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Most Adoptive Cell Therapies (ACT), including CAR T cell therapies, suffer failure because of 

the severe side effects due to loss-of-control of the therapeutic cells once they are inside the 

patient’s body, suggesting that novel strategies must be developed for a better in vivo control of 

these engineered cells. In the meantime, CAR T cell therapies targeting solid tumors have not 

experienced the remarkable success achieved with hematopoietic cancers, mainly due to 

continuous tumor antigen exposure and a suppressive tumor microenvironment. Here we designed 

a private passageway fusion receptor, which is composed of a ligand binding domain and a 

glycosylphosphatidylinositol (GPI) anchoring domain, to be expressed and localized to the surface 

of CAR T cells independently to the classical CAR T construct. These ligand binding domains 

preserve high binding affinity towards their cognate ligands and are only expressed on the CAR T 

cells that have been transduced. Therefore, cytotoxic drugs or immunosuppressants linked to the 

corresponding targeting ligands are shown to be specifically delivered to these fusion receptor 

positive CAR T cells for lowering the activity of the over-activated CAR T cells. On the other 

hand, we discovered that a potent TLR7 agonist is able to enhance the lysis effect of the exhausted 

CAR T cells in a co-culture model. Serial releasable and non-releasable targeted TLR7 agonists 

were prepared and tested. Based on these data, we suggest that our secret passageway fusion 

receptor platform provides a better control of the activity of CAR T cells using the corresponding 



13 

 

 

 

targeting ligand-payload conjugates in a dose dependent manner and function as a doorway for the 

delivery of instructions to CAR T cells for versatile purposes.    
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 HISTORY AND DEFICIENCIES IN CURRENT 

CHIMERIC ANTIGEN RECEPTOR (CAR) T CELL THERAPIES 

1.1 Introduction  

 There has been a long-lasting interest in using intact human cells to treat various diseases. 

Among these, stem cell therapy and Adoptive Cellular Therapy (ACT) are the two most well-

developed approaches in the last few decades. Induced Pluripotent Stem Cells (iPSC) are being 

differentiated into cardiomyocytes for the compensation of damaged heart tissues from myocardial 

infarction1, islet cells for the treatment of type I diabetes2, and retinal cells for the replacement of 

defective retinal pigment epithelial cells3. Alternatively, ACT focuses on using immune cells from 

patients or healthy donors for the treatment of cancer. There are many ways to empower one’s own 

immune system to fight against cancer cells, including peptide-based vaccines, checkpoint 

inhibitors and ACT. Several reviews have covered the history and development of cancer vaccines 

and checkpoint inhibitors, and this chapter will focus only on immune cell-based ACT. Early 

attempt for ACT includes using dendritic cells (DC) that are primed ex vivo with tumor antigens 

and then transferring them back to patients. This method can target not only surface tumor antigens, 

but also intracellular ones. In detail, DCs can be loaded with specific antigens, such as MAGE-1, 

gp100, tyrosinase, Melan-A/Mart-14-5, PSA6 and PSCA7, or tumor lysates and apoptotic tumor cells. 

In 2010, FDA approved the first dendritic cell vaccine Sipuleucel-T, based on DCs loaded with 

prostatic acid phosphatase (PAP) and GM-CSF8.   

 T cells are capable of killing cells through many different mechanisms, such as release of 

Perforin, Granzyme and cytokines. Therefore, they have been used as a platform for artificially 

designed immune pathways toward tumor cells for long time. Tumor antigens are presented through 

the MHC molecules expressed on Antigen Presenting Cells (APC) and the complex will then dock 
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with certain endogenous TCR on T cells. The activation of T cells is a complicated process that 

requires both the docking of TCR/MHC as well as the engagement of co-activation molecules, such 

as CD28, 4-1BB with CD80/86 on the APC9. Since there is almost no structural difference between 

a TCR and an antibody for the antigen binding domain, in 1980s, Zelig Eshhar and his colleges 

tried to substitute the antigen binding part of TCR with an antibody, while keeping the rest of the 

TCR the same, resulting in the first functional chimeric TCR that is MHC independent10. However, 

this construct turns out to be poorly persistent in mice due to a lack of co-activation signals (TCR 

docking without a secondary activation signal can result in an anergic condition or activation 

induced cell death11). To improve this, Michel Sadelain and his colleagues incorporated the 

intracellular CD28 domain into the CAR construct and proofed its better survival and lysis effect12. 

During that time, the phage display technique for the screening of antibodies with higher affinity 

was gradually developed, and the concept of merging the variable domains of light and heavy 

chains into one single chain was tested13. The resulting single chain fusion protein is called short 

chain variable fragment (scFv) and can be generated towards any antigens based on the original 

high affinity antibody. These scFvs are therefore used as the antigen binding domain of the CAR 

construct while the rest of the signaling domains remain the same. The evolution process of the 

basic CAR T construct is shown in Figure 1-1. The amino acid sequence of CAR for Kymriah, one 

of the two FDA-approved anti-CD19 CAR T cell, with each domain annotated, is shown in Figure 

1-2.  
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Figure 1-1 Diagram of endogenous TCR (left) and three generations of CAR constructs (right). 

While there is no difference for the extracellular domains, first generation CARs contain only 

CD3ζ intracellularly, while 2nd and 3rd generation of CAR include one or two co-stimulatory 

domains, including CD28 and 4-1BB, in frame. Reprinted from Science, 359(6382), pp.1361-1365.  

  

 

 

 

 

  

Figure 1-2 amino acid sequence of anti-CD19 CAR T (CTL019) with each domain annotated. 

FMC63: scFv against human CD19. 
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1.2 Design and Use of Current CAR T Cell Methodologies in Clinical Cancer Treatment 

 The foremost step of any targeted approach for cancer treatment, either through Antibody Drug 

Conjugate (ADC), vaccines, or CAR T cell therapy, is to find a suitable biomarker as the target14. 

The most important criterion for a good biomarker is to have an abundant or over-expression level 

in malignant tissues while having a relatively low or no expression level in normal tissues. In some 

cases, although the expression levels are similar, the difference of the expression form, 

modification, and surface location of certain antigens can also lower the potency of on-target off-

tumor side effects.   

 The first successful biomarker that is used for CAR T therapy is CD19, a B cell marker that is 

highly overexpressed in malignant B cells. Since CD19 is also expressed, although at lower level, 

in normal B cells, patients treated with anti-CD19 CAR T cells will have hypogammaglobulinemia 

due to B cell aplasia and need to be dosed with IgG that are isolated from healthy donors during 

and after treatment15. Excepting CD19, CD2016, CD2217 and CD12318 all are potent biomarkers 

and utilized as targets for CAR T cell therapies for hematopoietic malignant diseases, including 

Acute Myeloid Leukemia (AML), Chronic Lymphocytic Leukemia (CLL), and Acute 

Lymphocytic Leukemia (ALL) etc.19 Although most of them are still in the clinical trial phase, 

CAR T cells therapy for hematopoietic cancer are seeing a significantly better survival rate and 

less side effects compared to traditional chemotherapies.   

 The expansion of biomarkers also opens doors for CAR T cells in solid tumors. Currently there 

are approximately 20 biomarkers for solid tumors that are being explored by many different 

targeted therapeutic drugs20-21, including Folate Receptor alpha (FRα), Her2, EGFR, PSMA etc. 

Among them, Trastuzumab emtansine, a Her2 targeted antibody drug conjugate (ADC), has been 

approved by the FDA for breast cancer treatment22. However, intrinsic mechanism differences 
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exist between ADC and CAR T cell therapy: only small numbers (at the magnitude of 200) of 

antigens are required to form the immune synapse and pass the threshold for triggering T cell 

activation in CAR T therapy23. The potency of ADC, however, strongly depends on the expression 

level of antigens, with a higher expression level directly correlates with the amount of drugs that 

could be delivered inside the targeted cell24. Therefore, biomarkers that have been proved to be 

safe for ADC may not be suitable for CAR T cell approach, as in the case of Her225, CA IX26 etc. 

Other than Her2 and CA IX, Mesothelin27 and Fibroblast activation protein (FAP)28 for pleural 

mesothelioma, the prostate stem cell antigen (PSCA) for pancreatic cancer, prostate specific 

membrane antigen (PSMA)29 for prostate cancer, and the EGFRVIII30 for glioblastoma are all 

currently being evaluated as targets for CAR T cell therapies in clinical trials (Figure 1-3).  

 Since the current lab has been focused on small molecule targeted cancer diagnosis and 

treatment for FR, PSMA, CA IX and MUC1 for the past decades and has accumulated substantial 

knowledge of their expression profile and function, the current landscape of CAR T cell therapy 

for these antigens will be discussed in more detail below.   

• Folate Receptor  

The folate receptor family consists of four known members (α, β, γ and δ). FRα, FRβ and FRδ are 

glycosylphosphatidylinositol-linked membrane proteins, while FRγ is secreted31. FRα has a high 

affinity for folate acid and a high internalization rate, therefore, it can efficiently deliver folate acid 

into cells and recycle back to the cell surface. FRα is overexpressed in various epithelial 

malignancies including ovarian, breast, and renal cancers, while normal tissues do express FRα, 

but only at a lower level or at the apical surfaces of polarized epithelial cells (such as in kidney)32. 

Several antibody-based therapies towards FRα have been developed, including therapeutic 

antibody33-35 and ADC. Since Folate Acid (FA) is the natural ligand for FRα, the current lab has 
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utilized FA36 as a small molecule targeting ligand and linked it with a cytotoxic drug payload for 

the treatment of FRα cancers37-38. This approach has several advantages compared to antibody-

based ones: better tissue penetration39, better PK/PD, shorter half-life, and lower by-stander 

effect40. With the powerful platform of the CAR T cell therapy, several CAR constructs with 

different scFvs against FRα have been tested in preclinical mouse models and no severe side effects 

were observed41-42. Another isoform of FR, FRβ, is primarily found on myeloid lineage 

hematopoietic cells; it can be upregulated in 70% of primary Acute Myeloid Lymphoma (AML) 

patient tumors and can be increased on AML by all-trans retinoic acid treatment43. Therefore, FRβ 

serves as a promising target for CAR T cells for the treatment of AML and other myeloid lineage 

malignancies. Daniel Powell, et al. fused FRβ targeting scFv (m909) with a 2nd generation CAR 

construct and observed a moderate effect of anti-FRβ CAR T cells in a THP-1 tumor model44. 

Since m909 is of mouse origin, it may require a humanization process to reduce immunogenicity 

before it can be tested on humans. Another potential application of anti-FRβ CAR T cells is to 

eliminate tumor associated macrophages (TAM) in the tumor microenvironment. These 

macrophages, usually characterized as CD11b+Gr1-, are known to secrete IL10, GM-CSF, NO 

and other immunosuppressive cytokines and factors that suppress other nearby immune cells, such 

as APC, neutrophil, and T cell function. More interestingly, these macrophages have also been 

shown to overexpress FRβ45. Therefore, FRβ targeted CAR T cells may argument the tumor 

microenvironment by direct killing of TAMs to fight against cancer cells. This potential 

application has been briefly explored by Jianyin Shen, et al. using an FA-FITC adaptor CAR T 

cell approach in cell-based assays46 and is currently pursued in immuno-sufficient mouse models 

in the current lab.   
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• PSMA  

The prostate specific membrane antigen (PSMA), also known as folate hydrolase I or glutamate 

carboxypeptidase II, is a type I membrane protein. It is overexpressed in the majority of prostate 

cancers as well as the neovasculature of other solid tumors, with a limited expression in other 

normal tissues, such as kidney, nervous system glia, and small intestine47-48. The current lab has 

pioneered the use of a low molecular weight, urea-based inhibitor of PSMA for the targeted drug 

delivery49, as well as radioisotope imaging50. For immunotherapy approaches, PSMA targeted 

ADC was first described by Eva Corey, et al.51 and was recently tested in a phase I clinical trial52. 

Antonio Rosato, et al. first demonstrated the 2nd and 3rd generation anti-PSMA CAR T effect in an 

NSG mouse model and no side effects were reported53.   

• CA IX  

The hypoxia condition is a hallmark of the solid tumor that results in acid metabolites and 

decreased intracellular pH. To compensate for this, almost all solid tumor cells overexpress 

carbonic anhydrase IX (CA IX), which reversibly catalyzes CO2 and water to form H+ + HCO3
-; 

the resulting bicarbonate can be transported into the cell, therefore neutralizing the intracellular 

acid metabolites that would have otherwise inhibited many metabolic pathways54. Therefore, CA 

IX serves as an ideal target for broad spectrum coverage of solid tumor types for targeted drug 

delivery. The specificity of CA IX targeting, either with the small molecule or antibody approach, 

is of great importance because there are 14 known carbonic anhydrases exist in humans. Four of 

them are membrane associated (CA IV, IX, XII, XIV) and widely expressed on normal organs and 

tissues (including the GI tract, kidney, heart, skeletal muscles and brain)55-56. Even when 

specificity is solved, the widespread expression of CA IX itself still poses great safety concerns, 
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especially for CAR T cell therapy, as one of the CA IX CAR T therapy trials in renal cell carcinoma 

showed development of cholestasis due to CA IX expression on the bile duct epithelium57.   

• MUC1  

As mentioned above, in some cases, although the same protein is widely expressed in many tissues, 

different forms and post-translational modifications, such as glycosylation of the protein, can help 

in differentiating normal surface proteins and tumor associated antigens. Mucin 1 (MUC1) is a 

good example of this category. MUC1 is ubiquitously expressed on the apical surface of epithelial 

cells in the lungs, stomach, intestines, eyes and several other organs, as well as many types of 

malignant cells. Interestingly, MUC1 is a highly glycosylated protein and different patterns of 

glycosylation among healthy and malignant tissues have been observed. The most prevalent 

aberrant glycoforms found in cancer are the Tn (GalNAcα1-O-Ser/Thr) and sialyl-Tn (STn) 

(NeuAcα2-6-GalNAcα1-O-Ser/Thr) glycoforms58. Both of these have been found in the N-

terminal tandem repeat domain of MUC1 that are overexpressed in malignant cells. Carl June, et 

al. demonstrated that Tn-MUC1 can be safely used as a tumor antigen and recognized by the 

therapeutic 5E5 IgG antibody59. Next, they utilized the antigen recognition domain of 5E5 to 

construct a CAR T cell and demonstrated the elimination of Tn-MUC1 tumors in mouse models 

of leukemia and pancreatic cancer. Other than specific glycosylation patterns, tumor-associated 

MUC1 also distinguishes itself from mucin expressed in epithelial cells by MMPs mediated 

cleavage and the shedding of the N-terminal tandem repeat domain. There are several cleavage 

positions reported for truncated MUC1, resulting in different sizes of C terminal fragments. These 

fragments include MUC1-C, MUC1* or MUC1-CTF15
58. To date, no CAR T cell designs specific 

to these truncated MUC1s have been reported. One potential hurdle for MUC1 as a target is that 

truncated MUC1 isoforms have also been found in serum in the form of secreted proteins and used 
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as tumor diagnostic markers60, therefore these soluble forms of MUC1 may block the scFv binding 

site of the anti-MUC1 CAR construct.   
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Figure 1-3 Current CAR T cells being tested in clinical trials. 

Expansion of biomarkers facilitate the discovery of CAR T cells for both hematopoietic and solid 

tumors. Reprinted from the Journal of Experimental & Clinical Cancer Research, 2018, 37(1), 

p.163.  
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1.3 Side Effects and Limitations of Current CAR T Cell Therapies 

 The side effects of CAR T therapy in clinic can be briefly divided into two categories: whether 

it depends on the specific antigen it targets or not. Antigen dependent side effects mainly refer to 

the on-target off-tumor effect, as mentioned above for CD19, Her2, CA IX etc. Regarding antigen 

independent side effects, the two major ones are the risk of insertional oncogenesis and the 

overactivation of the CAR T cell. Both types of side effects are related to the uniqueness of cell 

therapy compared to traditional therapeutics and will be discussed in detail below.  

 The risk of insertional oncogenesis has been studied extensively in gene therapies, especially 

for hematopoietic stem cells for X linked SCID61. Viral based gene chromosomal insertion 

guarantees transgene maintenance during clonal amplification. Insertion also more likely takes 

place in euchromatin, due to its improved accessibility, and results in increased risk in 

transcriptionally active regions of chromosomal DNA62. In reality, such insertions are unlikely to 

be directly oncogenic for the following reasons: 1. Retrovirus vector insertion is almost always 

monoallelic, while most malignant mutations are recessive rather than dominant; 2. Cancer is a 

multi-gene, multi-level regulated biological event, where a single insertion/mutation usually is not 

sufficient to develop a malignant phenotype63. To date, no cases of malignant transformation have 

been reported for genetically modified T cells. An alternative strategy to avoid virus related 

oncogenesis would be the use of mRNA as the gene coding material for the expression of CAR. 

mRNA has a short half-life, no genome integration, and can potentially reduce the production time 

of the CAR T cell64. At the same time, however, mRNA CAR T cells do have a shorter persistence 

in vivo, as seen in GD265 and EGFR66 targeted mRNA CAR T cells. Recently, Ruella Macro, et 

al. reported another form of oncogenesis resulting from CAR T therapy. They observed one 

patient’s relapse of a CD19- leukemia that aberrantly expressed the anti-CD19 CAR after the 
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CTL019 treatment67. This collapse resulted from the unintentional incorporation of an anti-CD19 

CAR gene into a single leukemia B cell during T cell manufacturing, and the CAR bounds to the 

CD19 epitope on the surface of the same cell, masking it from recognition by the real CAR T cells. 

All of these rare but life-threatening side-effects call for a safety switch to be incorporated into the 

design of CAR T cells. The current methods used to solve these rare but life-threatening problems 

are discussed in chapter 1.4.1.  

  The second most prevalent side effect of CAR T cell therapy in current clinical applications, 

especially for hemopoietic cancers, is the overactivation of CAR T cells and the resulting Cytokine 

Release Syndrome (CRS). CRS has also been reported previously following the infusion of 

therapeutic monoclonal antibodies68, IL2, and macrophage-based therapy. The hallmark of CRS 

in all scenarios is the systemically elevated cytokines production and release. For clinical 

management, CRS is graded into 3 scales including: 1) mild (constitutional symptoms and/or 

grade-2 organ toxicity); 2) moderate (some signs of organ dysfunction); and 3) severe (grade >3 

organ toxicity, aggressive clinical intervention, and/or potentially life threatening). The clinical 

phenotype includes: fever, fatigue, nausea, anorexia, tachycardia/hypotension, capillary leaking, 

renal impairment, cardiac dysfunction, and hepatic failure69-70. Another clinical condition that 

shares a similar clinical phenotype and biomarker signature is cytokine storm. These two terms 

have been used interchangeably in the literature describing the side effects of CAR T cell therapy 

but in fact they need to be distinguished from each other71. Cytokine storm was first described 

more than 25 years ago in patients receiving T cell activating antibodies such as OKT372, and later 

anti-CD28 mAb TGN141273. The over-activated inflammation effect can manifest within hours 

after dosing, with elevated cytokines such as Tumor Necrosis Factor (TNF)-α and INFγ, and 

symptoms can be resolved by corticosteroids.  In contrast, cytokine release syndrome can be 



26 

 

 

 

delayed until days or weeks after treatment, depending on the kinetics of the T cell activation with 

IL-6 as the key mediator. Therefore, symptoms can be resolved not only by corticosteroids, but 

also the IL6R antibody, tocilizumab.  

 Another side effect of current CAR T cell therapy in clinics is neurological toxicity in the anti-

CD19 CAR T cell treatment for hematopoietic malignancies. Clinical features include confusion, 

delirium, seizure, and obtundation74. The causative pathophysiology of these neurological side 

effects is still unknown, and whether they are antigen dependent and specific for CD19 

(unpublished work by Avery Posey, et al., personal communication) or not is under debate.   

1.4 Current Approaches to Improve CAR T Cell Design for Better Control and Efficacy of CAR 

T Cell Activity  

1.4.1 Current Approaches for Better Control of CAR T Cell Activity  

  As earlier mentioned, some of the side effects of CAR T cell therapy result from the limited 

specificity of targeted antigens. Although the number of biomarkers for cancer cells are expanding, 

the number of suitable biomarkers for one certain type of tumor that can be safely differentiated 

from normal tissue is still limited. On the other hand, tumor heterogenicity is a well-recognized 

problem for targeted therapy, where one antigen may not be able to cover every tumor cell for even 

one single patient or one locus. Therefore, the challenge presented here is to design a CAR T cell 

that has limited on-target off-tumor effect and at the same time cover as much of the malignant 

tissues as possible using the current repertoire of biomarkers. First, researches have been 

undertaken the attempt to design CAR T cells that can recognize the density difference of certain 

antigens between normal and malignant tissues by tuning the affinity of scFv. Therefore, tumors 

that have a higher antigen density are still being recognized by low affinity CAR, while normal 

tissues are avoided. This approach has been tested for Her275, FRα, FRβ and EGFR targeted CAR 
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T cells. Secondly, Wendell Lim, et al. utilized the SynNotch system developed by their lab 20 

years ago for the design of a logically gated CAR T cell to avoid targeting normal tissues76. The 

first proof-of-concept is an AND gate CAR T that requires combinatorial antigens to present for 

the activation of CAR T cells77. Explained in more detail, a T cell circuit is built in which 

engagement of the extracellular recognition domain of the synthetic Notch (SynNotch) receptor 

for the first antigen induces the expression of CAR for the second antigen. These CAR T cells 

significantly lowered the by-stander effects on single antigen positive normal tissues. However, 

this strategy may also worsen or hasten the process of antigen loss, which has been seen in the 

relapse of CD19 negative ALL under anti-CD19 CAR T cell treatment. One potential way to 

overcome this effect is through the use of NOT gates. In contrast to the AND gate, the NOT gate 

becomes active through single antigen binding but will be inactivated if the second inhibitory 

receptor docks with its own target, ideally a protein that specifically marks normal tissues. This 

has been tested as a proof-of-concept by using a scFv towards PSMA linked with the intracellular 

domain of PD-1, which contains a co-inhibitory signaling domain. When co-expressed with an 

anti-CD19 CAR on the same T cell, this CAR T cell was able to lyse CD19+ PSMA- efficiently, 

but not CD19+PSMA+ tumors78.  

  To control the antigen-independent side effects, that are tumorigenesis and overactivation, of 

CAR T cells, many groups have developed safety switch systems that can be incorporated into the 

CAR construct. The most prevalent approach is to integrate a “suicide gene” for the depletion of 

CAR T when oncogenesis or CRS occurs. The first suicide gene evaluated in humans was the 

herpes simplex virus thymidine kinase (HSV-TK)79, which sensitizes modified cells to ganciclovir, 

an acyclic nucleoside analog. HSV-TK catalyzes phosphorylation of ganciclovir and this product 

competes with guanosine for DNA synthesis80. However, since HSV-TK originates from the 
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herpes virus, immunogenicity is a big concern and may result in immuno-rejection of the 

engineered cells. Moreover, the prodrug, ganciclovir, is a widely used antiviral agent and 

continuous dosing results in toxicity to by-stander cells81. Recently, a more human-compatible 

suicide gene,  called inducible caspase 9 (iCasp9), has been described82. Its platform is composed 

from a dimerizable receptor that contains a FK506 binding protein (FKBP12 or the F36V mutant) 

linked with caspase 9 as a whole protein and a corresponding small molecule dimerizing agent 

AP1903 (a FK506 dimer). Crystallographic data indicates that dimerization of inactive caspase 9, 

an important player in the lower caspase dependent apoptosis pathway, leads to conformational 

change-induced activation. Controllable dimerization of caspase 9 and activation of the caspase 

pathway is achieved by fusing it with one FKBP, while two FKBPs in a row give more spontaneous 

dimerization and ligand independent apoptosis. The first test in humans shows that a single dose 

of AP1903 depletes 90% of the iCasp9 modified donor T cells within 30 minutes of administration 

in a Hematopoietic stem cell transplantation (HSCT) patient model83. For CAR T cell and NK 

CAR cell therapy, iCasp9 has been widely tested for different antigens both preclinically and in 

clinical trials. One concern regarding iCasp9, however, is the re-proliferation of the residual 

irresponsible population, around 1-10% of modified T cells. This problem could be overcome by 

tag based positive selection during the manufacturing process of CAR T cells for a relatively high 

expression level of iCasp9. 

 Another way to selectively eliminate CAR T cells in vivo is to incorporate a tag on the surface 

of CAR T cell that can be targeted by therapeutic drugs. Theoretically, the extracellular domain of 

any tumor surface antigens that have a well-developed targeting antibody/ligand can be used for 

this purpose. Two examples have been tested in detail, CD20 with Rituximab84 and truncated 

EGFR with Cetuximab85. Both antibodies have been approved by the FDA and therefore provide 
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physicians more information and experience regarding their safety and dosing. Treatment of 

Cetuximab sufficiently deplete truncated EGFR+ anti-CD19 CAR T cells through antibody Fc 

domain mediated cytotoxic effects. Concerns relative to the on-target off-tumor effect of this 

approach do exist, since CD20 is expressed in all except the first and last stages of B cell 

development, while truncated EGFR is more specific to cancer cells.  

  Other than suicide gene switches and elimination tags, which may only control the CAR T cell 

in a live/dead two-way manner, many groups have worked on a more tunable switch that can 

increase/decrease CAR T activity in a dose dependent manner. First, Wendell Lim, et al. attempted 

to separate the intracellular activation domains of CAR into two proteins that contain dimerization 

domains and to control their association through a chemically induced dimerization (CID) system, 

similar to iCas9 system: one receptor contains the antigen recognition domain and FKBP, the other 

contains the rest part of CAR including 4-1BB and CD3ζ, as well as FRB86. In the presence of the 

targeted antigen as well as the dimerization agent AP21967 (a rapamycin analog), these two 

receptors will then come together and activate the CAR T cells. A similar design put the FKBP 

and FRB domains at the extracellular hinge region of the two separate CARs, destabilizing their 

cell-surface expressions due to increased distance of the scFv from the cell membrane. The 

addition of rapamycin or its analogs then brings together and stabilizes the two separate CAR 

receptors, and turns on the activity of CAR T cells. In summary, these “ON-switch” designs have 

established a platform where the activity of CAR T cells can be controlled by a safe and 

biologically inert small molecule in a dose dependent manner. One of the major concerns regarding 

these strategies is their leakage signal: the basal level of activation in the absence of the 

dimerization agents. To overcome this problem, another “ON-switch” is designed by using a small 

molecule Shield-1 (FK506 derivative) to stabilize the CAR construct which has been fused to a 
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destabilizing domain (DD, L106P FKBP or other double or triple FKBP mutants)87. In the absence 

of the Shield-1, the fusion protein containing the CAR and DD will go to proteasome for 

degradation, while the addition of Shield-1 at approximately 3 μM promotes the stable expression 

of the CAR-DD fusion protein to the T cell surface. Two major concerns regarding this approach 

are the relatively high concentration required for the stabilizing agents as well as whether the 

mutant destabilizing domain will be immunogenic or not in humans.   

1.4.2 Current Approaches for Improving Efficacy of CAR T Cell Therapies in Solid Tumors  

  Due to the tremendous success of CAR T therapy in hemopoietic malignancies, especially in B 

cell malignancies, as well as the achievement of CAR T in solid tumors in preclinical studies, more 

than 100 CAR T cell clinical trials targeting solid tumors are currently in progress all around the 

world. However, multiple unique hurdles face the application of CAR T cells to solid tumors 

compared to B cell malignancies, including physical barriers, suppressive tumor 

microenvironment, and continuous antigen exposure. Therefore, many groups have been working 

to empower CAR T cells with new functional moieties to overcome these hurdles. First, to enhance 

the trafficking of CAR T cells in a solid tumor, a recombinant chemokine receptor ligand (CCR2) 

was introduced into CAR -T cells in addition to the classical antigen targeting part88. CCL2, the 

ligand for CCR2, is highly secreted by the tumor microenvironment in several types of cancers, 

including ovarian, prostate, sarcoma and breast cancer. The production of CCL2 is closely 

associated with increased TAM and higher immune suppression in the tumor. Transgenic 

expression of CXCR2 and CCR4 have all been known to enhance the migration of T cells to tumor 

sites and therefore may be incorporated into CAR T cells for better trafficking. Second, even if 

CAR-T cells are successfully trafficked to the tumor sites, the interaction between the 

immunosuppressive immune cells, such as TAM, and the CAR T cells would re-educate T cells 
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into an anergic or exhausted phenotype or T regulatory (Treg) cells. To break these interactions, 

several cell engineering approaches to silence or block the co-inhibitor receptors, such as PD-1, 

CTLA-4, have been tested. These include co-expression of the anti-PD-1 neutralizing antibody 

with the classical CAR construct, a CRISPR knockout of PD-1, or swapping the intracellular 

domain of PD-1 with the co-activation molecule CD2889. In addition to this, an inducible 

expression of pro-inflammation cytokines using the above-mentioned SynNotch has also been 

tested91. Finally, it’s well known that the tonic signaling of the CAR from continuous exposure to 

antigens in solid tumors significantly exhaust CAR T cells’ potential. Therefore, controlled resting 

period of CAR signaling is reasoned to preserve CAR T cells for a better overall efficacy in the 

long run. Indeed, using the destabilizing domain mediated “ON switch” system, Crystal Mackall, 

et al. achieved a more potent CAR T cell phenotype after multiple antigen stimulation by giving a 

periodical break to the CAR T cells through controlled addition of the stabilization molecule 

(Shield-1).  

 One unique and universal approach to control the activity of the CAR T cells and solve the 

many problems mentioned above is the bispecific adaptor-based CAR T therapy that has been 

developed in the Low lab90. This CAR T cell contains a scFv for fluorescein (FITC) and the 

intracellular T cell activation domains of 4-1BB and CD3ζ. The formation of the immune synapse 

is mediated by the engagement of the FITC-targeting ligand with both the anti-FITC CAR and the 

antigen positive tumor cells as a ternary complex, similar to the way bi-specific antibodies work. 

Therefore, the activation of CAR T cells against tumor associated antigens is specifically 

controlled by the bispecific adaptor in a dose dependent manner, limiting the onset of CRS and the 

overactivation of CAR T cells in hematopoietic cancer treatments. Although similar designs using 

FITC-antibody adapters have been previously described91-92, the small molecule-based approach 
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may have several advantages in comparison. First, the molecular weight of small molecule 

adaptors is approximately 1000, more than 10 times smaller than the antibody (MW around 

150,000); it therefore presents better tissue penetration in solid tumors. This improved tissue 

penetration has been confirmed visually by comparing folic acid-based imaging agents with their 

anti-FR antibody counterparts. Secondly, small molecule adaptors are cleared of receptor negative 

tissue with a half-life of about 90 minutes while therapeutic antibodies usually have half-lives of 

approximately 3 days. Thus, a quicker response rate is guaranteed by small molecule adaptors for 

the timely control of CAR T activity. Thirdly, several studies have shown that the length hinge 

domain between the scFv and the transmembrane domain in CAR is critical for T cell activity. 

While it is difficult to predict and modify the structure of antibodies and antibody conjugates, the 

length of small molecule adaptors can be easily altered by modifying the linker between FITC and 

the targeting ligands. Another hurdle mentioned above for CAR T therapy is heterogeneity, which 

is found in almost all solid tumors. This can also be overcome by the bi-specific adaptor strategy 

which works by simply switching different targeting ligands at one end of the adaptor, while 

keeping the FITC end and the CAR T cells unchanged. One may argue that given the increasing 

number of biomarkers available for targeting therapy, FITC-antibody adaptors are easier to 

generate using phage display or similar techniques, while the development of small molecule 

targeting ligands is more cumbersome. However, this difficulty can be mitigated by carefully 

choosing antigens and targeting ligands as a combination panel to cover a wider spectrum of all 

cancers. CA IX, as earlier mentioned, is upregulated in almost all solid tumors due to hypoxia 

conditions. PSMA is not only overexpressed on approximately 90% of prostate cancer cells, but 

also on the neovascular of other solid tumors. The FRα overexpression represents 40% of all 

human tumors and FRβ is upregulated in tumor associated macrophages (TAM) and myeloid-
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derived suppressor cells (MDSC), both of which facilitate cancer cell growth and negatively 

correlate with patient survival rates. To date, the combination of these three antigens targeted bi-

specific adaptors for anti-FITC CAR T cells has been tested, and results show that this panel can 

cover a great percentage of all solid tumors.  

 

Table 1 Summary of current approaches using an ON/OFF control switch for CAR T cell therapy  

 

  

 In summary, CAR T cell therapies have been constantly evolving over the last few decades. As 

the most sophisticated and complicated therapeutic method approved by the FDA so far, every 

moiety in design and every step during production and manufacturing can be and should be 

optimized. The recent development of off-the-shelf CAR T will definitely hasten the turnover time 

and lower the cost of this cell-based therapy, and therefore open doors to patients that may not 

been qualified earlier, such as patients with acute infectious and autoimmune disease, with the help 

of the discovery of targetable receptors on the surface of disease cells.   
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 A NOVEL METHOD FOR CONTROL OF CAR T CELL 

OVERACTIVATION USING A PRIVATE PASSAGEWAY FUSION 

RECEPTOR 

2.1 Introduction  

 Great advances have been made in the cell therapy field, pioneered by the approval of the 

CTL019 CAR T therapy in 2017. Unfortunately, this product was halted soon after its release due 

to an unexpected patient death. This again draws attention to the severe side effects of CD19 CAR 

T therapy, including acute cytokine storm and long-term hypo-gammaglobulinemia. Although 

neutralization therapy exists in clinics, such as use of the IL6R antibody and steroids, a finer 

control of the CAR T cell activity is greatly needed, either to dampen its killing effect in the case 

of the cytokine storm, or to terminate its activity for the B cell recovery. Another long-lasting 

concern in cell-based therapy in general, is the tumorigenic potential of these transplanted cells. 

Therefore, it would be ideal if researchers had the choice to terminate the adopted cells in case 

they become malignant.   

  Several controlled CAR T cell designs have been reported. Most of them have focused on the 

ON/OFF switch by incorporating either a Boolean gate or a cascade pathway for T cell activation. 

Although all of them can induce the termination of the CAR T cell, none of them have the ability 

to fine tune the activity of the CAR T cell in situ efficiently if needed. Here the current study 

presents a novel platform for controlling the transplanted cells by genetically incorporating a 

membrane-anchored two-part-fusion receptor. The first part of the fusion receptor is responsible 

for mediating specifically high affinity ligand binding, while the second part is responsible for the 

internalization of the complex through a GPI anchor moiety that then releases the payload inside 

the endosome. The fusion receptor will be transduced together with the antigen specific CAR 
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construct, adding no extra steps to the pipeline. In this chapter, the design and characterization of 

the fusion receptor is first described, followed by its application in termination of the modified 

CAR T cells and alleviation of CRS like syndrome.   

2.2 Materials and Methods  

2.2.1 Cell Lines and Human T Cells  

RPMI 1640 (Gibco) containing 10% heat-inactivated fetal bovine serum and 1% penicillin-

streptomycin was used for the culture of Raji and Jurkat cell lines. DMEM (Gibco) containing 10% 

heat-inactivated fetal bovine serum and 1% penicillin-streptomycin was used for the culture of 

MDAMB-231 and MDA-MB-231 CD19+ cells. Peripheral blood mononuclear cells (PBMCs) 

were isolated by Ficoll density gradient centrifugation (GE Healthcare Lifesciences, #17-5442-

02) from human whole blood obtained from healthy volunteers. Pure CD3+ T cells were enriched 

from PBMCs using an EasySep™ Human T Cell Isolation Kit (STEM CELL technologies, 

#17951). In detail, 16 ml fresh venous blood were diluted with PBS to 35 ml and carefully layered 

on top of 15 ml Ficoll. This was centrifuged at 500 g, no break for 30 min. After centrifugation, 

the middle cloudy part, which consisted of PBMC, was aspirated by pipette to a new 50 ml tube 

and further washed twice by PBS and centrifugation at 250 g to get rid of the platelets. After 

washing, the cells were resuspended in PBS at 5 x 107/ml and 50 μl EasySep™ Human T Cell 

negative isolation antibody cocktail was added for each ml and the mixture was incubated at RT 

for 5 min. After incubation, 40 μl Dextran Strep beads were added for each ml, and then the 

mixture was toped up to 2.5 ml with medium. The falcon tube containing the mixture was then 

put inside the magnet, incubated at RT for 3 min. After that, the tube was decanted into a new 50 

ml tube with CD3 positive T cells in the supernatant. Human T cells were cultured in a 

TexMACSTM medium (Miltenyi Biotech Inc., #130-097-196) containing 1% penicillin and 
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streptomycin sulfate and 2% human serum (Valley Biomedical) in the presence of human IL-2 

(100 IU/ml, Miltenyi Biotech Inc.), counted every 2-3 days and maintained at 0.5 x 106 cells/ml. 

All cells were cultured in 5% CO2 at 37 °C and were regularly tested for contamination of 

mycoplasma.  

2.2.2 Synthesis of Private Passageway Substrates  

FK506-Rhodamine: Rhodamine-NHS ester (1.0 equiv.) in dimethylformamide was reacted with 

Boc-NH-PEG3-NH2 (1.2 equiv.) and diisopropylethylamine (3.0 equiv.) for 2 h at room 

temperature. The product was purified by preparative reverse-phase HPLC with a UV detector. 

The purified Rhodamine-PEG3-NH-Boc conjugate (1.0 equiv.) was subjected to Boc deprotection 

by stirring in a 1:10 TFA-dichloromethane system for 2h. The crude free amine product was then 

dissolved in dimethylformamide and activated with EDC (2.0 equiv.), HOBT (2.0 equiv.) in the 

presence of diisopropylethylamine (3.0 equiv.). After 15 minutes, FK506-CO2H (1.2 equiv., 

synthesized using the procedure in the reference: Bioorg. Med. Chem., 17 (2009) 5763-5768) was 

added and the reaction mixture was stirred overnight. The final FK506-Rhodamine conjugate was 

isolated after purification on preparative reverse-phase HPLC with a UV detector (monitored at a 

wavelength of 280 nm). The crude product was loaded onto an Xterra RP18 preparative HPLC 

column (Waters) and eluted with gradient conditions starting with 95% 5 mM sodium phosphate  

(mobile phase A, pH 7.4) and 5% acetonitrile (mobile phase B) and reaching 0% A and 50% B in 

35 min at a flow rate of 12mL/min. The retention time of the product peak = 2.5 min during the 

gradient (0-50%B) in a 7 min analytical HPLC-MS analysis. ESI m/z = 1539.6.  Abbreviations:  

PEG = polyethylene glycol; EDC = 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide; HOBT = 

Hydroxybenzotriazole; HPLC = High Performance Liquid Chromatography.  

FITC-AlexFluor647:Fluorescein-5-isothiocyanate (FITC) was added dropwise to a solution of 

Amino-PEG3-amine (3 equiv) and DIPEA (5 equiv) in DMSO. The solution was stirred at rt for 
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1 h to give FITC-PEG3-amine. The resulting material was purified by preparative reverse-phase 

high-performance liquid chromatography (yield of 91.9%) with a gradient mobile phase 

consisting of 20 mM ammonium acetate buffer and 0% to 100% acetonitrile over 30 min (xTerra 

C18; Waters; 10 μm; 19 × 250 mm). For the synthesis of FITC-PEG3-Alexa Fluor™ 647, Alexa 

Fluor™ 647 NHS Ester, FITC-PEG3-amine (~2 equiv) and DIPEA (~5 equiv) were mixed and 

dissolved in DMSO. The mixture was stirred at rt for 1 h and purified using the same method as 

described above (yield of 90.2%). The purified FITC-PEG3-amine and FITC-PEG3-Alexa Fluor™ 

647 were analyzed by liquid chromatography−mass spectrometry (LC-MS). 

FITC-DM4: DM4 (1.0 equiv.) in dimethyl sulfoxide was reacted with 2-(pyridin-2-yldisulfaneyl) 

ethan-1-amine (1.0 equiv.) and diisopropylethylamine (3.0 equiv.) for 1h at room temperature. The 

resulting crude product was then reacted with FITC (1.0 equiv.) and the reaction mixture was 

stirred for 1 h. The final FITC-DM4 conjugate was isolated after purification on preparative 

reverse-phase HPLC with a UV detector (monitored at wavelength of 280 nm). The crude product 

was loaded onto an Xterra RP18 preparative HPLC column (Waters) and eluted with gradient 

conditions starting at 95% 5 mM sodium phosphate (mobile phase A, pH 7.4) and 5% acetonitrile 

(mobile phase B) and reaching 0% A and 100% B in 10 min at a flow rate of 12mL/min. Retention 

time of the product peak = 4.23 min during the gradient (0-100%B) in a 7 min analytical HPLC-

MS analysis. ESI m/z = 1244.8. 

FITC-EC20 head: Protected EC20 head, comprising a peptide sequence β-L-diaminopropionic 

acid, L-aspartic acid (L-Asp), and L-cysteine (L-Cys), was first synthesized by solid phase peptide 

synthesis (SPPS) according to a reported method. Next, a polyethylene glycol (PEG) liner Fmoc-

N-amido-PEG4-acid was linked to the terminal amine via a formation of an amide bond. Finally, 

fluorescein isothiocyanate isomer I was conjugated to the sequence catalyzed by DIPEA. The 

conjugation reaction in each step was performed under an argon atmosphere, and all Fmoc-
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protecting groups were removed by 20% piperidine in DMF. The final compound FITC-EC20 

head conjugate was cleaved from the resin using a cocktail solution (TFA/TIPS/EtSH/H2O 

(92.5:2.5:2.5:2.5)). This cocktail solution also simultaneously deprotected all t-butyl-, trityl- and 

t-butoxycarbonyl-protecting groups. The cleaved product was precipitated in diethyl ether and 

dried under vacuum. The crude compound was purified by preparative reverse-phase high-

performance liquid chromatography (prep-HPLC) with an eluent consisting of 20 mM ammonium 

acetate buffer and 0% to 50% acetonitrile over 35 min (xTerra C18; Waters; 10 μm; 19 × 250 

mm). The purified FITC-EC20 conjugate was analyzed by liquid chromatography−mass 

spectrometry (LC-MS) (ESI m/z =959.1).  

2.2.3 Preparation of Lentiviral Vectors Encoding anti-CD19 CAR T2A FKBP-FR and anti-

CD19 CAR T2A FITC-FR   

For co-expression of a classical anti-CD19 CAR together with a private passageway protein in the 

same human T cell, a lentiviral vector was assembled containing genes for the above two fusion 

proteins linked via a T2A self-cleaving sequence. For preparation of the sequence of the FKBP 

containing a private passageway (FKBP-FR), a construct of the following sequences in frame 

from 5’ to 3’ end was prepared: residues 1-24 of human Folate Receptor alpha (FRα, 

NM_016724.2), the entire sequence for human FK506 binding protein 12 (NM_000801.5), the 

sequence of a flexible peptide linker (GGGGS)3, and the sequence for the remainder of human FR 

(residues 25-257) (see Figure 2-1).  For the co-expression of this sequence in the same vector with 

the anti-CD19 CAR, the sequence for the anti-CD19 CAR was ligated in frame to the sequence 

for the T2A self-cleaving peptide, which in turn was ligated in frame to the sequence for FKBP-

FR (Figure 2-9). The resulting construct was then inserted into the pHR lentiviral expression 

vector by restriction enzyme digestion with MluI and NotI and T cells were transfected with the 

lentiviral vector using standard methods. The anti-fluorescein scFv containing a private 
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passageway (FITC-FR) was prepared similarly, except the sequence for the human anti-FITC 

scFv was used instead of the sequence for FKBP in the protocol above.    

Lentivirus packaging: low passage 293tn cells (SBI, # LV900A-1) were plated in a 100 mm3 plate 

at around 7 x 107/plate using a packaging medium (Opti-MEM, 5% FBS, no P/S) at D0. At D1, 

prewarmed Opti-MEM were used to prepare the lipofectamine mixture as follows: Tube A: 

expression plasmid 4 μg, packaging mixture (Cellecta, #CPCP-K2A) 10 μg in 20 μl, lipofectamine 

P3000 (ThermoFisher, #L3000008) 37 μl in 1.5 ml Opti-MEM; Tube B: lipofectamine 3000 42 

μl in 1.5 ml Opti-MEM. Tube B were added dropwise to Tube A and the mixture was incubated 

for 15 min, RT. 6 ml of medium were taken out of the plated cells. The A/B mixture was added 

dropwise to the plated cells and returned to the incubator. After 6 h, the medium was changed to 

a fresh packaging medium and the supernatant which contained the lentivirus was then collected 

at 48 h and/or 72 h. The virus supernatant was filtered by passing through a 0.45 μM PVDF filter. 

Virus can be stored at -80 ℃ or further concentrated by adding 1/3 volume of lentiX (Clontech, 

#631232), incubated at 4 ℃ for more than 30 min, and then centrifuged at 4 ℃, 1800 rpm for 1 

h. The palleted virus can be resuspended in 1/100 of the original volume of virus packaging 

medium (pH around 7) and then aliquoted and stored at -80 ℃. Freeze and thaw cycles should be 

limited, as one cycle reduces the virus titer by a half log.     

2.2.4 Use of Lentiviral Vectors Encoding anti-CD19 CAR T2A FKBP-FR and anti-CD19 CAR 

T2A FITC-FR to Transduce to Human T Cells  

For T cell activation, the newly isolated T cells were counted and resuspended at 1 x 106/ml with 

medium, the CD3/CD28 activation beads (ThermoFisher, #11161D) were washed, and added to 

the cells at 1:1 ratio in a 24-well. For T cell transduction, 4-8 μg/ml polybrene with 10-20 μl 

concentrated virus was added to 1M activated T cell (TexMACSTM medium w/o serum), 

centrifuged at 2500 rpm for 1.5 h. Medium was replaced with new TexMACSTM w/ 2-6% Human 
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Serum the next day to avoid toxicity of polybrene. After 3-5 days of transduction, the T cells were 

harvested and analyzed by flow cytometry to determine the transduction efficiency.   

2.2.5 Analysis of Private Passageway Fusion Receptor Binding and Internalization  

For the FK506-Rhodamine binding assay, FKBP-FR Jurkat cells and non-transduced cells (5 x 

105) were pre-incubated with an FK506-linker (100 fold excess) for 30 min, or with an FK506-

Rhodamine (concentration range: from 100 pM to 100 nM) in the presence or absence of FK506-

Glucosamine (100 fold excess) for 30 min, at 4 ℃. Cells were then washed 3 times, then 

resuspended in 2% FBS PBS and submitted for flow cytometry. The binding affinity assays for 

FITC-AlexFluor 647 were tested similarly, with FITC-Glucosamine for competition. For the 

Phosphoinositide Phospholipase C (PI-PLC) treatment assay1, cells were removed from the 

monolayer by scrapers and washed with PBS, then suspended at 5 x 106 cells/ml in 0.025 M Tris-

HCl, 0.25 M sucrose, 0.01 M glucose, 1x protease inhibitor cocktail (Roche), pH 7.5. 100 μl of 

the cell suspension were incubated with 5 units of PI-PLC (ThermoFisher, #P6466) at 37 ℃ for 

1 h. The reaction was stopped by cooling it to 4 ℃; cells were then washed and used for FK506-

Rhodamine and FITC-AlexFluor 647 staining. Cells were kept at 4 ℃ for the subsequent 

incubation and washing. FACS Rosseta was used to acquire the fluorescent signal and the 

compensation was carried out automatically. Results were analyzed using FlowJo software. The 

GraphPad Prism version 7 software was used to analyze binding affinity.  

For the internalization study, 1 x 104 FKBP-FR expressing HEK293 cells in 0.5 ml of growth 

media were seeded in chambered covered glass (ThermoFisher, #155383) and incubated overnight 

at 37 ℃ for full adherence. The next day, fresh medium containing 50 nM FK506-Rhodamine 

was added, and the cells were incubated either at 4 ℃ or 37 ℃ for the times indicated. At the end 

of incubation, the cells were washed with warm cell medium and imaged using a confocal laser 
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scanning microscope. The internalization assay for the FITC-FR fusion receptor was tested 

similarly with FITC-AlexFluor 647.  

2.2.6 Quantification of Expression Level of Fusion Receptors Using FA-99mTc   

The chelation of FA-99mTc was prepared according to the previous literature2. KB, FKBP-FR 

Jurkat and FITC-FR Jurkat cells were plated in a 24-well plate and incubated with 50 nM FA-

99mTc at 4 ℃ for 30 min. After incubation, the cells were washed and lysed in a 10% SDS solution, 

and the radiation level of each sample was then determined with a gamma counter.   

2.2.7 Formulation and Labeling of FITC-99mTc  

2 mg FITC-Tc chelating head compound was dissolved in nitrogen sparged water at 1 mg/ml. 1 g 

tin chloride was dissolved in 100 ml of nitrogen sparged 0.2 N HCl. 2.5 g sodium gluconate and 

250 mg EDTA were each dissolved separately in 25 ml nitrogen sparged water. To a new flask, 

sequentially add 12.5 ml of sodium gluconate solution, 1.5 ml EDTA solution, 0.5 ml tin chloride 

solution, 5 ml FITC-Tc chelating head compound solution, adjust pH to 6.8 and top it up to 50 ml 

with nitrogen sparged water. Fill 1ml to each formulation vial and lyophilize for 48h. Store at -

80 ℃. To label with radioactive 99m Tc, remove the formulation vial from -80 ℃, place it in a 

suitable shielding container and equilibrate it to room temperature. Using a shield syringe, inject 

1 ml (15 mCi) sodium pertechnetate 99mTc. Swirl the vial gently to completely dissolve the powder. 

Allow the vial to stand at RT for 15-20 min and use it within 6 h.  

2.2.8 Measurement of Internalized and Membrane-Bound FITC-99mTc after Various Periods of 

Continuous Incubation   

FITC-99mTc were synthesized and chelated with technetium similar to FA-99mTc. To quantitate 

the amount of cell surface and internalized FITC-99mTc mediated by the FITC-FR fusion receptor, 

FITC-FR expressing HEK293 cells were plated in 24-well plates at approximately 30% 

confluence and allowed to grow for 2 days before the experiment. A certain concentration of 
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FITC-99mTc was added to the cultured cells and the cells were incubated for the times indicated 

in the figures at either 4 or 37 ℃. After incubation, the cells were then washed with PBS and lysed 

in 0.5 ml of 10% SDS solution. The radiation levels of each sample were then determined with a 

gamma counter.    

2.2.9 Characterization of FITC-FR and FKBP-FR Fusion Receptor Molecular Weights by 

Western Blotting  

FITC-FR or FKBP-FR expression HEK293 cells and KB cells were lysed and centrifuged at 

16,000 x g for 10 min at 4 ℃ to remove cell debris. Clear cell lysates were resolved by 

electrophoresis on 4-20% SDS-PAGE gels and electrophoretically transferred to nitrocellulose 

filters. The blots were probed with an anti-FRα or anti-actin antibody (1:200 dilution) followed 

by a horseradish peroxidase conjugated secondary antibody and visualized using an enhanced 

chemiluminescence method.   

2.2.10 FITC-/FK506-Cytotoxic Payload Mediated Killing of Fusion Receptor Positive Cells  

For in vitro cell viability assays, CellTiter-GloTM (Promega, #G7570) was used. FITC-FR or 

FKBP-FR T cells were incubated with different concentrations (0.1 to 100 nM) of FITC-/FK506 

cytotoxic payloads in the absence or presence of competition ligands for 2 h.  The cells were then 

washed twice and supplemented with fresh medium. The cells were cultured for another 72 h. At 

the endpoint, CellTiter-GloTM reagent was added to each well at a 1:1 vol/vol ratio and 

luminescent readings were obtained using a plate reader according to the manufacturer’s protocol.   

2.2.11 Inhibition of Human T Cell Lysis via Private Passageway Delivery of an 

Immunosuppressant/Kinase Inhibitor Payload  

anti-CD19 FITC-FR or FKBP-FR CAR T cells were co-cultured with CD19 expressing Raji cells 

at an Effector : Target ratio = 5 : 1 in 96-well plates. FITC-FK506 or FK506-FK506 were added 

to the anti-CD19 FITC-FR or anti-CD19 FKBP-FR CAR T cells at different concentrations for 2 

h, in the absence or presence of competition ligands. The cells were washed and supplemented 
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with fresh medium and continue cultured for 12 h. At the end of the incubation period, the plates 

were centrifuged at 350 x g for 10 min and supernatants were analyzed for lactate dehydrogenase 

release (LDH). For this analysis, CytoONETM (Promega) and interferon γ (INFγ) levels using 

human INFγ ELISA kit (BioLegend) were used, according to the manufacture’s protocol. Other 

potential payloads were screened using the same procedure.   

2.2.12 Evaluation of FITC-DM4 and FITC-FK506 on FITC-FR CAR T Cell in Raji Tumor Model  

Immunodeficient NSG mice (Jackson Laboratory) were implanted intravenously with 2 x 106 Raji 

cells. 7 days after the tumor injection, the mice were injected intravenously with 107 FITC-FR 

anti-CD19 CAR T cells. Body weight was monitored. FITC-DM4 or FITC-FK506 was dosed 7 

days after the CAR T cells injection. Cell staining and serum preparation from peripheral blood: 

mice were put under anesthesia using an isoflurane machine with level 4 flow rate for just 1 min. 

Blood was drawn quickly by submandibular puncture and collected using an EDTA coated tube. 

For staining of cell surface markers: fluorescent dye labeled antibodies were added to samples 

directly, incubated in the dark for 30 min, and then the red blood cells were lysed by adding an 

RBS lysis buffer (10x, diluted by ddH2O), RT for 10 min, then washed with a cell staining buffer. 

When fixation was need, a fix/lysis buffer could be added and incubated in the dark for 10 min, 

washed with a cell staining buffer, and continued for staining. Human CAR T cell were confirmed 

by cmyc-APC staining and tested by a flow cytometer with counting beads. For serum preparation: 

blood containing anti-coagulant EDTA was centrifuged in a swing bucket centrifuge at 1000 g for 

10 min. Serum could then be aspirated by pipettes at the top and stored at -20 ℃ for further 

analysis. To test the cytokine level, INFγ was quantified using a human INFγ ELISA kit 

(BioLegend).  
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 ELISA procedure:  96-well ELISA plates were coated by incubating each well with 100 μl of 

a 5 μg/ml capture antibody in a coating buffer (8.4 g NaHCO3, 3.56 g Na2CO3, deionized water 

added to 1.0 L, pH 9.5) at 4 ℃ overnight while covered with adhesion film. The following day, 

the plates were washed 3x with PBS-Tween (0.01 M PBS with 0.05% Tween-20 at pH 7.4) and 

blotted dry on paper towels before incubating with a freshly prepared 10% FBS for 1 h at RT. The 

FBS blocked plates were then washed 4x with PBS-Tween. 100 μl of mice serum dilution (serial 

dilution by factor of 10) were then added to each well and incubated for 2 h at RT followed by 4x 

washing. In order to detect cytokines that would have bound to the capture antibodies coated on 

the wells, the plates were incubated with detection antibody (100 μl at 1:200 dilution) for 1 h and 

then washed and followed by an HRP labeled secondary antibody (100 μl at 1:1000 dilution) for 

1 h at RT. Following another 4x wash, the plates were incubated with a freshly prepared TMB 

substrate solution. The substrate-HRP reaction was allowed to continue in the dark for 30min at 

room temperature and subsequently, was stopped by the addition of a 100 μl stop solution (2N 

HCl). The plate was then read at 450 nm (O.D.) using a 96-well plate reader. Each serum sample 

was run in triplicate.   
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2.3 Results  

2.3.1 Design of Private Passageway Fusion Receptors  

    In order to develop a “private passageway” that would allow the delivery of any drug into an 

engineered therapeutic cell, we hypothesized that the engineered receptor should exhibit the 

following properties: it should 1) traffic to the cell surface of the desired therapeutic cell, 2) contain 

a high affinity binding site for a ligand not recognized by any other cell in the body, 3) endocytose 

constitutively into the therapeutic cell, 4) recycle rapidly back to the cell surface for additional 

rounds of endocytosis, 5) be comprised of totally human components, and 6) exhibit good stability 

in vivo. With such an engineered receptor present in the therapeutic cell, any desired drug should 

be deliverable into that cell by linking the drug via a cleavable spacer to the ligand that recognizes 

the engineered fusion receptor.     

  In the studies below, two engineered “private passageway” receptors are described that employ 

either a human anti-fluorescein scFv (FITC) or a human FK506 binding protein 12 (FKBP12) as 

the high affinity ligand binding domain (Fig. 2-1). Although many other binding domains could 

have been selected, the above two were chosen because of their stabilities and high affinities for 

their specific ligands (i.e. 50 fM3 and 0.2 nM4, respectively).  

 As mentioned in Chapter 1, the FKBP12/FK506 pair has been used extensively for artificially 

designed chemically induced dimerization and degradation systems. The peptidyl-proline 

isomerase (PPIases) family consists of FK506-binding protein (FKBP), cyclophilins and parvulins. 

In humans, there are 18 FKBPs, 24 cyclophilins and 3 parvulins5. Among these, FKBP51 and 

FKBP52 share high to moderate binding affinity of FK506, Kd
FK506 ≈ 104 nM and Kd

FK506 ≈ 23 

nM, respectively, compared to FKBP12 (Kd
FK506 ≈ 0.2 nM)3. Additionally, none of these two 

FKBPs are expressed on the cell membrane, resulting in little cross binding activity in the system. 

The cocrystal structure of FK506 with FKBP (PDB: 1FKF) was solved in 1991 by Stuart Schreiber, 
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et al6, while the ternary structure of FK506, FKBP and calcineurin (PDB: 1FKJ), which is the 

biologically functional complex, was first described by Manuel Navia, et al.7 4 years later. Thanks 

to the information provided by the co-crystal structure, efforts have been made to design synthetic 

ligands that have a higher affinity to FKBP12F36V than FKBPWT8, as well as to FKBP51F67V 9, 

which preserve the overall structure of the wild type proteins. The ternary structure also indicated 

that derivatization of FK506 from the double bond will abolish its binding to calcineurin and 

therefore deplete its biological function, as confirmed by Schreiber SL et al.6 using an olefin 

metathesis reaction. Therefore, we choose FKBP12 as the binding domain and the olefin 

metathesis derivatized FK506 as the corresponding targeting ligand for our secret passageway 

fusion receptor. To confirm the generality of the secret passageway system, another binding 

protein, scFv for FITC, was tested. The scFv for FITC clone 4M5.3 was evolved from 4-4-20 to 

a femtomolar affinity and humanized to reduce potency for immunogenicity4. For the targeting 

ligand FITC, safety concerns about it being an immunogenic hapten were dismissed by the fact 

that small molecule haptens by themselves, such as FITC, dinitrophenol (DNP) or trinitrophenol 

(TNP) were not able to elicit immune reactions, unless being conjugated to immunogenic proteins, 

such as Keyhole limpet hemocyanin (KLH) and Ovalbumin (OVA)10. We have also thoroughly 

studied the pharmacological properties of a small molecule drug FITC-FA in a clinical setting and 

observed no immune reactions against FITC during treatment11-12. The co-crystal structure of 

4M5.3 with FITC (PDB: 1X9Q) provided information on the derivatization site for the FITC 

molecule to link with potential payloads4.  

 To assure that each ligand binding domain would endocytose constitutively into its engineered 

therapeutic cell type, each ligand binding, FKBP12 or scFv for FITC domain, was tethered via a 

flexible peptide linker to the glycosylphosphatidylinositol-anchored domain of a human folate 
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receptor alpha (FRα). Because this domain constitutively enters cells by receptor mediated 

endocytosis and then rapidly recycles back to the cell surface13-14, it satisfied both the 

internalization and recycling requirements mentioned above. Endocytosis is a complicated 

biological process that takes on several forms. Almost all surface receptors show endocytosis to 

some extent, but the fast internalization rate of FRα (at the magnitude of 6-12 h) is superior than 

most of the transmembrane proteins and common for the Glycosylphosphatidylinositol (GPI) 

anchored protein family15. The Low lab has confirmed the internalization rate of both FRα and 

FRβ using sensitive radioisotope-based imaging agents and found that the FRβ that are expressed 

mainly on myeloid cells can recycle even faster than FRα16. Even more interesting, the rate of 

FRα recycling does not depend on the folate acid concentration and binding13, which makes it the 

ideal candidate for the secret passageway fusion receptor design.  

  Although grafting of signal peptides to proteins to create transmembrane proteins is widely 

used in protein engineering, such as the signal peptide of CD8 or GM-CSF at the NH2-terminus 

of CAR, no previous report on the use of signal peptides to make de novo GPI anchored proteins 

has been seen. Most GPI-anchored proteins, including FRα, have a cleaved N-terminal signal that 

targets them to the Sec61 translocon in the ER17. Meantime, the C-terminal of the GPI anchor is 

also processed in the endoplasmic reticulum (ER) by a transamidation reaction in which the GPI 

attachment signal is cleaved off concomitantly with addition of the GPI moiety18-19. However, the 

C-terminal signals are poorly conserved and characterized as a polar segment that includes the 

GPI attachment site followed by a hydrophobic segment end. Therefore, to promote proper 

trafficking of the de novo synthesized fusion receptor containing FKBP12 or scFv for FITC to the 

cell surface as a GPI anchored protein, the N-terminal signal peptide from FRα was attached to 
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the NH2-terminus of the fusion receptor, leaving the C-terminal signal peptide unchanged (Fig. 2-

1 B).  

2.3.2 Generation and Characterization of Fusion Receptors   

2.3.2.1 Stable Surface Expression of Fusion Receptors in Multiple Cell Lines  

     To determine whether the above private passageways would exhibit their intended properties, 

we expressed the fusion constructs in different cell lines and performed assays to evaluate their 

properties. First, the level of expression of both glycosylphosphatidylinositol-anchored fusion 

proteins was assayed in Jurkat T cells by incubation of the transfected cells with fluorescent dye 

conjugates of their respective cognate ligands and measurement of the increase in cell bound 

fluorescence by flow cytometry.  As shown in Fig. 2-2 A, incubation of the FKBP-FR expressing 

Jurkat cells with FK506-Rhodamine caused a shift of nearly two orders of magnitude in the mean 

fluorescence intensity of the transfected cells.  That this cell-associated fluorescence was mediated 

by the GPI-anchored FKBP-FR could be readily demonstrated by treating the cells with a 

GPIdirected phospholipase C (PI-PLC)20 which showed that the aforementioned shift in 

fluorescence was abrogated (Fig. 2-2 A).  Importantly, as seen in the adjacent panel of Fig. 2-2 A, 

an analogous outcome was also obtained when the FITC-FR cells were similarly incubated with 

FITC-AlexaFluor 647.     

  To explore the structural interference between two moieties within the fusion receptor, two 

flexible linkers of different length, (G4S1) (abbreviated as FF1) or (G4S1)3 (abbreviated as FF3) 

were tested. Interestingly, for FKBP-FR, a strong inhibition of FK506 binding with the presence 

of Folic acid (FA) occurred (starting from 0.1nM, see Fig. 2-3 A) for the shorter linker FF1 

(around 15 Å), while methotrexate (MTX), a folate acid analog with much lowered affinity to 

FRα has no effect. Increasing linker length FF3 (around 45 Å) abolished the interference (Fig. 2-

3 B). No interferences were observed between scFv for FITC clone 4M5.3 and FRα with a (G4S1)3 
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linker in between in FITC-FR fusion receptor (data not shown). Since the crystal structures of 

both moieties, FRα21 and FKBP12, were solved, it will be interesting to learn how the binding of 

FA blocks the binding pocket of FK506 in the FKBP-FR fusion receptor with a shorter linker.  

  In situations where the co-expression of a second engineered protein was desired (e.g. a 

chimeric antigen receptor, (CAR)), the gene for the private passageway was ligated via an 

oligonucleotide encoding of the T2A self-cleaving peptide22. The expression level of inserts has 

been reported to correlate with their relative position to T2A and the distance away from 

promoters23. Seeking for the optimal expression level of both the fusion receptors and CAR, two 

constructs were made with fusion receptors positioned either before or after the T2A sequence 

(Fig. 2-4 A). Interestingly, the position of the fusion receptor before T2A resulted in the failure of 

the surface translocation of the whole fusion receptor tested by targeting ligand-dye molecule 

staining (Fig. 2-4 B). One of the possible reasons for this, as indicated by computational 

predication, is that the 20 amino acids (GSGEGRGSLLTCGDVEENPG) left to the C-terminal of 

the fusion receptor by the T2A signal after cleavage may have broken the hydrophobic pattern of 

the C-terminal of GPI attachment signal and interfered with the transamidation reaction 

(prediction by GPI-SOM: http://gpi.unibe.ch/). Indeed, the other design which has the fusion 

receptor located behind T2A showed robust expression and surface localization of both the fusion 

receptor and the CAR. This result indicates that the residual of the T2A sequence has minimal 

effect on the translocation of the type I transmembrane protein, and the effect of the single amino 

acid Pro left at the N-terminal of GPI anchoring protein can also be dismissed. The final construct 

of each secret passageway fusion receptor together with the anti-CD19 CAR is shown in Fig 2-4.   

 Since the abundance of receptors that present on the surface directly correlates with the potency 

of receptor mediated drug delivery, several combinations of lentivirus vectors and promoters were 

tested for proper and efficient expression of the whole insert (CAR-T2A-fusion receptor) in 
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human T cells using lentivirus. In general, HIV derived lentivirus has a packaging limit of around 

9.2kb24 and for optimal chemical transfection efficiency, the total size of a plasmid should be 

smaller than 13kb25 The choice of promoters also significantly affects the final expression level 

of insert in primary human cells, including T cells. Therefore, two vectors pWPI26, pHR27 and two 

promoters EF1α, PGK that are frequently used in other reported T cell transduction studies were 

tested. Since no significant difference for promoters between EF1α and PGK at the insert 

expression level, and the PGK (505 bp) is shorter than EF1α (1179 bp), the PGK promoter was 

selected. Newly developed promoters, such as PKG100 (truncated PKG, around 100bp)28, which 

were designed to have moderate insert expression level with an even shorter sequence to work 

with the increasing size of the insert for virus transduction in T cells could be tested in future 

research. In summary, the entire CAR-T2A-fusion receptor construct mentioned above was placed 

under the control of the PGK promoter of a pHR lentiviral vector, as shown in Fig. 2-4.   

  Next, to quantitate the level of private passageway expression in the transfected Jurkat cells, 

the fusion receptor which also contained a functional binding site for folic acid, i.e. allowed the 

number of FKBP-FR and FITC-FR to be quantitated by measuring the binding of folate-99mTc to 

the transfected Jurkat cells. As shown in Fig. 2-2 B, the FKBP-FR transfected cells bound ~48% 

as much folate-targeted radio imaging agent as the FR-expressing KB cells, while the FITC-FR 

transfected cells bound ~60% as much as the KB cells. Assuming that the KB cells express ~3 

million folate receptors/cell29, the above data suggests that the transfected Jurkat T cells express 

between 1.4 and 1.8 million private passageway fusion receptors/cells.   

  Immunoblots of the transfected cells using an anti-FRα antibody further demonstrated that the 

expressed fusion receptors had the anticipated molecular weights of 50 and 60 kDa for FKBP-FR 

and FITC-FR, respectively (Fig. 2-2 C). Antibodies against FKBP12 were also tested for Western 
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Blotting but gave no signal (data not shown). One possible reason for this result could be the 

epitope of FKBP12 that recognized by this specific anti-FKBP12 antibody clone was structurally 

blocked by the FRα.  

2.3.2.2 Binding Affinities of Folic Acid, Fluorescein and FK506 For Their Corresponding 

Binding Domains of the Fusion Receptors  

 The affinity of each private passageway receptor for its cognate ligand was then determined by 

quantitating the FA-Rhodamine, FK506-Rhodamine or FITC-AlexaFluor 647 binding to the 

FKBP-FR, FITC-FR transfected Jurkat cell lines. As shown in Fig. 2-5 A, three fluorescent 

conjugates bound to their targeted Jurkat cell populations with Kd values of 1nM, 4 nM and 8 nM, 

respectively. Based on prior experience with other ligand-targeted drug conjugates30, these 

affinities are ideal for ligand-targeted drug delivery applications in vivo.   

  The sustained binding of FK506-Rhodamine to FKBP-FR positive cells that were spiked into 

anti-clogged whole human blood implies that the peptide linkage between FKBP-FR is resistant 

to common enzymes residing in the blood and the binding is not affected by macromolecules, 

such as albumins, in the circulation (Fig. 2-6).  

  Due to the chemical complexity of FK506, a FK506 analog, SLF, is being explored for 

substitution as a targeting ligand for the FKBP-FR fusion receptor. SLF is widely used for FKBP 

binding and has a Kd of 10 nM31, around 10 times lower than FK506. However, the binding 

affinity of SLF-FITC to the FKBP-FR fusion receptor is relatively low, around 62 nM (Fig. 2-7). 

Therefore, the FK506 analog SLF has not been pursued further as a targeting ligand for the FKBP-

FR fusion receptor in this study.   
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2.3.2.3 Internalization of Fusion Receptors    

 To document the generality of private passageway expression, HEK293 cells were transfected 

with the same FKBP-FR or FITC-FR lentiviral vectors and the internalization of the same 

fluorescent conjugates was examined by confocal microscopy. As shown in Fig. 2-8 A, all of the 

fluorescence remained on the cell surface at 4 ℃ where endocytosis was known to be inhibited32, 

whereas many fluorescent puncta were seen within each cell’s cytoplasm at 37℃ where 

endocytosis was permitted. These data demonstrate that the FKBP-FR fusion receptor can 

internalize its fluorescent cargo by receptor-mediated endocytosis at 37℃. Since similar results 

were obtained when FITC-FR transfected HEK293 cells were incubated with FITC-AlexaFluor 

647. The conclusion was made that both private passageway receptors internalized their bound 

cargoes at 37 ℃, regardless of the structures of the attached drugs. Internalization has also been 

tested by sequential FITC-biotin, and Streptavidin-PE staining. FITC-FR cells were first stained 

with a saturation level of FITC-biotin and washed, followed by Streptavidin-PE staining at 

different time points (Fig. 2-8 B). Internalized fusion receptor/FITC-biotin complex will reside 

intracellularly and be hidden from the next step Strep-PE staining. As shown in Fig 2-8 C, FRα in 

KB cells (positive control) showed periodical recycling of the FRα/FA-biotin complex with a 

turnover time of around 1 h. The lowest intensity occured approximately 30 min after the FA-

biotin incubation and was at a similar intensity as the nonstaining and Strep-PE only. This result 

implied that almost all receptors previously bound by FA were internalized at around 30 min and 

then came back to the cell surface at around 1 h. Similarly, FITC-FR positive cells that fixed 30 

min after FITC-biotin incubation showed the lowest intensity of a PE signal, indicating that the 

recycling rate of the FITC-FR fusion receptor is around 1 h, similar to the FRα in KB cells.  
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Next, to quantitate the internalization of the ligand-drug conjugates at 37 ℃, we attempted 

to link each ligand to a 99mTc-chelating agent with the anticipation that it might be possible to 

measure the uptake of the conjugates as a function of time by gamma counting. Unfortunately, 

conjugation of the 99mTc radio-chelating agent to FK506 interfered with 99mTc chelation, forcing 

the focus of the study on FITC-99mTc-chelate conjugate binding and internalization. As shown in 

Fig 2-9, the binding of FITC-99mTc in FITC-FR HEK293 cells under both 4 and 37 ℃ saturated 

below a 50nM concentration, while the final radioactivity level was higher for the cells at 37 ℃ 

due to a continuous delivery and accumulation of FITC-99mTc inside the cells through receptor 

internalization. When incubated with a saturating concentration of FITC-99mTc and monitored 

radioactivity at different time points, FITC-FR positive cells were saturated within one hour at 

4 ℃, after which point the uptake leveled off due to an absence of receptor internalization.  In 

contrast, uptake of the radio-imaging agent by the same cells continued almost linearly along 6 h 

of incubation due to constitutive recycling of the fusion receptor at 37 ℃ (Fig 2-9 C).  

2.3.3 Inhibition of Cytokine Release Syndrome through Private Passageway Fusion Receptor 

Mediated Delivery of a Cytotoxic Drug Payload  
   With the ability to use the private passageway to deliver various imaging agents to differently 

transfected cell lines now established, the question arose whether functional quantities of a 

therapeutic drug might be delivered by the same fusion receptor.  Because a major need of some 

CAR T cell therapies has been an ability to terminate CAR T cell activity when they become life 

threatening, to the next question was to determine whether a transfected therapeutic T cell could 

be killed by the administration of a cytotoxic payload via the private passageway. As shown in 

Fig. 2-10, treatment of the FITC-FR containing human T cells with an FITC-linked maytansine 

(i.e. DM1 and DM4 are microtubule inhibitors commonly used in cytotoxic antibody-drug 

conjugates33) via a disulfide linker resulted in potent killing of the T cells with an IC50 of 4.2 nM. 
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Similar but less potent results were obtained when an FK506-tethered DM1 conjugate was 

incubated with FKBP-FR. FA linked Tubulysin, another potent microtubule-targeted cytotoxic 

drug, can also introduce potent and specific killing of FKBP-FR positive T cells by docking with 

the FRα domain of the fusion receptor, with an IC50 of 17.48 nM. Taken together, these data 

suggest that the suppression of an overactivated T cell response can be mitigated by the targeted 

killing of the over-activated T cells with a private passageway targeted cytotoxic drug.   

2.3.4 Inhibition of Cytokine Release Syndrome through Private Passageway Fusion Receptor 

Mediated Delivery of Either an Immunosuppressant or Kinase Inhibitor Payload   

2.3.4.1 Screening for Potential Small Molecule Inhibitors of CAR T Cell Activity  

  Because elimination of the therapeutic CAR T cells will terminate the therapy, it seemed 

prudent to explore whether a more tunable response might be developed where the activity of the 

CAR T cells would be reduced as needed, but the CAR T cells would not be killed. Since the 

signaling pathways for CAR and TCR greatly overlap, several commercially available small 

molecule drugs that are potentially functional in T cell activity were screened in the tumor/CAR 

T cell co-culture system, and the lysis effect and INFγ level were measured. The ease of chemical 

modification for the potential payloads should also be considered if similar targets and/or effects 

present themselves. Detailed function and chemical structure of screened molecules are described 

below.  

• Dasatinib  

Dasatinib is an oral broad-spectrum kinase inhibitor of the Abl and Src family, including Lck, 

which is a central player for downstream TCR signaling. It has been shown to sensitize T cell to 

inhibition by cyclosporine A or rapamycin when used in combination34. During the preparation 

of this manuscript, the Crystal Mackall group reported on the inhibition effect of Dasatinib on 

anti-CD19 CAR T cell35. In this report, both the CD28 and 4-1BB co-stimulatory domain CARs 
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were tested, with more discernable effects in the CAR containing CD28. Standard dosing of 

dasatinib at 100 mg/day in clinic results in maximum serum concentration of 168 nM in patients36, 

which is higher than the IC50 of around 10 nM tested in their co-culture system.   

• PI3K or Akt inhibtor  

PI3K/Akt/mTOR pathway regulates cell growth, migration, survival, and many other important 

cell functions. mTOR is the downstream of PI3K and Akt and blocks of mTOR by rapamycin is 

a potent inhibitor as T cell activity, partially by inducing the differentiation of CD4 into Treg37-39. 

In contrast, pharmacological inhibition of PI3K in macrophages and dendritic cells has been 

shown to increase production of proinflammatory cytokines, including IL6, IL12, IL1β and 

TNFα40. Recently, several research groups have been trying to add PI3K inhibitors to the culture 

medium during the production of CAR T cells, helping to keep CAR T cells at a more memory 

status and makes them less sensitive to exhaustion before injection (personal communication). 

This result may relate to the role of the PI3K axis in the induction of anergy in T cells.   

• Ibrutinib    

Ibrutinib is the first-in-class irreversible kinase inhibitor for Bruton tyrosine kinase (BTK) in B 

cells, and cross reacts with IL-2 inducible T cell kinase (ITK) in immunosuppressive T helper 

CD4 T cells, therefore improves the antitumor effect of T cells41. Marcela V. Maus, et al.42 

confirmed that the Ibrutinib treatment of CLL not only improves the engraftment but also the 

therapeutic efficacy of anti-CD19 CAR T cells. Interestingly, although the inhibition of ITK by 

Ibrutinib is irreversible, a pulse dose of ibrutinib did not alter T cell proliferation or cytotoxicity, 

even at concentrations higher than those used in clinics.  

• Trametinib  
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MAPK kinase (MEK) is an important player in TCR signaling, therefore, inhibition of MEK 

should result in decreased CAR T/T cell activity. However, previous research showed that 

inhibition of MEK by Trametinib, a kinase inhibitor for MEK1/2, protected tumor-infiltrating 

CD8 T cells from chronic TCR stimulation induced T cell death43.   

• Jak inhibitor  

Many cytokines exert their biological functions through Janus kinase (JAK)-Signal Transducers 

and Activator of Transcription (STAT) pathway in many immune cells, including macrophages, 

T cells, and NK cells. Inhibitors of JAK, such as Baricitinib, Tofacitinib, and ruxolitinib, have 

been tested extensively in the treatment of autoimmune diseases, including RA, SLE, Psoriasis, 

and IBD44, to lower the effect of inflammatory cytokines. Therefore, inhibition of JAK may lower 

the activity of CAR T cells as well.   

  The aforementioned small molecules were then added to the co-culture system of anti- 

FITC CAR T cells and FRα positive target cells in the presence of an FA-FITC adaptor (Fig. 2-

11). As expected, Dasatinib, ITK and Cyclosporin A were all able to down regulate the lysis effect 

of CAR T cells, while AKT and PI3K appeared to be less effective, consistent with the literature. 

JAK inhibitors were also less effective; this may be due to the less abundant cytokine levels in the 

in vitro culture system. Interestingly, MEK1/2 kinase inhibitors showed significant reduction of 

T cell activity at 10 nM, around 35% lysis effect compare to the untreated group. The detailed 

mechanism of Trametinib in CAR T cells needs further study.  

2.3.4.2 FK506 as a Proof-of-Concept Immunosuppressant Payload  

  Next, as a proof-of-concept, two of the private passageways were exploited for delivery of 

FK506, a potent noncytotoxic immunosuppressant of T cells45. Thus, as shown in Fig. 5A, 

delivery of FK506 to FITC-FR expressing CAR T cells was achieved by using a conjugate of 
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FITC linked to FK506 (upper structure), whereas delivery to FKBP-FR expressing CAR T cells 

was attained by employing FK506 linked to FK506 (lower structure).  Regardless of the private 

passageway used, both methods allowed for gradual suppression of CAR T cell activity with 

increasing doses of targeted drug conjugate (Fig. 2-12), as evidenced by both the decline in CAR 

T cell mediated lysis of CD19+ Raji cells in culture and the decrease in CAR T cell release of 

interferon gamma (INFγ).   

2.3.4.3 Systemic Control of CAR T Cell Number and/or Activity Using Private Passageway 

Fusion Receptor 

  Next, to assess the ability of FITC-DM4 and FITC-FK506 for lowering the CAR T cell number 

and/or the cytokine levels in vivo, NSG mice were systemically inoculated with CD19 expressing 

Raji cells followed by an anti-CD19 FITC-FR CAR T cell treatment, in order to mimic the 

Cytokine Release Syndrome (CRS) in acute myeloid leukemia (AML) patients treated in clinics 

with CAR T cell therapy. Although no severe drop in body weight of the mice was observed, the 

CAR T cell number as well as the INFγ level from the peripheral blood were elevated significantly 

upon CAR T cell treatment (Fig. 2-13). The treatment of FITC-DM4 (one dose) dramatically 

lowered the CAR T cell number and INFγ as expected, in a dose dependent manner, and rescued 

the mice from overactivated CAR T cells over the course of 10 days after the dose of FITC-DM4 

(Fig. 2-13 B). On the other hand, treatment of FITC-FK506 functioned more like a temporal 

suppressant rather than a termination of CAR T cell activity with a drop of the INFγ level that 

appeared around 2 h after dosing, but then gradually returned to normal in 24 h (Fig. 2-13 E).  
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2.4 Discussion  

  Despite the striking results from clinical trials using T cell based adoptive cell therapy (ACT), 

concerns about its safety still remain. Cytokine Release Syndrome (CRS), a common side effect 

in ACT for hematological malignancies, causes a large amount of cytokines to be produced and 

released, including factor-alpha (TNF-α), interleukin-6 (IL-6), interferon-γ (IFN-γ), etc. Clinical 

manifestations of CRS include fever, tachycardia, hypotension, and hypoxia, which can be fatal46. 

Moreover, Ruella Macro, et al. recently reported a “CAR B” cell case where the unintended 

incorporation of the CAR construct into a single leukemic B cell during CAR T cell manufacturing 

caused the masking of the antigen epitope, resulting in the relapse and final death of the patient47.  

In response to these fatal side effects of current CAR T cell therapy that mainly derive from 

overactivation and loss-of-control of the adoptive cells, many laboratories have designed suicide 

gene or ON/OFF switches as a safety switch to be incorporated into the classical CAR constructs. 

First, to kill the CAR T cells in case of carcinogenesis, a new suicide gene called inducible caspase 

9 (iCas9)48 was developed for better biocompatibility in humans compared to the classical herpes 

simplex virus thymidine kinase (HSV-tk) which is derived from a virus and may potentially cause 

immunological reactions177. The iCas9 is composed of the pro-apoptotic human caspase 9 protein 

and the human FK506 binding protein (FKBP). Treatment with the FK506 dimmer, AP1903, 

induces the dimerization of iCas9 and therefore initiates the intrinsic apoptotic pathway. Another 

method to eliminate CAR T cells is to express certain markers that can be recognized by clinically 

approved antibodies, such as a truncated epidermal growth factor receptor (EGFRt)/cetuximab49 

and CD20 mimotopes/rituximab50. CAR T cells can be killed similar to tumor cells that 

overexpress these markers through antibody dependent cell cytotoxicity (ADCC) and/or 

complement dependent cytotoxicity (CDC) mediated by specific antibodies. Secondly, many 
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types of small molecule gated ON/OFF switches have been developed. These approaches use 

small molecules/bispecific protein adaptors to work either as a dimmer inducer to bring together 

the split activation domains of the CAR construct51 or as a bridge to control the formation of the 

immunological synapses between the tumor cell and the CAR T cell52-54.   

  While each of the above suicide gene and ON/OFF switch strategies has its unique application, 

the use of the private passageway fusion receptor developed in this study may have advantages 

over these approaches. First, instead of modifying the CAR construct with new modules, which 

may require expression optimization and an immunogenicity test for each different construct, our 

fusion receptor is expressed independent of the CAR construct, making it possible to be 

incorporated easily into any CAR T cell design. Secondly, although many current engineering 

designs can either terminate or control the activity of the CAR T cell, the fusion receptor 

developed here is truly versatile and capable of exerting different functions. It uses the same cell 

design by chemically changing the payloads of the targeting ligand-payload conjugates. Thirdly, 

given the well-established list of immunosuppressant drugs used in clinics55, targeted delivery of 

these drugs to the CAR T cell will increase the local drug concentration around the tumor tissue, 

thereby lowering the dose that is required and diminish the side effects in other immunological 

sites. It may also be possible to improve the pharmacokinetics of the parental drugs by modifying 

the structure of the linker and targeting ligands56. Finally, the advantages of small molecule drug 

conjugates over antibody drug conjugates (ADC) that may be used for the control of CAR T cells 

are also important. Low molecular weight ligand-payload conjugates such as FITC-DM1 

(Mr~1200) have better penetration in solid tumors in human cancer patients, while antibody-drug 

conjugates have revealed significant areas of tumors that remain devoid of antibodies. In addition, 

a small molecule drug conjugate clears rapidly from receptor negative tissue, in this case, fusion 
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receptor negative cells, with half-lives around 90 min57, while the half-lives of antibody-drug 

conjugates are on the order of days58, resulting in a higher possibility for pre-mature release of the 

payload drug.  Given the versatile nature of the fusion receptor platform proposed in this study, 

there are several potential applications of it that warrant further exploration (detailed in chapter 

3.3). First, although an overactivation of CAR T cells is the major side effect in hematopoietic 

cancer treatment, the exhaustion of CAR T cells caused by continuous exposure to antigens and 

tumor suppressive microenvironments still stands as the biggest obstacle in solid tumor 

treatment59-61. To reprogram and rejuvenate these exhausted CAR T cells, certain immune-

agonists and modulators can be specifically delivered through our fusion receptor system. Several 

potential payloads include TGFβ inhibitors62-63, SHP1/2 inhibitors64, DGK inhibitors65-67, and 

GSK3b inhibitors, etc Secondly, encouraged by the success of the targeted delivery of microRNA 

to Folate Receptor alpha (FRα) positive cancer cells by FA-microRNA conjugates developed by 

the lab conducting the current study68, it is envisioned that functional microRNAs may also be 

delivered to fusion receptor positive CAR T cells by linking them to the corresponding targeting 

ligands, such as FITC and FK506. The broad spectrum of possible payload types, including small 

molecule, peptides and mRNA, will greatly expand the list of potential signaling pathways and 

target proteins that can be targeted to modulate CAR T activity69. Thirdly, in addition to be used 

as a platform for drug delivery, the fusion receptor developed in this study can be readily used as 

a tag for positive T cell selection during the manufacture process of CAR T cells as well as in 

vivo noninvasive CAR T cell tracking, which is of great interest in clinics70. Finally, as mentioned 

in the introduction, no obvious reasons would prevent the receptor platform presented here from 

being applied in other adoptive cell therapies, such as stem cell-based therapies. Thus, this 

platform will not only provide a safety switch, but also exist as a doorway for the delivery of 

instructions for directed differentiation of implanted stem cells71.  
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 Although the current design of our fusion receptor is functional, there are optimizations and 

characterizations of each module that can be explored in the near future. First, several candidate 

substitutions can be tested for each moiety in the fusion receptor, e.g. anti-DNP scFv and DNP72 

for the ligand binding domain and targeting ligand, other membrane bound proteins, either GPI 

anchored or transmembrane proteins for the anchor domain; and the type and length of peptide 

linkers between the two domains. Secondly, although we selected human proteins or humanized 

scFv for composition of the fusion receptors, there is still a possibility that the whole protein could 

be immunogenetic. Therefore, detailed MHC prediction and antigen presentation tests need to be 

done for the fusion receptor design before it is utilized in human patients.  

 With the recent advances in methods for CRISPR based universal CAR T cells, the standard 

production of “off-the-shelf” CAR T seems increasingly achievable73. Thus, it will be ideal to 

have private passageway fusion receptors to be incorporated into the design of these universal 

CAR T cells as a doorway for any instructions that may be needed after they are infused into 

patients.  
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Figure 2-1 Design of FKBP-FR and FITC-FR fusion receptors and corresponding targeting ligands. 

(A) Diagram to show the working mechanism of the private passageway fusion receptor in CAR 

T cell therapy. (B) Schematic of FKBP-FR and FITC-FR fusion receptors construct designs, from 

N to C terminal. (C) Chemical structure of FK506 or FITC linked conjugates showing the 

derivatization sites. Abbreviation: sp: signal peptide, here refers to human folate receptor alpha 

(FRα) signal peptide; scFv: short chain variable fragment; G4S: GGGGS; FITC: fluorescein 
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Figure 2-2 Stable expression and localization of FKBP-FR and FITC-FR fusion receptor to the 

cell surface.  

(A) Left, 10 nM FK506-Rhodamine binds to the FKBP-FR fusion receptor and result in a 

fluorescent shift (red line) compare to non-staining control sample (grey shaded), while 

Phosphoinositide Phospholipase C (PI-PLC) treatment (blue line) abolished this binding. Right, 

similar results with FITC-AlexFluor 647. (B) The relative expression level of fusion receptors on 

Jurkat cells compare to FRα on KB cells (dark: FRα in KB cell, grey: FKBP-FR in Jurkat, patterned: 

FITC-FR in Jurkat). Bar graphs represent mean ± s.d. n = 3. Data shown are the represent data 

from two independent experiments. (C) Western blot of FKBP-FR and FITC-FR detected by FRα 

antibody. 
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Figure 2-3 Structural interference between FR and FKBP in FKBP-FR fusion receptor. 

(A) Inhibition of FK506-Rhodamine binding to FKBP by different concentration of Folic Acid 

(FA) in FKBP-(G4S)1-FR fusion receptor (left) while no effect is observed when Methotrexate 

(MTX) is used (middle). Inhibition percentage by FA and MTX quantified by Mean Fluorescent 

Intensity (MFI) shift (right). (B) the inhibition of FK506-Rhodamine binding to FKBP by FA is 

abolished in FKBP-(G4S)3-FR. 
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Figure 2-4 Optimization of co-expression of fusion receptor and anti-CD19 CAR using a T2A self-

cleavage linker in between. 

(A) Design of two versions of FKBP-FR-T2A-anti-CD19 CAR construct. Top, FRα (blue colored) 

with N terminal signal peptide (dot line) and C terminal signal peptide (solid line) of GPI anchor 

protein underlined. The potential GPI anchoring site Ser is in bold and Italic. Middle, version 1: 

FKBP-FR fusion receptor (blue colored) is positioned before T2A (red colored), followed by anti-

CD19 CAR (green colored). Cutting site of T2A peptide between Gly and Pro is indicated by the 

arrow, potential C terminal signal peptide of the new GPI anchoring protein (FKBP-FR-part of 

T2A) is underlined (solid line). Bottom, version 2: the position of FKBP-FR and anti-CD19 CAR 

is switched regard to T2A with FKBP-FR fusion receptor locates after T2A. (B) Staining of FITC-

FR co-expressed with anti-CD19 CAR in both versions by FITC-biotin + Strep-PE. Version 1 

(yellow line) does not show positive staining compare to negative control, indicates potential 

failure of GPI anchoring, while version 2 (blue line) shows clear shift. (C) Left, final construct of 

FITC-FR-T2A-anti-CD19 and FKBP-FR-T2A-anti-CD19; Right, double staining of FITC-FR by 

FITC-biotin + Strep-PE and anti-CD19 by cmyc-APC. Abbreviation: hCD8sp, signal peptide of 

human CD8; VL, variable light chain; VH, variable heavy chain; hFRsp, signal peptide of human 

FRα.  
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Figure 2-5 Private passageway fusion receptors preserve good binding affinity for the 

corresponding targeting ligands property.  

(A) Evaluation of binding affinity of FA-FITC (left) and FK506-Rhodamine (right) for FKBP-FR 

fusion receptor. (B) Double staining of FA-NIR dye (OTL38) and FK506-Rhodamine for FKBP-

FR fusion receptor. (C) Evaluation of binding affinity of FITC-AlexFluor 647 for FITC-FR fusion 

receptor (left); 
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Figure 2-6 Preservation and specificity of the binding of FK506-Rhodmaine to FKBP-FR fusion 

receptor in whole blood. 

FKBP-FR fusion receptor positive Jurkat cells (GFP positive) were spiked into whole human 

blood and incubated with 10 nM FK506-Rhodamine for 30min in the absence (left) or presence 

(right) of 100-fold competition. Insert: 90% of the FK506-Rhodamine positive population are 

GFP positive Jurkat cells. 
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Figure 2-7 Structure and binding affinity of SLF-FITC for FKBP-FR fusion receptor. 

(A) Chemical structure and MW of SLF, a FK506 analog. (B) Chemical structure and MW of 

SLF-FITC. (C) Binding affinity of SLF-FITC against FKBP-FR fusion receptor tested in a cell-

based assay. Left, a representative flow cytometry data of FKBP-FR cells labeled with 160 nM 

SLF-FITC; Right, binding curve of SLF-FITC. 
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Figure 2-8 Evaluation and Quantification of FITC-FR and FKPB-FR fusion receptors 

internalization. 

(A) Internalization of FKBP-FR or FITC-FR fusion receptors in HEK293 detected by FK506-

Rhodamine or FITC-AF647 cells, respectively, using confocal microscopy at 4 ℃ and 37 ℃. (B) 

Diagram of indirect labeling of fusion receptors (FITC-FR, FKBP-FR) by sequential incubation 

of targeting ligand-biotin (FITC-biotin, FK506-biotin) followed by Streptavidin-PE. (C) 

Representative flow cytometry data of FITC-FR internalization detected by FITC-biotin and 

Streptavidin PE. Around half of the FITC-FR fusion receptor/FITC-biotin complexes on the cell 

surface were internalized and excluded from the cell membrane after 10 min incubation, shown as 

the loss of PE signal upon Strep-PE staining. (D) Quantification of internalization rate of both 

FITC-FR and FKBP-FR fusion receptors by the percentage of population shift over PE intensity 

at 0 min. FRα on KB cells and FA-biotin conjugate are used as a positive control.  
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Figure 2-9 Quantification of FITC-FR fusion receptor internalization by FITC-99mTc. 

(A) Chemical structure of FITC-EC20 head. (B) Cell binding and accumulation of FITC-99mTc in 

FITC-FR cells. FITC-FR cells were incubated with increasing concentration of FITC-99mTc under 

4 ℃ and 37 ℃, and then radioactivity was determined by gamma counter. Both groups showed 

exponent increase of ligand binding below 50nM, radiotracer intensity of cells incubated at 4 ℃ 

become plateau after that while cells incubated at 37 ℃ continue to increase due to more 

internalization. (C) FITC-FR cells were incubated with FITC-99mTc at 50 nM under 4 ℃ and 37 ℃ 

for the times indicated, and then radioactivity was determined by gamma counter, radiotracer 

intensity increase fast for both groups within 30min, after that radiotracer intensity become plateau 

for cells at 4 ℃, while continues to increase for cells at 37 ℃ due to increased internalization. 

Graphs represent mean ± s.d. n = 3. Data shown are the represent data from two independent 

experiments. 
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Figure 2-10 Effect of FITC-cytotoxic payload on FITC-FR positive human T cells.  

(A) Chemical Structure of FA-Tubulysin, FK506-DM1 and FITC-DM4 with disulfide bond 

releasable linker. (B) human T cells were incubated with different concentrations of DM4 free 

drugs. (C-D) FKBP-FR human T cells were incubated with different concentration of FA-

Tubulysin (C) or FK506-DM1 (D). (E) FITC-FR human T cells were incubated with different 

concentrations of FITC-DM1 or FITC-DM4 in the absence or presence of 100-fold competition. 

Conjugates were incubated for 2 h, washed away and continued culture for 72 h before viability 

was measured by LDH assay. Graphs represent mean ± s.d. n = 3. Data shown are the represent 

data from two independent experiments. 
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Figure 2-11 Screening of potential payloads for inhibition of CAR T cell lysis effect. 
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Figure 2-12: Effect of targeting ligand-immunosuppressant conjugates on fusion receptor positive 

anti-CD19 CAR T cells. 

(A) Structure of FITC-PEG3-FK506 and FK506-PEG5-FK506. (B) FITC-FR or FKBP-FR anti-

CD19 CAR T cells were incubated with different concentrations of FITC-FK506 or FK506-FK506, 

respectively, in the absence or presence of 100-fold FITC-Glucosamine or FK506-linker as 

competition. Conjugates were incubated for 2 h, washed away and continued culture for 12 h 

before lysis effect and INFγ level were measured as described in Method. Bar graphs represent 

mean ± s.d. n = 3. Data shown are the represent data from two independent experiments. * denotes 

a p-value < 0.05, ** < 0.01, ns = not significant. 
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Figure 2-13 FITC-DM4 and FITC-FK506 alleviate the CRS by decreasing CAR T cell number 

and/or cytokine release level in mice bearing Raji tumor cell. 

(A) NSG mice were inoculated with 2x106 Raji cells intravenously and treated with 1x107 anti-

CD19 CAR T or anti-CD19 FITC-FR CAR T cells at days 7, FITC-DM4 (0.25 μmole/kg or 0.5 

μmole/kg) was dosed for anti-CD19 FITC-FR CAR T group at days 14. (B) Left, Body weight 

change was monitored for each group after drug dosing. Middle and right, INFγ level and CAR T 

number before (zero point) and after FITC-DM4 along treatment. (C) Similar Raji tumor model 

with FITC-FK506 dosed 2 days after CAR T injection. (D) INFγ level at 2 h and 24 h after 

treatment of FITC-FK506. n = 5 mice per group. All data represent mean ± s.e.m. Data shown are 

the represent data from two independent experiments. * denotes a p-value < 0.05, ** < 0.01, ns = 

not significant. 
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 IN VIVO LOCATIONLIZATION AND REJUVENATION 

OF CAR T CELLS USING A PRIVATE PASSAGEWAY FUSION 

RECEPTOR 

3.1 Introduction 

 Chimeric antigen receptor (CAR) T cell therapies have recently experienced substantial success 

in the treatment of several types of hematopoietic cancers. In the meantime, one should also 

recognize that some of the lymphoma and most solid tumor cases still have a very low response 

rate or a high relapse rate with CAR T cell therapies. This mainly result from one or combinations 

of the following three reasons: 1. Emergence of antigen negative cancer cell colonies under the 

selection pressure of CAR T cells, as seen in the case of CD19 negative ALL relapse treated with 

anti-CD19 CAR T cells; 2. Hindered initial homing and proliferation of CAR T cells in solid tumor 

due to the aberrant tumor vasculature, dense stromal barrier and suppressive microenvironment; 

3. Gradual exhaustion and lowered lysis effect of CAR T cells after continuous tumor antigen 

exposure. Assuming loss of antigen is not present for a given solid tumor patient (validated by 

biopsy sampling), the causes of a potential failure of a CAR T cell therapy are most likely to result 

from the latter two reasons. Therefore, to increase CAR T cells efficacy in solid tumors, practical 

methods for in vivo evaluation and rejuvenation of CAR T cells are highly desired.  

 Here we describe the novel design of a private passageway fusion receptor in CAR T cells as a 

universal platform to achieve both objectives. This FITC-FR fusion receptor is composed of two 

parts, scFv against FITC as the ligand binding domain at the N terminal and FRα as the GPI 

anchoring and internalizing domain at the C terminal. When independently expressed on CAR T 

cells, the FITC-FR fusion receptor can be specifically targeted by a FITC-radio-imaging agent for 

a noninvasive evaluation of the initial localization and proliferation of CAR T cells in solid tumors. 
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In addition to that, to overcome the exhaustion status of CAR T cells in the suppressive tumor 

microenvironment, immuno-agonists which normally cause strong autoimmunity side effects can 

now be systemically dosed in a FITC targeted form, and safely delivered to FITC-FR positive 

CAR T cells.    

3.2 Materials and Methods 

3.2.1 Cell Lines and Human T Cells  

DMEM (Gibco) containing 10% heat-inactivated fetal bovine serum and 1% penicillin-

streptomycin was used for the culture of MDAMB-231 and MDA-MB-231 CD19+ cells. 

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density gradient 

centrifugation (GE Healthcare Lifesciences, #17-5442-02) from human whole blood obtained 

from healthy volunteers. Pure CD3+ T cells were enriched from PBMCs using an EasySep™ 

Human T Cell Isolation Kit (STEM CELL technologies, #17951). 

3.2.2 Biodistribution and SPECT Imaging of Fusion Receptor Positive T Cells Detected by 

FITC-99mTc  

The preparation and formation of FITC-99mTc is described in Chapter 2.2.2 and 2.2.7. To 

visualize and quantify the biodistribution of the fusion receptor targeting ligand, the MDA-MB-

231 breast cancer cells solid tumor model was used. MDA-MB-231 were transduced with 

lentivirus encoding a gene for human CD19 (NM_001178098.1). 106 MDA-MB-231 CD19+ cells 

were subcutaneously implanted in immunodeficient NSG (Jackson Laboratory). The growth of 

tumors was measured using a caliper, and the tumor volumes were calculated as ½(L x W2) where 

L was the longest axis of the tumor and W was the axis perpendicular to L. After the tumor reached 

100mm3, 107 anti-CD19 FITC-FR CAR T cells were intravenously injected into the mice. 2 weeks 

after the CAR T cells injection, 200 μCi FITC-99mTc (prepared according to chapter 2.2.11) in 

100 μl solution was intravenously injected to each mouse and a whole-body image was taken with 
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a Kodak Imaging Station (In-Vivo FX, Eastman Kodak Company) in combination with a CCD 

camera and Kodak molecular imaging software (version 4.0). Radio images: illumination source 

= radio isotope, acquisition time = 3 min, f-stop = 4, focal plane = 5, FOV = 160, binning = 4. 

White light images: illumination source = white light transillumination, acquisition time = 0.05 s, 

f-stop = 16, focal plane = 5, FOV = 160 with no binning. The kidneys were shielded by lead when 

needed. Following the imaging, the mice were dissected, and major organs were collected into 

pre-weighed gamma-counter tubes. CPM values were decay corrected.  

3.2.3 Evaluation of Potential Payloads for in vitro Rejuvenation of Exhausted CAR T Cells  

anti-CD19 CAR T cells were co-incubated with CD19+ Raji cell at 1:1 ratio in 12-well plate at 

density of 2 x 106 CAR T and 2 x 106 Raji per well, new Raji cell were added every 12 h for 3 

times, Raji cell population, lysis effect and co-inhibitory receptors were then tested to confirm the 

exhaustion of the CAR T cells. Both flow cytometry and luciferase-based assays were used to 

quantify the lysis effect. To test the rejuvenating efficacy of the potential payloads, this cell 

mixture was then transferred to 96-well plate, around 2 x 105 cells per well, and different 

concentration of drugs were added. After 12 h, Raji cell population, lysis effect and co-inhibitory 

receptors were tested again and compared to the PBS treatment group.  

3.2.4 Evaluation of FITC-TLR7 Agonist on FITC-FR CAR T Cell in MDA-MB-231 Tumor 

Model 

NSG mice were subcutaneously implanted with MDA-MB-231 CD19+ cells, 20M CAR T cells 

with FITC-FR fusion receptor were infused through intravenous injection once the tumor size 

reached 50 mm3. Releasable FITC-TLR7 agonist is dosed every other day at 5 nmole/mice, starting 

at day 20 after CAR T cell injection and continued for 20 days. Tumor volume was measured for 

no CAR T cell control group, CAR T cell only group and CAR T cell + FITC-TLR7 agonist group. 

At the endpoint of the study, tumors were digested using the following protocol and CAR T cells 



94 

 

 

 

within in tumor tissue were characterized by flow cytometry for total number and co-inhibitory 

molecules levels at the endpoint of the study. Tumor digestion: subcutaneous tumor tissues were 

dissected from the mouse, cut into pieces (to avoid location bias, it’s better to dissect the whole 

tumor), incubate with 10 ml digestion buffer (100 ml: 100 mg collagenase, 10 mg Hyaluronidase, 

20 mg Dexyonuclease, RPMI w/o FBS) for 1 h. After digestion, the supernatant was passed 

through a 40 μM nylon strainer, and the flow through was centrifuged and washed by PBS at 400 

g. Cells were counted and ready for subsequent flow cytometry staining.   

3.3 Results  

3.3.1 Evaluation of Fusion Receptor Positive CAR T Cells Homing in Solid Tumor by a FITC-
99mTc Radio-Imaging Agent 

 Although there are more than one-hundred CAR T cell therapy clinical trials currently going 

on for solid tumors, little or none methods have been developed for the direct characterization of 

CAR T cells homing and proliferation. CAR T cells and cytokine levels in peripheral blood are 

great indicators for efficacy in hematopoietic cancer treatment, but not always indicative for solid 

tumors. Tissue biopsy are most often biased and intrusive, therefore should be avoided when 

possible. Since radio-imaging is a widely used, sensitive and nonintrusive tool for disease 

diagnosis and monitor in clinics, we set out to design a novel FITC-radio-imaging agent for the 

visualization of CAR T cells in solid tumors. 

 Technetium (99mTc), the major radio-imaging nuclide used clinically1-3, was selected and 

attached to the targeting ligand FITC via a peptide-based chelator, EC20 head (Fig. 3-1 A). A 

FITC-EC20 head compound was first synthesized through azide-DBCO based Cu-free Click 

reaction. However, this ligand was unable to chelate with 99mTc efficiently for unknown reasons 

(data not shown). A modified FITC-EC20 head compound with a PEG3 linker was then 

synthesized through solid phase and displayed complete chelation with 99mTc. Therefore, the 
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modified FITC-EC20 head is used for future study. The binding affinity of FITC-99mTc for FITC-

FR fusion receptor is around 2.82 nM, measured by cell-based assays, similar with FITC-AF647 

(Fig. 3-1 B).  

 As a proof-of-concept, to visualize anti-CD19 FITC-FR CAR T cells in a solid tumor model 

using FITC-99mTc, mice were implanted with MDA-MB-231 overexpressing CD19 as a xenograft 

on the shoulder followed by anti-CD19 FITC-FR CAR T cell treatment. FITC-99mTc was 

systemically injected into these mice to track the CAR T cells and evaluate if there are any 

background signals from other major organs. The whole-body imaging taken 4 h after injection 

showed that 99mTc radiotracer accumulated mainly around the tumor site, with little or no 

radioactivity in other tissues except kidneys and liver (Fig 3-1 D). The in vivo specificity of FITC-

targeted imaging agent was further tested by prior administration of excess cold FITC-EC20 head 

or FITC-Glucosamine before FITC-99mTc administration. Competition group showed almost no 

radiotracer uptake in tumor tissue, confirming the specificity of FITC for FITC-FR fusion receptor. 

A detailed biodistribution study was also conducted after imaging the animals. As shown in Fig. 

3-1 E, mice from both 4 h and 24 h post injection groups shown high and specific accumulation 

of FITC-99mTc radiotracer in tumor tissues, while much lower signals were found in other major 

organs except kidneys. The high non-competitive signal in kidney was resulted from the secretion 

of unbound FITC-99mTc conjugates. Considering the relatively small portion of CAR T cells 

compare to tumor cells and stroma cells in tumor tissues (around 20% of total cells in tumor tissue 

at this tumor size), the sensitivity of FITC-99mTc is good and comparable with previous targeted 

radio-imaging agents. Taken together, these results confirmed the in vivo specificity and 

sensitivity of FITC-99mTc for the FITC-FR fusion receptor CAR T cells.  
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3.3.2 Evaluation of the Ability of Phosphatase Inhibitors and TLR7 Agonists to Rejuvenate 

Exhausted CAR T cells 

 As mentioned in Chapter 1, one major limitation of CAR T cell therapies in solid tumors is 

their tendency to become exhausted after repeated stimulation with cancer antigens. This 

phenomenon however, is not specific to CAR T cells, but has been described in both chronic virus 

infections4 and tumor infiltration lymphocytes5. The reversibility of the exhausted phenotype of 

T cells has been proven in studies where T cells isolated from the solid tumor tissue show a higher 

INFγ secretion and a killing effect if kept away from antigens (“rested”) overnight before re-

stimulation57. However, it would will be more appealing if rejuvenation could be achieved in a 

more clinically relevant way using commercially available therapeutics: either to block the 

inhibitory signaling or to activate the T cells through other pathways. Antibodies targeting 

checkpoint inhibitors (i.e. PD-1, CTLA-4, etc.) have shown some success in solid tumors in-

clinic151, however, two or more targets in combination often have been found to be necessary. 

Moreover, antibody therapy also suffers from poor penetration in solid tumors and this may have 

led to less reports for the combination therapy of CAR T cells and checkpoint blockades (ICB) in 

solid tumors.   

 The inhibition of the phosphatases, such as SHP1/2 and TC-PTP, that mediate TCR 

deactivation, is a potential way to block tonic CAR T signaling. SHP1/2 phosphatase is 

responsible for mediating the signal from PD-1 and other exhaustion markers. Data has shown 

that SHP1/2 phosphatase inhibitor or silencing can increase the activity of T cells and CAR T 

cells6-9. TC-PTP is known to be an important player in T cell activity signaling. Mice harboring a 

T cell specific TC-PTP deficiency have increased susceptibility to inflammation and 

autoimmunity due to heightened antigen-driven T cell activation10. TC-PTP inactivates Src family 

kinase downstream of the TCR, thereby contributing to the threshold of TCR activation11. 
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Although both knockout experiments and small molecule inhibitors of these phosphatases have 

shown potent effect on lowering TCR threshold and increasing T cell activity, none of them have 

been used in CAR T therapy.   

   Another approach to rejuvenate the T cells is to augment their activity through the engagement 

of antigen independent innate immune receptors. It has been known that certain pathogen pattern 

recognition (PPR) receptors, including toll like receptors (TLR), do express on non-myeloid cell 

populations, including T cells, and can be activated in a similar way12-16. Research has also shown 

that co-stimulation of TLR7/8 agonists and TCR signaling can activate CD8 T cells and increase 

INFγ secretion13. However, due to the strong side effects of systemic dosing of TLR agonists17-22, 

none of these agonists have been used in CAR T therapy to reactivate the T cell or change the 

immunosuppressive microenvironment. The employment of TLR agonists for cancer 

immunotherapy is also hindered by the controversial effect of TLR agonists on the tumor cells. 

Therefore, a targeted delivery of the potential payloads to the CAR T cell is highly desired. A 

potent TLR7 agonist was found in the literature23-24 (Fig. 3-3 A), which is around 40 fold stronger 

than the FDA approved imiquimod25. 

    To set up an in vitro screening model, as shown in Fig. 3-2, anti-CD19 CAR T cells were 

exposed to 4 rounds of addition of CD19 positive Raji cells,  and became exhausted as marked by 

gradual decreased lysis activity as well as increased co-inhibitory markers in an in vitro co-culture 

model. It’s worth noticing that the culture medium is important for the introduction of CAR T 

exhaustion and needs to be kept the same without new replenish or change during the whole 

process. It indicates that the soluble components that are released by cancer cells and/or CAR T 

cells into the medium, most likely immunosuppressive cytokines and modulators (adenosine etc.), 
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play a pivotal role in this process. It also suggests that the exhaustion of CAR T cells generated 

by this in vitro model is at a rather pliable than irreversible status. 

 Treatment of the TLR7 agonist and PTP1b (highly homologous to TC-PTP26) inhibitor27 of 

choice with the already exhausted CAR T cells was shown to be able to reactivate them compared 

to the no treatment group (Fig. 3-3). No significant changes, however, were observed in the 

expression level of co-inhibitory markers except for Tim3.  As shown by Fig 3-3, the PTP1b 

inhibitor in general does not show as strong of a reactivation effect as the TLR7 agonist. This 

result could be due to the current in vitro screening model where “Reversion” rather than 

“Prevention” of exhaustion is studied, and the phosphatases are already “silenced” at the 

exhausted status, therefore their inhibition will have little to no effect. A modified screening model 

for a future study will test the effects of phosphatase inhibitors and other drugs with a focus on 

the “prevention” of exhaustion by adding the drugs at the beginning of all cultures and keeping 

the rest of the settings the same. In this way, it may be possible to see whether the inhibition of 

phosphatase can lower the tonic signaling of CAR T while still keeping a functional killing effect. 

We will mainly focus on TLR7 agonist for the following study.   

  Since TLR7 is one of the 4 TLR family members that resides inside the endosome, it is 

speculated that a non-releasable linker between the TLR7 agonist and our secret passageway 

targeting ligand would preserve its TLR7 agonist function28. To achieve that, several TLR7 

agonist analogs were prepared and tested to find the proper derivatization sites for linkage. As 

shown in Fig. 3-4, the TLR7 agonist with a CH2OH extension at the piperidine ring has an even 

higher activity compared to the parent drug. Therefore, this derivative site will be used for a non-

releasable conjugate. A disulfide bond linked self-immolative form also has been synthesized. In 

order to understand the distance needed for this TLR7 agonist to reach its own target, three 
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different lengths of linker (PEG3, 6, 16) between the FITC and TLR7 agonist were made for the 

non-releasable FITC-TLR7. As shown in Fig. 3-5 C, all of the non-releasable forms had some 

effect, while the PEG6 compound showed the best dose-dependent response. These results indicate 

that TLR7 agonists may dock with TLR7 either by reaching out while binding with FITC-FR or 

jumping between TLR and FITC-FR, under which conditions the length of the linker in between 

is not a crucial factor (Fig. 3-5 D-E). Since the non-releasable FITC-TLR7 is trapped inside the 

endosome and the volume of each endosome is much smaller than the cytosol, the intra-endosome 

TLR7 can gets to its functional concentration much faster and quicker, resulting in a smaller IC50.   

3.3.3 Evaluation of the Ability of FITC-TLR7 Agonists to Rejuvenate Exhausted CAR T Cells 

in a Solid Tumor Model 

 Next, the focus of this study was directed to the targeted delivery of the TLR7 agonist for the 

rejuvenation of CAR T cells in a mouse solid tumor model using our secret passageway. To keep 

it consistent with previous studies, the FITC-FR anti-CD19 CAR was used and CD19 antigen was 

overexpressed in an MDA-MB-231 breast cancer cell line (Fig. 3-6). To mimic the exhaustion 

status of the CAR T cells in vivo, a subcutaneous implanted xenograft of CD19+ MDA-MB-231 

in NSG mice was used as the solid tumor model. Preliminary data showed that 20M of FITC-FR 

anti-CD19 CAR T cells (around 50% positive) were able to reduce the growth rate of tumor 

compared to no CAR T control, while the addition of FITC-TLR7 (releasable form) further 

lowered the tumor volume at a later stage. Interestingly, digestion of the tumor tissue at the end-

point of the study showed both LAG3 and Tim3 markers dropped in the CAR T + FITC-TLR7 

group compared to the CAR T-only group. No toxicities were seen for the repeated dosing of 

FITC-TLR7 judged by body weight change.  

 At least two causes could be responsible for the less significant difference between the CAR T 

+ FITC-TLR7 and CAR T-only group: First and foremost, the overall efficacy of single treatment 
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anti-CD19 CAR T against CD19+MDA-MB-231 is already good judged by the controlled tumor 

growth, high CAR T number in tumor tissue and low exhaustion markers on CAR T cells. For 

future work, a solid tumor model with a more suppressive and harsher tumor microenvironment 

is needed to differentiate the effect of targeted TLR7 agonists. This could be  achieved by: 1. 

delaying the CAR T treatment until the tumor grows to a bigger size, around 150 mm3; 2. 

switching to a more CAR T resistant tumor cell line, such as ovarian cancer cell line KB cell; 3. 

establishing the solid tumor xenograft in a humanized NSG mice model which has a more 

complete immune system; 4. introducing a subcurative dose of CAR T cells. Secondly, as reported 

by literature, due to the induced tolerance phenomena of TLR7, the pharmacological effect of 

TLR7 agonist greatly depends on dosing frequency and amount, presenting a bell-shaped curve 

as the concentration continues. Therefore, a systemic evaluation of several dosing schemes with 

different dosing frequencies and doses may be necessary for our targeted delivery approach.   
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3.4 Discussion   

 Current efforts in noninvasive tracking of CAR T cells for clinical usage can be categorized as 

direct and indirect labeling. Direct labeling (or passive labeling) refers to exogenous labeling with 

MRI-based contrast agents or PET or SPECT radioprobes. For example, intravenously injected 

111In labeled CAR T cells provides high-resolution images and reveals the short residence of CAR 

T cells in lung short after injection (around 3 h), followed by major accumulation in liver and 

secondary lymphoid organs and low tissue penetration in solid tumors29. However, the signal is 

temporary for direct labeling and will disappear base on the isotope’s half-life. It’s also not 

incorporated at gene level, therefore cannot represent cell conditions, such as viability and 

proliferation. For indirect labeling, reporter genes encoding surface proteins, channels or enzymes 

that are detectable or bind imaging probes are incorporated into target cell’s genome. Classical 

reporters such as herpes simplex virus thymidine kinase (HSV-TK) reporter30 and human sodium 

iodide symporter (hNIS)31 have been explored for CAR T cells imaging. Although the 

immunogenicity problem is solved for hNIS compared to HSV-TK, it still suffers from specificity 

problems, as hNIS is naturally expressed in thyroid, stomach, salivary glands and lactating breast32, 

resulting in potential high background signals from these tissues. Another type of indirect imaging 

involves targeting the endogenous or artificially expressed surface proteins on CAR T cells. For 

example, Peter M. Smith-Jones, et al. co-expressed somatostatin receptor type 2 (SSTR2) on CAR 

T cells and imaged the cells with allium-68-labeled octreotide analog (68Ga-DOTATOC), which 

is a FDA-approved SPECT imaging probe for neuroendocrine tumors33-34.  Limitation for this 

type of approach also involves the lack of specificity of the targeted surface protein, since SSTR2 

are known to be expressed on other immune cells.  
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 The FITC-99mTc mediated imaging of FITC-FR fusion receptor positive CAR T cells described 

here has several advantages compare to the mentioned ones above. First, there are no other cells 

in humans and mice express the FITC scFv on the cell surface, except for the fusion receptor 

modified CAR T cells around the tumor tissues, therefore, the specificity of FITC-99mTc ligand is 

guaranteed. Secondly, the molecule weight of FITC-EC20 head compound is around 1000, which 

is much smaller than an antibody or peptide-based probe. This gives us a better tissue penetration 

in solid tumor, faster clearance in fusion receptor negative tissues and a better PK/PD profile, all 

of these contribute to a higher sensitivity and signal to noise ratio (S/N) of the imaging. Thirdly, 

due to the modular construction of FITC-99mTc, the PK/PD profile can be easily modified via 

alteration of the PEG linker in between for lower background signals. For example, previous 

research in current lab has shown that a FA based NIR dye probe with a PEG12 linker in between 

gives less liver uptake compare to the PEG3 one without any sacrifice in binding affinity 

(Sakkarapalayam M. Mahalingam, unpublished data). Other types of linkers with variable levels 

of rigidity or hydrophilicity can also be incorporated to improve the binding affinity of the whole 

conjugate or according to the choice of different chelating heads (Fig. 3-7).  

 Nevertheless, the FITC-99mTc based visualization of CAR T cells described here can be further 

improved from several aspects for future study. First, as shown in Fig. 3-1, there is competable 

and relatively high uptake in liver compare to other organs from the biodistribution data. This 

could result from the CAR T cells reside in liver, or due to the nonspecific engulf by Kufer cells 

towards amino acid based chelating head. Therefore, non-amino acid-based chelation heads, such 

as NOTA, DOTA and DTPA or increased length of PEG linker (as mentioned above) can be used 

to potentially lower the background signals from liver. Secondly, although 99mTc is used here for 

its wide usage and availability in clinics, it has relatively short half-life (around 6 h) that may not 
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be suitable for CAR T cell tracking. Other radio-imaging nuclide such as 64Cu and 67Ga can be 

explored in future study35.  

 For the FITC-TLR7 agonist directed rejuvenation of exhausted CAR T cells, detailed studies 

are needed to fully understand the mechanism for the increased efficacy of the combinational 

therapy. First, for a similar study carried out in current lab using anti-FITC CAR T cells and FITC-

TLR7 agonist in a KB solid tumor model, human CD3 IHC staining indicates that addition of 

FITC-TLR7 agonist not only increased the number of infiltrating CAR T cells, but also promoted 

a sparse distribution pattern of CAR T cells in the tumor tissue compare to the CAR T cells only 

group. This implies that TLR7 agonist is capable to turn an immune cold tumor to a hot condition 

by directly targeting the T cells. It’s reasonable to expect similar mechanisms to be presented for 

the FITC-FR fusion receptor CAR T cells, since the targeting ligand and payload are the same. 

Secondly, since TLR7 agonists have strong proinflammatory effects on myeloid cells, while all 

of the current studies were carried out in NSG mice with a compromised immune system, it will 

be interesting and more clinical revelent to see whether FITC-TLR7 will act on other immune 

cells or not except FITC-FR CAR T cells in a humanized NSG or immunocompetent mice model. 

Thirdly, it has been recently confirmed that transcriptional factor Tox is a driver for the exhaustion 

status of T cells and silencing of it results in lack of TEX generation36-37. Therefore, ongoing work 

in current lab includes characterization of the level changes of certain transcription factors before 

and after FITC-TLR7 treatment as well as their potential interactions with the TLR7-MyD88-NF-

κB38 pathway. The list of candidate transcription factors includes: Tox, Tox2, Nr4a239 and etc. 

Other than TLR7 agonist, there are several other potential payloads that may 

revert/prevent the exhaustion of CAR T cells as described below. Some of the targets may not 

have agonists or inhibitors with IC50 suitable for our targeted drug delivery approach for now, but 



104 

 

 

 

are still worth noticing and may be explored through other inhibitory mechanisms, such as 

CRISPR or targeted microRNA delivery approaches. 

• STING agonist  

The Simulator of IFN Genes (STING) is a master adaptor involved in cytosolic DNA sensing and 

the following IFN-β production. STING associates weakly to sdDNA, but strongly binds the 

endogenous cyclic dinucleotide GMP-AMP (cGAMP) synthesized by the cGMP-AMP synthase 

(sGAS). It is predominantly expressed in macrophages, T cells, a variety of DCs, endothelial cells, 

and select fibroblasts and epithelial cells. Studies of STING have mainly focused on its function 

in macrophages and dendritic cells, and recently some groups have noticed the direct effect of 

STING activation in T cells40.  It is possible that a STING agonist will have a similar pro-

inflammatory effect on T cells. ADU-S100 is one of the many STING agonists that has been 

pursued in clinics.  

• DGK-α inhibitor  

Diacylglycerol Kinase-α (DGK-α) converts diacylglycerol (DAG), a second messenger in TCR 

signaling together with IP3, to phosphatidic acid (PA). DGK is more highly expressed in CD8TIL 

than in CD8-NIL, and its inhibition promotes ERK phosphorylation and lytic degranulation41; it 

also restores lytic functions of CAR TIL that are isolated from in vivo5.    

• TGFβRI (ALK5) inhibitor  

TGFβ is known for its immunosuppressive function in many immune cells, such as the T cell, B 

cell, and macrophages. The blockage of TGFβ type I receptor (TGFβRI, also called ALK5) in T 

cells reverts the immunosuppressive environment of the tumor42.  Small molecule inhibitors have 

been pursued with galunisertib (LY2157299 monohydrate) and EW-7197 tested in clinics43-44.   

• EZH2 inhibitor 
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Enhancer of Zeste Homolog 2 (EZH2) is a histone H3K27 methyltransferase with a strong correv 

with the Treg function. Genetic or pharmacological disruption of EZH2 drove acquisition of 

proinflammatory function of tumor infiltrating Treg45. Since exhausted CTL in chronic virus 

infections is also characterized by unique epigenetic changes174, it is possible that EZH2 inhibitors 

will be able to reverse this exhaustion status. Several small molecules of EZH2 inhibitors have 

been developed, including CPI1205, EPZ6438 and GSK126.  

 

 In summary, the FITC-FR fusion receptor and the corresponding FITC targeted radio-imaging 

agents and immune-agonists payloads provide a universal platform for the monitor and control of 

CAR T cells homing and persistence in solid tumor. This approach can be easily incorporated into 

CAR T cells for any antigens since the FITC-FR fusion receptor is independently expressed to the 

CAR construct. The modular design of targeting ligand-payload conjugates also make it easier for 

the switching and modification. This approach combines the benefits of cell therapy and small 

molecule-based targeted drug delivery and may requires extra characterization of both the 

engineered cells and the corresponding ligands. The success of CAR T cells in solid tumor is most 

likely to require the combination of multiple approaches targeting other players within the 

microenvironment as well, such as breaking down of the extracellular matrix by PI3K kinase 

inhibitors, reprograming of anti-inflammatory M2 macrophages to a proinflammatory M1 

phenotype and upregulation of the decreased MHC molecules level on cancer cells. Therefore, it 

is guaranteed that more and more combinational therapy studies will be conducted both 

preclinically and clinically. However, at the same time, a careful examination and control of the 

CAR T cell itself cannot be neglected and should be optimized by using simple but robust systems 

like FITC-FR fusion receptors in preclinical research first before it reaches to humans.   
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Figure 3-1 in vivo localization of CAR T cells using FITC-99mTc imaging agents.  

(A) Chemical structure of FITC-EC20 head compounds. (B) Radio-HPLC shows complete 

chelating of FITC-99mTc. (C) Evaluation of binding affinity of FITC-
99m

Tc in FITC-FR expressing 

cells. (D) Overlay of whole-body radioimages on white light images of mice bearing MDA-MB-

231 CD19+ tumors and treated with anti-CD19 FITC-FR CAR T cells 4h after administration of 

FITC-
99m

Tc. (E) Biodistribution of FITC-
99m

Tc 4 h (upper) and 24 h (lower) post injection in major 

organs with kidney excluded. Bar graphs represent mean ± s.d. n = 3. Data shown are the represent 

data from two independent experiments. 
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Figure 3-2 in vitro model for the induction of CAR T cell exhaustion. 

(A) CD19+ Raji and anti-CD19 CAR T cells were co-cultured at 1:1 ratio with fresh Raji cells 

added every 12 h. (B) Lysis effect of CAR T cells gradually decreased as the number of stimulus 

(number of Raji cell addition) increases. CD19-K562 cells were used as control. (C) Expression 

level change of co-inhibitory molecules, PD-1, LAG3 and Tim3 for stim1 and stim3 in CD4 and 

CD8 positive CAR T cells.  
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Figure 3-3 Evaluation of TLR7 agonist and PTP1b inhibitor effect on rejuvenation of exhausted 

CAR T cells. 

(A) Chemical structure of TLR7 agonist and PTP1b inhibitor. (B-C) Exhausted CAR T cells were 

incubated with different concentrations of TLR7 agonist and PTP1b inhibitor monitored by lysis 

effect and INFγ (B) and expression level of PD-1 LAG-3 and Tim3 after incubation (C). * denotes 

a p-value < 0.05, ** < 0.01, ns = not significant.    
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Figure 3-4 Evaluation of potential derivatization sites of the TLR7 agonist for non-releasable 

ligand targeted delivery. 

(A) Chemical structure of the TLR7 agonist analogs. (B) Exhausted CAR T cells were incubated 

with different concentration of TLR7 analogs and lysis effect was measured and compared to non-

treated group.   
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Figure 3-5 Design and evaluation of releasable and non-releasable targeted delivery of TLR7 

agonist using FITC as a targeting ligand. 

(A) TLR7 agonist analog, JTLR7 (with CH2OH) is linked to FITC in a self-immolative disulfide 

bond, unmodified TLR7 agonist analog will be released once the disulfide bond breaks inside 

endosome. (B) Chemical structure of non-releasable FITC-JTLR7 agonists with different PEG 

length of linker in between. (C) Exhausted CAR T cells were incubated with different 

concentration of releasable FITC-TLR7 and non-releasable FITC-JTLR7 agonists and lysis effect 

was measured and compared to non-treated group. * denotes a p-value < 0.05, ** < 0.01, ns = not 

significant. (D) Left, crystal structure of FITC (green) binding with FITC scFv (grey) (PDB: 1X9Q, 

left), the distance between FITC to the edge of FTIC scFv is measured to be around 18 Å. Right, 

similarly, crystal structure of R-848 (red) binding with TLR7 (grey) (PDB:5GMF) is shown with 

distance between R-848 and the edge of TLR7 around 24 Å. (E) Diagram illustrating the two 

possible working mechanisms, “Reaching” or “Jumping” Mode, for the non-releasable FITC-

TLR7 agonists.  
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Figure 3-6 Evaluation of a potential rejuvenation effect of the releasable FITC-TLR7 agonist in an 

MDA-MB-231 CD19+ solid tumor model.  

 (A) Left, overexpression of CD19 in MBA-MB-231 breast cancer cell; Right, lysis of MDA-MB-

231 CD19+ cells by anti-CD19 CAR T cells. (B) NSG mice were subcutaneously implanted with 

MDA-MB-231 CD19+ cells followed by 20M CAR T cells with FITC-FR fusion receptor once the 

tumor size reached 50 mm3, releasable FITC-TLR7 agonist is dosed every other day start at day 

20 after CAR T cell injection and continued for 20 days. (C) Tumor volume was measured for no 

CAR T cell control, CAR T cell only and CAR T cell + FITC-TLR7 agonist group. (D) CAR T 

cells within in tumor tissue were characterized by flow cytometry for total number and co-

inhibitory molecules levels at the endpoint of the study.      

 

  



112 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-7 Chemical linkers of variable rigidity and hydrophobicity available for usage in the 

design of targeting ligand-payload conjugates.   
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