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Abstract 

Adoptive T-cell therapy, or the use of autologous T cells to seek and destroy 

diseased cells, is a promising treatment option for opportunistic diseases, virus-associated 

malignancies, and cancers. However, the safety and efficacy of adoptive T-cell therapy 

depend, in part, on the ability to sustain and tightly regulate the proliferation of 

transferred T cells in vivo. The emerging field of synthetic biology provides powerful 

conceptual and technological tools for the construction of regulatory systems that can 

interface with and reprogram complex biological processes such as cell growth. Here, we 

present the development of RNA-based regulatory systems that can control T-cell 

proliferation in a ligand-dependent manner, and examine the construction of integrated 

control systems capable of fine-tuned programming of cellular behavior.  

We systematically investigate the translation of ribozyme-based regulatory 

devices from yeast to mammalian cells and identify design parameters critical to the 

portability of regulatory devices across host organisms. We report the construction of 

ligand-responsive ribozyme switch systems capable of modulating the transgenic 

expression of growth-stimulatory cytokines in mammalian lymphocytes. We demonstrate 

the ability of ribozyme switch systems to regulate T-cell proliferation in primary human 

central memory T cells and in animal models. We further develop ligand-responsive, 

miRNA-based devices to regulate the endogenous expression of cytokine receptor chains 

and the functional output of cytokine signaling pathways, highlighting the ability to 

construct integrated T-cell proliferation control systems employing various regulatory 

mechanisms to modulate multiple components in relevant signaling pathways. Finally, 

we describe efforts in the generation of novel RNA aptamers to clinically suitable 
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molecules, which can serve as the molecular inputs for ligand-responsive, RNA-based 

control systems in therapeutic applications. 

The regulatory systems developed in this work are designed to be modular and 

transportable across host organisms and application contexts, thus providing a template 

for future designs in RNA-based genetic regulation. This work demonstrates the 

capability of RNA-based regulatory systems to advance next-generation treatment 

options for critical diseases, and highlights the potential of synthetic biological systems to 

achieve novel and practical functions in diverse applications.  

 



 viii 

Table of Contents 

Acknowledgments……………………………………………………………….. iii 

Abstract…………………………………………………………………………... vi 

Table of Contents…………………....................................................................... viii 

List of Tables…………………………………………………………………….. xi 

List of Figures……………………………………………………………………. xii 

Chapter 1: Introduction………………………………………………………….. I-1 

     Adoptive T-Cell Therapy: Potentials and Current Limitations……………….. I-3 

     Synthetic Biology: Constructing Novel Devices with Biological Parts………. I-6 

     RNA as the Design Substrate for Synthetic Control Devices…...…………….. I-7 

     Frameworks for Constructing RNA-Based Control Devices…………...……... I-8 

     Ligand-Responsive Ribozyme-Based Regulatory Devices.…………………... I-10 

     Ligand-Responsive RNAi-Based Regulatory Devices………………………... I-13 

     Aptamers   and   In  Vitro   Selection   Schemes   for   Novel   Ligand-Binding  
     Sequences……………………………………………………………………… 

I-17 

     Synthetic RNA-Based Regulatory Systems for T-Cell Proliferation Control… I-18 

     Regulatory System Development and Thesis Organization…………………... I-19 

     References……………………………………………………………………... I-21 

Chapter 2: Translation of Ribozyme-Based Gene Expression Control Devices 
from Yeast to Mammalian Cells………………………………………………….. 
 

 
II-1 

     Abstract………………………………………………………………………... II-2 

     Introduction……………………………………………………………………. II-4 

     Results…………………………………………………………………………. II-6 

     Discussion……………………………………………………………………... II-18 

     Materials and Methods………………………………………………………… II-23 

     Acknowledgments……………………………………………………………... II-28 

     References……………………………………………………………………... II-28 



 ix 

 
Chapter 3: T-Cell Proliferation Control with Ribozyme-Based Regulatory 
Systems.…………………………………………………………………………... 
 

 
III-1 

     Abstract………………………………………………………………………... III-2 

     Introduction……………………………………………………………………. III-3 

     Results…………………………………………………………………………. III-4 

     Discussion……………………………………………………………………... III-18 

     Materials and Methods………………………………………………………… III-21 

     Acknowledgments……………………………………………………………... III-34 

     References……………………………………………………………………... III-35 

     Supplementary Texts………………………………………………………….. III-40 

     Supplementary Figures………………………………………………………... III-49 

Chapter 4: Proliferation Control of Human Lymphocytes with Ribozyme-Based 
Regulatory Systems……………………………………………………………….. 
 

 
IV-1 

     Abstract………………………………………………………………………... IV-2 

     Introduction……………………………………………………………………. IV-4 

     Results…………………………………………………………………………. IV-8 

     Discussion……………………………………………………………………... IV-19 

     Materials and Methods………………………………………………………… IV-23 

     Acknowledgments……………………………………………………………... IV-29 

     References……………………………………………………………………... IV-29 

     Supplementary Text…………………………………………………………… IV-35 

     Supplementary Figure…………………………………………………………. IV-35 

Chapter 5: T-Cell Proliferation Control with RNAi-Based Regulatory Systems.. V-1 

     Abstract………………………………………………………………………... V-2 

     Introduction……………………………………………………………………. V-4 

     Results…………………………………………………………………………. V-7 

     Discussion……………………………………………………………………... V-31 

     Materials and Methods………………………………………………………… V-36 

     Acknowledgments……………………………………………………………... V-42 



 x 

     References……………………………………………………………………... V-42 

     Supplementary Texts...………………………………………………………… V-46 

     Supplementary Table and Figures...…………………………………...………. V-55 

Chapter 6: In Vitro Selection of RNA Aptamers to Clinically Applicable Small-
Molecule Ligands…………………………………………………………………. 
 

 
VI-1 

     Abstract………………………………………………………………………... VI-2 

     Introduction……………………………………………………………………. VI-3 

     Results…………………………………………………………………………. VI-5 

     Discussion……………………………………………………………………... VI-42 

     Materials and Methods………………………………………………………… VI-45 

     Acknowledgments……………………………………………………………... VI-56 

     References……………………………………………………………………... VI-56 

Chapter 7: Conclusions………………………………………………………….. VII-1 

     Immediate  Challenges  for  the  Clinical  Translation  of  RNA-Based  T-Cell 
     Proliferation Control Systems………………………………...……………….. 

VII-2 

     Future  Directions  for the  Development  of  RNA-Based  Regulatory  Systems  
     for Clinical Applications……………………………………...………….……. 

VII-5 

     References……………………………………………………………………... VII-9 

Appendix 1: Small-Molecule Toxicity Curves in CTLL-2 Cells………………... A1-1 

Appendix 2: Small-Molecule Toxicity Curves in NK-92 Cells………...………... A2-1 

 

 
 



 xi 

List of Tables 
 
Table 2.1 Theophylline-responsive ribozyme switch activities in yeast and HEK cells 

 
Table 2.2 Theophylline-responsive ribozyme switch activities in transiently 

transfected and stably integrated HEK 293 cells 
 

Table 6.1 Radioactive binding assay for putative vitamin B12 aptamer sequences with 
vitamin B12–conjugated agarose columns 
 

Table 6.2 Radioactive binding assay for putative vitamin B12 aptamer sequences with 
Sepharose 6B columns 
 

Table 6.3 Radioactive binding assay for putative folinic acid aptamer sequences with 
folinic acid–conjugated and unmodified Sepharose 6B columns 
 

  
Supplementary Table 5.1 Effects of theophylline on IL-2Rβ and γc surface antibody 

staining intensities in transiently transfected CTLL-2 cells 
 



 xii 

List of Figures 
 

Figure 1.1 Schematic of CTL-mediated cell lysis 
 

Figure 1.2 Schematic of adoptive T-cell transfer using either autologous TILs or 
engineered tumor-targeting T cells 
 

Figure 1.3 Schematic for a ligand-responsive ribozyme-based ON switch 
 

Figure 1.4 Schematic for a ligand-responsive shRNA-based ON switch 
 

Figure 1.5 Schematic for a ligand-responsive miRNA-based ON switch 
 

Figure 2.1 Ribozyme switches provide tunable, ligand-responsive gene regulation 
 

Figure 2.2 Ribozyme switch devices are modularly integrated into mammalian 
expression vectors 
 

Figure 2.3 Ribozyme switches provide titratable gene regulation 
 

Figure 2.4 Stably integrated cell lines show tight gene expression distributions and 
demonstrate long-term regulatory activities by ribozyme switches 
 

Figure 2.5 Higher-order information-processing devices must be composed of switch 
components with robust individual performance levels to achieve the 
prescribed regulatory activity in mammalian cells 
 

Figure 3.1 An engineered T-cell proliferation regulatory system utilizing a synthetic 
RNA device to achieve drug-mediated modulation of cell signaling and 
proliferation 
 

Figure 3.2 Modularly constructed ribozyme switches exhibit tunable, drug-mediated 
regulation of gene expression and cell growth in mammalian T cells 
 

Figure 3.3 Ribozyme switches can be programmed to respond to alternative drug 
molecules 
 

Figure 3.4 Ribozyme switches can be programmed to regulate alternative gene 
targets 
 

Figure 3.5 The generation of T-cell lines stably expressing the ribozyme switch 
systems through alternate cycles of negative and positive selections 
 

Figure 3.6 T cells stably expressing ribozyme switch systems exhibit drug-mediated 
regulation of growth over extended time periods in vitro 
 



 xiii 

Figure 3.7 T cells stably expressing ribozyme switch systems exhibit drug-mediated 
regulation of growth over extended time periods in vivo 
 

Figure 4.1 NK-92 cells cannot be effectively transfected by electroporation with 
DNA plasmids based on the pIL2 expression vector 
 

Figure 4.2 NK-92 cells cannot be effectively transfected by electroporation with 
DNA plasmids based on the pcDNA3.1(+) and pcDNA5/FRT expression 
vectors 
 

Figure 4.3 Appropriate bacterial strain and purification method used to prepare DNA 
plasmids are necessary but not sufficient for achieving high transfection 
efficiency in NK-92 cells 
 

Figure 4.4 Vector backbone has greater influence on transfection efficiency in NK-92 
cells than the specific fluorophore encoded by the vector 
 

Figure 4.5 A ribozyme switch device is capable of gene expression knockdown in 
NK-92 cells 
 

Figure 4.6 The suicide-gene safety switch programmed in ribozyme-based 
proliferation control systems is functional in primary human TCM cells 
 

Figure 4.7 TCM cells stably expressing ribozyme switch systems exhibit the proper 
phenotype for therapeutic applications 
 

Figure 4.8 The ribozyme switch system effectively regulates gene expression and cell 
fate in primary human TCM cells 
 

Figure 5.1 A single-copy miRNA regulated by the Tet-OFF inducible promoter 
system has lower knockdown efficiency and smaller switch dynamic 
range compared to a single-copy ligand-responsive miRNA switch 
construct 
 

Figure 5.2 Multiple-copy expression of miRNAs improves knockdown efficiency 
and fold-change in gene expression in response to ligand induction 
 

Figure 5.3 Multiple-copy expression of IL-2Rβ- and γc-targeting miRNAs improves 
knockdown efficiency 
 

Figure 5.4 Combinatorial expression of IL-2Rβ- and γc-targeting miRNAs achieves 
effective receptor chain knockdown with high target specificity 
 

Figure 5.5 Secondary structures of miRNA switches 
 



 xiv 

 
Figure 5.6 Secondary structure has substantial impact on miRNA switch dynamic 

range and knockdown efficiency 
 

Figure 5.7 Secondary structures of modified miRNA switches based on Bm5 Theo1 
 

Figure 5.8 Secondary structures of modified miRNA switches based on Bm5 Theo4 
 

Figure 5.9 Combining features from different miRNA secondary structures 
exhibiting either strong knockdown efficiency or ligand responsiveness 
results in improved switch designs 
 

Figure 5.10 miRNA switches show tunable, theophylline-responsive knockdown of 
endogenous IL-2Rβ expression levels 
 

Figure 5.11 miRNA switches show tunable knockdown of endogenous γc expression 
levels 
 

Figure 5.12 CTLL-2 cells cultured with IL-2 and IL-15 respond differently to 
treatments with IL-2Rβ- and γc-blocking antibodies 
 

Figure 5.13 miRNA switches regulate functional outputs in the IL-15 signaling 
pathway 
 

Figure 6.1 Chemical structure of phenobarbital 
 

Figure 6.2 Schematic of conventional nitrocellulose membrane-based SELEX for 
RNA aptamer selection to BSA-conjugated phenobarbital 
 

Figure 6.3 RNA sequence pools obtained after multiple selection cycles show strong 
affinity for nitrocellulose membranes and no specific binding for 
phenobarbital-BSA 
 

Figure 6.4 Randomized RNA sequence pool has minimal affinity for nitrocellulose 
membrane 
 

Figure 6.5 Nitrocellulose membrane-binding RNA sequences are enriched through 
selection cycles 
 

Figure 6.6 Removal of nonspecifically bound RNA molecules from nitrocellulose 
membranes can be achieved with small wash volumes 
 

Figure 6.7 Nitrocellulose membranes show weak retention of RNA aptamers bound 
to their specific protein ligands 
 



 xv 

 
Figure 6.8 Schematic of nitrocellulose membrane-based SELEX with ligand-specific 

elution for the selection of RNA aptamers to BSA-conjugated 
phenobarbital 
 

Figure 6.9 RNA sequence pools obtained after multiple selection cycles show no 
specific binding for phenobarbital-BSA or BSA alone 
 

Figure 6.10 Sequences obtained after various selection cycles show a rapid decrease in 
sequence diversity and the early appearance of a dominant sequence 
 

Figure 6.11 Capillary electrophoresis shows no evidence of ligand binding by putative 
phenobarbital aptamer sequences 
 

Figure 6.12 Chemical structures of vitamin B12 (cyanocobalamin) and folinic acid 
 

Figure 6.13 The randomized RNA library contains constant regions that form a stable 
basal stem 
 

Figure 6.14 Schematic of column-based SELEX used to select for RNA aptamers to 
vitamin B12 
 

Figure 6.15 Vitamin B12 SELEX resulted in a diverse sequence pool with several 
sequence and structural motifs after fifteen selection cycles 
 

Figure 6.16 Putative vitamin B12 aptamer sequences show weak binding affinity for 
vitamin B12, strong affinity for vitamin B12–conjugated agarose, and no 
affinity for dihydrazide agarose 
 

Figure 6.17 Sequence diversity in folinic acid SELEX is dramatically reduced after 
mutagenic PCR 
 

Figure 6.18 The putative folinic acid aptamer sequence shows folinic acid–specific 
binding, no stereospecific binding preference, and strong affinity for the 
column resin 
 

Figure 6.19 The putative folinic acid aptamer shows ligand-specific elution 
 

Figure 6.20 LC-MS and size-exclusion columns can be used to verify binding 
interactions between RNA aptamers and their cognate small-molecule 
ligands 
 

Figure 6.21 The putative folinic acid aptamer shows ligand-specific binding by LC-
MS analysis 
 



 xvi 

 
Figure 6.22 LC-MS binding assays cannot be performed at high folinic acid 

concentrations due to errors associated with inefficient membrane 
filtration 
 

Figure 6.23 Folinic acid binding to the putative folinic acid aptamer is specific to the 
RNA sequence 
 

Figure 6.24 6R-folinic acid SELEX yields a diverse sequence pool with conserved 
motifs 
 

  
Supplementary Figure 3.1 Tunable, small molecule–mediated regulation of gene 

expression in mammalian cells by ribozyme switches 
 

Supplementary Figure 3.2 Stable cell lines expressing multiple ribozyme switches 
exhibit lowered basal level and increased switch dynamic 
range 
 

Supplementary Figure 3.3 Clonal CTLL-2 cell lines stably expressing engineered 
ribozyme switch systems exhibit effective theophylline-
responsive growth regulation 
 

Supplementary Figure 3.4 Cells stably expressing the T-cell proliferation regulatory 
system exhibit theophylline-responsive increase in IL-15 
transcription and signal transduction through the JAK-
STAT pathway 
 

Supplementary Figure 3.5 The clonal cell line 1264-48 exhibits accelerated T-cell 
proliferation in response to small-molecule input 
 

Supplementary Figure 3.6 A clonal cell line stably expressing a functional ribozyme-
based regulatory system exhibits theophylline-responsive 
increases in in vivo growth rate 
 

Supplementary Figure 3.7 Plasmid maps of T-cell proliferation constructs 
 

Supplementary Figure 3.8 Plasmid map of T-cell proliferation constructs expressed 
from a CMV promoter 
 

Supplementary Figure 3.9 Stable integrants show partial integration and/or CMV 
promoter silencing 
 

Supplementary Figure 3.10 Sorted stable integrants show CMV promoter silencing 
 



 xvii 

 
Supplementary Figure 3.11 Bulk cell lines stably expressing ribozyme switch systems 

exhibit gene expression regulation in response to small-
molecule input 
 

Supplementary Figure 3.12 Bulk cell lines stably expressing ribozyme switch systems 
show excessively high basal growth levels in vivo 
 

Supplementary Figure 3.13 Bulk cell lines stably expressing ribozyme switch systems 
are selected for high expression levels in vivo 
 

Supplementary Figure 3.14 Sorted stable integrants show continuous CMV promoter 
silencing 
 

Supplementary Figure 3.15 Clonal cell lines stably expressing ribozyme switch 
systems show stringent OFF-state expression control in 
vivo 
 

Supplementary Figure 3.16 Clonal cell lines stably expressing ribozyme switch 
systems lack sufficiently high ON-state expression levels to 
sustain proliferation in vivo 
 

Supplementary Figure 3.17 The egfp-t2a-il2 transgene is stably integrated but 
expressed at low levels in clonal cell lines 
 

Supplementary Figure 3.18 Appropriate controls demonstrate observed ligand-
responsive switch activities are due to specific effects of 
cytokine withdrawal 
 

Supplementary Figure 4.1 Different GFP variants show different fluorescence 
intensities in transiently transfected CTLL-2 cells 
 

Supplementary Figure 5.1 miRNA sequences capable of effective knockdown of IL-
2Rβ and γc are identified through screening by transient 
transfection in CTLL-2 cells 
 

Supplementary Figure 5.2 Multiple-copy expression reduces gene silencing by 
individual miRNAs but increases overall knockdown 
activity toward a shared target gene 
 

Supplementary Figure 5.3 Secondary structures for non-switch miRNAs 
 

Supplementary Figure 5.4 IL-15 is capable of sustaining CTLL-2 cell growth at 
comparable levels as IL-2 
 

Supplementary Figure 5.5 pSTAT5 levels are dependent on cytokine stimulation 



 xviii 

Supplementary Figure 5.6 The impact of IL-2Rβ- and γc-targeting miRNA constructs 
on CTLL-2 proliferation cannot be evaluated by overall 
percent viability 
 

Supplementary Figure 5.7 CTLL-2 cell division cannot be quantitatively evaluated by 
CFSE staining 
 

Supplementary Figure 5.8 Plasmid maps of miRNA constructs 
 

Supplementary Figure 5.9 Maximum transgene expression from the Tet-OFF 
promoter system requires an optimized input ratio between 
plasmids encoding for the tetO-CMV promoter and the tet 
transcriptional activator  
 

Supplementary Figure 5.10 The tetO-CMV promoter is tightly suppressed by the 
presence of doxycycline 
 

Supplementary Figure 5.11 A small input of pCS350 permits gating of transfected 
populations as well as maximum knockdown efficiency 
and switch activity by the ptetO-wt miRNA construct 
 

Supplementary Figure 5.12 Secondary structures for three miRNAs containing the 
same IL-2Rβ-targeting sequence 

  
 
Appendix Figure 1.1 Theophylline toxicity curve in CTLL-2 cells 

 
Appendix Figure 1.2 Tetracycline toxicity curve in CTLL-2 cells 

 
Appendix Figure 1.3 Doxycycline toxicity curve in CTLL-2 cells 

 
Appendix Figure 1.4 Phenobarbital toxicity curve in CTLL-2 cells 

 
Appendix Figure 1.5 Folinic acid toxicity curve in CTLL-2 cells 

 
Appendix Figure 1.6 Vitamin B12 toxicity curve in CTLL-2 cells 

 
Appendix Figure 1.7 Tamoxifen toxicity curve in CTLL-2 cells 

 
Appendix Figure 1.8 Methanol toxicity curve in CTLL-2 cells 

 
Appendix Figure 2.1 Theophylline toxicity curve in NK-92 cells 

 
Appendix Figure 2.2 Tetracycline toxicity curve in NK-92 cells 

 
Appendix Figure 2.3 Vitamin B12 toxicity curve in NK-92 cells 



 xix 

Appendix Figure 2.4 Phenobarbital toxicity curve in NK-92 cells 
 

Appendix Figure 2.5 Folinic acid toxicity curve in NK-92 cells 
 


