 and S-phase cells in the GFP positive fraction. 
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Figure 10.  Expression sorted cells revert to heterogeneous expression of the 
transduced gene. A549 cells were transduced and sorted in quartiles according to GFP 
expression (top) and then returned to culture. After 5 days outgrowth, each individual 
quartile had reverted to a population of markedly heterogeneous expression (bottom). 



 66

2.5 Discussion  
As opposed to retrovirus vectors, lentivirus based vectors are much more adept at 

transducing cells regardless of whether or not the cells transit through mitosis [127-129]. 

This feature makes lentivirus vectors a more powerful tool than retroviral vectors which 

do not integrate appreciably into non-dividing cells. This important difference between 

these two classes of vectors highlights the importance of cell cycle status in viral 

transduction. As such, controlling cell cycle status to improve viral transduction 

efficiency is not a new concept [116, 120, 124, 130] However, combining cell cycle 

manipulations with mild heat shock offers a novel way to enhance its effectiveness. The 

phenomenon of cell cycle specific transcription has been observed by other investigators 

[131, 132]. However, we have added a unique perspective to the concept. It is well 

known that chromatin structure plays a major role in the normal control of cell 

transcription [133]. Similarly, it has been observed for some time that chromatin 

undergoes changes in structure as the cell progresses through the cell cycle [134]. This 

basic observation clearly implies that chromatin structure plays a role in transcription. By 

making some DNA elements more accessible to transcription factors in the “open” state 

of the DNA, the transcriptional level of the genes in that area would be greater than the 

genes in areas of “closed” DNA, where they are inaccessible under the supercoiled 

chromatin structure. The simple fact that some regions of DNA are more accessible to 

transcription than others regions, has implications for the viral processes of integration as 

well.  

While the overly simplistic view of “open” and “closed” DNA has evolved with 

our understanding of nuclear structure and transcriptional control, it may be useful to 
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utilize similar far reaching language to make this point more clearly. As chromatin 

structure is, in part, a function of cell cycle, we could choose to describe the interphase 

chromosomes as being in a G0/1 type formation, an S-phase formation, or a G2 type 

formation. There are some genes that are constitutively expressed regardless of the cell 

cycle phase, but many other genes are transcribed specifically in certain phases of cell 

cycle [132, 135, 136].  The overall function of the cell is clearly different in the G0/1 

phase than it is during G2. While the “G2 cell” is involved in membrane expansion [137], 

actin accumulation [138], and other tasks in preparation for division [139], the “G1 cell” 

is very different. Many cells spend much of their lifespan in the G0/1 phase of the cell 

cycle simply performing tissue specific functions. For example, liver cells make liver 

enzymes. Endocrine cells, gastric endothelium, and other specific types of cells have 

specific protein products made during G0/1 [140-142]. During this time of normal G0/1 

cell maintenance, the DNA is in a conformation necessary to support that role; i.e. a 

“G0/1 conformation”. Likewise, the proteins made during S-phase support the primary 

function of S-phase – that of DNA synthesis. In evidence is the large amounts of histones 

produced during S-phase [132]. Different cells have different functions and thus different 

transcription patterns are seen. Necessarily, different areas of the DNA need to be 

transcribed to support the different function of each cell cycle phase just as different 

transcription patterns are observed in different cell types. 

Evolutionary biology teaches us that every trait and quality has a function, or it 

will be eventually selected against and lost. In complex organisms, each cell has a 

function that supports the body as a whole. Correspondingly, every trait, quality, 
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organelle, organizational structure or any other cellular element exists solely to support 

the overall function of the cell – a function that can change with changes in cell cycle. 

Necessarily, the proteins produced, the RNA’s that are present, the chromatin structure, 

membrane composition, or any other cellular trait one could list, exists solely to support 

the functional role of that particular cell. As discussed, cells have a different function in 

different phases of the cell cycle. Thus, the G2 type formation of DNA structure supports 

the G2 function of the cell; likewise, the S-phase formation of DNA supports the S-phase 

function of the cell, etc. Although we cannot yet describe every process, trait, 

mechanism, and cellular quality that defines the role of any particular cell, we can 

observe and describe the effects. Regardless of the exact mechanism(s) responsible, it is 

reasonable to surmise that lentiviral DNA integrated during G0/1 would be preferentially 

in a chromatin area that is more used (i.e. more exposed and available) during G0/1. Just 

as DNA integrated during G2 would be preferentially in a chromatin area that is more 

used during G2. Similarly, viral integrations that take place during S-phase are more 

likely to be in any area of the chromatin, as the DNA is in a largely “unwound” state 

during synthesis, thereby making most of the chromosome accessible. Integration during 

S-phase would then have a higher probability of the gene being buried away later, when 

the cell is out of S-phase. In this case it would be hidden under layers of DNA 

supercoiling or otherwise unavailable to other soluble nuclear elements. This hypothesis 

would imply that the transgene would seldom be available for recognition by the 

necessary factors for transcription. 
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Current theory indicates that viral integration is preferentially in areas of open and 

accessible DNA [143], i.e., accessible to the viral integration complex.  Within the 

nucleus, the “accessibility” of a gene is often correlated with its level of transcription 

[144]. The recent use of chromatin opening elements to enhance transduction supports 

this concept as well [145]. We have found in this study that different points in the cell 

cycle have different integration efficacies, as measured by the transduced fraction of cells 

and the expression level within the cell population. We have also shown that we can 

manipulate integration with the application of a mild heat shock. Although the 

mechanism of the heat shock driven increase in expression is not known, it is reasonable 

to infer that the following processes may be involved: 1) an increase in the number of 

pre-integration complexes transported to the nucleus as a result of increased nuclear 

membrane permeability; 2) an increase in integrase activity due to heat shock; 3) an 

increase in the number of available pre-integration complexes in the cell overall, as 

cellular mechanisms to dispose of viral elements may be disrupted by the heat shock; and 

4) an increase in the number of integration events due to phase change [146] and 

generalized relaxing of chromatin structure due to application of heat.  

Although the largest effect was seen in A549 cells, variable success in increasing 

transduction fraction and expression level was also observed in MCF-7 and SW480 cells.  

This indicates a need to carefully study different primary cell lines in order to optimize 

conditions for transduction in the course of gene therapy. It is also clear that the levels of 

effectiveness of these techniques are dependent of several factors. The cell type makes a 

big difference as conditions for each type must be carefully optimized. For example, cells 
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encumbered with extensive extra-cellular matrix, would likely take longer for the vector 

to bind and fuse with the cell membrane. In this case, a longer incubation time prior to 

heat shock may be advantageous. One potential mechanism for transduction increase 

from heat shock is that heating would disrupt the internal cellular structures and release 

viral elements otherwise targeted for destruction. In this case, cells with smaller 

cytoplasm:nucleus ratios may benefit from heat at earlier time points, or may be less 

responsive to the effect of heat shock altogether.  

Other factors such as dose of the drug, duration of exposure, and recovery time 

prior to vector addition all can potentially affect the usefulness of these procedures. 

Additionally, changing the temperature and duration of heating has shown to profoundly 

affect the outcome. Considering all factors, the level of variability can be quite large. 

However, by carefully optimizing these treatment conditions, the combination of heat 

shock and cell cycle manipulation can potentially be very useful in increasing lentiviral 

transduction.  

The original intent of this work was to increase the viral transduction of bone 

marrow derived stem cells. As mentioned the optimization of conditions must be 

carefully applied to achieve the desired transduction increases. We are optimistic, though, 

as initial experiments have shown some promising results. Gene modifications in stem 

cells can be extremely difficult to achieve. As genetic integrity is paramount to the stem 

cells overall biological function, it seems reasonable that stem cells would be notoriously 

difficult to genetically modify. This has been observed by many investigators. Therefore 
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any strategies or techniques that further the efficiency of gene therapy are likely to be the 

most useful to stem cell biologists.  

Cell cycle timing is only rarely used in gene therapy work today. Clearly, it has 

value in use with current lentiviral vector methodologies. The addition of mild heat shock 

treatment is a simple and useful technique for increasing viral transduction in some cell 

types. It appears that cell cycle state is an important factor in lentiviral transduction 

efficiency. In conclusion, as all cells are subject to the same tenets of cell cycle 

progression, we believe the concept of cell cycle specific integration is something to be 

further studied and could become a useful tool in gene therapy.  
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CHAPTER 3: CHIMERIC ANTIGEN RECEPTORS FOR  

STEM CELL BASED IMMUNOTHERAPY 

(adapted from Chimeric antigen receptors for stem cell based immunotherapy,  
published in,  Journal of Experimental Therapeutics and Oncology) 

 
 
3.1 Introduction 
 
 In the fight against cancer, the host may fail to generate a sufficient immune 

response for several reasons.  This unresponsiveness is often due to a lack of receptors 

specific for tumor epitopes, or due to a scarcity of immune cells expressing the 

appropriate receptor [147, 148]. The tumor may  downregulate major histocompatibility 

complex (MHC) proteins, thus limiting T cell recognition [149-151], or it can create a 

microenvironment that renders some immune cells less effective or even completely inert 

[152, 153]. To combat these limitations, the introduction of immune cells by adoptive 

transfer offers some defense [154]. Ideally one would like to find a way to increase the 

numbers of tumor specific effector cells. In this way, greater numbers of immune cells 

are available for protection against cancer. The strategy of adoptive transfer of target 

specific cells offers an immunotherapeutic approach that has seen some anti-tumor 

success in both animals and humans [155, 156]. However, the overall efficacy has been 

limited by several factors. Naturally occurring tumor specific immune cells can usually 

be isolated from an individual, but only at very low numbers [157-159] and  it  is difficult 

to expand them to therapeutically relevant levels  [160, 161]. This finding has lead to 

other potential solutions. Instead of expanding a few tumor specific cells into many cells, 

some investigators have tried to create large populations of effector cells by introducing 



 73

receptor genes into otherwise non-specific cells [81]. This retargeting approach, however, 

leaves the problem of proper gene delivery into a large number of cells. The technical 

issues of these two strategies render them less useful than one would like.  

 One solution to this problem has been to introduce the receptor gene into an early 

progenitor cell that will permit expression of the antigen receptor in a large pool of 

immune cells [80, 162]. HSCs derived from bone marrow can repopulate the entire blood 

system of an ablated individual [163]. Indeed, it has been shown that a single multipotent 

HSC is sufficient to rescue a lethally irradiated animal [164]. The introduction of an 

effective receptor gene into an HSC allows one to exploit the natural repopulating 

capacity of the blood-forming cell. In this way the gene of interest would be potentially 

expressed in all lineages of the entire blood system. In this study, we have developed a 

pair of chimeric receptors that have specificity against the HER2/neu tumor antigen, a 

protein overexpressed in many cancers [165-167]. We demonstrate that these receptors 

can be delivered into a variety of cells including HSCs. In a mouse model, we also show 

that these transgenic HSCs retain potency to repopulate the blood system depleted 

through irradiation, as the reporter gene, part in the gene construct, is present in multiple 

blood lineages. 

 One of the chimeric receptors was developed from the variable regions of the 4D5 

anti-HER2 antibody [168]. The variable heavy chain (VH) and variable light chain (VL) 

elements were linked into a single chain molecule. Similarly, the second chimeric 

receptor was developed from a HER2 reactive T cell clone [169]. The variable regions of 

the TCR, Vα and Vβ, were linked in the same fashion. The extracellular receptors were 
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then linked to an intracellular signaling module. The signaling cassette consisted of 

elements from the CD3ζ chain, the CD28 molecule, and the tyrosine kinase p56Lck. This 

signaling element has previously been shown to feed into the T-cell signaling pathway 

[71]. Thus, with specificity and signaling coupled, the engineered chimeric receptors can 

be utilized as an anti-cancer tool. By default, these two elements will be inherently 

different in overall binding affinity to the target antigen as well as in MHC restriction.  

 The complete single chain Fv with attached CD3ζ/CD28/p56Lck (HER2scFv-

Z28Lck) and the corresponding single chain TCR (HER2scTCR-Z28Lck) receptors were 

cloned into a lentiviral delivery vector. Using this vehicle, it was demonstrated that both 

chimeric antigen receptors (CAR) can be introduced into HSCs and can be expressed in 

multiple cell types. Development of these novel tools allows for comparison of binding 

affinity and MHC restriction on the overall immune function of retargeted immune cells.  
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3.2 Methods 
 
3.2.1 Cell lines 
 
 All media recipes can be found in appendix A. HEK293T, thymoma EL4, Jurkat 

subtype JCaM1.6 and B-cell hybridoma 4D5, reactive to the HER2/neu gene product 

p185HER2, were purchased from American Type Culture Collection (Manassas, VA).  

Mouse fibroblast 3T3-neuB7, HER2+ carcinoma line NT2.5 and T-cell clone c100 

reactive to HER2/neu peptide fragment 420-429 (H-2Dq) was a generous gift from 

Elizabeth Jaffee (Johns Hopkins Medical Institutes, Baltimore, MD) [169]. HEK293T 

and hybridoma cells were cultured in DMEM-10. EL4 and JCaM1.6 cells were cultured 

in RPMI-10. NT2.5 was cultured in breast media. 3T3-neuB7 cells were cultured in CRIP 

media with 1.2µM methotrexate as selective agent. Adherent cells were passaged when 

they became 90-95% confluent. Suspended cells were kept at concentrations between 2 x 

105 cells/ml and 2 x 106 cells/ml.  

 
3.2.2 Flow cytometry 
 
 Samples were analyzed with a FACScan flow cytometer (BD, Franklin Lakes, 

NJ), with single laser emitting at 488 nm, or with an LSRII using lasers emitting at 488 

nm and 532 nm. Data was analyzed and displayed with FacsDiva software or WinMDI. 

Normal mouse IgG used for blocking, staining antibodies F4/80-PE and NK1.1-PE were 

supplied by Caltag Laboratories (Burlingame, CA). Staining antibodies CD3ε-PE, Gr-1-

PE, and isotype rat IgG1κ-PE were supplied by Pharmingen (BD, Franklin Lakes, NJ). 

Antibody B220-PE and mouse TCR activation antibodies CD3ε and CD28 were supplied 

by Biolegend (San Diego, CA).  
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3.2.3 RT-PCR Isolation of Antibody and TCR genes 
 
 Messenger RNA was extracted from 106 B-cell hybridoma cells using an Oligotex 

mRNA kit (Qiagen, Hilden, Germany), and reverse transcribed into DNA using 

SuperscriptIII and poly-A primers (Invitrogen, Carlsbad, CA). PCR was then performed 

using degenerate primers from the Mouse Ig primer Set (Novagen, Madison, WI) and 

Platinum Pfx high fidelity DNA polymerase (Invitrogen, Carlsbad, CA).  A 50µl reaction 

was set up according to Platinum Pfx’s normal protocol with the following differences: 

primer concentration ranged from 0.1 mM to 0.5 mM increasing with degeneracy of the 

primer and amplification buffer was increased to 2X normal concentration. Samples were 

then run on a Perkins Elmer GeneAmp 2400 thermocycler. After an initial denaturing 

step of 3 minutes at 94ºC, samples were cycled 24-35 times through a 94ºC denaturing 

step for 1 minute, a 60ºC annealing step for 1 minute, and a 72ºC extension step for 1 

minute. The HER2 reactive T-cell clone c100 mRNA was similarly extracted and 

subjected to RT-PCR using forward primer 5’-CTAGTGGTCCTGTGGCTTCAGC and 

reverse primer 5’-GACTTACATGGTAGAACAATGAC for the Vα chain. Forward 

primer for the Vβ chain was 5’-TACTCCTAGGCCTTCACCTAG and reverse primer 

was 5’-GTGGAGTCACATTTCTCAGATCTTC. Analysis of the resulting sequences 

using the IMGT database [170] confirmed the TCR genes as Vβ4a and Vα7.  

 
3.2.4 Determination of combined antibody and TCR sequences 
 
 PCR products were ligated into vectors pGem T-vector (Promega, Madison, WI), 

pCR2.1 and pCR-BluntII-TOPO (Invitrogen, Carlsbad, CA). PCR reactions that were 

cloned into pGem T-vector and pCR2.1 were first treated with 1 unit of Taq polymerase, 
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provided with 0.2 mM fresh dNTP’s and incubated at 72ºC for 8 minutes to provide the 

3’ A-overhang [171]. Ligation was done using T4 DNA ligase (New England Biolabs, 

Ipswich, MA). Plasmids were then used to transform Top-10 competent cells (Invitrogen, 

Carlsbad, CA) and plated overnight on LB agar with appropriate antibiotics. Colonies 

were screened and insert-containing plasmids were sequenced by the Genomic Analysis 

and Technology Core facility at The University of Arizona. 

 
3.2.5 Bioinformatic analysis 
 
 Sequences were compared to the Ig BLAST database [172] (NCBI, Bethesda, 

MD), as well as the IMGT database [170]. Similarity to known sequences provided 

reference to framework and CDR regions. Sequences were mapped and manipulated 

using pDRAW32 (AcaClone Software, Frederiksberg, Denmark). Figures showing local 

alignments were adapted from IgBLAST and IMGT alignment reports. 

 
3.2.6 Cloning of single chain molecules 
 
 Segments were spliced together by splice overlap extension (SOE-PCR) [173] 

using Platinum pfx. The completed single chain was joined to a signaling complex 

previously described [71]. Briefly, transmembrane and intracellular molecule CD3ζ, the 

intracellular domain of CD28 and the intracellular domains of p56LCK were each 

expanded by PCR and given restriction sites complementary for ligation. The three 

signaling elements were spliced together into a combined signaling cassette. The 

signaling module was then spliced to the single chain construct by SOE-PCR.  
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3.2.7 Lentiviral delivery system 
 
 The HER2scFv-Z28Lck and HER2scTCR-Z28Lck constructs were cloned into 

the EcoRI site of the Gwiz lentiviral vector [85] generously provided by Bruce Torbett 

(Scripps Research Institute, La Jolla, CA). Immediately downstream of the single chain 

insert, the viral vector contains an internal ribosomal entry site followed by the enhanced 

green fluorescent protein gene which functions as a reporter. A four plasmid system 

including accessory plasmids for rev and gag/pol genes, as well as a pseudotyping 

VSV/G gene [100] were used in viral production.  

 Transfection of HEK293T producer cells was optimized with TransIT 293 lipid 

reagent (Mirus, Madison, WI). Differing plasmid amounts were optimized and used in 

the ratio of 4:4:2:1 (Gwiz:gag/pol:VSV/g:rev). HEK293T cells were plated at 5 X 106 

cells on a 10cm TC-treated petri dish in 10ml of media. One day after plating, cells were 

transfected with DNA/lipid mixture according to TransIT 293 protocol with a ratio of 

48µl lipid to 16µg DNA per 10cm dish. Twelve hours post transfection 80-90% of the 

media was removed and replaced with 15ml of fresh media. Two days after the media 

change, all media was harvested and immediately cooled on ice. Harvested virus 

supernatant was centrifuged at 800g for 10 minutes at 4ºC to remove cells and debris. 

The solution was then filtered through a 0.45µm pore size cellulose acetate filter. Some 

virus supernatants were concentrated in a Beckman L8-80M ultracentrifuge. Supernatant 

was spun at 24,000 rpm on an SW-28 rotor for 90 minutes at 4ºC. Virus pellets were 

redissolved at 4ºC for 4-6 hours in fresh media. All virus stocks were frozen at -20ºC in 

individual aliquots [174]. 
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3.2.8 Titer of Lentiviral supernatant 
 
 HEK293T cells were plated at a density of 105 cells per well in 12 well plates and 

incubated for 24 hours. Serial dilutions of virus supernatant were added and cells were 

allowed to grow for 48 hours. Cells were washed once with PBS and trypsinized to 

achieve a single cell suspension. Viral titer was estimated by the fraction of cells 

expressing the reporter green fluorescent protein as measured by flow cytometry [175]. 

To minimize under-measurement of titer due to multiple virus particles per cell, only 

readings of less than 30% positive were used to determine titer [122, 176]. Titer was 

calculated as Titer = [Frequency x Cells/Volume] x Dilution. 

 
3.2.9 Mice 
 
 FVB/Nj mice (H-2q) were purchased from The Jackson Laboratories (Bar Harbor, 

ME) and maintained in non-sterile micro-isolators at the University Animal Care facility 

at The University of Arizona. All animal protocols were reviewed and approved by the 

Institutional Animal Care and Use Committee.  

 Stem cell donor mice were sacrificed and bone marrow was harvested by flushing 

media through the tibias and femurs. Cells were homogenized by vigorous pipetting and 

red cells were lysed by a 1 minute treatment with ACK lysis buffer (0.15M N4Cl, 10mM 

KHCO3, 0.1mM N2EDTA). HSCs were purified over magnetic columns with a lineage 

negative kit according to the normal protocol (Miltenyi Biotech, Bergisch Gladbach, 

Germany). Purified cells were then cultured for 48 hours in Stem Span media (Stem Cell 

Technologies, Vancouver, Canada) with added cytokines (Peprotech, Rocky Hill, NJ). 
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Murine stem cell factor (100ng/ml), murine Flt3 ligand (100ng/ml) and murine 

thrombopoietin (10ng/ml) were added and cells were plated in 12 well plates at a 

concentration of 5 X 105 cells per well in one ml of media. [177]  After 48 hours, cells 

were replated in fresh media with cytokines and treated for 24 hours with virus 

supernatants. Multiplicity of infection ranged from 10 to 100. 

 Recipient mice were ablated with 900 rads of gamma irradiation from a Co60 

source. Transplant was performed 24 hours later via tail vein injection. Each mouse 

received 5 – 10 x 104 cells in 50 µl PBS. Immediately after irradiation, regular water was 

replaced with water containing trimethoprim and sulfamethoxazole for the first and third 

weeks of reconstitution.  

 Blood samples were taken by sub-mandibular veinipuncture as described [178]. 

Two to four drops of blood were drawn and mixed immediately in 100µl PBS containing 

100 units/ml sodium heparin. (Thermo Fisher Scientific, Waltham, MA). Blood was 

diluted further with another 200µl PBS and underlayed with 300µl of Lympholyte M 

(Cedarlane, Burlington, NC) in 1.5 ml eppendorf tubes and centrifuged at 800g for 10 

minutes. The buffy coat at the interface was harvested and washed in FACS staining 

buffer consisting of PBS with 2% FBS. Reporter gene expression was analyzed by 

FACS. 

 
3.2.10 ELISA 
 
 96-well cell culture plates were coated with antibody or target cell cultures. Anti-

mouse TCR (HM3600), anti-mouse CD3 (S4.1) (Caltag, Carlsbad, CA), and anti-IgFab 

(OBT1527) (AbD Serotec, Kidlington, GB). All antibodies were used at a concentration 
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of 10µg/ml to coat 96-well plates for stimulation of cells. After the wells were washed 

twice with PBS, transduced or untransduced J.CaM1.6 cells were added to wells. 50,000 

J.CaM1.6 cells per well or 100,000 E6-1cells per well in 200µl RPMI-10 were incubated 

at 37ºC.  Target cell cultures 3T3-neuB7, MCF-7 and A549 were plated at 20 X 103 

cells/well 24 hrs prior to addition of CAR bearing cells. After 3 days, 100µl media was 

tested by human IL-2 ELISA kit (Biolegend, San Diego, CA).  

 
3.2.11 Cell conjugation  
 
Target cell lines MCF-7, 3T3-neuB7, and control cell line HEK293 were removed from 

culture during log phase growth at low confluency (<30%) by minimal trypsin treatment. 

Target cells and CAR bearing Jurkat E6-1 cells were both washed in PBS and 

resuspended at 0.50 X 106 cells/ ml in PBS with 2% FBS. 50 µl of target cells and CAR 

bearing cells were mixed in a 4ml round bottom tube and allowed to sit for 15 minutes at 

room temperature. The cell mixture was gently mixed to resuspend the cells and a drop 

was placed on a hemacytometer for counting. 
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3.3 Results 
 
3.3.1 Determination of genes encoding antitumor receptors 
 
3.3.1.1 Anti-HER2 antibody genes 
 
 To identify candidate receptors for use in constructing the CAR molecules, we 

turned to previous research for antibodies with high specificity for HER2. Hudziak, 

Fendly, and others [168, 179] had previously developed and characterized antibodies 

against HER2. Their work had involved the immunization of mice with HER2-amplified 

NIH 3T3 cells, the generation of hybridomas from splenocytes of immunized animals 

fused to myeloma cells, and the characterization of the antibodies resulting. Among the 

antibodies generated was the 4D5 antibody. This species is a good candidate for study 

due to its reported anti-proliferative effects on HER2+ breast and lung cancer cells [180-

182]. 

 To determine the gene responsible for production of the 4D5 antibody, hybridoma 

cells were grown and RNA was extracted (see appendix B). The purification protocol 

yielded RNA product that was then subjected to reverse transcription (see appendix C). 

The resulting DNA product was cloned into the pGEM T-vector. This plasmid vector 

contains a multiple cloning site with 19 unique restriction sites surrounding the insert. 

These sites make the plasmid well suited for the cloning and construction of the scFv 

molecule. This plasmid is also useful as a sequencing vector. The multiple cloning site in 

the pGEM T-vector includes an M13 sequencing primer site for initiation of the 

sequencing reaction.  
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 Products from antibody gene PCR expansions were ligated into the plasmid 

vector and insert containing clones were isolated for sequencing. Insert sequences for the 

heavy chain and the kappa light chain were compared to the Ig BLAST database. To 

measure the strength of any correlation, a technique in bioinformatics is the use of an “e 

value.” When two sequences are compared for similarity, this value e represents the 

expected number of sequences that would have matched due to simple random chance. 

An example would be to imagine any 4-base sequence, e.g. CATG. If one wanted to 

compare a short sequence such as this to find similarities to it in a very large database, it 

could be done. However, there are likely very many places where the sequence CATG 

would appear simply by random chance. The expected number of such appearances 

would be very large. The fact that the exact sequence CATG is found when compared to 

the database may not be meaningful, because we would expect to find that sequence 

many times simply by chance.  Likewise if one were to compare a large sequence of 1kb 

or more, the number of times that sequence would appear by chance is likely to be very 

small. The e value may be 1, or even may be a number much smaller than 1. If the 

expected value is 1 X 10-100 then that number is very small indeed. Such an e number, “e-

100” in this example, would represent a high confidence that the correlation was, in fact, 

meaningful. 

 In this work we have compared an immunoglobulin kappa chain gene to the Ig 

BLAST database and received results with e values as low as e-115. A 285 bp section of 

the kappa chain gene reported a very strong correlation to germline variable gene 19-17 

seen in Genbank record Y15978. The Vkappa gene 19-17 is identical in 278 out of 285 
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bases (97.5%). The sequence alignment can be seen in Figure 11. A sequence comparison 

from the Ig BLAST database also gives the information regarding the framework regions 

(FR) and complementarity determining regions (CDR) as defined by the Kabat system 

[183]. The sequence comparison of the J gene of the kappa segment is shown in Figure 

12. No Ig domain assignment is seen for the J segment as the local alignment is small, 

encompassing only 11 amino acids. However, the alignment of the J gene is significant as 

33 of 34 bases (97.1%) of the 4D5 antibody are identical to the JK2 gene seen in 

Genbank record V00777. 

 The immunoglobulin heavy chain sequence was compared to the Ig BLAST 

database and received results with e values as low as e-131. A 294 bp section of the 

heavy chain gene reported a very strong correlation to germline variable gene 

VHSM7.a3.93 seen in Genbank record AJ851868. The aligned sequence was observed to 

have a 94.9% identity to (279/294) to the Vheavy gene. The alignment can be seen in 

Figure 13. Also, a 49 bp section of the heavy chain corresponds to gene JH4 seen in 

Genbank record X63166. The J segment was identical in 48 of 49 bases, showing a 

98.0% identical sequence. The J segment alignment is shown in Figure 14. 
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1) <------------------------------------FWR1---------------------------- 
2)  D  I  V  M  T  Q  S  H  K  F  M  S  T  S  V  G  D  R  V  S  I  T  C   
3) GACATTGTGATGACCCAGTCTCACAAATTCATGTCCACATCAGTAGGAGACAGGGTCAGCATCACCTGC 
4)  D  I  V  M  T  Q  S  H  K  F  M  S  T  S  V  G  D  R  V  S  I  T  C   
5) .....................................................................  
6)   97.5(278/285)  19-17   
 
 
1) <---------------CDR1------------>  <--------------------FWR2-------- 
2)  K  A  S  Q  D  V  N  T  A  V  A    W  Y  Q  Q  K  P  G  H  S  P  K  
3) AAGGCCAGTCAGGATGTGAATACTGCTGTAGCC  TGGTATCAACAGAAACCAGGACATTCTCCGAAA   
4)  K  A  S  Q  D  V  S  T  A  V  A    W  Y  Q  Q  K  P  G  Q  S  P  K  
5) .....................G...........  .........................A.....T 
6)   97.5(278/285)  19-17      
 
 
1) ----------->  <-------CDR2-------->  <----------------------------- 
2)  L  L  I  Y    S  A  S  F  R  Y  T    G  V  P  D  R  F  T  G  N  R    
3) CTACTGATTTAC  TCGGCATCCTCCGGTACACTG  GAGTCCCTGATCGCTTCACTGGCAATAGAT   
4)  L  L  I  Y    S  A  S  Y  R  Y  T    G  V  P  D  R  F  T  G  S  G  
5) ............  .........A...........  .........................G.G.. 
6)   97.5(278/285)  19-17 
 
 
1) ------FWR3------------------------------------------------------->   
2)  S  G  T  D  F  T  F  T  I  S  S  V  Q  A  E  D  L  A  V  Y  Y  C     
3) CTGGGACGGATTTCACTTTCACCATCAGCAGTGTGCAGGCTGAAGACCTGGCAGTTTATTACTGTC  
4)  S  G  T  D  F  T  F  T  I  S  S  V  Q  A  E  D  L  A  V  Y  Y  C    
5) .................................................................. 
6)   97.5(278/285)  19-17 
 
 
1) 
2)  Q  Q  H  Y  T  T  P 
3) AGCAACATTATACTACTCCT  285 
4)  Q  Q  H  Y  S  T  P 
5) ............G.......  285 
6)   97.5(278/285)  19-17 
 
 

Figure 11. Anti-HER2 antibody kappa chain V region sequence alignment.  
The figure is adapted from the kappa chain sequence analysis using the Ig BLAST 
database. Line 1 of each six line sequence refers to domain classification in the Kabat 
system. Lines 2 and 3 are the translated amino acid sequence and the primary DNA 
sequence of gene input, respectively. Lines 4 and 5 are the amino acid and nucleotide 
sequence comparison to the most similar gene in the database (V 19-17). Line 6 shows 
the percentage similarity, number of identical bases, and the gene’s identifier. 
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1)                             T  F  G  G  G  T  K  L  E  I  K  
2)                     285   CACGTTCGGAGGGGGGACCAAGCTGGAGATAAAA  319 
3) 97.1(33/34)    JK2    1   ...........................A......  34 
4) 85.3(29/34)    JK5    1   .........T.CT...............C.G...  34 
 
 

 
Figure 12. Anti-HER2 antibody kappa chain J region sequence alignment. 
The figure is adapted from the kappa chain sequence analysis using the IgBLAST 
database. The final 34 bases of the sequence generated from the 4D5 antibody is 97.1% 
identical to kappa J gene JK2 and 85.3% identical to J gene JK5. Identity percentages and 
number of identical bases can be seen at the far left of the graphic. The rows represent 
translated amino acid sequence (row 1), primary DNA sequence (row 2), and the 
sequence comparison of JK2 and JK5 to the target sequence (rows 3, 4). 
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1)   <------------------------------------------FWR1------------------- 
2)    E  V  Q  L  Q  Q  S  G  P  E  L  V  K  P  G  A  S  L  K  L  S  C  
3)   GAGGTTCAGCTGCAGCAGTCTGGGCCAGAGCTTGTGAAGCCAGGGGCCTCACTCAAGTTGTCCTGT 
4)    E  V  Q  L  Q  Q  S  G  A  E  L  V  K  P  G  A  S  V  K  L  S  C  
5)   ........................G..........................G.............C 
6)     94.9(279/294)   VHSM7.a3.93 
 
 
1)   ---------------------->  <-----CDR1---->  <-------------FWR2------ 
2)   T  A  S  G  F  N  I  K    D  T  Y  I  H    W  V  K  Q  R  P  E  Q  
3)  ACAGCTTCTGGCTTCAACATTAAA  GACACCTATATACAC  TGGGTGAAACAGAGGCCTGAACAG 
4)   T  A  S  G  F  N  I  K    D  T  Y  M  H    W  V  K  Q  R  P  E  Q   
5)  .......................   ...........G...  ........G.............. 
6)     94.9(279/294)   VHSM7.a3.93 
 
 
1)   ---------------->    <-----------------------CDR2----------------  
2)   G  L  E  W  I  G      R  I  Y  P  T  N  G  Y  T  R  Y  D  P  K  F    
3)  GGCCTGGAATGGATTGGA    AGGATTTATCCTACGAATGGTTATACTAGATATGACCCGAAGTTC   
4)   G  L  E  W  I  G      R  I  D  P  A  N  G  N  T  K  Y  D  P  K  F  
5)  .........G.......     ......G.....G........A......A................ 
6)     94.9(279/294)   VHSM7.a3.93 
 
 
1)   ---->    <-----------------------------------------FWR3--------- 
2)   Q  D      K  A  T  I  T  A  D  T  S  S  N  T  A  Y  L  Q  V  S  R  
3)  CAGGAC    AAGGCCACTATAACAGCAGACACATCCTCCAACACAGCCTACCTGCAGGTCAGCCGC 
4)   Q  G      K  A  T  I  T  A  D  T  S  S  N  T  A  Y  L  Q  L  S  S  
5)  ....G.    ................................................C.....A..  
6)     94.9(279/294)   VHSM7.a3.93  
 
 
1)  ---------------------------------------> 
2)   L  T  S  E  D  T  A  V  Y  Y  C  S  R 
3)  CTGACATCTGAGGACACTGCCGTCTATTATTGTTCTAGA     294 
4)   L  T  S  E  D  T  A  V  Y  Y  C  A  R  
5)  .............................C...G.....     294 
6)     94.9(279/294)   VHSM7.a3.93 

 
 
Figure 13. Anti-HER2 antibody heavy chain V region sequence alignment.  
The figure is adapted from the heavy chain sequence analysis using the IgBLAST 
database. Line 1 of each six line sequence refers to domain classification in the Kabat 
system. Lines 2 and 3 are the translated amino acid sequence and the primary DNA 
sequence of gene input, respectively. Lines 4 and 5 are the amino acid and nucleotide 
sequence comparison to the most similar gene in the database (VHSM7.a3.93). Line 6 
shows the percentage similarity, number of identical bases, and the gene’s identifier. 
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1)                      Y  A  M  D  Y  W  G  Q  G  A  S  V  T  V  S  S 
2)                    CTATGCTATGGACTACTGGGGTCAAGGAGCCTCAGTCACCGTCTCCTCA 
3) 98.0(48/49)  JH4   ............................A.................... 
 

Figure 14. Anti-HER2 antibody heavy chain J region sequence alignment. 
The figure is adapted from the heavy chain sequence analysis using the IgBLAST 
database. The final 49 bases of the sequence generated from the 4D5 antibody were 98 % 
identical to heavy chain J gene JH4. Identity percentage and number of identical bases 
can be seen at the far left of the graphic. The rows represent translated amino acid 
sequence (row 1), primary DNA sequence (row 2), and the sequence comparison of JH4 
to the target sequence (row 3). 
 
 
 
 
            
     
 
 

 

 
Figure 15. Anti-HER2 antibody binding to target cells.  
3T3neu-B7 (A) target cells were grown under methotrexate selection to enhance 
expression of HER2/neu peptide. MCF-7 carcinoma target cells (B) are reported to be 
HER2+. The 4D5 antibody, from which the HER2-scFv was derived, binds to target cells 
(open line) compared to the isotype control (shaded). 4D5 antibody binding to HER2- cell 
line EL4 (C) is shown compared to isotype control (shaded) and H-2 Kb (shaded gray 
line). Similar results were seen in a duplicated experiment. 
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3.3.1.2 Anti-HER2 TCR genes 
 
 The sequences determined from TCR genes were analyzed using IMGT/V-

QUEST search [170, 184]. The sequence from the HER2 reactive c100 TCR beta chain 

showed 100% sequence identity over a 273 bp region to TCR gene Vβ2*01, shown in 

IMGT record AE00063. (Figure 16) Additionally, following the Vβ2 sequence was a 50 

base region that showed 96% (48/50) identity to TCR Jβ2-1*01, shown in IMGT record 

K02802. The sequence alignment with FR-IMGT and CDR-IMGT delimitations per 

codon is seen in Figure 13. The protein sequence with FR-IMGT and CDR-IMGT 

delimitations is seen in Figure 17.  

 The sequence from the HER2 reactive c100 TCR alpha chain showed 99.6% 

sequence identity (266/267) to TCR gene Vα7-1*01, shown in IMGT record AF259071. 

The sequence alignment can be seen in Figure 18. Additionally, following the Vα7-1*01 

sequence was a 60 base region that showed 91.6% (55/60) identity to TCR Jα35*02 

shown in IMGT record X02843. Protein sequence with FR-IMGT and CDR-IMGT 

delimitations is seen in Figure 19.  

 The T-cell clone that supplied the combined TCR genes was characterized by 

Jaffee et al.[169], and was found to be reactive to the immunodominant epitope RNEU420-

429. The Vβ2 bearing clone was assayed for ability to lyse cells bearing H2 molecule Dq 

pulsed with RNEU420-429 peptide, PDSLRDLSVF, the alanine(2) variant peptide 

PASLRDLSVF [185], or irrelevant peptide. The Vβ2 clone, c100, was found to lyse 

RNEU420-429 and alanine variant pulsed cells but not control irrelevant peptide cells as 

seen in Figure 20.  
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          <---------------------------------- FR1-IMGT --------------- 
c100 beta gacccgaaaattatccagaaaccaaaatatctggtggcagtcacagggagcgaaaaaatc 
TRBV2*01  ------------------------------------------------------------ 

 
 
          ----------------->______________ CDR1-IMGT ___________<----- 
c100 beta ctgatatgcgaacagtatctaggccac.....................aatgctatgtat 
TRBV2*01  ---------------------------.....................------------ 

 
 
          --------------- FR2-IMGT ------------------->___________ CDR 
c100 beta tggtatagacaaagtgctaagaagcctctagagttcatgttttcctacagctat...... 
TRBV2*01  ------------------------------------------------------...... 

 
 
          2-IMGT ________<-------------------------------------------- 
c100 beta ......caaaaacttatggacaatcagactgcctca...agtcgcttccaacctcaaagt 
TRBV2*01  ......------------------------------...--------------------- 

 
 
          --------- FR3-IMGT ----------------------------------------- 
c100 beta tca...aagaaaaaccatttagaccttcagatcacagctctaaagcctgatgactcggcc 
TRBV2*01  ---...------------------------------------------------------ 

 
 
          ----------->_______________ CDR3-IMGT _____________ 
c100 beta acatacttctgtgccagcagccaaccccagggagactatgctgagcagttc 
TRBV2*01  ------------------------ga 

 
 
Figure 16. Nucleotide sequence alignment of HER2 reactive TCR beta chain. 
The figure is adapted from the IMGT/V-quest TCR sequence alignment. The first row of 
each three row set shows the framework and CDR. The second row is the input sequence 
from the c100 TCR. The third row shows high similarity to known gene βV2. 
 



 91

                    FR1-IMGT          CDR1-IMGT       FR2-IMGT      
                     (1-26)            (27-38)        (39-55)       
         __________________________ ____________ _________________  
         1       10        20         30         40        50         
         .........|.........|...... ...|........ .|.........|.....  
C100β    DPKIIQKPKYLVAVTGSEKILICEQY LGH.......NA MYWYRQSAKKPLEFMFS  
TRBV2*01 DPKIIQKPKYLVAVTGSEKILICEQY LGH.......NA MYWYRQSAKKPLEFMFS  
                                                                                          
 
         CDR2-IMGT                FR3-IMGT      
          (56-65)                 (66-104) 
         __________ ______________________________________ 
          60         70        80        90        100      
         ....|..... ....|.........|.........|.........|....  
C100β    YSY....QKL MDNQTAS.SRFQPQSS.KKNHLDLQITALKPDDSATYFC ASSQ 
TRBV2*01 YSY....QKL MDNQTAS.SRFQPQSS.KKNHLDLQITALKPDDSATYFC ASSQ 
 

 
Figure 17. Anti-HER2 TCR beta chain protein sequence alignment.  
The figure is adapted from the IMGT/V-quest analysis of the c100 HER2 reactive TCR 
clone sequence. The primary amino sequence from the c100 TCR clone is identical to 
Vbeta2*01.  
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           <---------------------------------- FR1-IMGT --------------- 
c100 α     cagcagaaggtgcagcagagcccagaatccctcattgttccagagggaggcatggcctct 
TRAV7-1*01 ------------------------------------------------------------ 

 
 
           ----------------->______________ CDR1-IMGT ___________<----- 
c100 α     ctcaactgcactttcagtgatcgtaat..................tctcagtatttctgg 
TRAV7-1*01 ---------------------------..................--------------- 
 

 
 
           --------------- FR2-IMGT ------------------->___________ CDR 
c100 α     tggtacagacagcattctggggaaggccccaaggcactgatgtccatcttctcc...... 
TRAV7-1*01 ------------------------------------------------------...... 
 

 
 
           2-IMGT ________<-------------------------------------------- 
c100 α     .........aatggtgacaagaaggaaggc.....................agattcaca 
TRAV7-1*01 .........---------------------.....................--------- 
 

 
 
           --------------- FR3-IMGT ----------------------------------- 
c100 α     gctcacctcaataaggccagc...ctgcatgtatccctgcacatcaaagactcccaaccc 
TRAV7-1*01 ---------------------...---t-------------------------------- 
 

 
 
           ----------------------->____________ CDR3-IMGT __________ 
c100 α     agtgactctgctctctacttctgtgcagtgaagacaggctttgcaagtgcgctgacattt 
TRAV7-1*01 -------------------------------gc- 
 

 
 

Figure 18. Nucleotide sequence alignment of HER2 reactive TCR alpha chain. 
The figure is adapted from the TCR sequence comparison to the IMGT database. The 
first row of each three row set shows the framework and CDR. The second row is the 
input sequence from the c100 TCR. The third row shows high similarity to known gene 
αV7-1*01. 
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                    FR1-IMGT          CDR1-IMGT       FR2-IMGT      
                     (1-26)            (27-38)        (39-55)       
         __________________________ ____________ _________________  
         1       10        20         30         40        50         
         .........|.........|...... ...|........ .|.........|..... 
c100α    QQKVQQSPESLIVPEGGMASLNCTFS DRN......SQY FWWYRQHSGEGPKALMS 
TRAV7-1  QQKVQQSPESLIVPEGGMASLNCTFS DRN......SQY FWWYRQHSGEGPKALMS  
                                                                                          
 
         CDR2-IMGT                FR3-IMGT                   
          (56-65)                 (66-104)                   
         __________ _________________________________________ 
            60         70        80    ABCD    90        100      
         ....|..... ....|.........|.............|.........|....  
c100α    IFS.....NG DKKEG.......RFTAHLNKAS.LHVSLHIKDSQPSDSALYFC AV 
TRAV7-1  IFS.....NG DKKEG.......RFTAHLNKAS.LYVSLHIKDSQPSDSALYFC AVS 
 
 

Figure 19. Anti-HER2 TCR alpha chain protein sequence alignment.  
The figure is adapted from the IMGT/V-quest analysis of the c100 HER2 reactive TCR 
clone alpha chain sequence. The primary amino sequence from the c100 TCR clone 
shows 100% identity to Valpha7-1 with one additional residue in the region following 
FR3. The CDR3 region follows FR3 but is unlabeled as such in this analysis.  
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Figure 20. Specificity of the Vβ2 TCR against HER2/neu antigen. The Vβ2 T-cell 
clone, c100, was found to be reactive against HER2/neu peptide pulsed cells (circles) and 
a heteroclitic variant peptide (diamonds) but not against cells pulsed with control 
irrelevant peptide (squares ). The figure is adapted from [169]. 
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3.3.2 Construction of the single chain vectors 
 

 The first section of the chimeric antigen receptor that was constructed was the 

scFv, the extracellular single chain based on the 4D5 antibody molecule. Techniques of 

restriction enzyme cloning and of splice overlap extension (SOE-PCR) were utilized to 

adapt the various fragments. The schematic layout of the scFv can be seen in Figure 21. 

The two Ig domains were designed to be linked in close proximity by a (Gly4Ser)3 linker 

[61]. This linker, consisting of amino acids with small side chains, lacks secondary 

structure and remains flexible. This is intended to allow the two Ig domains to dimerize 

in a manner most like normal antibody variable domains.  

 To ensure proper expression of the single chain, the linked Ig domains were 

preceded by the signal sequence derived from a T cell receptor alpha chain. Downstream 

are then the heavy and light chains forming the specificity face of the scFv [60]. 

Immediately following the two V-derived Ig domains is a third Ig domain acting to 

suspend the heterodimer away from the cell surface. This is a single domain derived from 

constant region of a TCR beta chain. This extra Cβ domain acts as a hinge and spacer, 

reducing steric hindrance thereby allowing the binding module to find its cognate 

antigen.  



 96

 
 
Figure 21. Schematic map of scFv. The linear arrangement of elements that make the up 
the HER2 scFv are shown in proportion.  
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 Downstream of the extracellular Ig domains, are the intracellular signal elements. 

The signaling module was developed previously by our laboratory and has been shown to 

activate the T cell signaling pathway [71]. The domains involved here are 1) the 

transmembrane and intracellular domains of CD3ζ, 2) the intracellular domain of CD28, 

and 3) the tyrosine kinase p56Lck. All three of these molecules are employed early in T-

cell signaling to ultimately activate transcription factors NF-κB, NF-AT, and AP-1 [186].  
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Figure 22. Primer scheme for SOE-PCR method to join genetic elements. 
DNA primers complementary to their respective template are designated as horizontal 
lines. Angled lines represent the primers extension into the adjacent DNA to be 
joined. Note that primer FM2 and primer RM2 cover identical regions but are of 
opposite polarity. Thus, primers FM2 and RM2 are the reverse complement of each 
other. 
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 SOE-PCR was used in most instances to link genetic elements in the desired 

order. An example of the system used is illustrated in Figure 22. In this technique there 

are three different PCR reactions performed. Reaction 1 consists of a standard PCR 

expansion where the template is genetic element 1. In the example template 1 is the 

αTCR signal sequence. What differs in this reaction from a regular PCR reaction is the 

reverse primer. PCR reaction 1 is performed with a standard forward primer (primer F1) 

and a reverse primer that has an extended element in the 5’ direction (primer RM2). This 

reverse primer has the task of priming the lower strand extension just as in a conventional 

PCR reaction. However, the 5’ extension is an in-frame continuation of the second 

genetic element, in this example the second genetic element is the V kappa light chain. In 

Figure 22 the primers specific for the template in reaction 1 are shown as horizontal 

arrows. The extension at the 5’ end of primer RM2 is shown angled to represent that 

there is no pairing to any DNA template in this first reaction.  

 Similarly, the second reaction uses the second element (the V kappa light chain) 

as its template and is primed by a normal complementary reverse primer (R2). In this 

case the extra sequence is a 5’ extension of the forward primer (FM2). This extension is 

an in-frame continuation into the first template. At the completion of PCR reactions 1 and 

2 each template has been expanded with an in-frame extension into the opposite template. 

When product from each reaction is used in a third PCR reaction, the two strands (each 

containing a complete complementary primer sequence FM2 or RM2) will overlap and 

prime each other. The extension of both strands creates a complete in-frame joining of 

genetic elements 1 and 2. This joined element serves as the template for the third PCR 
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reaction. The SOE-PCR is brought to completion with primers F1 and R2, which can now 

prime and extend the completed joined DNA. 

 It should be stressed that the two middle primers, FM2 and RM2, cover the same 

area of the desired finished product – the in-frame joining of genetic element 1 and 2. In 

this the two primers are actually identical in sequence but with opposite polarity. In other 

words, the 5’ to 3’ sequence of primer FM2 is exactly the same as the reverse 

complement of the 3’ to 5’ sequence of primer RM2. This SOE-PCR strategy was used to 

join each of the adjacent elements in both chimeric constructs with the exception of the 

region consisting of the (Gly4Ser)3 linker. 

 

              

 G   G   G   G   S   G   G   G   G   S   G   G   G   G   S    
GGC GGA GGC GGA TCA GGA GGA GGA GGA TCA GGC GGA GGA GGA TCA 

Figure 23. (Gly4Ser)3 primary DNA and amino acid sequence 
The repetitive nature of the DNA sequence can be seen exemplifying the difficulty in 
performing an effective PCR reaction. 
              

  
 
 The (Gly4Ser)3 linker posed a problem as it was an extremely difficult sequence to 

expand and connect in frame by SOE-PCR. Due to the repetitive nature of the sequence 

(see Figure 23), problems of slippage and of inappropriate self priming, through primer 

loops and primer dimers were the likely reasons that repeated attempts to SOE-PCR join 

the adjacent DNA segments failed. As a remedy to these difficulties it was determined 

that a completely synthetic sequence could be produced encompassing the entire linker 
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region. This synthetic “adaptor” piece would then be cloned into position using 

restriction enzymes. For this strategy it would be necessary to find two unique restriction 

enzyme sites – one on each side flanking the linker. Each site would be within the 

adjacent (Vkappa or Vheavy) region, as near the (Gly4Ser)3 region as possible. Using this 

method the adaptor would consist of two synthesized single stranded DNA molecules. 

While the two strands would be complementary, and pair normally into double stranded 

DNA, there would be an overhang of a few bases at each end, which would constitute the 

“sticky ends” needed for directional cloning.  However, restriction analysis of the 

sequences showed that the closest restriction sites available for this strategy were 182 

base pairs apart (see Figure 24). As a synthetic piece of this length was not technically 

feasible it was, therefore, necessary to synthesize two different double stranded fragments 

– each would be half of the adapter piece. The two separate adapter fragments could then 

be joined in a three molecule cloning reaction. The three separate molecules for the 

cloning reaction are shown schematically in Figure 25.  
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Figure 24.  Locations of restriction enzyme sites for ligation of (Gly4Ser)3 linker. 
The distance between restriction sites can be seen as 182 base pairs.  
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5’ kappa chain  Primer GS 5.1 Primer GS 5.2  heavy chain 3’ 

3’ kappa chain  Primer GS 3.2 Primer GS 3.1  heavy chain 5’ 

 

 

 
                                        BbsI 
 301 ATTTCACTTT CACCATCAGC AGTGTGCAGG CTGAAGACCT  GGCAGTTTAT 

     TAAAGTGAAA GTGGTAGTCG TCACACGTCC GACTTCTGGA  CCGTCAAATA 

 

 

 351 TACTGTCAGC AACATTATAC TACTCCTCCC ACGTTCGGAG GGGGGACCAA 

     ATGACAGTCG TTGTAATATG ATGAGGAGGG TGCAAGCCTC CCCCCTGGTT 

 

 

 401 GCTGGAGATA AAAGGCGGAG GCGGATCAGG AGGAGGAGGA TCAGGCGGAG 

     CGACCTCTAT TTTCCGCCTC CGCCTAGTCC TCCTCCTCCT AGTCCGCCTC 

 

 

 451 GAGGATCAGA GGTTCAGCTG CAGCAGTCTG GGCCAGAGCT TGTGAAGCCA 

     CTCCTAGTCT CCAAGTCGAC GTCGTCAGAC CCGGTCTCGA ACACTTCGGT 

 

                            BsrGI 

 501 GGGGCCTCAC TCAAGTTGTC CTGTACAGCT TCTGGCTTCA ACATTAAAGA 

     CCCCGGAGTG AGTTCAACAG GACATGTCGA AGACCGAAGT TGTAATTTCT 

 

 

Figure 25. Synthetic sequences and positions for the (Gly4Ser)3 adapter fragment. 
The top portion of the figure represents a simplified double strand schematic of the 
cloning strategy and shows the color key used in the lower sequences. The bottom 
portion of the figure shows the sequence of the designed scFv molecule in the area of the 
GlySer linker. “Sticky end” overhangs can be observed for directional cloning. 
Restriction enzymes BbsI and BsrGI are shown above their respective recognition 
sequences.  
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 The scTCR was similarly SOE-PCR constructed from Vα and Vβ chains. The 

same signal sequence and (Gly4Ser)3 linker was utilized. Likewise, the scTCR was 

connected to the same Cβ region and ultimately to the same signaling complex consisting 

of elements of CD3ζ, CD28 and p56Lck.  

 The completed molecules, HER2-scFv-ζ28Lck and HER2-scTCR-ζ28Lck, were 

cloned into the EcoRI site of the Gwiz lentiviral vector, providing three different 

constructs for our experiments: the two single chain molecule containing vectors and the 

control vector (which contains only the GFP reporter gene). The single chain elements 

were placed immediately following the 5’ long terminal repeat (LTR) of the lentivirus 

and a portion of the 5’ LTR from the Moloney Murine Leukemia virus. Expression of the 

single chain was driven by the CMV-IE promoter upstream of the 5’ LTR. Immediately 

downstream of the transgene is an internal ribosomal entry site (IRES) which drives 

translation of reporter gene GFP. (Figure 26) 
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Figure 26. Map of GWiz lentivirus vector.  
Single chain constructs HER2-scFv-ζ28Lck and HER2-scTCR-ζ28Lck were cloned into 
the EcoRI site of the Gwiz lentivirus vector 
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3.3.3 Production of high titer virus 
 
 One of the keys to a successful viral transduction is, very simply, the use of a high 

titer virus. In order to attain highest titer possible, there were several steps in virus 

production that required optimization. To produce a natural virus, the virus particle 

infects a cell and takes over cellular machinery to produce more viral proteins and 

genomes. However, viral based vectors have been modified so that normal infection and 

propagation cannot take place. Since the viral vector genome used in these experiments 

has been, for safety reasons, divided into multiple segments, it was necessary that each 

required genetic element be introduced into the producer cells. As discussed earlier, the 

viral vector genome used here was divided into four different plasmids each of which 

were needed for vector production. If any single plasmid of the four plasmids was not 

properly expressed in any given cell, then that particular cell would not make any viable 

vector particles. It was, therefore, obviously necessary to be able to transfect producer 

cells at very high efficiencies.  

 A variety of variables can be manipulated to attain the best transfection 

efficiencies. Among some of the important characteristics are cell density, lipid:DNA 

ratio, lipid:cell ratio, amount of DNA, duration of transfection, as well as factors such as 

size of plasmid, choice of lipid and growth media. Optimizations of these factors are 

commonplace and details are not discussed here. However, one factor that required some 

attention in the use of this vector and could not be overlooked was the ratios of the four 

different viral vector production plasmids.  
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 Each of the four plasmids encodes a different aspect of the final vector and all 

four were needed for proper viral vector production. The Gag/pol gene encodes for the 

reverse transcriptase, integrase and structural proteins such as the matrix, capsid and 

nucleocapsid. In place of the native HIV env gene, the VSV-G plasmid encodes for the 

major envelope pseudotyping protein. The GWiz plasmid contains the inserted transgene 

and the GFP reporter within the viral LTRs. These three plasmids deliver the genes for 

structural and/or genetic elements for the viral vector. The rev plasmid, however, serves a 

different function. It is not incorporated into the virion as are products of the other three 

plasmids; however, it encodes a protein that is needed for efficient transport of some 

components of virus production. 

 The rev protein is 19-kd protein consisting of 116 amino acids from two exons, 

each of which encodes a separate functional domain.  The first is an arginine rich domain 

that mediates RNA binding and nuclear localization. The second is a leucine containing 

hydrophobic region that promotes nuclear export. Both of these domains are necessary 

for rev to serve its primary function – that of shuttling RNA out of the nucleus into the 

cytoplasm. Without rev, viral RNAs will not accumulate in the cytoplasm. This fact was 

observed in rev deficient HIV mutants that were not able to make replication competent 

virus.  In HIV based vectors, the rev protein is also critical to bring viral RNA from the 

nucleus into the cytoplasm where they can be translated or packaged into virions. 

Although it is not known exactly how much rev protein is expressed and exactly how 

much is necessary for efficient vector production, it was viewed as likely that the rev 

plasmid would be needed in smaller amounts that that of the other (structural and viral 
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genomic) plasmids. For this reason it was determined that the titration of levels of rev 

plasmid in the 4-plasmid co-transfection would be a logical start to optimization.  

 For this optimization scheme, the three plasmids GWiz, gag/pol, and VSV-G were 

combined in equal amounts and the 3-plasmid mixture was titrated against varying 

amounts of the rev plasmid. Properly transfected and after 48 hours of post-transfection 

incubation on HEK293 producer cells, a proper mixture of all four production plasmids 

would produce viable vector particles, capable of transducing target cells. The viral 

supernatant was then harvested and tittered by measuring its effectiveness in transducing 

a target population. The fraction of cells transduced from the various mixtures of the four 

production plasmids showed differences that assist in the ratio optimization. 

 As can be seen in Figure 27, the amount of rev plasmid as a component of the 4-

plasmid co-transfection mix ranged from 33% (1:2 ratio) to 3% (1:32 ratio). At these 

levels of rev plasmid, the four plasmid mixture was still capable of producing virus 

transducing a significant percentage of target cells. For this reason, it was determined that 

a general range of 10% rev plasmid would constitute a reasonable fraction. The amount 

of the three remaining plasmids was next determined by similar titrations. Data in Table 2 

shows some of the different ratios of the production plasmids. While the amount of total 

transfected DNA was kept constant, the ratios were adjusted and the resulting virus 

containing supernatant was used to transduce the target population. It can be seen that 

mixture E in this example produced the highest level of transduced cells. All further viral 

production schemes were based on this ratio of 4:4:2:1 (Gwiz : gag/pol : VSV-G : rev). 

This 4421 mix was used in all subsequent experiments.  
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Table 2. Titration of viral production plasmids. 

          percent 
sample  GWiz  Gag/pol VSV-G rev  transduced 

A  1  1  1  1  8.4 

B  2  2  2  1  6.7 

C  4  2  2  1  6.9 

D  2  4  2  1  8.7 

E  2  2  4  1  5.6 

F  2  4  4  1  3.8 

G  4  2  4  1  4.8 

H  4  4  2  1  13.9 

I  2  8  2  1  7.4  

J  1  1  1  0  0.6 
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Figure 27. Titration of rev plasmid in viral vector production.  
HEK293 producer cells were lipid transfected with a constant 2 µg of DNA per well in 
12-well plates. The 3 plasmids (gag/pol, VSV-G, GW) encoding structural and transgenic 
elements were kept in equal proportions to each other and the amount of rev plasmid 
DNA was titrated down compared to the 3 plasmid mix. Controls in the first three 
columns are 1) cells only control, 2) CMV-GFP vector K4 only control, 3) GW only 
control w/out other accessory plasmids. After 48 hours viral supernatants were harvested 
and used to transduce a target population of HEK293 cells. Shown is a representative 
result of two experiments.  
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 One of the most common cell lines used for virus production are the HEK293 

cells. These cells were originally cultured from embryonic kidney tissue that was 

transformed with human adenovirus serotype 5 [187]. Because these cells are extremely 

easy to culture and transfect, they are useful in virus production and protein production. 

Additionally, the wealth of literature surrounding their use provided a large database of 

information to draw upon to optimize their use. For these reasons it was decided that 

HEK293 cells would be used for virus production.  

 Two common and easily performed modes of transfection are by the use of 

calcium phosphate precipitation or by use of commercially available cationic lipids such 

as Lipofectamine, FuGene, or TransIT. Each transfection agent has its own advantages 

and it was determined that both methods would be tested.  

 Determining the period of maximum virus output by the producer cells was 

studied as well. For this optimization, multiple wells of HEK293 cells were transfected 

with the four plasmid viral production mix (4:4:2:1). Over the course of 5 days the 

supernatant from individual wells was harvested and stored for later transduction of target 

cells. Figure 28 shows the results from the viral transductions done from both optimized 

calcium phosphate transfection and optimized lipid transfection. Transducing potency of 

the various fractions were compared and shown. From this data it was clear that lipid 

transfection was superior to calcium phosphate transfection in all cases in producing 

transducing virus. Additionally, these data shows that the fractions harvested at 24-48 

hours post transfection were the most potent when applied to target populations.  
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Figure 28. Time course comparison of calcium phosphate and lipid transfection. 
HEK293 cells were plated and transfected with four viral vector production plasmids 
using either calcium phosphate or TransIT293 lipid reagent. Twelve hours later media 
was changed to complete the transfection reaction. At 12 hour and 24 hour time points 
thereafter, viral vector supernatant was removed and stored. Some wells were allowed to 
produce virus for 2-5 days cumulatively after transfection. Each collected supernatant 
was used to transduce a cell population and levels of transduction were measured. At all 
time points lipid transfection was superior to calcium phosphate in producing transducing 
viral vector. A representative result of two experiments is shown. 
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3.3.4 Cell Transduction 
 
3.3.4.1 Common culture cells 
 
 The control vector Gwiz as well as the HER2-scFv-Z28Lck and HER2-scTCR-

Z28Lck vectors were able to transduce multiple cell types. The producer cell line 

HEK293 was found to express GFP when transduced with the viral vector. Expression 

was observed to be stable with low levels in GFP expression for over one month. The 

small reduction in GFP+ cells can likely be attributed to genetic drift of the population as 

the culture was not 100% transduced. Since the production of an unnecessary GFP 

protein puts the transduced cell at a very small growth disadvantage, compared to 

untransduced cells, it can expected that a very small reduction in the GFP+ fraction 

would be observed over the course of several weeks. Other rapidly growing cell lines 

such as Jurkat and A549 were also easily transduced with the virus. Figure 29 shows that 

GFP was detectable after transduction in each of these cell lines.  

 The GFP reporter is useful in tracking the transgene, but confirmation was needed 

that the chimeric receptor was co-expressed with the reporter gene.  The HER2-scTCR 

was based on an αβ-TCR. We were, therefore, able to track expression of the HER2-

scTCR-Z28Lck by flow cytometry with an anti-αβ TCR antibody. Figure 30 shows that 

expression of the GFP reporter is closely linked to αβ TCR expression.  
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Figure 29. Transduction of cells in culture.  
Cell cultures were treated with viral vector supernatant and allowed 48 hours to show 
expression of GFP reporter gene prior to FACS analysis. Producer cell line HEK293 (A) 
and lung carcinoma line A549 (B) were transduced at high levels. Shown are 
representative samples from three experiments.  
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Figure 30. Correlation of GFP reporter with scTCR transgene.  
After staining with α-TCR antibody, scTCR transduced HEK293T cells show good 
correlation of TCR expression with GFP reporter expression (A). Cells transduced with 
control vector express GFP reporter but do not stain with α-TCR antibody (B). Data is 
representative of two separate experiments. 
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3.3.4.2  Murine T-cells 
 
 Primary mouse splenocytes were also transduced when treated with viral vector. 

In previous experiments with easy to transduce cells, the target cells were simply 

incubated in culture with viral vector supernatant.  To achieve transduction in primary T-

cells, some techniques were adjusted to increase the effective titer before treating the 

splenocytes, as well as to increase signal to noise ratio of the reporter assay.  

 In these experiments there was some difficulty in reaching a sufficiently high titer 

to transduce splenocytes efficiently. Initially, T-cells were purified from mouse spleen 

and these cells were used for transduction. However, the lack of sufficient cell viability 

over the course of the experiments left the results inconclusive as to the levels of 

transduction. As cells progress toward apoptosis they tend to increase their level of auto-

fluorescence as measured by flow cytometry. As the level of background fluorescence 

increases the signal to noise ratio decreases. This trait of dead and dying cells highlights 

the importance of viability in cell culture experiments.  To enhance the survival the 

desired target cells, the T lymphocytes, whole disaggregated spleen was cultured in 

subsequent experiments. T-cells in the splenocyte culture were activated with anti-CD3 

and anti-CD28 monoclonal antibodies and co-incubated on HEK293 producer cells. 

Previous data (see Figure 28) regarding peak virus production provided the optimum 

window of co-incubation. Producer cells were allowed 24 hours after transduction to 

ramp up maximum vector production. At that time, the disaggregated spleen was added 

to the 293 producer culture and was allowed to incubate for 48 hours.  
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 Another reason for this adjustment in the T-cell transduction technique was the 

report that much of the infectivity of HIV between cells in vivo was not due to soluble 

free virus, but was due to cell to cell contact [188, 189]. By adding the target cells to the 

producer cell culture, it was hoped that cell to cell contact would lead to an effective 

increase in titer. While it is believed this indeed, was the case, it was not possible to 

directly measure the enhanced transduction levels over viral supernatant transduction 

alone. Too many variables had changed between transduction conditions to make any 

comparison meaningful. Some differing factors between cultures were those such as: loss 

of vector potency due to duration of culture period, or due to duration of the processing 

time to store vector supernatant; loss of potency during freeze/thaw cycles of stored 

vector supernatant; and inability to separate the contribution of soluble virus with cell to 

cell contact. 

 Regardless of any inability to directly compare mechanisms of transduction, the 

efficiency of the cell to cell contact method was superior for primary T-cells. Hence, the 

co-culture of disaggregated whole spleen with 293 producer cells was able to yield 

significant levels of transduction. The co-incubation of activated T lymphocytes resulted 

in transduction at levels approaching 50% (Figure 31).   
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Figure 31. Transduction of primary mouse splenocytes. 
Splenocytes were co-incubated with viral vector producing HEK293 cells and reporter 
GFP expression was analyzed by FACS. The control vector (a) transduced splenocytes at 
the highest efficiency. Single chain producing vectors HER2-scFv-Z28Lck (b) and 
HER2-scTCR-Z28Lck (c) transduced at lower levels. Data is representative of three 
separate experiments. 
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3.3.4.3 Bone marrow derived stem cells 
 
 The ability of the virus vector to transduce stem cells was next analyzed.  Mouse 

bone marrow was extracted and magnetic column purified for stem cells by removal of 

cells with mature lineage differentiation markers. These cells after purification were 

treated with transducing virus and tested by FACS, or were plated into colony forming 

unit (CFU) culture. In the CFU assay a single progenitor cell proliferates and 

differentiates into many cells. A single stem cell, if it is sufficiently immature, will 

develop into a large colony of many thousands of cells of several lineages within this 10 

day period. 500 to 1000 total purified cells were plated onto a 1.1 ml culture (35mm 

well). Tens to hundreds of thousands of cells resulted at the end of the culture period 

showing the proliferative capacity of the stem cell, and indicating that the transduction 

procedure had not adversely affected stem cell function. Different cell sizes and colony 

morphologies are indicative of hematopoietic stem cells or other progenitors. GFP 

expression was seen after 10 days of growth in CFU culture. Figure 32 shows GFP 

expression in lineage- purified cells 48 hours post transduction (A), and GFP expression 

in colonies isolated from CFU cultures (B). CAR expression was not directly measured in 

these experiments as evaluation of the transgenic population in stem cells was limited to 

detection of GFP. 
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    A  
 
 

B    
 
 
Figure 32. Transduction of bone marrow derived stem cells.  
After viral transduction Lin- purified bone marrow cells shows low level GFP reporter 
expression in essentially the entire population as shown by the rightward shift (A). Lin- 
cells, when plated and allowed to expand for 10 days in culture, show a fraction of 
differentiated cells expressing GFP reporter at levels above (the shaded) background (B).  
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3.3.5 Transgenic GFP expression in multiple hematopoietic lineages. 
 
 Lineage negative bone marrow cells were transduced with all three vectors, 

although optimal GFP tracking was most easily achieved with the control vector. After 

the bone marrow stem cells were transplanted into lethally irradiated animals, the 

transduced bone marrow differentiated into both myeloid and lymphoid lineages. Mice 

showed engraftment as soon as four weeks after transplant. In the most successful 

transplant group 24 mice were treated with HER2scFv-Z28Lck containing vector, 

HER2scTCR-Z28Lck containing vector or control vector. After reconstitution 2 of 8 

scTCR mice, 3 of 8 scFv mice, and 4 of 8 control vector mice showed transgene 

engraftment. Two other transplant groups (24 mice each) showed lower transgenic 

fractions ranging from 0/8 to 3/8 transgene+ mice per group. When all three transplant 

groups are combined, the efficiencies are: control vector, 7/24 mice (29%); scFv vector, 

6/24 mice (25%); scTCR vector, 3/24 mice (13%). Additionally, the mice receiving the 

control vector tended to have higher levels of GFP+ cells when peripheral blood was 

tested. As the control vector DNA did not contain a single chain molecule it was smaller 

by 3.2 kb. The reduction of transplant efficiency observed with the larger, single chain 

containing vectors would seem to be within expectations.  

 In mice that showed GFP+ cells in peripheral blood, stable multi-lineage 

engraftment was observed. Data shown in Figure 33 and Figure 34 are a display of 

multiple cell types obtained from peripheral blood 3 months after transplant. It can be 

seen that a significant portion of blood cells demonstrate positive expression for the GFP 

marker in all lineages tested.  
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 Data from two different animals from one of the transplant groups is displayed in 

Figures 33 and 34 to show the different levels in GFP+ transgene expression. In these 

two animals shown, both have similar overall levels of transgene present in peripheral 

blood white blood cells (WBC) as seen in the first panel of each figure. Mouse 671N 

shows overall levels of 10.5% transgene expression while mouse 672R shows 11.5% 

positive transgene expression. However, when the transgenic percentage was measured in 

each separate cell types large differences are apparent. Mouse 671N shows that CD3+ 

cells are the cell group with the largest transgenic fraction (19.3%) while Gr-1+ cells 

(granulocytes) show the smallest transgene levels (3.1%). Mouse 672R shows an 

opposite pattern of transgene expression with the largest positive fraction being Gr-1+ 

cells (20.2%) and the smallest fraction being CD3+ cells (9.3%).  
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Figure 33. Engraftment of transgene at 3 months post transplant (animal 671N). 
Mouse 671N shows significant levels of multiple cell types expressing the GFP reporter, 
ranging from 3.1% of Gr-1+ cells to 19.3% of CD3+ cells.  
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Figure 34. Engraftment of transgene at 3 months post transplant (animal 672R) 
Mouse 672R shows significant levels of multiple cell types expressing the GFP reporter, 
ranging from 20.2% of Gr-1+ cells to 9.3% of CD3+ cells.  



 125

3.3.6 Increase in transgene-expressing immune cells after immunization. 
 
 To assess whether the transgenic cells can expand in vivo upon non-specific allo-

immunization, reconstituted mice were immunized with EL4 cells (H2b). Due to a MHC 

haplotype mismatch it was expected that animals would mount a strong tissue rejection 

response. However, it was not directly tested whether this response involved transgenic 

receptors as transgenic detection was limited to the GFP reporter. This response was first 

observed as an increased total peripheral white blood cell (WBC) count in immunized 

animals as compared to non-immunized reconstitution (transplant) matched controls.  

The average WBC count increased from 2553 cells/µl to 4551 cells/µl in response to 

immunization.  This represents a 78% increase in WBC. Figure 32 shows the increase in 

WBC observed as individuals and the mean for the population. 

 As the above method only measured total cells from blood instead of the 

transgenic population, a further analysis of peripheral blood immune subsets by lineage 

markers was performed on several animals pre- and post-immunization. A variety of 

changes were observed. One example (animal 671N) shows that the overall percentage of 

transgenic WBC changed very little as a result of immunization (10.5% to 11.2%). Such 

a small change is likely to be within the normal variance of measurements. However, 

when individual cell types were analyzed, greater differences were apparent. While the 

transgenic fraction of CD3+ cells decreased (19.3% to 13.9%) the fraction of B220+ cells 

likewise increased (9.4% to 16.4%). Greater differences were found in other examples. 

Animal 672R showed an overall increase in transgenic WBC (11.5% to 21.2%). This 

difference was also pronounced in every cell type measured. Transgenic levels of every 
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cell lineage measured showed marked increases. Figures 36 and 37 show the details of 

cell increases for these two examples.  

 A potentially more interesting circumstance was the increase in transgenic 

immune populations in mice that initially had low to undetectable levels of transgenic 

cells. Very low transgene expressing populations are difficult to measure using flow 

cytometric techniques. It is well known in the art that positive populations measured in 

fractions of a percent are of questionable validity. Therefore the increase in transgenic 

cells from sub-quantifiable levels to levels of several percentage points is significant. 

Figure 38 shows the levels of transgenic cells at measurable levels in all cell types 

studied. Previously this animal had been at undetectable levels in each cell type.  

 In the examples seen in this section, the heterologous immunization appears to be 

effective in increasing the overall level of transgene by non-specifically increasing 

immune cells – some of which carry the transgene. However, the function of CAR in the 

above allogeneic Ag-specific expansion of different cell subsets is unclear at the present. 

Additional experiments will be necessary to address this issue, particularly with regard to 

the heterogeneity of cell types on which the CAR are expressed. Additionally, in these in 

vivo experiments, we did not analyze expression of the scFv and scTCR CAR themselves 

because of the expression of normal TCR and BCR-Fv would mask the detection of CAR 

expression. Therefore, it still must be verified that functional CAR transgenes are 

expressed in all the animals shown, and whether they exhibit their designed antigen 

recognition.  
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Figure 35.  Increase in peripheral WBC count in transgenic mice after 
immunization. Two weeks after allo-immunization, peripheral blood shows an increase 
in the total WBC count. Reconstitution matched non-immunized are shown as controls. 
Each symbol represents an independent animal. Bar is the mean value 
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Figure 36. Engraftment of transgene 2 weeks post immunization (animal 671N). 
Mouse 671N shows changes in levels of GFP+ cells after immunization (above). 
Comparison to pre-immunized sample (see Figure 33) is seen in the lower figure.  
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Figure 37. Engraftment of transgene 2 weeks post immunization (animal 672R). 
Figure shows changes in levels of GFP+ cells after immunization (above). Comparison to 
pre-immunized sample (see Figure 34) is seen in the lower figure.  
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Figure 38. Response to immunization in animals expressing low levels of transgene. 
One animal with very low levels (<0.5%) of transgene expression after reconstitution 
shows significant increases after immunization. Pre-immunization numbers for each 
subset are estimated at 0.5%.  Individual cell lineages are shown in the upper panel. 
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3.3.7 Long term transgenic expression in multiple hematopoietic lineages. 
 
 As long term engraftment and stability of the transgene is of paramount 

importance to any eventual clinical application, blood samples were analyzed 6 months 

after ablation and reconstitution. Samples clearly display stable engraftment. Figure 39 

shows data from one animal from peripheral blood taken at 6 months post transplant. 

Flow cytometric data shows that 5.3% of peripheral blood leukocytes expressed the GFP 

transgene compared to no expression in the control mice (a-b). Analysis with cell specific 

markers demonstrated GFP expression in different cell types of both the lymphoid and 

myeloid lineages. The smallest fraction of transgene positive cells was observed in CD3 

positive T cells; 2.8% of CD3+ cells displayed the GFP marker. The highest transgene 

fraction was seen in granulocytes (staining positive for Gr-1) with a level of 7.3% in this 

particular transplanted mouse.  

 The transplant group consisting of 9 of 24 mice showing transgene engraftment at 

3 months was tested at 12 months post transplant. All 7 surviving mice (of the 9 initially 

positive) still displayed transgene expression. Levels of GFP+ peripheral blood ranged 

from 0.2% to 20.4%, which was essentially the same levels that were measured at 3 

months.   
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Figure 39. Engraftment levels of transgene at 6 months post transplant. 
Transgene expression tracked 6 months post transplant shows overall expression in white 
blood cells undetectable in control mice (A) but at 5.3% in a sample from transplanted 
animal (b). Different cell lineages show levels of expression ranging from 2.3% to 7.3%. 
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3.3.8 Single chain vectors rescue IL-2 production in p56lck deficient T-cells. 
 
 The Jurkat sub-line J.CaM1.6 expresses normal TCR/CD3 complexes on the cell 

surface but has defective TCR signaling. Due to a missing exon in the src kinase p56lck 

these cells are deficient in p56lck activity [190, 191]. The p56lck containing signaling 

component in the single chain CAR restores signaling capacity in these cells. When 

stimulated with plate bound anti-CD3 antibody, CAR transduced J.CaM1.6 cells 

produced IL-2 in significantly higher amounts than untransduced or control transduced 

cells (Figure 40). The ability to rescue signaling capacity in signaling deficient cells 

indicated the transgene was present and functional in these cells.  

 CAR bearing J.CaM1.6 and E6-1 cells, however, did not produce IL-2 in response 

to plate bound anti-TCR (used with scTCR transfected cells) or against plate bound anti-

IgG Fab (used with scFv transfected cells). Additional ELISA experiments were 

performed using both J.CaM1.6 and Jurkat E6-1 cells as CAR bearing effectors against 

HER2/neu bearing cell line 3T3-neuB7. Additional HER2+ cell lines A549 and MCF-7 

were also used with E6-1 experiments. Under these conditions it was expected that any 

HER2/neu expressing tumor would stimulate IL-2 production in the scFv CAR bearing 

effector cells. As only the 3T3-neuB7 cells have the requisite H-2 molecule Dq needed to 

present the immunodominant peptide, it was expected that the MCF-7 and A549 cells 

would not stimulate IL-2 prodution with scTCR CAR bearing effectors but that the 3T3-

neuB7 cells would. Unfortunately no IL-2 secretion was detected in any experiment that 

differed from background levels. Figure 41 show a representative example of ELISA 

data.  
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 It seems apparent that the vector is present and that the intracellular signaling 

module is functional in the effector cells from the data showing α-CD3 stimulated IL-2 

production from otherwise signaling-deficient cells. However, no cytokine producing 

activity can be determined from the CAR bearing cells in response to plate bound α-TCR 

or α-Fab antibody or HER2/neu bearing cell targets. It may be the case that the CAR has 

an overall lower affinity than is required for proper antigen recognition, or that the 

numbers of CAR molecules is sub-optimal. It may also be the case that the target cells 

have relatively low HER2 expression, although in light of our data involving testing 

HER2 expresssion that seems unlikely. As the absolute number of receptors present on 

the cell is unknown, as is the number of engaged CAR required to foster a response, it 

seems likely that the overall receptor avidity and/or signaling capacity  (consisting of 

CD3ζ/CD28/p56lck) simply do not reach the threshold levels needed to show a 

measurable response. Additional experiments wil be necessary to discriminate between 

these and other possibilities.  
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Figure 40. IL-2 production by CAR transduced J.CaM1.6 cells. 
J.CaM1.6 cells were transduced with either the HER2scFv-Z28Lck or HER2scTCR-
Z28Lck construct. IL-2 production was measured by ELISA. When stimulated with α-
CD3 antibody, CAR transduced cells produce significantly more IL-2 than untransduced 
cells, control vector transduced or non-stimulated transduced cells. Values are averages 
from triplicate wells (+/- SEM). Representative example of three experiments is shown.  
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Figure 41. Ag stimulation of IL-2 production in CAR bearing E6-1 cells. 
Cells expressing CAR molecules scFv and scTCR do not show increases in IL-2 
production when stimulated with cell lines 3T3-neuB7, A549 or MCF-7.  Control and 
CAR bearing E6-1 cells produce IL-2 at 1400-1600 pg/ml when stimulated with 
PMA/Ionomycin (not shown). This representative result of three experiments shows a 
slight increase in scTCR IL-2 for cell type 3T3-neuB7 but the result was not duplicated. 
Values are averages from triplicate wells (+/- SEM).  
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3.3.9 CAR transduced cells do not appreciably bind target bearing cells. 
 

To test the efficacy of CAR/target cell binding we measured the conjugation of 

cells expressing CAR when mixed with cells bearing the HER2/neu target antigen. When 

equal numbers of CAR bearing and target bearing cells were mixed the conjugation of 

CAR/target cells should be an indicator of CAR-ligand binding. However, three separate 

experiments failed to show any significant increase in cell conjugate formation. A 

representative result can be seen in Figure 42.  
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Figure 42. CAR bearing cells fail to show increased effector/target duplexing. 
E6-1 cells expressing scFv, scTCR or GFP (from control vector) were co-incubated with 
target bearing cells. Receptor/ligand binding should be seen as increased cell/cell 
duplexing but no increase above control was observed.
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3.4 Discussion 
 
 Despite advances in medical technology, cancer remains the number two cause of 

death in the United States. Age adjusted data shows the death rate due to cancer has 

remained virtually unchanged for the last 50 years. In fact, a higher percentage of people 

died of cancer in 2005 than in 1975 [1]. This staggering comparison shows both the 

progress made treating conditions such as heart disease, and the relative lack of progress 

made in overall cancer therapies. In light of the limitations of traditional cancer 

treatments consisting of chemotherapy, surgery, and radiation, immunotherapy offers 

new strategies and directions to explore. Immunotherapy has a major advantage 

compared to traditional therapy in that the exquisite sensitivity and specificity of the 

immune system may augment the native immune system [192]. If good cancer targets can 

be found and developed with immunotherapeutic approaches, it may be possible to tip the 

balance and allow the body to productively fight the cancer. However, it is critical to 

remember that immunotherapy can only be evaluated, and would only be effective, in 

immune competent subjects. Individuals that have immune systems compromised by 

disease, or eradicated by treatments such as chemotherapy cannot be seen as a valid test 

of these immunotherapeutic approaches. As logical as the forgoing may be, recognition 

of this essential limitation is fundamental to properly evaluate aspects of immunotherapy 

and its potential. 

 By its very nature, cancer has several features that make it more likely to flourish 

than normal tissue. Cancer cells can have a reduced need for growth factors, or can 

provide those factors for themselves. Some cancer cells continue to divide forever, where 
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normal cells would have become senescent [193]. But for each of the hallmarks that give 

cancer a growth advantage, there is a corresponding weakness to exploit in anti-cancer 

therapy. One example would be the abnormally high expression of growth factor 

receptors.   

 A normal cell will only grow and divide when it receives the proper growth 

signal. Since these critically important growth pathways are tightly regulated, for the 

signal to be completed, a minimum signal threshold must be reached. The low 

background levels of a growth factor would not be enough to trigger a growth signal in a 

normal cell. However, an increase in the level of a signal receptor would tip the balance 

in favor of enhanced or accelerated growth. This property of many cancers has been 

observed in countless examples.  

 The HER2 molecule is an example of a receptor overexpressed on many cancers.  

A third of breast cancers are HER2+, and its overexpression can be observed on other 

neoplasms such as colon, lung, endometrial, gastric, and prostate cancer [194, 195]. 

While HER2 is a normal physiologic protein, and its normal expression and function are 

critical to normal cell growth, the overexpression of HER2 is a dangerous pathologic 

conversion from normal to neoplastic growth. Interestingly, even though HER2 is 

normally expressed, it is also immunogenic; high levels of surface HER2 can drive an 

immune response and, in this way, also can act as both a diagnostic marker and cancer 

target. It is evident that new immunotherapeutic tools can be employed to exploit these 

traits seen in cancer cells and there are a variety of cancer markers that potentially can be 

used to develop this type of therapy using antibody based specificity. 
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 We have developed two HER2-specific CAR that can be transduced into stem 

cells. The stem cells, when introduced into lethally irradiated animals, retain their 

repopulating capacity while expressing the engineered transgene. We are able to 

demonstrate transgene expression at low but measurable levels. It should be noted that it 

is not our goal to achieve transgene expression in 100% of hematopoietic cells or even in 

100% of T-cells. Transgene levels in the range of a few percent represent a highly 

significant amount of transgene positive cells, provided that such cells express functional 

transgenes.  TCR diversity is estimated to be in the range of 2 x 106 different receptors 

[196]. A mouse has an estimated 1-2 x 108 total T-cells [197] and the average clonal 

population is estimated to be 10 to 100 cells. A transgenic fraction of one percent would 

number 1-2 x 106 cells, which would be approximately 10000 times the size of a typical 

clonal fraction. Therefore, a single receptor present on one or two percent of cells 

represents a much larger fraction of the TCR diversity pool than the average receptor. We 

are able to produce a transgenic population of just a few percent of lymphocytes. Given 

that an average clonal population can represent about 1/1000 of 1 percent, the generation 

of a transgenic population of a few percent represents a sizeable portion, without being so 

large a fraction as to create an imbalance in the TCR repertoire.  

 While the goals of development of the CAR, delivery system, expression of the 

CAR into the desired immune cells, and characterization of the transgenic cells were 

achieved, we unfortunately were not able to demonstrate complete functionality of the 

CAR at the level and in the manner originally desired.  No IL-2 secretion was detected in 

repeated experiments stimulating CAR bearing cells with plate bound anti-CAR 
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antibody. Additionally, testing the ability of CAR bearing cells to secrete cytokines in 

response to co-incubation with HER2 bearing cell lines also failed to show a significant 

increase in IL-2 repeatedly. While multiple experiments confirmed the presence of the 

single chain CAR on the effector cells, the functionality of the CAR is currently in 

question until proper anti-target activity can be established. 

 To rectify these limitations an alternate set of CAR vectors has been envisioned in 

which the intracellular signaling component has been reduced to only the CD3ζ element. 

This change would reduce the overall size of the construct and likely allow for more 

efficient packaging of the lentiviral construct. The increased packaging would result in 

more functional virus particles and would be observed as an effective increase in titer of 

the viral supernatants. This change would likely increase the overall efficiency of the 

transduction and result in a larger transgenic fraction which could help to reach the 

therapeutic threshold levels in eventual animal testing. 

 This postulated change may increase the usefulness of the vector delivery system 

and may also address the lack of functionality observed. It is critical that the functionality 

of the CAR be determined with more certitude. Binding strength of the scTCR to 

peptide/MHC can be determined by the use of MHC tetramers, however the Dq haplotype 

tetramer necessary for this testing has not yet been created. Additionally, it is possible 

that the in vitro systems utilized here are simply not able to measure CAR functionality. 

Progression to animal testing including tumor challenge might then be warranted. Current 

protocols for generation of CAR transgenic animals can be used to generate mice in 

sufficient numbers which would then be challenged by HER2/neu bearing tumor such as 
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NT2.5. Reduction in tumor size or increases in CAR bearing T-cells could be indicative 

of a functional receptor.  
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CHAPTER 4: CONCLUSIONS 

 
 Cancer treatments have improved over the years but still have serious limitations. 

In evidence is the large fraction of people that still succumb to cancer yearly. 

Immunotherapeutic approaches show great promise to effectively augment the traditional 

therapies of radiation, chemotherapy and surgery. Immunotherapy has the advantage of 

adding to overall immunity instead of reducing overall immunity which is often a side 

effect of traditional therapies.  While many different immunotherapies may be effective, 

the development of novel, rationally engineered CAR with known specificities has 

potential to be a powerful augmentation to traditional therapy. The field of gene therapy 

has, likewise, seen much improvement. However, similar to immunotherapy, it still has 

yet to reach its full potential. This work utilizes techniques and methodologies of 

molecular engineering and gene therapy towards the overall goal of anti-cancer 

immunotherapy.  

 In this work we have developed CARs that couple specificity for a relevant tumor 

antigen to an engineered signaling module and demonstrated that these vectors can be 

delivered effectively into HSC and can be expressed in multiple cell types of both the 

myeloid and lymphoid lineages of transplanted mice. Although similar molecular 

engineering approaches have been used to develop single chain CAR, most attempts at 

these strategies have employed retargeting of primary T-lymphocytes. To more 

effectively deliver a tumor antigen specific receptor into a variety of cells – including T-

cells, we have chosen, as a transgene recipient, the HSC. Gene therapy of these potent 

repopulating cells offers the potential of life-long engraftment into multiple 



 144

hematopoietic lineages. As many cancers reappear after remission or due to a duplicate 

oncogenic event on existing precancerous tissue, the need to develop lifelong immunity is 

obvious. Use of the engineered CAR is a methodology that is currently finding its way 

into clinical use. However, this work furthers the current state of the art in CAR 

technology. While other researchers have been able to introduce CAR consisting of 

single chain TCRs, to date no has reported transferring a scFv containing CAR in HSC, 

let alone the subsequent generation and expansion of the resulting transgenic T-cells. The 

work here showing reporter positive lymphocytes is, thus far, the best evidence that scFv 

CAR can be delivered to HSC and is ultimately present in the mature HSC-origin cells. 

This accomplishment demonstrates the expertise our laboratory possesses in molecular 

engineering and stem cell manipulation 

 This work also has shown the use of non-specific immunization as a method of 

increasing frequency of a small transgenic population. Here, the heterologous 

immunization was in the form of an MHC mismatch. The sole purpose was to increase 

overall numbers of immune cells. With that increase the number of transgene positive 

cells would also increase. While, again, only the GFP reporter and not the CAR was 

directly measured, the reporter gene and CAR gene are linked. No evidence of dis-

linkage was seen in any of this work. While fractions of CAR transgene positive T-cells 

may remain relatively constant, an overall increase in T-cell numbers may be able to 

increase anti-tumor activity. Future experiments could consist of different methods of 

eliciting a response such as the introduction of influenza antigen or other common 

antigen with a well characterized response. That would increase the overall number of 
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immune cells, and thus the number of CAR expressing cells available to respond to the 

cancer. 

 It is hoped that the continuation of this project shall see HSC transfer into non-

ablated and partially ablated animals. Comparison of these results to wholly ablated, bone 

marrow transplant recipient animals should prove useful. Should these experiments prove 

fruitful this would be a useful step toward clinical application. Cancer patients are not 

likely to respond well to ablation and reconstitution regardless of the gene modifications 

made. The need to keep native populations of T-cells, NK cells and others intact as much 

as possible is clear. High efficiency gene modification of a small number of cells is then a 

very desirable strategy. It will allow for non-removal of the current immune repertoire. 

The adoptive transfer would take place in the form of a small number of highly potent 

progenitors that have been properly gene modified. As such improvements in gene 

delivery are desirable.  

 To deliver the newly constructed genetic elements, better methods of gene therapy 

must be developed; one such improvement has been discussed here. Integrating vectors 

such as those based on the oncoretrovirus MLV, have serious safety problems as 

exemplified in the leukemogenic events described in the SCID-X1 trials. While gene 

delivery vectors based on lentiviruses are very useful, they still have limitations. Safety 

concerns necessitate that the smallest amount of viral vector be used in any situation. 

Transduction efficiency improvements, therefore, are of great importance. We have 

developed a novel method of increasing both transduced fraction of cells as well as 

expression level of transgene. The proposed model of cell cycle specific integration in the 
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use of lentiviral vectors represents a novel tool that may find broad use with many 

vectors. The strategy of properly timing heat shock and cell cycle specific integration 

offers improvements that can potentially be applied to all transfections with lentivirus 

constructs. Further experiments following this work should include the application of this 

technique on other cells including potent repopulating cells such as bone marrow derived 

HSC and cord blood derived HSC. Such work should further validate this approach to 

high efficiency gene transfer. 

 These new constructs and new transfection techniques promise to provide 

important data in the expanding field of molecular engineering and gene therapy as it 

relates to the overall development of immunotherapy of cancer. 

 
. 



 147

APPENDIX A:    BUFFERS AND MEDIA 
 
 
Complete RPMI (RPMI-10) 

RPMI-1640      500ml Mediatech, Manassas, VA 

Fetal bovine serum    50ml Atlanta Biol., Atlanta, GA 

Penicillin (1000u/ml)  

 / Streptomycin (1000 µg/ml) 5ml Mediatech, Manassas, VA 

Sodium pyruvate (100mM)  5ml Mediatech, Manassas, VA 

L-glutamine (100mM)   5ml Mediatech, Manassas, VA 

Non-essential amino acids (100mM) 5ml  Mediatech, Manassas, VA 

 

Complete DMEM (DMEM-10) 

DMEM    500ml Mediatech, Manassas, VA 

Fetal bovine serum      50ml Atlanta Biol., Atlanta, GA 

Penicillin (1000u/ml)  

 / Streptomycin (1000 µg/ml) 5ml Mediatech, Manassas, VA 

Sodium pyruvate (100mM)  5ml Mediatech, Manassas, VA 

L-glutamine (100mM)   5ml Mediatech, Manassas, VA 

Non-essential amino acids (100mM) 5ml  Mediatech, Manassas, VA 

 

Complete IMDM (IMDM-2) 

Fetal bovine serum    20ml Atlanta Biol., Atlanta, GA 

Sodium pyruvate (100mM)  5ml Mediatech, Manassas, VA 

L-glutamine (100mM)   5ml Mediatech, Manassas, VA 

Non-essential amino acids (100mM) 5ml  Mediatech, Manassas, VA 
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APPENDIX A:    BUFFERS AND MEDIA - continued 
 

 

CRIP media 

DMEM    500ml Mediatech, Manassas, VA 

Donor bovine serum    50ml Gibco 

Penicillin (1000u/ml)  

 / Streptomycin (1000 µg/ml) 2.5ml Mediatech, Manassas, VA 

Sodium pyruvate (100mM)  5ml Mediatech, Manassas, VA 

L-glutamine (100mM)   5ml Mediatech, Manassas, VA 

Non-essential amino acids (100mM) 5ml  Mediatech, Manassas, VA 

Insulin 

 

Breast media 

RPMI     500ml Mediatech, Manassas, VA 

Heat inactivated fetal bovine serum  100ml Atlanta Biol., Atlanta, GA 

Penicillin (1000u/ml)  

 / Streptomycin (1000 µg/ml) 5ml Mediatech, Manassas, VA 

Sodium pyruvate (100mM)  5ml Mediatech, Manassas, VA 

L-glutamine (100mM)   5ml Mediatech, Manassas, VA 

Non-essential amino acids (100mM) 5ml  Mediatech, Manassas, VA 

Insulin     0.5ml Gibco, 

 

FACS staining buffer 

PBS     1000ml 

Fetal bovine serum    20ml 

 

 
 
 



 149

APPENDIX B:    RNA EXTRACTION PROTOCOL 
 
 

1) Place 5 X 106 lymphocytes in a 1.5 ml eppendorf microcentrifuge tube and pellet 

cells at  

800 rcf (3200 rpm) for 5 minutes. 

2) Lyse cells in 1.0 ml TRIzol reagent by repetitive pippeting and vortex. 

3) Incubate homogenized sample for 5 minutes at room temperature.  

4) Add 0.2 ml chloroform and close tube. Vortex vigorously by hand for 15 seconds.  

5) Incubate sample for 2 minutes at room temperature. 

6) Centrifuge samples at 11,000 rpm for 15 minutes at 2-8ºC.  

7) Transfer the colorless upper aqueous phase to a new tube, and add 0.5ml 

isopropyl alcohol dropwise and incubate 10 minutes at room temperature. 

8) Transfer sample to an RNeasy mini column placed in a 2ml collection tube. 

9) Centrifuge 15 seconds at 10,000 rpm and remove the flow through.  

10) Add 700 µl buffer RW1 to RNeasy column. 

11) Centrifuge 15 seconds at 10,000 rpm. 

12) Transfer the RNeasy column to a new collection tube and pipette 0.5 ml buffer 

RPE to the column. 

13) Centrifuge 15 seconds at 10,000 rpm.  

14) Add another 0.5 ml buffer RPE to the column. 

15) Centrifuge 2 minutes to dry the membrane at 10,000 rpm and then transfer to a 

new tube.  

16) Centrifuge another 1 minute at max speed to remove all traces of buffer. 

17) Transfer column to a new RNAse free 1.5 ml eppendorf tube.  

18) Pipette 30 µl RNAse free H2O directly onto the membrane and incubate for 2 

minutes. 

19) Centrifuge 1 minute at 10,000 rpm to collect RNA elution. 

 
 
 



 150

APPENDIX C:    PLASMIDS USED IN TRANSFECTIONS 
 

Plasmid    Feature        

K4 Control plasmid for transfections -- plasmid consists of 

GFP reporter driven by CMV-IE promoter 

GW Plasmid for control virus – plasmid codes for RNA that is 

packaged into virion, contains only the GFP transgene 

between the viral LTR. Requires co-transfection of three 

accessory plasmids for viral vector production. 

HER2-scFv-3ZLck GW plasmid with HER2 scFv construct  

HER2-TCR-3ZLck GW plasmid with HER2 scTCR construct 

VSV-G Alternative pseudotyping envelope protein. One of the 

required three accessory plasmids for viral vector 

production. 

Gag/pol HIV gag/pol genes separated from the genome into a single 

plasmid. Encodes capsid, nucleocapsid, matrix, reverse 

polymerase and integrase. Second of the required three 

accessory plasmids for viral vector production. 

Rev HIV rev gene separated from the genome. Third of the 

required three accessory plasmids for viral vector 

production. 
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APPENDIX D:    ANIMAL USE APPROVAL 
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APPENDIX E:    STEM CELLS AND DIABETES 
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APPENDIX E:    STEM CELLS AND DIABETES - Continued 
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APPENDIX E:    STEM CELLS AND DIABETES - Continued 
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APPENDIX E:    STEM CELLS AND DIABETES - Continued 
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APPENDIX E:    STEM CELLS AND DIABETES - Continued 
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APPENDIX E:    STEM CELLS AND DIABETES - Continued 
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APPENDIX E:    STEM CELLS AND DIABETES - Continued 
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APPENDIX F:    CHIMERIC ANTIGEN RECEPTORS FOR STEM CELL  
BASED IMMUNOTHERAPY 
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APPENDIX F:    CHIMERIC ANTIGEN RECEPTORS FOR STEM CELL  
BASED IMMUNOTHERAPY - Continued 
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APPENDIX F:    CHIMERIC ANTIGEN RECEPTORS FOR STEM CELL  
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APPENDIX F:    CHIMERIC ANTIGEN RECEPTORS FOR STEM CELL  
BASED IMMUNOTHERAPY - Continued 



 165
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