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Abstract of Dissertation 

Characterization of Tumor Infiltrating Lymphocytes in Pediatric 
Cancers and the Development of Novel Immunotherapies 

 
 

Cytotoxic T lymphocytes (CTLs) are the primary component of the adaptive 

immune system responsible for clearance of virally infected and tumorigenic cells. In 

cancer however, this tumor-specific immune response is often impaired. The impairment 

is multifactorial; some cancers utilize mechanisms to evade the immune system through 

downregulation of Major Histocompatability Complex I or lack of tumor-specific 

antigens, while others use methods to actively inhibit local function of tumor-induced 

immune responses via production of immunosuppressive cytokines, Fas-mediated 

apoptosis, or recruitment of T regulatory cells (Tregs). These Tregs function to further 

immune regulate and inhibit CTLs, using methods such as suppressive cytokines, and 

cytotoxic killing. All of these components lead to an “on/off” phenotype, where CTL 

effector function is shut down within the Tumor Immunosuppressive Microenvironment 

(TIM), but can be recovered quickly upon removal of CTLs from the TIM. The transient 

impairment of Tumor Infiltrating Lymphocytes (TIL) has been described in mouse 

models, but is poorly characterized in humans.  

In this dissertation, we examined infiltration of CTLs across several types of 

human pediatric cancers, taken from patients who had not undergone prior treatment. We 

found tumors associated with favorable prognoses, including Wilms’ Tumor and 

Neuroblastoma (NB), had higher levels of CTL infiltration than those with less favorable 

prognoses, e.g. Ependymoma, which possessed no observable infiltration. Additionally, 
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we demonstrate the TIL “on/off” phenotype in a case of Pilocytic Astrocytoma, 

demonstrating significant recovery of TIL effector function. 

We proposed that the poor infiltration and impaired effector function in these 

pediatric tumors was a direct result of the TIM, and sought to improve this immune 

response by developing an attenuated live cell vaccine, utilizing a murine NB model, 

Neuro2a, to create a NB line with knock down (KD) of Inhibitor of Differentiation 2 

(Id2), which impaired their ability to form tumors in vivo. In prophylactic and therapeutic 

models, introduction of Id2-KD cells in combination with the immune checkpoint 

blockade inhibitor anti-CTLA-4, induced an increase in CTLs capable of homing to the 

tumor, that were also able to employ effector function within the TIM, resulting in 

clearance of wild-type Neuro2a tumors. 

A separate emerging immunotherapeutic approach is to express a Chimeric 

Antigen Receptor (CAR) on CTLs that allows them to be activated to kill cells expressing 

the CAR-specific protein, bypassing MHC presentation. Using a murine 

Rhabdomyosarcoma model, we demonstrate that tumor infiltrating Tregs express lytic 

molecules, encouraging us to develop a method of successfully transducing Tregs with a 

CAR (DC101), rather than CTLs, thereby exploiting characteristics of the Treg in the 

TIM, specifically their cytotoxic capability and their unique recruitment and ability to 

thrive in that environment.  We demonstrate in vitro CAR-mediated redirection of lytic 

effector function using DC101-expressing CTLs against tumor cell lines, though 

attempting to increase Treg cytotoxicity in vitro via known inducers of CTL cytotoxicity 

(IFNα or IL-12) or known inducers of Tregs within the TIM (TGF-β1) showed no 

increase in Treg cytotoxicity. 



 viii 

Table of Contents 

Dedication  ......................................................................................................................... iv 

Acknowledgements  .............................................................................................................v 

Abstract of Dissertation  .................................................................................................... vi 

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

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

List of Tables  .................................................................................................................. xiv 

List of Abbreviations  ........................................................................................................xv 

CHAPTER 1: BACKGROUND 

1.1 Cytotoxic T Cell Function  ................................................................................1 

1.2 Tumor Immunosuppressive Environment  .........................................................7 

1.2.1 Tumor Infiltrating Lymphocytes  .....................................................7 

1.2.2 Immune Evasion and Suppression Mechanisms  .............................8 

1.2.3 T Regulatory Cells  ........................................................................13 

1.2.4 Transient Immune Suppression  .....................................................14 

1.3 Chimeric Antigen Receptors  ...........................................................................15 

1.3.1 Structure and Advantages  .............................................................16 

1.3.2 Application in Cancer Immunotherapy  .........................................20 

1.4 Pediatric Tumor Immunology  .........................................................................21 

1.4.1 Neuroblastoma  ..............................................................................23 

1.4.1.1 Clinical Prognosis and Treatment  .....................................24 

1.4.1.2 Reversible Adaptive Plasticity and Id2  .............................25 

CHAPTER 2: SPECIFIC AIMS  .......................................................................................30 



 ix 

CHAPTER 3: METHODS 

3.1 Animals  ...........................................................................................................32 

3.2 Human Tumor Samples  ..................................................................................32 

3.3 Cell Lines  ........................................................................................................32 

3.4 Antibodies and Reagents  .................................................................................33 

3.5 Tumor Digestion  .............................................................................................34  

3.6 Chromium Release Assay  ...............................................................................35 

3.7 Stimulation of T Cells in vitro and ex vivo T Cell Purification  ......................35 

3.8 Lentiviral Transduction of Tumor Cell Lines  .................................................36 

3.9 Western Blot Analysis  ....................................................................................37 

3.10 Tumor Models and Adoptive Transfer  .........................................................38 

3.11 Neuro2a-Id2-KD Vaccination Studies  ..........................................................38 

3.12 Macrophage Harvest and Phagocytosis Assay  .............................................38 

3.13 Live Imaging of Mice  ...................................................................................39 

3.14 NK1.1, CD4, and CD8 T Cell Depletion  ......................................................39 

3.15 CAR-Bearing Retrovirus Production  ............................................................40 

3.16 CAR-Bearing Retroviral Transduction of T Cells Live Imaging of Mice  ....40 

CHAPTER 4: CHARACTERIZATION OF CD8+ T CELLS INFILTRATING 

PEDIATRIC TUMORS 

4.1 Introduction  .....................................................................................................42 

4.2 Results  .............................................................................................................42 

4.2.1 Characterization of Tumor Infiltrating Lymphocytes within 

  Human Patient Samples  ...............................................................42 



 x 

4.2.2 Human Tumor Infiltrating Lymphocytes are Functionally  

 Inhibited at the Tumor Site ............................................................50 

4.3 Conclusions  .....................................................................................................58 

CHAPTER 5: GENERATION OF SPECIFIC CYTOTOXIC T-CELL RESPONSE 

FROM A TUMOR VACCINE AGAINST A MURINE NEUROBLASTOMA MODEL  

5.1 Introduction  .....................................................................................................59 

5.2 Results 60 

5.2.1 Neuro2a-Id2-KD cells protect mice from WT Neuro2a  

challenge  .......................................................................................60 

5.2.2 Macrophage phagocytosis of Neuro2a-Id2-KD cells  

 is not increased compared to WT Neuro2a  ...................................64 

5.2.3 CTLA-4 blockade enhances anti-tumor immunity  

 induced by Neuro2a-Id2-KD cells  ................................................67 

5.2.4 CD8+ T cells are essential for Neuro2a tumor clearance  

 and depend on CD4+ T Helper cells  .............................................71 

5.2.5 CD8+ T Cells within tumor mass of vaccinated mice  

 infiltrate in higher numbers than non-vaccinated,  

 and are functional  ..........................................................................75 

5.3 Conclusions  ...............................................................................................78 

CHAPTER 6: DEVELOPMENT OF CAR-EXPRESSING TREGS POSSESING ANTI-

TUMOR ACTIVITY 

6.1 Introduction  .....................................................................................................79 

6.2 Results  .............................................................................................................80 



 xi 

6.2.1 Rhabdomyosarcoma Tumor Infiltrating T Regulatory  

 Cells Express Granzyme B  ...........................................................80 

6.2.2 Generation of Efficient CAR Transduction of CTLs  

 and T Regulatory Cells  .................................................................85 

6.2.3 CAR-bearing CTLs are Target Specific in vitro  ...........................89 

6.2.4 T Regulatory Cells Demonstrate Lower Levels of  

 Cytotoxicity Compared to CTLs in vitro  ......................................92 

6.3 Conclusions  ...............................................................................................97 

CHAPTER 7: DISCUSSION  ............................................................................................98 

7.1 Future Studies  ...............................................................................................109 

CHAPTER 8: BIBLIOGRAPHY  ................................................................. 113 

 

 

 

 

 

 

 

 

 

 

 

 



 xii 

List of Figures 

Figure 1. Schematic Representation of CTL Activation  .....................................................3 

Figure 2. Schematic Representation of Granule Mediated Cytotoxicity  ............................5 

Figure 3. Schematic Representation of Tumor Mediated Immune-Evasive  

and Immunosuppressive Mechanisms  ..................................................................11 

Figure 4. Chimeric Antigen Receptor Structure and Function  .........................................18 

Figure 5. Schematic Representation of Intracellular Id2 Signaling Pathway  ...................28 

Figure 6. Flow Cytometric Analysis of Human Tumor CD8+ Infiltration  .......................46 

Figure 7. Human Normal Neuroblastoma Infiltration Compared with Opsoclonus  

Myoclonus Patients  ...............................................................................................48 

Figure 8. TIL Infiltration and Cytotoxicity in M3-9-M Rhabdomyosarcoma  ..................52 

Figure 9. Xenograft CD8+ Infiltration and Recovery of TIL Cytotoxic Function  ...........54 

Figure 10. Pilocytic Astrocytoma CD8+ Infiltration and Recovery of  

TIL Cytotoxicity  ...................................................................................................56 

Figure 11. Id2 Knock Down Attenuates Tumorigenicity and Induces  

Host Immunity  ......................................................................................................62 

Figure 12. Phagocytosis of Neuro2a-Id2-KD compared to WT  .......................................65 

Figure 13. Combination of Neuro2a-Id2-KD and α-CTLA4 Antibody as a  

Therapeutic Vaccine  .............................................................................................69 

Figure 14. T Cell Immunity Required for Tumor Eradication Following  

Combination Therapy  ...........................................................................................73 

Figure 15. Enhanced in vivo Immune Response Mediates Tumor Clearance  ..................76 

 



 xiii 

Figure 16. Tregs Do Not Express Granzyme B in vivo within Spleen and TDL of  

Tumor Bearing Mice  .............................................................................................81 

Figure 17. Tregs Express Granzyme B in vivo within Tumor Microenvironment  ...........83 

Figure 18. Expression of DC101 CAR in Full Splenic and Treg Populations  .................87 

Figure 19. DC101 Transduced Splenocytes Display VEGFR-2  

Specific Cytotoxicity  ............................................................................................91 

Figure 20. in vitro Stimulated Tregs Display Lower Levels of Cytotoxicity 

 than CTLs  .............................................................................................................93 

Figure 21. Cytokines do not Enhance Treg Proliferation or Effector Function  ................95 

Figure 22. Schematic Hypothesis of Neuro2a-Id2-KD Vaccination Mechanism  ...........104 

 

 

 

 

 

 

 

 

 

 

 

 

 



 xiv 

List of Tables 

Table 1. Catalog of CD8 Infiltration in Human Tumor Samples  .....................................44 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 xv 

List of Abbreviations 

°C   Degrees Celsius 

Ab   Antibody 

ACT   Adoptive Cell Therapy  

AD   Anchorage Dependent 

AI   Anchorage Independent 

Akt   Protein Kinase B 

AP-1   Activator Protein 1 

APC   Antigen Presenting Cell 

APC   Allophycocyanin 

BBB   Blood Brain Barrier 

Bcl2   B-cell lymphoma 2 

Ca2+   Calcium 

CAR   Chimeric Antigen Receptor 

CCL   C-C motif chemokine 

CD   Cluster of Differentiation 

CFSE   carboxyfluorescein succinimidyl ester 

cm   centimeter 

CNMC   Children’s National Medical Center 

Cr   Chromium 

CTL   Cytotoxic T Lymphocyte 

CTLA-4  Cytotoxic T-Lymphocyte-Associated protein 4 



 xvi 

CREB cyclic adenosine monophosphate Response Element-Binding 

protein 

Cy Cyanine 

DAG   Diacyl Glycerol 

EGF   Epidermal Growth Factor 

EGFRvIII  Epidermal Growth Factor Receptor variant III 

EMT   Epithelial to Mesenchymal Transition 

E:T   Effector to Target Ratio 

Erk   Extracellular regulator kinase 

FBS   Fetal Bovine Serum 

FcR   Fc (fragment crystallizable) Receptor 

FGF   Fibroblast Growth Factor 

FITC   Fluorescein Isothyocyanate 

Foxp3   Forkhead box 3 

g   gravity 

HLA   Human Leukocyte Antigen   

hrs   hours 

Id   Inhibitor of Differentiation 

ITAM   Immunoreceptor Tyrosine-based Activation Motif 

IFNα   Interferon α 

IL   Interleukin 

i.p.   intra peritoneal  

IP3   Inositol 1, 4, 5-triphosphate 



 xvii 

i.v.   intra venous 

KD   Knock Down 

Lat   Linker of Activated T cells 

Lck   Lymphocyte-specific protein tyrosine kinase 

LFA-1   Lymphocyte Function-associated Antigen 1 

m   minute 

MAP2   Microtubule-associated protein 2 

mCi   millicurie 

MHC   Major Histocompatibility Complex 

min   minute 

MIP-1α  Macrophage Inflammatory Protein 

mL   milliliter 

mm   millimeter 

Mθ   Macrophage 

MTOC   Microtubule Organizing Center 

µg   microgram 

µL   microliter 

N2a   Neuro2a cells 

Na   Sodium 

NB   Neuroblastoma 

NFAT   Nuclear Factor of Activated T cells 

NK-κB   Nuclear Factor κ B 

NK   Natural Killer 



 xviii 

OMS   Opsoclonus Myoclonus Syndrome 

PD-1   Programmed cell Death protein 1 

PDGFRβ  beta-type Platelet Derived Growth Factor Receptor 

PD-L1   Programmed Death Ligand 1 

PE   R-phycoerythrin 

PerCP   Peridinin Chlorophyll 

PI3K   Phosphatidylinositol 3-Kinase 

PIP2   Phosphatidylinositol 4, 5-bisphosphate 

PKC   Protein Kinase C 

PLC-γ   Phospholipase C γ 

PMA   Phorbol 12-Myristate 13-Acetate 

RANTES  Regulated upon Activation, Normal T-cell Expressed, and Secreted 

RAP   Reversible Adaptive Plasticity 

Rb   Retinoblastoma protein 

s.c.   subcutaneous  

SCID   Severe Combined Immunodeficiency 

scFv   Single Chain Variable Fragmemt 

SDS-PAGE  sodium dodecyl sulfate polyacrylamide gel electrophoresis 

shRNA  short hairpin Ribonucleic Acid 

Slp-76   Synaptotagmin-like proteins 76 

SMAD   Similar to Mothers Against Decapentaplegic 

TAA   Tumor Associated Antigen 

TAP   Transporter associated with Antigen Processing 



 xix 

TCR   T Cell Receptor 

TDL   Tumor Draining Lymph node  

TGF-β   Transforming Growth Factor β1 

TIL   Tumor Infiltrating Lymphocyte 

TIM   Tumor Immunosuppressive Microenvironment 

Tregs   T Regulatory Cells 

TSA   Tumor Specific Antigen 

VEGFR-2  Vascular Endothelial Growth Factor Receptor 2 

v/v   volume to volume 

WT   Wild Type 

WT1   Wilms’ Tumor Protein 

Zap-70   Zeta-chain-associated protein kinase 70 

 

 

 

 

 

 

 

 

 

 

 



 1 

CHAPTER 1: BACKGROUND 

 

1.1 Cytotoxic T Cell Function 

Cytotoxic T lymphocytes (CTLs) are the primary component of the adaptive 

immune system responsible for clearance of virally infected and tumorigenic cells. CTL 

priming begins with the presentation of antigens to naïve CD8+ T cells in primary 

lymphoid organs via antigen presenting cells (APCs).  This activation involves three 

main steps, beginning with recognition of antigen presented via Major Histocompatibility 

Complex (MHC) I on the APCs, directly to the CD3/T cell receptor complex (TCR) on 

the T cell (1-3). The second signal of activation comes from the B7 ligand on APCs 

stimulating CD28 on the T cell (4-6).  Finally, the third signal to induce potent T cell 

activation is cytokine mediated, primarily dependent upon Interleukin (IL)-2 for 

proliferation and production of cytotoxic granules (7, 8).   

Upon activation of the TCR, the intracellular ζ chain of the CD3 complex, a 

homodimer, becomes phosphorylated on its immunoreceptor tyrosine-based activation 

motif (ITAM) regions by Lck, which recruits Zap-70 (9-11) (Figure 1).  Zap-70 

phosphorylates LAT, which recruits Slp-76 to phosphorylate it as well (12). Slp-76 is 

able to then recruit Phospholipase C-γ (PLC-γ), which cleaves PIP2 into IP3 and DAG 

leading to increases in intracellular Ca2+ and recruitment of PKCθ (13).  PKCθ activates 

transcription factors such as NFAT, CREB, NF-κB and AP-1, essential for CTL 

differentiation (14).  These primed CTLs are then released into circulation and peripheral 

tissues, where they engage their specific target for destruction. 
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CTL effector function can be executed in several ways, the primary methods 

being cytokine release, or cytotoxicity. The latter method can be further divided into Fas-

mediated apoptosis, or cytotoxic granule exocytosis. Fas-mediated apoptosis occurs when 

the Fas-Ligand (FasL) crosslinks to Fas on the surface of target cells (15, 16). 

Alternatively, granule mediated exocytosis occurs by the targeted release of granules 

containing Perforin, a pore-forming complex, and several Granzymes, serine proteases, 

which cleave pro-caspases to initiate apoptosis, primarily via Granzyme B (15-17).  

Granule mediated exocytosis is triggered by TCR recognition of their target via 

MHC I presentation in the periphery, CTL activation, again directed by Lck, Zap-70, 

LAT, and Slp-76, begins with actin reorganization, and relocation of the microtubule 

organizing center (MTOC) (18, 19) (Figure 2B). The MTOC polarizes towards the 

immunological synapse, inducing the traversing of lytic granules towards the MTOC, the 

regulation of which is thought to be controlled by an accumulation of DAG, which 

recruits the motor protein Dynein (20) (Figure 2C).  These granules are then moved 

towards the immune synapse for release, a process mediated by PKCδ (21, 22) (Figure 

2D).  Perforin from lytic granules creates pores in the membrane of the target cell, 

allowing for Granzyme entry into the cell, inducing caspase-mediated apoptosis (23-25). 
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Figure 1. Schematic representation of CTL activation. Professional antigen presenting 

cells, including dendritic cells, macrophages, and B cells, introduce peptides to naïve 

CTLs through MHC I, received through the CD3 complex and CD8 coreceptor. This 

signaling leads to the recruitment of Lck, which phosphorylates the immunoreceptor 

tyrosine-based activation motif (ITAM) on the CD3ζ chains, resulting in the recruitment 

of Zap-70. This in turn phosphorylates LAT, which recruits in Slp-76 to further 

phosphorylate LAT, resulting in the recruitment of PLC-γ, which cleaves PIP2 into IP3 

and DAG. IP3 induces an increase in the levels of intracellular calcium, while DAG 

recruits PKCθ, to activate transcription factors for T cell priming, such as NFAT, CREB, 

NF-κB, and AP-1. 
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Figure 2. Schematic representation of Granule Mediated Cytotoxicity. After antigen 

presentation though MHC I, naïve CTLs become primed, and undergo a stage of 

proliferation and induction of lytic granules (A). Upon recognition of their target, the 

CTL cytoskeleton reorganizes, moving the microtubule organizing center (MTOC) 

towards the newly formed immune synapse (B). Lytic granules then begin to travel 

towards the MTOC, and fuse with the plasma membrane (C), where they release their 

contents towards the target cell, using Perforin to create pores in the target cell, allowing 

entry of granzymes to activate apoptosis in the target cell (D). Figure reproduced from 

(17). 
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1.2 Tumor Immunosuppressive Microenvironment 

The ability of the immune system to specifically target and clear cells within the 

host is often impaired in the context of cancer.  Immune suppressive or evasion is 

mediated by several mechanisms employed by tumors, described in detail below. 

However research has demonstrated that within mouse models, this tumor 

immunosuppressive microenvironment is transient, and can be overcome ex vivo, leading 

to an “On/Off” phenotype for tumor infiltrating lymphocytes (26, 27).  The details of 

these mechanisms are presented below. 

 

1.2.1 Tumor Infiltrating Lymphocytes 

 CTLs are the primary cell type responsible for the clearance of cancer, as they are 

able to home to the tumor site in a host, and specifically kill cancerous cells. The 

specificity of these tumor infiltrating lymphocytes (TIL) has led them to become a 

primary target in cancer immunotherapy (28, 29). One well established method, adoptive 

cell therapy (ACT), begins with the removal of TIL from patients, and the subsequent ex 

vivo culturing of those TIL (29, 30). The goal of this culturing is to expand the TIL to a 

much greater number than a naturally developed immune response would generate. The 

primary component responsible for this expansion is IL-2 (31, 32), which induces 

proliferation in CTLs, however other modifications to the TIL, such as the use of 

additional cytokines (33, 34), or transduction with chimeric antigen receptors, discussed 

here later, can be used to better regulate the expansion and effector function of these TIL. 

This expansion phase can take weeks to months, depending upon the rate at which the 

patient’s cells proliferate ex vivo (28, 30). When enough CTLs have been generated, they 



 8 

are reintroduced to the patient in higher than natural numbers, where they are able to 

home to the sites of tumors, and destroy them (28, 30, 35, 36). 

 Clinical trials of ACT have proven to be an effective method of tumor clearance 

across several types of solid and liquid tumors, including melanoma, sarcoma, 

adenocarcinoma, and leukemia (28, 29, 37, 38). Unfortunately, not all cancers induce the 

development of a potent, specific immune response. Often, CTLs are either impaired in 

their ability to home to the tumor site, or inhibited in their function upon arrival to the 

tumor. These mechanisms through which tumors evade or suppress CTL effector function 

are discussed below. 

 

1.2.2 Immune Evasion and Suppression Mechanisms 

 Tumors possess several mechanisms to avoid immune destruction, and most are 

employed across a broad range of cancers.  One of these mechanisms is a down 

regulation of MHC I (39, 40).  MHC I is the major antigen presenting protein, which is 

recognized by CD3/CD8 on CTLs, and is required to activate CTL effector function.  

Methods of this downregulation include mutations in the β-2 microglobulin gene, loss of 

MHC alleles, or decreased expression of MHC (39) (Figure 3).  While changes in MHC 

expression levels result in tumor susceptibility to killing by NK cells, tumors employ 

many additional ways to evade destruction.   

There are some cancers that have Tumor Associated Antigens (TAAs), which are 

proteins expressed in higher levels in cancer, compared to that of the normal cell state 

(39, 41).  However, these TAAs are often found in other parts of the body and carry out 
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different functions. As a result, the immune system recognizes them as self-antigens, and 

fails to mount an appropriate immune response. 

Tumor cells can also express negative costimulatory molecules, such as PD-L1s, 

which interact with PD-1 on T cells to inhibit activation (39).  Tumor cells can also 

stimulate the cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) receptor on CTLs, 

which when bound by B7, the same signal that is transduced through CD28 upon T cell 

activation, an inhibitory signal is transduced that impairs the activation/maturation of the 

CTLs (39, 42).   

It has also been shown that within the TIM, TIL are inhibited in their granule 

release despite TCR activation (26, 27).  Activation of CTLs results in production of 

Protocadherin-18, leading to the failure to activate signal transduction proteins 

downstream of the TCR, such as PLCγ-1, LAT, and ZAP70, as well as LFA-1.  This is 

because the protein that activates LFA-1, p56lck, is rapidly dephosphorylated by 

Protocadherin-18 upon contact with tumor cells, resulting in a failure to signal for 

cytoskeletal rearrangement and subsequent granule release (26, 43). 

Additionally, cells within the TIM can secrete immunosuppressive cytokines, 

primarily Transforming Growth Factor-β (TGF-β) and IL-10 (44, 45). TGF-β acts to 

inhibit activation, proliferation, and differentiation in T cells. The mechanism for TGF-β 

works through receptor mediated phosphorylation of Smad proteins, which leads to the 

decreased expression of c-myc, and at the same time increases the production of cyclin-

dependent kinase inhibitors, like p15 and p21 (46).  IL-10 is known to impair dendritic 

cell function, inhibit antigen peptide transporters TAP1 and TAP2, and effector T cell 

functions (39). Interestingly, these two cytokines, TGF-β and IL-10, also are the primary 
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driving force behind the T Regulatory cell (Treg) differentiation pathway, and act to 

convert classical CD4+ T helper cells into CD4+ CD25+ FoxP3+ Tregs (39, 47).  Tumors 

can also recruit Tregs via the chemokine CCL22, which aid in further suppressing the 

specific lysis of tumor cells by CTLs (48, 49). Taken together, these conditions allow 

Tregs to function and thrive within the TIM, unlike most other TIL subsets (50). 
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Figure 3. Schematic representation of tumor mediated immune-evasive and 

immunosuppressive mechanisms. Tumor cells can secrete several cytokines themselves 

which lead to the inhibition of an effector immune response, including TGF-β, IL-10, 

Galectin-1, Gangliosides, PGE2 and Kynurenines. They can also secrete chemokines like 

CCL22, which serves to recruit Tregs to the TIM, in turn further secreting TGF-β and IL-

10. In addition to shutting down a tumor directed effector response, TGF-β and IL-10 

induce conversion of T helper cells into Tregs. Tregs can also travel into tumor draining 

lymph nodes where they specifically kill dendritic cells, thereby preventing tumor antigen 

presentation to naive CTLs. Tumors can also employ contact mediated forms of 

suppression, through a catalog of molecules including B7 molecules, which bind to 

negative costimulatory receptors on the surface of CTLs, such as CTLA-4 and PD-1. 

Tumor cells can also induce CTL apoptosis via the ligands TRAIL, RCAS1, and Fas. 

Additional methods of immune evasion employed by tumor cells include mutations in the 

genes for LMPs and TAP, which respectively play a role in antigen processing and 

shuttling antigens into the endoplasmic reticulum, for assembly into MHC I molecules. 

Mutations can also occur in the genes for MHC I itself, or the β2 microglobulin, required 

for proper MHC I assembly and membrane translocation. Figure reproduced and 

modified from (39). 
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1.2.3 T Regulatory Cells 

 Tregs themselves have several methods of inhibiting and regulating immune 

responses.  They can produce TGF-β and IL-10, which can both directly inhibit CTLs, 

and as previously mentioned, convert other CD4+ T cells into Tregs (51-54).  These 

factors also suppress MHC expression, and induce B7-H4 expression on APCs, which in 

turn inhibit the activation of CTLs within the TIM via negative costimulation (42, 55). 

Additionally, Tregs express CTLA-4, which competes with CD28 on CTLs for the B7 

ligand, described in 1.1.  Tregs also express high levels of CD25, commonly known as 

the high affinity IL-2α receptor.  In doing so, they act as an “IL-2 sink”, draining the 

environment of available IL-2, which is critical for CTL proliferation and activation (56). 

Recent studies have demonstrated another mechanism of Treg 

immunosuppression: lytic targeting and degradation (57-61).  This process has long been 

thought exclusive to CTLs and Natural Killer cells, another lytic, though non-specific, 

immune responder cell.  One study demonstrated that Tregs from tumor bearing mice 

express high levels of lytic molecules, compared to tumor free mice. These Tregs travel 

to the tumor draining lymph nodes (TDLs), where they use a perforin-mediated contact 

dependent method to specifically lyse dendritic cells (DCs). This killing was proven to be 

antigen specific, using an ovalbumin OTII system (57).  

Natural expression of Perforin and Granzyme B within Tregs seems to be 

dependent upon the host animal or patient actually bearing a tumor (58, 62).  The exact 

mechanism of this stimulation is not known in vivo, however it has been repeatedly 

shown that Granzyme B can be expressed in Tregs in vitro via anti-CD3 and IL-2 

stimulation (59, 61, 63). These in vitro stimulated Tregs can be used to kill targets in an 
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antigen specific manner. One group demonstrated that murine Tregs activated and 

induced to express Granzyme B in vitro are able to kill CD4+ T helper cells in a 

Granzyme B-dependent, Perforin-independent, contact mediated manner (59). 

Additionally, human Tregs, which are in vitro activated, are able to kill activated CD4+ 

and CD8+ cells, as well as CD14+ monocytes, and both immature and mature DCs, in a 

Perforin-dependent contact mediated. This contact mechanism is mediated by CD18, and 

Treg cytotoxicity was inhibited upon antibody blockade of CD18 in cytotoxic assays 

(60). Whether this same contact mechanism is involved in murine Treg specific 

cytotoxicity has not been shown. 

  

1.2.4 Transient Immune Suppression 

It has been demonstrated by our laboratory, and others, that purifying CTLs 

directly from the tumor, and culturing them in vitro can overcome the effects of the TIM.  

Within as little as 6-8 hours, these CTLs can be reintroduced to cells of the cognate tumor 

in vitro, and they kill in a Perforin-dependent, Fas-independent manner (27).  This 

demonstrates that despite all of the immune evasion effects employed by tumors, the 

successful generation of a tumor immune response does occur.  However, the TIM 

transiently inhibits this response.  Simply removing CTLs from their environment 

restores their ability to kill.  This has been demonstrated across several tumor models (26, 

27).   

Within these models, it is known that Tregs produce high levels, and many 

different types of immuno-suppressive factors within the TIM (39, 41, 56, 64).  As a 

method to overcome suppression of CTL effector function, studies have been done to try 
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to ablate Tregs from the host, and while this works, it almost always leads to 

autoimmunity, as the lack of Tregs throughout the host prevents necessary immune 

regulation from being carried out.  

 Other ways to overcome suppression of CTL effector function include inducing T 

cells to degranulate (exert perforin-mediated cytotoxicity) in a TCR-independent manner.  

For example, Phorbol 12-Myristate 13-Acetate (PMA) used in conjunction with 

Ionomycin, induces degranulation within a T cell, by activating DAG effectors like PKC, 

and Ras GRP, and increasing intracellular calcium, respectively (65, 66).  Chemokines, 

such as Macrophage Inflammatory Protein (MIP-1α) and Regulated upon Activation, 

Normal T-cell Expressed, and Secreted (RANTES), also known as CCL5, have also been 

shown to induce lytic granule release (67, 68). Another encouraging method is that of 

bispecific antibodies, antibodies that wield two distinct scFv domains, which target both 

the tumor ligand and the CTL TCR to induce exocytosis-mediated killing of tumor cells 

(69-73). Separately, work has also been done with CARs, which allow for a bypassing of 

the MHC/TCR interaction required for classical targeted degranulation, which is 

discussed in greater detail below. 

 

1.3 Chimeric Antigen Receptors 

An emerging immunotherapy for the treatment of cancers, CARs have been 

shown to be effective in treating cancer not only in several mouse models, but also in 

clinical human trials (37, 74). The success of the CAR comes from its genetically 

engineered structure, and the method through which it induces specific T cell function, 
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while not requiring MHC I presentation to the TCR on CTLs (75). Their structure, 

function, and success are explained here in brief. 

 

1.3.1 Structure and Advantages 

The evolution of the CAR has gone through several generations, resulting in what 

is generally referred to as the “third generation” used now. The first generation of CARs 

were a genetically engineered receptor which uses the scFv specific portion of an 

antibody linked via the CD8 transmembrane domain to the ζ-chain of the CD3 complex, 

or the intracellular portion of the FcεRIγ, to induce specific killing in CTLs against native 

form proteins expressed on the surface of the target cell (41, 76-78). The second 

generation took this design and improved upon it, by adding a costimulation domain, 

either from the CD28 or 4-1BB coreceptors, to enhance stimulation, resulting in 

increased proliferation and survival (79). The third generation then included a second 

coreceptor, usually from a catalog of proteins like OX40, or CD27, which serve anti-

apoptotically, to increase survival of T cells and the duration for which they function (80, 

81) (Figure 4).  

The advantage of the CAR is two fold, in that it has high affinity for surface 

ligands, rather than being dependent upon MHC presentation of antigen, and secondly 

that it conveys the same natural intracellular signal as the TCR complex (75). While 

cancer specific or associated antigens are often intracellular proteins, CARs can be used 

to target stages of tumor development such as angiogenesis, where markers of 

neovascularization like vascular endothelial growth factor receptor-2 (VEGFR-2) or 

epidermal growth factor receptor variant III (EGFRvIII) are used (81-83).  Targeting 
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tumor development essentially suffocates tumor growth, and can result in tumor 

clearance. 
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Figure 4. Chimeric antigen receptor structure and function. Chimeric antigen 

receptors (CARs), much like a transgenic T cell receptor (tTCR), allow for the generation 

of target specific lymphoctyes. Unlike a tTCR however, CARs bypass the requirement 

for antigen presentation via MHC I. The basic structure of a car is composed of a protein-

specific portion, linked to the ITAM of the CD3ζ chain. This allows for native cell 

surface proteins to induce the same natural signaling cascade of activation that MHC I 

presentation to a TCR would. The 3rd generation of CARs use the scFv domain of an 

antibody, specifically the Variable Heavy and Light chains, as their protein-specific 

component. This is then linked to the transmembrane domain of the CD8 coreceptor, and 

followed by the subsurface domain of the CD28 costimulation receptor, both of which 

contribute to a more potent activation of the T cell. This is often added onto through an 

additional motif for proliferation or antiapoptotic signals, from molecules like 4-1BB or 

OX40, respectively, before finally transmitting the signal through the ITAMs of the 

CD3ζ chain. 

 

 

 

 

 

 



 19 

 

 

 

≈

VH$ VH$

VH$ VH$

VL$ VL$

VL$VL$

CL$CL$

CH1$ CH1$

CH2$ CH2$

CH3$CH3$

CD3$Complex$

ζ$ ζ$

α$β$
ε$ ε$γ$ δ$

ζ$ ζ$

mCD8HTM$

mCD28$

m4;1BB$

{$ scFv$
AnD;Tumor$mAb$

Chimeric$AnDgen$Receptor$
(3rd$GeneraDon)$



 20 

1.3.2 Application in Cancer Immunotherapy 

 CARs have demonstrated great success in several mouse models of cancer, 

including lymphoma, melanoma, pancreatic, ovarian and prostate cancer, and brain 

cancers like glioblastoma (79, 84-87). These models target either tumor specific ligands, 

or angiogenesis related ligands. In human clinical trials, CARs have also demonstrated 

success in acute and chronic lymphoid leukemias, specifically with CARs against the B 

cell marker CD19 (88-90).  In general, these patients undergo an ACT, as described 

previously, where their own T cells are removed, and transduced in culture ex vivo to 

express the CAR of interest.  The autologous CTLs are then transfused back into the 

patient after immune depletion, where they expand further while targeting and destroying 

the cancer cells (29, 82, 91). 

 While these CAR-based ACTs have shown great success, there are a few 

drawbacks and safety concerns related to their use. One of these concerns comes from the 

nature of the CAR’s specificity, where the CAR-bearing T cells are specific for proteins 

that are tumor associated, and not tumor specific. This leads to a phenomenon of “on-

target, off-tumor” specific destruction of normal tissues by CAR-bearing ACT cells (92). 

This phenomenon is commonly seen in anti-CD19 CAR ACTs, which results in B cell 

aplasia, though the use of intravenous immunoglobulin can be used to effectively manage 

this non-cancerous tissue destruction (77, 92-94). This phenomenon does not always 

occur, as CAR-based ACTs for tumor-associated antigens, such as PSMA and ROR1 

have not yet been reported on immune destruction of non-cancerous tissue, while 

antigens such as her2, MART-1, and carbonic anhydrase IX have all demonstrated 

effective T cell killing of antigen expressing normal tissue (95-99). 
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 Another complication commonly associated with CAR-based ACTs is that of the 

induction of massive cytokine storms. High levels of activated T cells results in the 

release of several inflammatory cytokines, including IL-6, TNF and IFN-γ, which lead to 

high fever, hypotension, and potentially, organ failure (92, 94). The effects of IL-6 can be 

managed through the use of tocilizumab, a monoclonal antibody drug commonly used in 

the treatment of rheumatoid arthritis, while other symptoms may rely upon steroids, 

vasopressors, and/or supportive therapy delivered in an intensive care unit (92). The 

treatment of these side effects is complicated, because the therapy itself is not drug-

based, but rather cell-based. The adoptively transferred T cells continue to proliferate 

within the patient, and cannot be reduced, as a drug-based therapy would be. 

 Potential solutions for these risks include the introduction of genetically 

engineered suicide genes along with the CAR during transduction, or a reduced number 

of initially adoptively transferred cells, potentially administered instead in a staggered, 

dosing timeline (100-102). It has also been demonstrated in anti-CD19 ACTs that 

stronger T cell responses result in patients with larger tumor burdens, than in those with 

residual disease (103). This finding suggests that CAR-based ACTs may be best used for 

the treatment of residual disease, after initial therapies and interventions. 

 

1.4 Pediatric Tumor Immunology 

Pediatric cancers are generally less understood than adult cancers, in the context 

of tumor immunity. This is in part due to the limited used of primary resection and the 

challenge of acquiring corresponding lymphocyte and tumor samples for study (104). 

This limitation on acquiring patient samples has led to a small number of directly 
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identified T cell based antigens in pediatric cancers. However, many adult tumors poses 

tumor associated antigens also found in pediatric cancers. Commonly found among these 

antigens is Survivin, which is widely expressed in cancers including leukemias, 

sarcomas, several brain tumors, and neuroblastoma (NB) (105-107). Furthermore, in 

cases of NB, it has been demonstrated that immune responses specific for Survivn have 

been generated (108). 

Beyond Survivin, cancer-testis antigens are highly expressed across many 

pediatric tumors. These antigens are expressed in normal tissue only in the testis, whose 

germ cells lack class I expression, and are generally immune privileged. As a result, 

immune responses directed against cancers that express cancer-testis antigens do not 

target normal tissue in the rest of the body, which does not express these antigens (109). 

For instance, G antigen (GAGE)-1 is identified in 82% of all NB cases, and seen in 

nearly 100% of stage 4 NB and Ewing’s sarcoma cases (110, 111). Other GAGE family 

members are expressed in high percentages among pediatric cancers including sarcomas, 

glioblastomas, and medulloblastomas (112, 113). Another cancer-testis family, named 

melanoma associated antigen (MAGE), expresses at least one of the four identified 

MAGE subfamily forms in 50-80% of all NB cases, and is also found in cases of 

osteosarcomas, glioblastomas, and medulloblastomas (110, 114-116). 

Despite the identification of several pediatric tumor associated antigens, there is 

little evidence of tumor clearance due to naturally induced immune response in these 

patients. However, there is emerging evidence that these pediatric tumors can be 

immunogenic, and are capable of being recognized by the immune system. The most 

promising demonstration of a tumor specific immune response is demonstrated in cases 
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of NB patients who present with Opsoclonus Myoclonus Syndrome (OMS). OMS, which 

presents with random eye movements, myoclonus, and ataxia, is present in 2-3% of all 

NB patients, while its incidence rate in NB free population is 1 in 107 per year, though 

around half of all OMS cases are in patients with NB (117, 118). These NB patients with 

OMS have a much more favorable three-year survival rate, around 100%, compared to 

standard NB patients. This syndrome is shown to be associated with the generation of 

circulating antibodies, which bind to cerebellar tissue (118, 119). These patients also 

have demonstrated increased lymphocyte infiltration within their tumor mass, and a much 

more favorable prognosis than NB patients without OMS (120, 121). 

Given the display in NB patients of several tumor-associated antigens and a 

partially characterized immune response developed in the face of tumor development, NB 

appears to be an excellent candidate to further explore the generation of tumor-specific 

immune responses to cancer. To better understand NB, its clinical prognosis and 

therapeutic evasion methods are described below. 

 

1.4.1 Neuroblastoma 

NB is the most common extra-cranial solid pediatric tumor type, developing from 

neural crest progenitor cells (122). It exhibits a wide range of clinical outcomes, ranging 

between spontaneous regression, to lethal disease (123). It is a heterogeneous tumor, 

composed of cells in undifferentiated states and those displaying neural crest-derived 

phenotypes (124). This heterogeneity is common in many tumor types, deriving from 

several sources, including genetic/epigenetic changes, microenvironmental pressure, 

anoikis resistance, and cancer stem cell populations (124). These phenotypic changes can 
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also occur in response to cancer treatment, such as radio and chemotherapy. The ability 

of cancer cells to survive and adapt depending upon their condition is termed “Reversible 

Adaptive Plasticity,” and has been well characterized in NB (124, 125). 

 

1.4.1.1 Clinical Prognosis and Treatment 

Neuroblastoma develops from the tissues making up the sympathetic nervous 

system, resulting in tumors forming within the adrenal medulla and paraspinal ganglia, 

presenting in the neck, chest, abdomen, or pelvis. NB can also metastasize into organs 

local to the original tumor cell origin, lymph nodes and bone marrow. Patients that do not 

receive therapy often have their tumors mature into benign ganglioneuroma. 

Existing genetic markers of unfavorable neuroblastoma prognosis include MYCN 

amplification and TrkB/NTRK2 upregulation, while conversely TrkA/NTRK1 

upregulation is indicative of a favorable outcome (123). NB also follows an autosomal 

dominant pattern of inheritance, related to activating function mutations in anaplastic 

lymphoma kinase (ALK) and loss of function mutations in PHOX2B, with up to a 

hypothesized 22% of patients having their cancer develop from a germinal mutation (123, 

126-128). Additionally, NB also exhibits triploidy in several partial to whole 

chromosome gains (129, 130). 

Treatment of NB almost always involves surgery, usually in conjunction with 

moderate to intense amounts of chemotherapy. Under these therapies, low and 

intermediate risk patients, i.e. those with localized tumor or lymph node metastasis, have 

an >98% to 95% survival rate, respectively (131). However, patients classified as high 

risk, with metastasis to bone and bone marrow, undergo surgery, dose-intensive 
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chemotherapy, and radiotherapy, occasionally with immunotherapy, still only reach a 

survival rate of 40-50% (132-135). The exceptions to this pattern, as mentioned 

previously, are those diagnosed as stage 4S. NB is commonly found in the liver, in 

patients displaying a stage 4S diagnosis, though these cases typically display complete 

regression with no to minimal clinical intervention (131), beyond occasional chemo- 

and/or radiotherapy in the event of life threatening liver disease from the tumors. The 

survival rate of these patients is >90% (131). 

 

1.4.1.2 Reversible Adaptive Plasticity and Id2 

One of the more challenging factors for treating tumors is based upon their ability 

to transition into different cell phenotypes, due in part to a heterogeneity of cell types 

within the tumor mass.  One form of tumor cell transition, dubbed epithelial to 

mesenchymal transition (EMT), allows tumor cells to be aggressive, and treatment 

resistant. EMT occurs when epithelial cells detach from their basement membrane, and 

acquire mesenchymal characteristics, allowing them to migrate through the body, until 

they seed in a new location (136-138).  This is the primary mechanism by which many 

tumors undergo metastasis. Markers of this transition include a loss of E-cadherin, in 

conjunction with up-regulation of β-catenin, vimentin, and SNAIL (124). 

Another mechanism by which tumors transition phenotypes, occurs in response 

either to genetic instability, or environmental stimulus, such as chemo- or radiotherapy. 

In these cases, cells that do not adapt to their environmental challenges die off, but those 

which do survive the selective pressure, may gain increased aggressiveness, or metastatic 

potential, in addition to their apparent resistance to therapeutic agents (139). Some have 
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dubbed these highly adaptive, self-renewing cells as “cancer stem cells,” though their 

existence is still debatable (140, 141). 

This is in part because cancer cells under survival challenge do not always de-

differentiate. It has been demonstrated in models of NB, glioblastoma, and melanoma 

that cells in conditions of hypoxia transition from their adherent phenotype, to that of a 

more invasive, migratory phenotype (142-146). NB in particular, has shown the ability to 

convert back and forth from adherent and migratory invasive phenotypes. This reversible 

adaptive plasticity (RAP) displays many qualities similar to EMT or selective pressure 

transitions, but many unique characteristics as well. In the NB line Neuro2a (N2A), 

adherent, or anchorage dependent (AD) cells, when grown in vitro under serum 

starvation, but in the presence of EGF and FGF, detached and formed free-floating 

anchorage independent (AI) tumorspheres. These cells transitioned back to an AD 

phenotype when returned to normal serum growth conditions. While able to detach and 

reattach, AI cells demonstrated no changes in their levels of the classic markers for EMT 

previously mentioned, when compared to AD cells. These cells also displayed some 

stem-like qualities, with cells from both AD and AI phenotypes able to differentiate into 

neuronal, oligodendrocyte, and astrocyte lineages. However when assessed for stem cell 

markers nestin, Sox2, CD133 and CD44, AD and AI cells again demonstrated no 

significant difference in expression (124). 

N2A AD cells are characterized by high expression of MAP2 and Id2, and are 

highly proliferative, while AI cells are characterized as MAP2 negative, while showing 

an upregulation in PDGFRβ, slow growth rate and anoikis resistance, evidenced by their 

upregulation of PI3K/Akt, Erk, Bcl2, and several integrins. These changes are also 
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observed in several human NB lines, while anoikis-resistant cancers such as melanoma, 

rhabdomyosarcoma, rhabdoid tumors and pancreatic adenocarcinoma also utilize these 

changes. The role of Id2 in RAP has been demonstrated as the primary regulator of 

transition for AD to and from AI. Id2 is an MYCN regulator, and it also competitively 

binds the Rb protein. In highly proliferative states, Id2 binds to Rb, thus preventing Rb 

from binding E2F, a known S-phase checkpoint. However in states where Id2 is 

downregulated, Rb is free to bind E2F, thus inhibiting proliferation. Id2 also functions as 

a negative regulator of the TGFβ/Smad pathway in NB cells, of which activation is 

required for the AD to AI transition (125) (Figure 5). These functions correlate with the 

twenty-fold increase in Id2 expression, in AD cells versus AI cells. Chemotherapeutic 

mouse models targeting the mechanisms behind RAP have shown dramatic slowing in 

tumor growth, as well as an overall 50% inhibition of tumor formation (125). 

Given the importance of Id2 in aiding NB to escape traditional chemotherapeutic 

treatment, we sought to target Id2 directly in vivo. Using lentiviral transduction, Id2 was 

knocked down in Neuro2a cells, in vitro, and then mice were challenged with these 

Neuro2a-Id2-knockdown cells. The results of these experiments are presented in the aims 

below. 
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Figure 5. Schematic representation of intracellular Id2 signaling pathway. Neuro2a 

AI cells lose their proliferative potential due to decreases in n-myc and Id2, under 

conditions of challenge, such as loss of cell-matrix anchorage, or serum starvation. This 

occurs through competitive binding of retinoblastoma protein (Rb) and TGF-β, as 

decreases in Id2 allow for Rb to bind to E2F, thereby blocking progression of cells into 

S-phase. These cells must either undergo apoptosis, or develop anoikis resistance, which 

occurs when Id2 expression is decreased, as TGF-β is able to activate the pathways 

needed for anoikis resistance. Figure reproduced from (125). 
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the highly proliferative AD cells were targeted with the chemo-
therapy drug doxorubicin in the presence of metformin [19,44].
We also reasoned that simultaneously targeting both phenotypes
with chemotherapy and sorafenib plus the addition of a TGFb
inhibitor, LY2109761 would enhance the combinatorial effect and
prevent reversible phenotypic adaptation from occurring. To test
this rationale, mice were treated with reagents alone or in
combination. Mice were treated with doxorubicin, metformin and
sorafenib for three weeks starting a day after their tumor
challenge, while mice that were treated with doxorubicin,
metformin, sorafenib and LY2109761 were only treated for two
weeks due to anticipated drug toxicity. In this model of
neuroblastoma, we found that the combination of drugs targeting
both AD and AI phenotypes together had significantly greater
impact on suppressing tumor growth compared to targeting either
phenotype alone (Figure 9A). When the TGFb blocker was added
to the combination to prevent phenotypic transition the effect on
tumor growth was even more remarkable in which 50% of mice
remained tumor free for the duration of the experiment (Figure
9A) and tumor growth was significantly suppressed (Figure 9B).
These observations demonstrate the pre-clinical value of thera-
peutically targeting the molecular pathways governing reversible
adaptive plasticity in neuroblastoma.

Discussion

Neuroblastoma cells undergo reversible adaptive plasticity to
survive unfavorable conditions and escape therapy [19]. To gain
further insight into the mechanism driving this adaptation, we
explored gene expression in the two heterogenous phenotypes of
Neuro2a cells and examined potential target molecules involved in
the phenotypic transition. We found that Id2, acting at least
partially through the negative regulation of the TGFb/Smad
pathway is a key mediator of reversible adaptive plasticity. In both
mouse and human neuroblastoma tumor cells, Id2 maintains the
proliferative phenotype and any alteration in its expression

perhaps due to microenvironmental signals may account for its
phenotypic switching to a more dormant anoikis resistant
phenotype (Figure 8).

Expression of Id proteins can be reactivated in human cancer
and it is proposed that deregulated Id signaling may promote
multiple attributes of malignant behavior [45]. The excessively
high expression of Id2 in anchorage dependent cells, its function as
an effector of n-myc and an oncogenic factor in neuroblastoma
[27] as well as its contribution towards negative regulation of cell
differentiation and positive regulation of cell cycle control
[27,32,46] led us to investigate its role as a mediator of adaptive
plasticity in neuroblastoma. Indeed, down-regulation of Id2
expression in the AD phenotype of neuroblastoma cells not only
decreased proliferation and induced apoptosis but also resulted in
over-activation of anoikis resistant pathways. This altered pheno-
type was similar to the AI cells in which anoikis resistance is
evident. Conversely, overexpression of Id2 in the AI cells
significantly increased their rate of proliferation. Therefore, Id2
appears critical for maintaining the proliferative AD phenotype
while its suppression results in up-regulation of mechanisms
governing transition to the anoikis resistant AI phenotype. These
results identify and establish the distinctive functional role of Id2 in
neuroblastoma tumor cell plasticity (Figure 8).

The effect of TGFb on tissue homeostasis through the inhibition
of Id proteins has been extensively studied in several cell lines
including skin keratinocytes, lung epithelial cells and mammary
epithelial cells [31,47,48] and Id2 is established as a key negative
regulator of TGFb-induced EMT in epithelial cells [31,41].
Although in our model of neuroblastoma tumor cell plasticity, our
previous findings did not detect any expression of markers
indicative of EMT [19] and neuroblastoma is not a tumor of
epithelial origin, it is possible that the phenotypic transition we
described [19] and EMT may represent similar phenomena of
tumor cell adaptation. Our findings demonstrate the critical role
that Id2 plays in binding and negatively regulating TGFb
function. When Id2 is suppressed, the TGFb pathway is activated

Figure 8. A model depicting the role of Id2 in Neuro2a phenotypic transition. We show that the AI cells lose their proliferative potential due
to loss of n-myc and Id2 expression when conditions induce loss of cell-matrix anchorage or serum starvation. The mechanism by which this occurs is
through competitive binding of retinoblastoma (Rb) and TGFb. Diminished Id2 enables Rb binding to E2F, thus blocking progression into the S-phase
of cell cycling (free E2F induces S-phase genes) and inhibiting proliferation. Subsequently the cells either undergo apoptosis or develop resistance to
anoikis. Concurrently, inhibiting Id2 enables TGFb to activate the pathways of anoikis resistance allowing the cells to adapt to unfavorable conditions.
doi:10.1371/journal.pone.0083521.g008

Mechanism of Adaptive Plasticity in Neuroblastoma

PLOS ONE | www.plosone.org 12 December 2013 | Volume 8 | Issue 12 | e83521

Reproduced from (125) 
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CHAPTER 2: SPECIFIC AIMS 

 

CD8+ Cytotoxic T Lymphocytes (CTLs) are members of the adaptive immune 

response, and the primary cell type responsible for the clearance of virally infected and 

tumorigenic cells in the body.  In cancer however, CTLs, which are programed to 

recognize specific antigens, are often unable to effectively target tumor cells.  While 

some tumors evade immune surveillance via down-regulation of the Major 

Histocompatibility Complex I and lack of tumor-specific antigens, others generate a 

Tumor Immunosuppressive Microenvironment (TIM).  The TIM can shut down the 

tumor-specific immune response via production of immunosuppressive cytokines, Fas-

mediated apoptosis, negative costimulation, and recruitment of T Regulatory Cells 

(Tregs). This leads to an “on/off switch” phenotype for CTLs, where CTL function is 

inhibited within the TIM, but lytic activity is restored upon removal of CTL from the 

environment.  This transient inhibition of CTL function has been proven and established 

in mouse models, but is not well characterized in humans. 

In this dissertation, we investigate whether the “on/off switch” phenotype exists in 

humans, proving the clinical relevancy of mouse models, and develop methods to 

circumvent this immune shutdown in vivo. 

 

AIM 1: Characterization of CD8+ T Cells Infiltrating Pediatric Tumors 

Summary: Mouse models demonstrate that the body develops an immune response to 

cancerous cells, which becomes functionally suppressed at the site of the tumor. Whether 

this phenomenon occurs in humans however, has never been demonstrated. We 



 31 

characterize here the levels of CTL infiltration within untreated childhood tumor samples, 

and demonstrate that Tumor Infiltrating Lymphocytes (TIL) removed from the TIM are 

non functional immediately, but regain cytotoxic function upon brief ex vivo culture. 

 

AIM 2: Generation of a Specific Cytotoxic T-Cell Response from a Tumor Vaccine 

Against a Murine Neuroblastoma Model 

Summary: Neuroblastoma (NB) is the most common extra-cranial solid pediatric cancer. 

NB demonstrates a mechanism of in vivo phenotype switching, mediated by Id2, which 

allows it to evade standard chemotherapy. We show here in a Neuro2a (N2) model, that 

stably knocking down Id2 via lentiviral transduction results in tumor cell growth 

attenuation, and that when introduced to mice, in conjunction with anti-CTLA-4, result in 

the induction of a T cell mediated immune response, capable of clearing wild type (WT) 

N2A cells from the host. 

 

AIM 3: Development of CAR-Expressing Tregs Possessing Anti-Tumor Activity 

Summary: Tregs are actively recruited to the TIM, where the immunosuppressive 

cytokines found within the tumor environment drive their function, and can even convert 

CD4+ T Helper cells into Tregs.  Their role within the TIM is to prevent autoimmunity, 

by inhibiting CTL function through several pathways, including targeted cytotoxicity.  

Using Chimeric Antigen Receptors (CARs), we propose to redirect this activity towards 

the tumor itself.  We show here that T cells expressing CARs are able to kill their targets 

in vitro, and additionally, we demonstrate CAR transduction in Tregs, but lower 

cytotoxicity of Tregs compared to CTLs in vitro. 
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CHAPTER 3: METHODS 

 

3.1 Animals 

C57BL/6, A/J, NOD.CB17-Prkdc<scid>/J (HOM) and Nude mice were purchased 

from The Jackson Laboratory.  The animals were acclimated for 4–5 days prior to tumor 

challenge. All procedures involving animals were approved by the Institutional Animal 

Care and Use Committee of Children’s National Medical Center (CNMC), Washington 

DC. 

 

3.2 Human Tumor Samples 

 De-identified fresh human tumor samples were obtained from the Pathology 

department of CNMC. Written informed consents were obtained from the parents or 

guardians of the patients in accordance with the Declaration of Helsinki. All procedures 

involving the use of human tumor specimens were approved by the Institutional Review 

Board of CNMC. 

 

3.3 Cell Lines 

2C11 hybridoma, P815, L1210 cells (ATCC Manassas, VA), IL-2 producing cell 

line IL2P (obtained from Dr. S Vukmanovic, CNMC) and M-3-9M Rhabdomyosarcoma 

(obtained from Dr. Crystal L Mackall, National Cancer Institute) were cultured in RPMI 

1640 containing 10% fetal bovine serum (FBS, Gibco Carlsbad, CA).  Platinum-E cells 

(obtained from Dr. N Restifo, National Institutes of Health) were cultured in High 

Glucose DMEM (Gibco), containing 10% FBS, 1% Sodium Pyruvate, 1% MEM Non-
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essential amino-acids, 2mM Glutamine, 1% penicillin/streptomycin, 0.1% gentamicin, 

10µg/mL puromycin, and 10µg/mL blasticidin.  MS1 (ATCC) were cultured in High 

Glucose, +L-Glutamine DMEM (ATCC), containing 5% FBS. B16:F0 Melanoma from 

C57BL/6 background and Neuro2a (ATCC), the murine neuroblastoma cell line derived 

from A/J mice, were cultured as follows.  Anchorage Dependent (AD) cells were grown 

in DMEM (Gibco) containing 10% FBS, 0.5% penicillin/streptomycin (Sigma, St. Louis, 

MO) and 10% L-glutamine (Sigma). Anchorage independent tumorspheres (AI) from the 

Neuro2a cells were grown in NeuroCult complete media consisting of NeuroCult Neural 

Stem Cell (NSC) Basal medium, 1/10 NeuroCult NSC Proliferation supplements, 20 

ng/ml EGF, 10 ng/ml bFGF and 2 µg/ml Heparin. NeuroCult media, supplements and 

growth factors were all purchased from Stem Cell Technologies (Vancouver, BC, 

Canada). 

 

3.4 Antibodies (Ab) and Reagents 

 Antibodies used for flow cytometry staining of mouse lymphocytes surface 

markers included PE-anti-CD45, PE-anti-CD25, FITC-anti-CD49b, FITC-anti-CD4, 

FITC-anti-CD11b, FITC-anti-CD11c, and their respective isotype controls (all from 

eBiosciences, San Diego, CA). Additional mouse lymphocyte surface staining antibodies 

include PE-anti-CD4, PE-anti-CD11c, FITC-anti-CD3, FITC-anti-NK1.1, FITC-anti-

CD90.1, FITC-anti-CD8α, PerCP-Cy5.5-anti-CD8α, APC-anti-CD4, and their respective 

isotype controls (all from BD Biosciences, Palo Alto, CA). Mouse intracellular flow 

cytometry staining antibodies used were PE-Cy5-anti-Foxp3, and APC-anti-granzyme B, 

and their respective isotype controls (from eBiosciences and Invitrogen, Carlsbad, CA 
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respectively). Flow cytometry analysis of murine VEGFR-2/FLK-1 on cell lines was 

carried out using PE-anti-FLK-1 (BD Biosciences). Antibodies used in the flow 

cytrometric analysis of human tumor infiltrating lymphocytes were APC-anti-CD4, 

FITC-anti-CD8, PerCP-Cy5.5-anti-CD16, PE-anti-CD19, and their respective isotype 

controls (all from BD Biosciences). Flow cytometric analysis of transduced lymphocytes 

was carried out using rmVEGF R2/Fc Chimera (R&D Systems, Minneapolis, MN) to 

label DC101, followed by secondary antibody staining of PE-anti-IgG Fcγ 

(eBiosciences). All cases of flow cytometry used FcR Block anti-CD16/CD32 

(eBiosciences). Western blot antibodies used include rabbit-polyclonal-anti-Id1, rabbit-

polyclonal-anti-Id2, rabbit-polyclonal-anti-Id3, (all from Santa Cruz Biotechnology, 

Santa Cruz, CA), and goat-anti-rabbit-HRP conjugated (Jackson Immunoresearch, West 

Grove, PA). 

  

3.5 Tumor Digestion 

Upon removal, tumors were weighed, and then minced in 2mL of serum free 

RPMI.  Minced tumors were then placed in a 50mL tube, and filled to a final volume of 

5mL serum free RPMI per 1g of tumor.  To enzymatically digest the tumor to a single 

cell suspension, Collagenase I (Sigma), Dispase II (Roche, Basel, Switzerland) and 

DNase I (Roche) were added at a final concentration of 1500U/mL, 4.8mg/mL, and 

3000U/mL, respectively. The tumor was allowed to digest in a 37°C shaker bath for 20 

minutes, swirling the tube by hand every 5 minutes, and then placed on ice for 1-2 

minutes, allowing the remaining undigested pellet to settle.  The supernatant containing 

the single cell suspension was then collected and passed through a 40µm strainer, before 
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being centrifuged at 250 x g for 5 minutes, and resuspended at the desired volume. This 

procedure was based on and modified from (147). 

 

3.6 Chromium Release Assay 

 CTL activity of in vitro stimulated T cells or TIL was determined in standard 51Cr 

release assays, described previously in (148). In brief, 106 target cells, cognate tumor 

cells, or syngeneic but non cross-reactive L1210 tumor cells were incubated with 0.2 mCi 

Na[51]CrO4 in RPMI 1640 medium for 45 min at 37°C. Cells were washed twice with 

complete medium and transferred to round-bottom 96-well plates at 5x103 cells/well. 

Effector in vitro stimulated T cells were prepared as mentioned previously.  Effector TIL 

were prepared by in vitro culture of TIL in complete RPMI 1640 medium overnight in 

the presence of 2% v/v supernatants containing IL-2. Cells were added to target cells at 

varying numbers in a final volume of 0.2 ml to give the E:T ratios as indicated in the 

figure legends. After a 4-h incubation at 37°C, 0.1 ml of supernatants were harvested, and 

released radiolabel was determined by scintillation counting. Maximal release from target 

cells was determined by treatment of cells with 1% Triton X-100, spontaneous release 

was determined from cultures of labeled target cells incubated with medium only, and the 

formula used for determination of specific lysis was: [(experimental release − 

spontaneous release)/(maximal release − spontaneous release)] × 100. 

 

3.7 Stimulation of T Cells in vitro and ex vivo T Cell Purification 

To generate T cell blasts from full splenic population, 4x106 total splenocytes in 4 

ml of complete RPMI 1640 per well of a 6-well plate were cultured for 36–40 h in the 



 36 

presence of 2% v/v of supernatants containing anti-CD3 Ab produced by 2C11 

hybridoma. Where indicated, the cells were additionally cultured in the presence of 2% 

v/v of supernatants containing IL-2 (149).  To generate T cell blasts from purified 

populations, CD8+ T cells or CD4+/CD25+ cells were purified using the magnetic bead-

coupled Ab MACS system (Miltenyi Biotec, Auburn, CA).  These cells were then plated 

in 1mL of complete RPMI 1640 per well of a 24-well plate, coated with 10µg/mL anti-

CD3ε (2C11, BD Biosciences) and anti-CD28 (37.51, eBiosciences).  CD8+ and 

CD4+/CD25+ cells were then cultured for 36-40 h, or 72-96 h, respectively, in the 

presence of 2% v/v of supernatants containing IL-2. 

 

3.8 Lentiviral Transduction of Tumor Cell Lines 

Lentiviral shRNA particles and Luciferase were obtained from Santa Cruz 

Biotechnology. Briefly, 1x105 target cells were seeded in a 12 well plate, in respective 

culture media mentioned previously, kept at 37°C overnight. 24 hrs later, the media was 

removed, and replaced with new media, additionally containing Polybrene (Santa Cruz 

Biotechnology) at 5 µg/mL. Lentiviral particles were then added to the wells and 

incubated at 37°C for 24 hrs. The media was then removed and new culture media 

without Polybrene was added to the wells. 24hrs following this, cells were removed from 

the plate and split in a 1:5 ratio, to continue growing at 37°C for 48 hrs. To select for 

stably transduced cells, Puromycin (Invitrogen) was added to the wells at a concentration 

of 2-10 µg /mL.  This media was replaced every 3 days, until remaining cells were 

confluent enough to passage (>80%).  Transduction efficiency of Luciferase expression 

was assessed via Luciferase Assay (Promega, Madison, WI). Cell lines transduced with 
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Luciferase containing lentivirus were rinsed while plated on 100mm culture dish in 1X 

PBS. To this 900 µL of 1X Lysis reagent was added to the dish.  Cells were then scraped 

from the dish, collected into a microcentrifuge tube (Eppendorf, Hamburg, Germany), 

and briefly spun down. Lysate was transferred to a new tube, then 20 µL of the lysate was 

added to 100 µL of Luciferase Assay Reagent, and measured via photometer. Cell lines 

transduced with shRNA lentivirus were assessed for transduction efficiency via Western 

Blot. 

 

3.9 Western Blot Analysis 

Western blots were performed as previously described in (124). Briefly, cell 

lysates were prepared on ice by incubating 1x107 cells/mL Cytobuster (EMD Millipore, 

Billerica, MA) containing Benzonase, Phosphotase, and Protease inhibitor for 20 min. 

Proteins were separated by SDS-PAGE using Criterion XT 4-12% Bis-Tris 

polyacrylamide (Bio-Rad Laboratories Inc., Hercules, CA) and transferred to 

polyvinylidene fluoride membranes (EMD Millipore).  Membranes were incubated with 

blocking buffer (0.1% Tween 20, 5% BSA in 1X TBS) for 30 min at room temperature. 

Membranes were then incubated with primary and secondary antibodies were 

individually diluted in blocking buffer, and incubated with the membrane at 4°C 

overnight and 60 min at room temperature, respectively. Membranes were rinsed 4 times 

with washing buffer (0.1% Tween 20 in 1X TBS) between incubations.  Finally, 

membranes were reacted with WesternBright ECL HRP substrate (Advansta, Menlo 

Park, CA) for 2 minutes, and developed using the Omega Lum G system (Aplegen, Inc, 

Pleasanton, CA). 
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3.10 Tumor Models and Adoptive Transfer 

Mice had their fur removed on their hind leg via shaving or Nair, at the injection 

site prior to injection.  They were then subcutaneously inoculated with 1x106 syngeneic 

tumor cells, in 100µL 1X PBS.  Mice were then treated 7-8 days later with i.v. adoptive 

transfer of 5x106 syngeneic T cells from stimulation groups indicated.  Starting tumor 

volumes ranged from 8-12mm in diameter.  All animals were sacrificed when tumor 

diameters reached 20mm.   

 

3.11 Neuro2a-Id2-KD Vaccination Studies 

Mice were vaccinated with either 3-day post tumor inoculation, or 5-day-

established post tumor inoculation models.  The timeline for vaccination begins with IP 

injection of 150 µg anti-CTLA-4 antibody (9D9) or IgG2b isotype control (BioXCell, 

Kuala Lumpur, Malaysia) and subcutaneous injection of 1x106 Neuro2a-Id2-KD cells on 

the opposite hind leg as the original tumor injection site.  Anti-CTLA-4 injections were 

repeated twice more every 72 hrs, and a second boost of 1x106 Neuro2a-Id2-KD cells 

were given subcutaneously at the same site 7 days after the first injection. 

 

3.12 Macrophage Harvest and Phagocytosis Assay 

Macrophages were harvested from the bone marrow of 6-week-old A/J mice, and 

cultured in D10 with 30% L929 cell condition medium (LCCM) for 10 days, replacing 

media every 72 hrs. They were then collected and plated at a density of 5x104 in a 24-

well tissue-culture plate.  Neuro2a or Neuro2a-Id2-KD cells were labeled with 
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carboxyfluorescein succinimidyl ester (CFSE) according to protocol (Invitrogen).  After 

2 hrs, 2x104 CFSE-labeled target cells were added to the macrophage seeded wells, with 

10 µg/mL of anti-CD47 antibody and incubated for 2 hrs.  Cells were collected and 

labeled with anti-CD11b-Cy5.5 conjugated antibody, and assessed for phagocytosis via 

flow cytometry for CD11b+/CFSE+ events. This procedure was based on and modified 

from (150). 

 

3.13 Live Imaging of Mice 

Mice injected with luciferase expressing tumor cells were imaged using IVIS 

Lumina Series III (PerkinElmer, Waltham, MA). To image, mice were injected IP with 

D-Luciferin, and were anesthetized 15 minutes later using isoflurane inhalation (Butler 

Schein, Dublin, Ohio). Using the Living Image program, mice were imaged with a 60 

second exposure for all images. 

 

3.14 NK1.1, CD4, and CD8 T Cell Depletion 

Starting 1 day before tumor inoculation, Anti-NK1.1 (PK136, eBioscience), Anti-

CD4 (GK1.5, eBioscience) and Anti-CD8 (53-6.7 eBioscience) depleting antibodies were 

injected at concentrations of 300µg, 100 µg and 100 µg, respectively.  The depletion 

injections were repeated every 96 hrs on days 3, 7, and 11 post tumor injection. Depletion 

of NK1.1, CD4, and CD8 T cells were validated using peripheral blood, and analyzed via 

flow cytometry (>95% depletion).  Mice in depletion studies were vaccinated using a 5-

day post tumor inoculation model. 
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3.15 CAR-Bearing Retrovirus Production 

Platinum-E cells were plated at 5x106 cells in 10mL per 10cm2 on Poly-D-Lysine 

Biocoat plates (Corning, Tewksbury, MA) and incubated overnight at 37°C.  16-18hrs 

post plating, media was removed and cells were rinsed with 1X PBS.  Culture media 

without selective antibiotics was added to the plate, and they were returned to 37°C for 

1hr, before adding a mixture containing 9µg CAR plasmid, 6.3µg pCL-Eco, and 60µL 

Lipofectamine 2000 (Invitrogen) in 6mL OptiMEM (Gibco) to each 10cm2 plate.  The 

plates were then incubated at 37°C for 6-8hrs.  Transfection media was then aspirated off, 

and culture media without puromycin or blasticidin was then added to the plates, which 

were incubated for 48hrs at 37°C.  After 48hrs, viral supernatant was collected, and 

centrifuged at 1000 x g for 5 mintues, before passing through a 40 µm strainer to remove 

any remaining cell debris.  Viral supernatant not used immediately for transduction was 

stored at -80°C. This procedure was based on and modified from (151). 

 

3.16 CAR-Bearing Retroviral Transduction of T Cells 

CD8+ or CD4+/CD25+ T cell populations were obtained and stimulated for 24 or 

72 hrs, respectively, under conditions previously mentioned.  They were then collected 

and expanded for 12 hrs in complete RPMI containing 2% v/v of supernatants containing 

IL-2.  During this time, Non Tissue Culture Treated 24 well plates (BD Biosciences) 

were coated with 300µL of Retronectin (Takara) in 1X PBS at 25µg/mL at 4°C. 30 

minutes prior to use, these plates were blocked with 2mL/well 2% BSA in 1X PBS at 

37°C, and washed with 1X PBS.  2mL of viral supernatant was then added to each well, 

and spun at 2000 x g for 2hrs at 32°C. Supernatant was then removed from the plates, and 
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106 T cells were added to the wells at 1x106/1.5mL in complete RPMI containing 2% v/v 

of supernatants containing IL-2.  Plates were spun at 600 x g at 32°C for 10 minutes, and 

incubated at 37°C. This procedure was based on and modified from (151). 
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CHAPTER 4: CHARACTERIZATION OF CD8+ T CELLS INFILTRATING 

PEDIATRIC TUMORS 

 

4.1 Introduction 

Several mouse models of cancer have been used to demonstrate the generation of 

a tumor specific immune response, which becomes reversibly inhibited within the TIM. 

This inhibition comes from several factors employed by tumors, including inhibitory 

cytokines such as TGFβ and IL-10, Fas-mediated induction of apoptosis, and recruitment 

of T regulatory cells. While these mouse models have demonstrated that CTL function is 

recoverable upon removal of TIL from the TIM, this recovery of T cells isolated from 

human tumors has not been assessed. We show here an analysis of CD8+ T cell 

infiltration within several human pediatric tumor samples, and furthermore, the recovery 

of cytotoxic T cell function from purified TIL. 

 

4.2 Results 

4.2.1 Characterization of Tumor Infiltrating Lymphocytes within Human Patient Samples 

 To investigate whether or not human tumors display infiltration by CTLs, samples 

were obtained from biopsies and resections of solid tumors, over the span of two years, 

from patients at Children’s National Medical Center (CNMC) in Washington, D.C. To 

study the natural tumor induced immune response, it was critical to obtain samples from 

untreated patients, as chemo- and radiotherapy can weaken, alter, or destroy components 

of the immune system, as well as change the morphology of the tumor.  
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Tumor samples were enzymatically digested into a single cell suspension, and 

total cellular events were analyzed via flow cytometry for expression of CD8, the 

classical surface marker for CTLs. In cases where enough tissue was provided, samples 

were assessed for additional markers. While some tumor types displayed no detectable 

levels of CD8+ cells (Ependymoma, Embryonal Rhabdomyosarcoma, Synovial Sarcoma, 

Gliofibroma), other types exhibited low levels of infiltration (Wilms’ Tumor, Pilocytic 

Astrocytoma, Neuroblastoma) (Table 1). The percentages shown in all lymphocytes 

populations were determined by gating on all positive events within the total tumor 

digestion, compared to isotype control for their respective antibodies. For tumors types 

that were examined more than once, infiltration levels remained consistent (Figure 6).  

Of note, NB samples displayed either little to no evidence of CD8+ T cells, with 

the exception of Patients 2 and 5 (Figure 7A). These findings for NB patients are 

consistent with T cell infiltration in our pediatric NB cell line, Neuro2a, which display 

infiltration of CD4+/CD45+ and CD8+/CD45+ cells at 2.53% and 1.65%, respectively 

(mean n=4 tumors). (Figure 7B). Patients 2 and 5 presented with OMS, the characteristics 

of which are discussed previously. These two OMS-NB patients displayed a substantial 

infiltration level of CD8+ cells, (Figure 7C), with Patient 2 having 17.3% of all TIL 

CD8+ cells and Patient 5 having of all TIL 15.2% CD8+ cells, which to our knowledge, 

is the first time this has been shown. The high levels of CD8+ T cells found within OMS-

NB patient samples provide strong evidence towards the autoimmune hypothesis of 

OMS, but also suggesting that TILs are associated with the more favorable outcome of 

OMS-NB patients compared to non-OMS NB patients. 
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Table 1. Catalog of CD8 infiltration in human tumor samples. Levels of all evaluated 

TIL from human tumor samples, as assessed via flow cytometry, after isotype correction. 

Positive gating events were analyzed from the entire tumor cell collection after enzymatic 

digestion. 
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Tumor Type/Date % of CD8 in 
total tumor 

% of CD4 in 
total tumor 

% of CD16 in 
total tumor 

 
% of CD19 in 

total tumor 
 

Wilms’ 

1/14/11 0.196       

4/12/12 0.406       

9/11/12 0.106 0.056     

Ependymoma  

3/11/11 0       

4/25/12 0       

Embryonal Rhabdomyosarcoma 

3/17/11 0       

Synovial Sarcoma 

10/17/11 0       

Pilocytic Astrocytoma 

11/7/11 1       

Neuroblastoma 

1/23/12 0       

4/27/12 7.49 0.35     

10/25/12 0 0   0 

1/17/13 1.056 0.604 0 0 

1/29/15 2.12 4.38 0.048 0.496 

Gliofibroma 

1/7/13 0       
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Figure 6. Flow cytometric analysis of human Wilms’ Tumor CD8+ infiltration. (A) 

Wilms’ Tumor patient samples were enzymatically digested immediately after surgery, 

and analyzed for their infiltration of CD8+ T cells. Following whole tumor digestion, 

identification of CD8+ gate from the entire cellular collection was established from 

comparison with isotype control. (B) Graphical representation of TIL levels from (A) 

after correction for isotype control. 
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Figure 7. Human normal Neuroblastoma infiltration compared with Opsoclonus 

Myoclonus patient. Neuroblastoma (NB) tumor samples from patients, two with 

Opsoclonus Myoclonus syndrome, were enzymatically digested and assessed for TIL. (A) 

Representative flow cytometry for CD4+ and CD8+ T cells in NB samples. Tumor 

lymphocyte gating was established via FSC vs low angle-SSC events from the entire 

cellular collection, following tumor digestion. Identification of CD4+ and CD8+ events 

within this tumor lymphocyte population were established from comparison to respective 

isotype controls. (B) Graphical representation of CD4+ and CD8+ cells from murine NB 

cell line, Neuro2a. CD45+ cells within full tumor digestion were used to establish tumor 

lymphocyte gating. CD4+ and CD8+ events were established from comparison with their 

respective istotype controls.  Mean infiltration values were generated from the 4 

corresponding samples, error bars represent SD. (C) Graphical representation of TIL 

levels from (A), indicating an increase of CD8+ T cell infiltration within the OMS patient 

samples, compared to other NB patient specimens. 
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4.2.2 Human Tumor Infiltrating Lymphocytes are Functionally Inhibited at the Tumor 

Site 

To investigate the transient inhibition phenotype of TIL, Neuro2a could not be 

used due to its poor immune response, as indicated by negligible lymphocyte infiltration. 

Due to the few available murine NB cell lines available being of A/J mouse background, 

we instead, utilized the previously unexplored mouse model rhabdomyosarcoma M3-9-

M, which come from a C57BL/6 mouse background, as C57BL/6 typically generate 

stronger cytotoxic T cell responses than those of our A/J mice used in Neuro2a work. 

Flow cytometric analysis of whole tumor cellular digestion (n=5 mice) revealed 

infiltration of M3-9-M tumors by CD8+ (1.52%) and CD4+ (0.44%) T cells (Figure 8A). 

To investigate the functional ability of these cells, TIL were purified from the tumor 

mass, and assessed for their specific cytotoxicity.  These TIL were found to be impaired 

in their ability to specifically kill target cells of the cognate origin as their tumor upon 

immediate removal from the TIM. However upon 10 hr ex vivo culture, the TIL 

demonstrated a recovery of their specific cytotoxic ability (Figure 8B). These findings are 

consistent with other models of transient tumor induced immune suppression (27, 152). 

To explore this “on/off” phenotype in a humanized model, a human-mouse 

xenograft model of neuroblastoma was used. Briefly, NOD/scid/IL2Rγnull mice were 

engrafted with 5*106 NLF cells, a human neuroblastoma cell line, and 1 week later 

injected through the lateral tail vein with 50*106 human CD3+ T cells, and tumors were 

harvested upon reaching a diameter of 20mm (153). Flow cytometry of the tumor digest 

revealed a small percentage of CD8+ T cell infiltration (Figure 9A), consistent with our 

Neuro2a and human neuroblastoma samples. These cells were purified from the tumor 
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digest, and tested for their cytotoxic potential immediately ex vivo. Upon removal, TIL 

demonstrated limited cytotoxicity toward targets of cognate tumor origin, but upon 10 hr 

ex vivo culture, increased their specific cytotoxic functionality (Figure 9B). This data is 

from a single experiment, and limited cell numbers prevented the standard chromium 

dose response analysis. 

Since preliminary data demonstrated the transient inhibition of TIL in mouse and 

human-mouse xenograft models, we sought to test for this “on/off” phenotype in TIL 

purified from human tissue. The previously mentioned case of Pilocytic Astrocytoma 

provided enough TIL to purify (Figure 10A), and investigate their cytotoxic activity. TIL 

purified from this tumor displayed no initial cytotoxicity when conjugated via OKT3 to 

L1210 cells, which are Fas-deficient. These TIL were cultured ex vivo for 11 hours, and 

again assessed for their ability to kill, with a significant (P=0.044) increase in 

cytotoxicity, analyzed via a Student’s T Test (Figure 10B).  
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Figure 8. TIL infiltration and cytotoxicity in M3-9-M Rhabdomyosarcoma. Tumors 

were enzymatically digested immediately ex vivo. (A) Graphical representation of CD4+ 

and CD8+ T cell infiltration observed in M3-9-M tumors. Analysis was performed on 

total cells following digestion of tumor samples. CD4+ and CD8+ gating established 

from respective isotype controls. Values displayed are mean of n=5 tumors, error bars 

represent SD. (B) CD8+ T cells harvested from M3-9-M tumors display low levels of 

specific cytotoxicity assessed via standard 4 hr chromium release assay against cognate 

tumor cells when freshly isolated from their tumor mass. This cytotoxicity is significantly 

increased upon 8 hr recovery of TIL ex vivo at 37°C in tissue culture media, without 

introduction of additional cytokines. E:T ratios run in triplicate. Representatives of three 

independent experiments giving similar results are shown. Error bars represent SD. 
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Figure 9. Xenograft CD8+ infiltration and recovery of TIL cytotoxic function. (A) 

Flow cytometric analysis of CD8+ T cell infiltration in NLF xenograft human-mouse 

model (described in Results). Following enzymatic digestion of tumor, CD8+ events 

from the entire cellular collection were established from comparison with isotype control. 

After purification of CD8+ cells from the tumor digestion, the purity of isolated cells was 

analyzed using the same gating strategy described above. (B) Purified lymphocytes from 

NLF tumor re-directed in 4 hr standard chromium release assay against L1210 cells 

display partial cytotoxicity upon removal from tumor environment. When these cells 

were recovered for 10 hrs ex vivo at 37°C in tissue culture media, without additional 

cytokines, they showed an increase in their cytotoxic effector function. E:T ratios run in 

triplicate samples. Data are representative of one mouse. 
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Figure 10. Pilocytic Astrocytoma CD8+ infiltration and recovery of TIL 

cytotoxicity. (A) Flow cytometric analysis of CD8+ T cell infiltration in Pilocytic 

Astrocytoma. Following enzymatic digestion of tumor, CD8+ events from the entire 

cellular collection were established from comparison with isotype control. After 

purification of CD8+ cells from the tumor digestion, the purity of isolated cells was 

analyzed using the same gating strategy described above. (B) CD8+ T cells were purified 

from the tumor digestion, shown in (A), and assessed for their cytotoxic effector function 

immediately ex vivo, and again after 11 hrs of ex vivo recovery at 37°C, in tissue culture 

media without additional cytokines. Utilizing re-directed 4 hr standard chromium release 

assay against L1210 cells, TIL are able to significantly increase their cytotoxic effector 

function (*p=0.044). E:T ratio run in triplicate samples. Error bars represent SD. 
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4.3 Conclusions 

We show here via flow cytometry that several types of human tumors exhibit low 

levels of natural CD8+ CTL infiltration, in agreement with previous work in the field 

related to TIL. In two cases of NB, where the patients present with OMS, increased 

numbers of infiltrating lymphocytes were found, providing potential evidence towards 

the autoimmune hypothesis of OMS. These finding suggest the potential for developing a 

tumor specific immune response in humans. Additionally, preliminary data using human-

mouse xenograft and human clinical sample studies of TIL cytotoxicity and recovery of 

function demonstrate a similar “on/off” phenotype present in mouse models of cancer 

(27, 152, 154). Taken together, these data provide support for the generation of an 

immune response against human cancers, and the existence of transient immune 

suppression in human tumors. 
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CHAPTER 5: GENERATION OF SPECIFIC CYTOTOXIC T-CELL RESPONSE 

FROM A TUMOR VACCINE AGAINST A MURINE NEUROBLASTOMA 

MODEL  

 

5.1 Introduction 

Despite the ability of the body to generate a tumor specific immune response, this 

immune response is often shut down or evaded at the site of the tumor. The ability of 

tumors to shut down these immune responses is multifactorial, including contact, 

cytokine, and/or immune regulatory cell mediated methods, as discussed previously. As 

such, cancer has often been best treated with surgery, chemo- and radio-therapeutic 

methods (134, 135). For NB patients in particular, most low and moderate risk patients 

do well with chemo- and radiotherapeutic treatment combined with minimal surgical 

intervention. However, high-risk patients with metastatic NB still have an unfavorable 

prognosis (123, 131). This leads to the requirement for a better understanding of how NB 

evades treatment, and the development of new forms of therapy. NB has been shown to 

poses several tumor associated antigens, as discussed previously, and evidence presented 

in AIM 1, along with the work of others, shows that NB can induce a powerful immune 

response, making it an excellent candidate model for the development of new 

immunotherapies. Our previous work also established that NB is a heterogeneous form of 

cancer, possessing cells of multiple phenotypes, which are able to freely transition from 

one to the other (124, 125). This reversible adaptive plasticity (RAP), mediated via 

Inhibitor of Differentiation 2 (Id2), enables NB to enter an anoikis and chemo-resistant 

phenotype, making it harder to treat through conventional therapeutic methods, as 
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observed in patients with a high-risk tumor and poor prognosis. Taking these factors 

together, we show here the development of a tumor vaccination model that uses Id2-

knockdown Neuro2a cells in combination with the immune checkpoint blockade inhibitor 

anti-CTLA-4, to target and prevent RAP, and induce a potent immune response towards 

NB. 

 

5.2 Results 

5.2.1 Neuro2a-Id2-KD cells protect mice from WT Neuro2a challenge 

To investigate the effects of Id2 KD in Neuro2a cells on RAP in vivo, Neuro2a 

cells were transduced in vitro with lentiviral vectors expressing shRNA for Id2. Knock 

down of Id2 was confirmed via western blot analysis (Figure 11A). Neuro2a-Id2-KD 

cells demonstrated no difference in growth rate in vitro, compared to WT Neruro2a (data 

not shown). These cells were then implanted sub-cutaneously into the hind legs of mice 

to observe tumor growth. Surprisingly, Neuro2a-Id2-KD tumors either failed to develop 

or were rejected in 60% of mice (Figure 11B). Mice that rejected Neuro2a-Id2-KD cells 

were rechallenged with WT Neuro2a, with 8 of 9 mice further rejecting the WT 

challenge, compared to mice which had not been challenged previously with Neuro2a-

Id2-KD cells, in which 100% of mice develop tumors (Figure 11C). To determine if this 

growth attenuation of the Id2-KD tumors was immune mediated, SCID and Nude mice 

were challenged with Neuro2a-Id2-KD cells, and compared tumor gowth with that in WT 

mice (Figure 11D). Immune compromised mice were unable to reject Neuro2a-Id2-KD 

cells (Figure 11D), which grew tumors in 100% of mice challenged, and grew 
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aggressively at the same rate as WT Neuro2a cells (Figure 11B). These findings 

suggested a potential immune mediated rejection/prophylactic protection phenomenon. 

 To test if this phenomenon could be used as a therapeutic vaccine for established 

tumors, naïve mice were implanted with WT Neruro2a on their right hind leg, followed 3 

days later by Neuro2a-Id2-KD challenge on their left hind leg (Figure 11E). In this 

scenario, no mice grew tumors at the site of Neuro2a-Id2-KD injection as seen in Figure 

11A. Further, there was a significant delay in tumor development at the site of WT 

injection (Figure 11E, red line). Comparatively, mice implanted with WT Neuro2a and 

then challenged 5 days later with WT Neuro2a, instead of the Id2-KD cells (Figure 11E, 

green line), did not show a delay in tumor development, and grew tumors at both 

injection sites, demonstrating a lack of concomitant tumor immunity, and further 

implicating Neuro2a-Id2-KD cells as an immunogenic tumor cell. 
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Figure 11. Id2 knock down attenuates tumorigenicity and induces host immunity.  

(A) Id2 knock down in Neuro2a cells is confirmed by western blot, compared to wild 

type cells, and scrambled shRNA control (SC). Experiment performed by Dr. Lina 

Chakrabarti. (B) Inoculation of 1x106 Neuro2a-Id2-KD cells in development of tumor in 

only 60% of mice (n=15), compared to WT (n=20) and SC (n=5) tumor cell challenge. 

(C) Mice from (B) which failed to develop Neuro2a-Id2-KD tumors (n=9) were 

rechallenged after 6 weeks with 1x106 WT Neuro2a on the opposite leg (squares), and 

their tumor growth was compared with naïve mice (n=10) challenged with the same 

amount of WT Neuro2a cells (diamonds). (D) SCID (n=5) and nude (n=5) mice were 

challenged with 1x106 Id2-KD cells.  In each of these cases, tumors were able to grow 

uninhibited in 100% of immunodeficient mice, compared to WT mouse control from (B). 

(E) Following challenge with 1x106 WT Neuro2a cells on the right leg, 1x106 WT 

Neuro2a (n=5) or Neuro2a-Id2-KD (n=10) cells were inoculated into the left leg of mice, 

5 days later. Mice vaccinated with WT died swiftly from multiple tumor burden, whereas 

mice vaccinate with Neuro2a-Id2-KD cells did not develop secondary tumors, and 

slowed the growth of the initial WT challenge. 
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5.2.2 Macrophage phagocytosis of Neuro2a-Id2-KD cells is not increased compared to 

WT Neuro2a 

 To better characterize the mechanisms behind the immunogenicity of Neuro2a-

Id2-KD cells, we sought to find out if enhanced phagocytosis was a contributing factor. 

To do this, mature bone marrow derived macrophages were cocultured with either WT or 

Id2-KD Neuro2a cells, previously labeled with CFSE. Flow cytometric analysis for 

CD11b+/CFSE+ events showed that macrophages did not increase their phagocytosis of 

Id2-KD cells, compared to WT (Figure 12A).  

Antibody-mediated blockade of CD47 on macrophages has been demonstrated to 

increase their phagocytotic ability, and therefore better induce CD8+ T cell effector 

responses (155). Seeking to increase phagocytosis of Neuro2a cells, macrophages were 

cultured in anti-CD47 antibodies before being introduced to target Neuro2a or Neuro2a-

Id2-KD cells. However, flow cytometric analysis again showed no increase in 

phagocytosis of either WT or Id2-KD Neruo2a cells (Figure 12B). 
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Figure 12. Phagocytosis of Neuro2a-Id2-KD compared to WT. Bone marrow derived 

macrophages were mixed with either CFSE-labeled WT or Id2-KD Neuro2a cells in vitro 

for 2 hrs at 37°C in tissue culture media at a ratio of (2.5:1), to determine if phagocytosis 

of Id2-KD cells was increased compared to WT. For experimental groups using αCD47, 

10µg/mL of blocking antibodies were introduced to macrophages 2hrs before pooling 

cellular populations. (A) Macrophages were defined as CD11b+ events within mixed 

cellular population. Events that were positive for CFSE and CD11b were defined as 

macrophages that phagocytosed target cells. Gating for CD11b+ events was determined 

by comparison to isotype control, and CFSE+ events were determined by comparison to 

non-labeled Neuro2a cells. Flow cytometry plots shown are representative of 3 

independent experiments. (B) Graphical representation of data shows no significant 

increase in phagocytosis of either Neuro2a cell type (n=3 experiments). Errors bars 

represent standard deviation. 
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5.2.3 CTLA-4 checkpoint blockade enhances anti-tumor immunity induced by Neuro2a-

Id2-KD cells 

Seeking to improve the immune response induced by Neuro2a-Id2-KD cells, we 

chose to combine exposure to Id2-KD cells with introduction of antibodies to block 

cytotoxic T lymphocyte antigen-4 (CTLA-4), a known inhibitor of T cell activation (156-

160) (Figure 13A). Beginning introduction of anti-CTLA-4 5 days after WT Neuro2a 

inoculation, we observed that anti-CTLA-4 alone was able to induce clearance of tumor 

in 40% of (n=5) mice (Figure 13B) compared to 0% in the non-vaccinated control mice 

(n=5), however in combination with Id2-KD cells, we were able to induce clearing of 

established tumors in 60% of (n=10) mice (Figure 11B).   

We decided to test this vaccination effect with a more aggressive form of 

Neuro2a. Briefly, Neuro2a cells that express luciferase were i.p. implanted into mice, and 

their growth was tracked via luminescent imaging. After 3 weeks, mice were sacrificed, 

and their tumors were harvested. These tumors were then homogenized using the tumor 

digestion protocol explained previously, and the cells were collected and re-implanted 

into a new mouse. This process of in vivo cellular passaging was repeated 3 times, and 

the cells harvested at the end were named Aggressive-Neuro2a (AgN2a), for their ability 

to escape or suppress immune clearance in several mice. Utilizing AgN2a tumors 

implanted in the hind leg, anti-CTLA-4 alone was unable to induce clearance of tumors 

in any mice, but when combined with Neuro2a-Id2-KD cells, eradicated established 

tumors in 90% of mice (Figure 13C). In all models, no mice ever developed tumors at the 

site of Neuro2a-Id2-KD cell implantation. Further evaluation of tumor growth and 

clearance was monitored via luciferase-bearing Neuro2a cells (Figure 13D). These data 
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showed that CTLA-4 blockade is able to delay or inhibit tumor growth in a minority of 

mice, but works more efficiently, able to clear established Neuro2a tumors, when 

combined with immunization by Neuro2a-Id2-KD cells. 
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Figure 13. Combination of Neuro2a-Id2-KD and αCTLA-4 antibody as a 

therapeutic vaccine. (A) Graphical timeline of “5 day vaccination model” in which mice 

were first administered with 1x106 WT or Ag Neuro2a cells, then 5 days later, vaccinated 

with 150 µg of αCTLA-4 and/or 1x106 Neuro2a-Id2-KD cells. (B) Using a 5 day post 

tumor challenge vaccination model from (A), mice treated with αCTLA-4 alone (n=5) 

resulted in failure of tumor to develop in 40% of mice, with a delay in tumor growth in 

one mouse. When used in conjunction with Neuro2a-Id2-KD cells, 60% of mice (n=10) 

either did not develop tumor, or were able to clear their established tumors. (C) In mice 

challenged with 1x106 AgN2a cells, αCTLA-4 alone was unable to inhibit tumor growth 

(n=5), however when used in conjunction with Neuro2a-Id2-KD cell vaccine, 90% of 

mice either did not develop tumors, or were able to clear established tumor mass (n=10). 

(D) IVIS bioluminescent imaging of mice vaccinated as in (B) shows the presence of 

established tumor cells as early as 3 days post challenge, with clearance of large tumor 

burden in 40% of αCTLA-4 alone group and 60% of combined vaccinated group. 
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5.2.4 CD8+ T cells are essential for Neuro2a tumor clearance and depend on CD4+ T 

Helper cells 

From the observation of uninhibited Neuro2a-Id2-KD cell growth in SCID and 

Nude mice, along with the amplification of vaccination effect when combined with anti-

CTLA-4 previously presented, we hypothesized that T cells were primarily responsible 

for the clearance of Neuro2a tumors in this vaccination model. To test this concept, we 

depleted mice of individual T cell subsets via systemic introduction of antibodies for 

CD4, CD8, or NK1.1, before tumor inoculation and vaccination (Figure 14A). Depletion 

was confirmed via flow cytometric analysis of whole blood sampling. Depletion 

antibodies were administered every 96hrs during the vaccination process of the 

experiment. CD8+ T cell depleted mice were completely void of therapeutic effect 

induced by combined anti-CTLA-4 and Neuro2a-Id2-KD tumor cells, compared to non-

depleted mice (Figure 14B). Additionally, 100% of CD8+ T cell depleted mice developed 

tumors at the site of Neuro2a-Id2-KD cell inoculation (Figure 14C). Mice depleted of 

NK1.1+ Cells were able to clear their WT tumors after therapy at a rate similar to non-

depleted mice (Figure 14B). CD4+ T cell depleted mice initially showed no adverse 

reaction in their response to vaccination compared to non-depleted, with clearance of 

tumor in 75% of mice (Figure 14B). However all CD4 depleted mice developed WT 

Neuro2a tumors 4 weeks after inoculation. 

 To investigate whether this effect was from a resurgence of T regulatory cells 

upon completion of depletion, we harvested the tumors of CD4+ T cell depleted mice, 

and examined the TIL within. Flow cytometric analysis of TIL for CD45, CD4, and 

Foxp3 demonstrated no evidence of Foxp3+ cells (Figure 14D), indicating that delayed 
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tumor onset was not due to infiltration of Tregs at the site of the tumor. Taken together, 

this data proves CD8+ T cells as the primary immune responders responsible for 

clearance of Neuro2a tumors, but are dependent upon CD4+ T helper cells during the 

activation stage for a complete, robust response and clearance of Neuro2a. 
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Figure 14. T cell immunity required for tumor eradication following combination 

therapy. (A) Timeline of depletion and vaccination methods. Mice were systemically 

depleted of CD4, CD8, or NK1.1 cells before tumor challenge, and subjected to 

combination αCTLA-4 and Neuro2a-Id2-KD cell 5 day post tumor challenge vaccination 

model (n=5 in all groups). Depletion confirmed by flow cytometry of whole blood. (data 

not shown) (B) All groups of mice began depletion of immune cell subsets 1 day prior to 

administration of 1x106 WT Neuro2a cells. Depletion antibodies were administered 3 

more times, every 96 hrs. Vaccination was carried out as detailed in Figure 13, using a 

combination of αCTLA-4 and 1x106 Neuro2a-Id2-KD cells, starting 5 days after tumor 

challenge. (C). Growth of Neuro2a-Id2-KD cells in immune depleted mice from (B). All 

CD8 depleted mice developed Neuro2a-Id2-KD cells at the site of vaccination. (D) TIL 

from delayed tumors of the CD4 depleted mice were evaluated via flow cytometry for 

CD45, CD4, and Foxp3.  
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5.2.5 CD8+ T Cells within tumor mass of vaccinated mice are functional and infiltrate 

in high numbers 

Having demonstrated the role of CD8+ T cells in our attenuated therapeutic tumor 

vaccine model (Figure 14), we sought to analyze their role within the TIM. Comparing 

levels of lymphocyte infiltration in WT non-vaccinated tumors with those that underwent 

Neuro2a-Id2-KD cell and anti-CTLA-4 vaccination (Figure 15A), we found a significant 

increase in CD8+ T cell infiltration in vaccinated mice (Figure 15B). CD4+ T cells levels 

also increased, though not statistically significantly (Figure 15C). Previous studies using 

similar mouse models show that CD8+ T cells within the TIM are nonfunctional, or 

suppressed in their effector function, but can regain their function within hours of ex vivo 

recovery (27). To test if CD8+ TIL from shrinking tumors in vaccinated mice 

demonstrated uninhibited CTL effector function, tumors were harvested and CD8+ T 

cells were purified from the tumor digestion.  These TIL were then assessed for their 

specific cytotoxic function immediately ex vivo by chromium51 release assay. The cells 

purified from mice having undergone combination-vaccination displayed significantly 

higher levels of cytotoxicity against WT Neuro2a cells, immediately ex vivo (Figure 

15D), compared to TIL pooled from tumors of non-vaccinated mice, which displayed no 

level of cytotoxicity (30:1 *p=0.028, 10:1 **p=0.007, 3:1 **p=0.003). The high 

functionality of these cells and increased infiltration within the TIM further emphasizes 

the role of CD8+ T cells in the clearance of Neuro2a tumors in our combined-vaccination 

model. 
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Figure 15. Enhanced in vivo immune response mediates tumor clearance. (A) Flow 

cytometric gating strategy used to define CD45+ lymphocytes within whole tumor 

digestion. Analysis of CD45+ events established by comparison with isotype control. (B) 

Flow cytometric analysis of TIL harvested from tumors in non-vaccinated versus 

vaccinated mice. Gating of CD45+ events, as shown in (A), on total cells from enzymatic 

tumor digestion. CD4+ and CD8+ gates were established by comparison with respective 

isotype controls. Results representative of (n=5) mice. (C) Quantification of infiltration 

from non-vaccinated and vaccinated mouse tumors shows a significantly (n=5 mice per 

group, * p<0.02) larger CD8+ T cell influx in vaccinated mouse tumors compared to non-

vaccinated, as well as a large but not significant increase in CD4+ cells. (D) Cytotoxic 

effector function of CD8+ T cells assessed immediately ex vivo via 4 hr chromium 

release assay against cognate tumor cells demonstrates significantly higher levels of 

specific cytotoxicity (30:1 * p=0.028, 10:1 ** p=0.007, 3:1 ** p=0.003), without the 

requirement of recovery time, compared to TIL from non-vaccinated mice. Samples run 

in triplicate, error bars represent SD. 
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5.3 Conclusions 

Using a combination-vaccine of checkpoint inhibitor blockade via anti-CTLA-4, 

and attenuated live tumor cells, via lentiviral shRNA knockdown of Id2, we have 

generated a potent immune response towards Neuro2a, capable of clearing established 

tumors. While no evidence of increased phagocytosis via macrophages is observed, we 

show via in vivo depletion of independent T cell subsets, this immune response to be 

dependent upon CD8+ T effector cells, which require the assistance of CD4+ T helper 

cells during activation of immune response. Using flow cytometry, we demonstrated a 

significant increase in CD8 infiltration of tumors in vaccinated mice, and through 

chromium51 release assay, demonstrate cytotoxic effector activity toward Neuro2a cells 

of cognate tumor origin immediately ex vivo. Taken together, these data provide 

compelling evidence of cytotoxic T-cell immunity in a novel tumor cell vaccination 

strategy against Neuro2a. 

 

 

 

 

 

 

 

 

 



 79 

CHAPTER 6: DEVELOPMENT OF CAR-EXPRESSING TREGS POSSESING 

ANTI-TUMOR ACTIVITY 

 

6.1 Introduction 

During the development of a tumor-specific immune response, CTLs primed 

against the tumor travel to the tumor mass and are cytotoxic to the tumor cells. These 

tumor infiltrating lymphocytes (TIL) however, are often suppressed in their function, 

once inside the TIM. Factors inducing suppression include cytokine and contact mediated 

suppression originating from both the tumor cells and Tregs, which are immune 

regulators recruited to the tumor mass. While these immunosuppressive components 

inhibit CTLs, Tregs in fact continue to function, and thrive in this environment (39, 56). 

Previous studies have demonstrated that Tregs inhibit CTLs through several mechanisms, 

including cytokine mediated suppression, contact and cytotoxic mechanisms (57-61). 

Previous work by others show that CTLs that display CARs against tumor specific 

proteins are able to target and overcome some of these immunosuppressive mechanisms, 

as they no longer require MHC I antigen presentation to their TCR (41, 82). They are 

most often however, unable to fully overcome the immunosuppressive factors within the 

TIM, leading to slower tumor growth but not clearance. Seeking to improve upon this 

concept, we hypothesized that Tregs would be ideal CAR cells for tumor directed therapy 

as they are both cytotoxic and function in the tumor immune-suppressive environment. 

We thus proposed to develop tumor targeted CAR bearing Tregs, taking advantage of 

their ability to function in the TIM, while converting their cytotoxic killing against the 

tumor mass itself, rather than the TIL. 
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6.2 Results 

6.2.1 Rhabdomyosarcoma Tumor Infiltrating T Regulatory Cells Express Granzyme B  

With the evidence from previous literature demonstrating that mice bearing 

tumors develop Tregs that express lytic molecules, we sought to investigate this 

phenotype in mice bearing our M3-9-M rhabdomyosarcoma cell line. Tregs of mice 

bearing M3-9-M tumors were investigated 2 weeks post tumor challenge for their levels 

of granzyme B in spleens, tumor draining lymph nodes (TDL) and the tumor mass itself. 

The gating of lymphocytes was determined from TDLs, as shown in Figure 16A. 

Granzyme B levels were low for CD8+ (3.2%) and Foxp3+ (4.7%) cells in spleens of 

tumor bearing mice (Figure 16B), as well as in CD8+ (3.5%) and Foxp3+ (7.9%) cells of 

TDLs, (Figure 16C).  

To investigate the levels of granzyme B in Tregs specifically within the tumor 

digest, we used the MACS Treg splenic purification kit on the tumor digests to remove 

CD8+, CD11b+, CD45R+, CD49b+ and Ter-119+ cells, thereby leaving only CD4+ cells 

within the tumor digestion. The remaining cells were then gated on CD25 expression 

(Figure 17A). Doing this, we found that cells staining positive for Foxp3 were also 

84.3%+ for granzyme B (Figure 17B). This finding is consistent with previous work 

describing the induction of lytic Tregs in tumor bearing mice, and encouraging for the 

use of CAR-bearing Tregs in an adoptive transfer immunotherapy model. 
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Figure 16. Tregs do not express Granzyme B in vivo within spleen and TDL of 

tumor bearing mice. Flow cytometric analysis of Granzyme B (GZMB) levels in organs 

of M3-9-M tumor bearing mice. (A) Representative gating of lymphocytes in TDL, 

comparing FSC versus SSC. This lymphocyte gate was applied to splenic and TDL 

groups in (B) and (C).  (B) Comparison of CD8+ and Foxp3+ lymphocytes found in 

spleens of M3-9-M tumor bearing mice. Spleens were excised and homogenized into a 

single cell suspension before labeling with antibodies. Gating on lymphocytes was 

determined as shown in (A), CD8+, Foxp3+, and GZMB+ events were determined by 

comparison with their respective isotype controls. (C) Comparison of CD8+ and Foxp3+ 

lymphocytes found in TDL of M3-9-M tumor bearing mice. TDLs were excised and 

homogenized into a single cell suspension before labeling with antibodies. Lymphocyte 

gating, and positive staining for CD8, Foxp3, and GZMB were determined as described 

in (A) and (B). 
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Figure 17. Tregs express Granzyme B in vivo within tumor microenvironment. Flow 

cytometric analysis of Granzyme B (GZMB) levels within M3-9-M tumors. (A) Gating 

on CD25+ events within tumor digestion, after enzymatic digestion, followed by removal 

of CD8+, CD11b+, CD45R+, CD49b+, and Ter-119+ cells, then positive selection for 

CD25+ cells upon remaining tumor digestion. CD25+ gating was determined by 

comparison to isotype control. (B) Flow cytometric analysis of CD8+, Foxp3+ and 

GZMB+ events in CD25+ gate from (A).  CD8+, Foxp3+, and GZMB+ events were 

determined by comparison with isotype controls, and splenic populations (Figure 16). 
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6.2.2 Generation of Efficient CAR Transduction of CTLs and T Regulatory Cells 

In order to generate Tregs that express CAR on their surface, we first developed a 

system of retroviral production and transduction in our laboratory. Choosing to generate a 

system that would be applicable to several solid tumor types, we used a CAR against 

VEGFR-2, an endothelial marker expressed during angiogenesis, a process essential for 

solid tumor growth and survival.  The laboratory of Nicholas P. Restifo, MD (NCI, 

Bethesda, MD), generously donated plasmids for MSGV-SP6-mCD8-28BBZ (SP6), a 

CAR specific for the hapten 2, 4, 6-trinitrobenzenesulfonic acid, to serve as a non-

specific control, and a VEGFR2-specific CAR, MSGV-DC101-mCD8-28BBz (DC101). 

Additionally, a plasmid containing GFP (PEAK12-GFP) was used as a control for 

transfection/transduction. These plasmids were co-transfected via lipofectamine 2000 

along with pcL-ECO, in Platinum-E cells, and assessed for their transfection efficiency 

via flow cytometry. To measure DC101 expression, a chimeric peptide composed of a 

segment of VEGFR-2, linked to a segment of human Fc was added to cells. This peptide 

is bound at the VEGFR-2 domain by DC101 on the surface of cells. This was then 

followed with antibody specific for human Fc to the tube, to bind the second segment of 

the chimeric peptitde.  The efficiency of transfection remained consistently around 40% 

for DC101 CAR, compared to >70% for GFP (Figure 18A). The transfected cells from 

each group were able to produce viral supernatant that could transduce splenocytes, 

having been activated for 18 hrs and expanded for 24 hrs, at a consistent efficiency 

around 70%, as assessed again by flow cytometry as early as 48 hrs post transduction 

(Figure 18B). 



 86 

Seeking to translate this process into Tregs, virus supernatant collected from 

transfected Plat-E cells was used to transduce Tregs, purified from naïve spleens, that had 

been activated for 72 hrs with platebound anti-CD3, anti-CD28, and IL-2, and further 

expanded for 24 hrs in IL-2. Tregs stimulated under this condition were transduced with 

DC101 at an efficiency of 70% (Figure 18C), consistent with splenic populations 

assessed 24 hours post transduction. To be certain that transduced cells were in fact 

Tregs, the cells were examined post transduction for their expression of Foxp3, with 70% 

of cells remaining Foxp3+ (Figure 18D). Expression of DC101 and Foxp3 cannot be 

demonstrated in the same population, as fixing of sample cells disrupts the interaction of 

DC101 with the chimeric peptide used for DC101 labeling. 
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Figure 18. Expression of DC101 CAR in full splenic and Treg populations. (A) 

Transfection efficiency of PEAK12-GFP and DC101 in Plat-E producer cells. Cells were 

transfected for 6hrs, then allowed to grow for 48 hrs before harvesting viral supernatant, 

and collecting cells for flow cytometry. (B) Transduction efficiency of full splenic 

populations using virus produced from cells in (A). Splenocytes were stimulated for 24 

hours with 2C11 supernatant (as described in Methods), then further expanded in 2% v/v 

IL-2 for 12 hrs. Transduction efficiency was measured 48 hrs post transduction. (C) 

Transduction efficiency of Tregs using virus produced from cells in (A). Tregs were 

stimulated for 72 hrs in α-CD3, α-CD28 and 2% v/v IL-2 (as described in Methods), then 

further expanded in 2% v/v IL-2 for 12 hrs.  Transduction efficiency was measured 48 hrs 

post transduction. (D) Foxp3 expression of transduced cells in (C). Positive staining for 

Foxp3+ cells established from isotype controls. Double staining for Foxp3+ and DC101+ 

events is not possible, as the fix/perm process for intracellular staining disrupts the 

DC101-chimeric peptide-antibody interaction (described in results). 
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6.2.3 CAR-bearing CTLs are target specific in vitro 

To determine the ability of CTLs to kill their targets specifically via CAR 

redirection, transduced splenocytes were subjected to standard chromium release assays. 

DC101 CAR transduced splenocytes were able to efficiently kill their specific VEGFR-2 

expressing targets, MS1, in vitro (Figure 19A), whereas non-transduced, GFP or SP6 

transduced control cells were not cytotoxic. Comparing redirected cytotoxicity levels 

against L1210, transduced and non-transduced splenocytes were able to kill at similar 

levels (Figure 19B), indicating that transduction did not impair cytotoxic function. 

However, CAR-mediated killing displayed lower levels of cytotoxicity than TCR-

redirected killing, as measured through chromium release assay. 
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Figure 19. DC101 transduced splenocytes display VEGFR-2 specific cytotoxicity. 

(A) DC101 CAR-directed lytic activity of splenocytes against MS1 cell line, which 

express VEGFR-2, assessed via 4hr standard chromium release assay. Splenocytes 

expressing DC101 were generated as shown in Figure 16. Samples run in triplicate. Error 

bars represent SD. (B) Redirected lytic activity of transduced splenic populations from 

(A) against L1210 cells in 4 hr standard chromium release assay reveals no inhibition of 

lytic effector function from transduction process. Samples run in triplicate. Error bars 

represent SD. 

 

 

 



 91 

 

L1
21

0%

09/29/2012: Retronectin, Day 3
(post-transduction) vs L1210

0

5

10

15

20

25

30

35

40

45

50

30:1 10:1 3:1 1:1
E:T

%
 L

yt
ic

 A
ct

iv
ity

Retro., Cells, IL2 sup (2%)

Retro., peak12, IL2 sup (2%)

Retro., SP6, IL2 sup (2%)

Retro., DC101, IL2 sup (2%)

M
S1
%

09/29/2012: Retronectin, Day 3 (post-transduction) vs MS1

-6

-4

-2

0

2

4

6

8

10

12

14

16

18

20

30:1 10:1 3:1 1:1

E:T

%
 L

yt
ic

 A
ct

iv
ity

Retro., Cells, IL2 sup (2%)

Retro., peak12, IL2 sup (2%)

Retro., SP6, IL2 sup (2%)

Retro., DC101, IL2 sup (2%)

A%

B%



 92 

6.2.4 T Regulatory Cells Demonstrate Lower Levels of Cytotoxicity Compared to CTLs in 

vitro 

In order to investigate Treg cytotoxicity, Tregs were purified from naïve spleens, 

and stimulated in vitro via platebound anti-CD3, anti-CD28 and IL-2 for 72 hrs, then 

subjected to standard chromium release assay. Compared to cytotoxicity of CTLs from 

the same spleens, Tregs displayed significantly lower levels of cytotoxicity (Figure 20). 

Seeking to increase their levels of cytotoxicity, Tregs were subjected during stimulation 

to IFNα (Figure 21A) or IL-12 (Figure 21B), known inducers of lytic molecules (161). 

While these cytokines were able to increase the cytotoxicity and granzyme B levels of 

CTLs, they induced no change in cytotoxic effect of Tregs. In contrast to IFNα or IL-12, 

TGF-β1 is a known suppressor of CTL function, including cytotoxicity and proliferation. 

However TGF-β1 is also known to be one of the critical cytokines for induction of Treg 

function, and is highly abundant in the TIM of several forms of cancer. Seeking to 

replicate this effect of the TIM, TGF-β1 was added to CTLs and Tregs during 

stimulation. As anticipated, CTL proliferation and cytotoxicity was inhibited, but 

interestingly, had no beneficial effect on proliferation or cytotoxicity of Tregs (Figure 

21C). 
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Figure 20. in vitro stimulated Tregs display lower levels of cytotoxicity than CTLs. 

CTLs and Tregs, stimulated in the presence of αCD3, αCD28, and 2% v/v IL-2 for 48 

and 72 hrs, respectively, were assessed for their cytotoxic effector function against L1210 

cells via redirected 4 hr standard chromium release assay. Figure representative of (n=4) 

experiments. Samples run in triplicate. Error bars represent SD. CD8+ T cells displayed 

significantly higher lytic activity (100:1 ***p=0.0018, 30:1 ***p=0.0012, 10:1 

***p=0.0003, 3:1 *p=0.02). 
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Figure 21. Cytokines do not Enhance Treg Proliferation or Effector Function.  

Attempting to enhance Treg cytotoxic effector function, CTLs and Tregs were stimulated 

as mentioned previously (Figure 18), with additions of IFNα (A), IL-12 (B) and TGF-β1 

(C) and assessed for proliferation and cytotoxicity. (A) CD8+ and CD4+/CD25+ cells 

were stimulated via α-CD3, α-CD28 and 2% v/v IL-2 for 48 or 72 hrs, respectively, with 

or without IFNα. These cells were counted daily to assess proliferation, expressed as a 

percent of the original plated amount. At 72 hrs, all populations were collected and either 

assessed for cytotoxicity via redirected 4 hr standard chromium release assay against 

L1210 cells, or kept in culture to be further expanded. Expanding T cells were then 

cultured in 2% v/v IL-2, with or without IFNα, and counted daily. (B) CD8+ and 

CD4+/CD25+ cells were stimulated as in (A), with or without IL-12. Proliferation and 

cytotoxicity were assessed as in (A), and expanding T cells were cultured as in (A), with 

or without IL-12. (C) CD8+ and CD4+/CD25+ cells were stimulated as in (A), with or 

without TGF-β1. Proliferation and cytotoxicity were assessed as in (A). For all standard 

chromium release assays, samples were run in triplicate. Error bars represent SD. 
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6.3 Conclusions 

We show here Tregs found within rhabdomyosarcoma M3-9-M tumors express 

granzyme B. Additionally, we present a method of transducing Tregs, enabling their 

expression of CARs, based off of a system that successfully transduces splenocytes, and 

enables for the redirection of their cytotoxicity in a CAR-specific manner. Furthermore, 

we demonstrate that Tregs display lower levels of cytotoxicity than CTLs in vitro, and 

that those levels are not enhanced via cytokine induction as they are in CD8+ T cells. 

These findings suggests that while CTL levels of cytotoxic potency may not be inducible 

in vitro or ex vivo, that in a clinical model, Tregs may be able to be transduced and 

reintroduced to the patient, and then develop lytic molecules after adoptive transfer. 
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CHAPTER 7: DISCUSSION 

It is well established that while the body can mount immunity to cancerous 

aberrant cell growth, the response is frequently suppressed or evaded by the tumor. This 

immune response is most frequently dependent upon cytotoxic T lymphocytes (CTLs), 

cells that are responsible for the targeted destruction of compromised cells within the 

body, in cases such as viral infection or cancer. Pediatric tumors specifically have poorly 

understood immune responses, due to complications presented earlier, including a lack of 

available patient sample studies, and few known antigens, resulting in low 

immunogenicity. To better understand the immune responses generated by childhood 

cancers, we investigated the naturally induced CTL infiltration phenotype of primary 

pediatric tumor samples, from patients who had yet to undergo prior therapy. While some 

of the cancers investigated in patient samples displayed low levels of infiltration, 

consistent with mouse models of tumor infiltration, others displayed no infiltration. This 

may be as a result of poor presentation via antigen presenting cells, or perhaps a lack of 

tumor specific or associated antigens. It may also be due to poor homing of CTLs to the 

site of the tumor, or in the case of some tumors, immune privilege. In these cases, it may 

be beneficial to utilize methods of increasing antigen uptake and presentation, or 

inducing tumor infiltration by T cells. Examples of this include introduction of 

chemotactic molecules, or direct administration of lymphocytes, via adoptive transfer, 

discussed further below. 

Several cancers also generate a Tumor Immunosuppressive Microenvironment 

(TIM), which uses multiple mechanisms to inhibit CTL effector function. These 



 99 

mechanisms, as discussed previously, include secretion of immunosuppressive cytokines, 

contact mediated inhibition and induction of apoptosis, downregulation of antigen 

presenting mechanics, and recruitment of immune regulatory cells, which further employ 

the same immunosuppressive mechanisms. In mice this immune effector inhibition has 

been proven as transient, as upon removal of the tumor infiltrating lymphocytes (TIL) 

function is inhibited, but can recover within hours of ex vivo culture, absent of 

immunosuppressive factors (26, 27, 43). However, this transient inhibition has not been 

demonstrated in human tissue before, making our findings from a human Pilocytic 

Astrocytoma case novel, while implicating the importance and relevance of murine 

models of cancer immunotherapy, including our previously unexplored 

rhabdomyosarcoma model.  

The infiltration of CD8+ T cells in Wilms’ Tumor shown here is novel, but not 

surprising, as other studies have partially characterized the infiltrating cell types within 

Wilms’ Tumors (162). CD3+ T cell infiltration has been demonstrated previously, 

showing a 50 fold higher incidence of T cells in kidney tumor tissue, as apposed to 

natural kidney tissue. However there has been no analysis for individual T cell subsets, 

which leaves the immune response characterization lacking. Wilms’ Tumors do exhibit a 

TAA, WT1, which is found to be upregulated not only in Wilms’, but in other cancer 

types as well, including oral squamous cell carcinoma, leukemia, epithelial ovarian 

cancer, and even in brain cancers such as glioblastoma, and astrocytoma (163-165). The 

existence of a known TAA, and the presence of T cells within Wilms’ Tumors, implicates 

that the body is recognizing and reacting to the cancer. However this immune response is 

insufficient, perhaps being shut down by factors such as Tregs, that may make up another 
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portion of the CD3+ cells within the TIM. Potentially associated with the T-cell 

infiltration observed in Wilms’ tumors, these tumors are one of the most successfully 

treated in childhood cancer with survival well over 90% (166).  

While it has long been thought that the blood brain barrier (BBB) results in the 

brain being seen as an immune privileged environment, recent studies have shown 

otherwise. It seems that in cases of malignancy, the BBB can be compromised or 

disrupted, allowing for immune cell infiltration, and furthermore, that resident microglia 

can even act as non-traditional APCs (167-171). In many cases of high-grade 

glioblastoma and astrocytoma, positive survival prognosis for intracranial cancer patients 

is associated with the presence of CD8+ T cells (172, 173). There is however, also 

evidence of immune suppression through increased levels of IL-10 and CTLA-4 (173). 

This correlates with our evidence of CD8+ infiltration, and for the recovery of CTL 

effector function in astrocytoma-purified TIL. Whether these TIL are specific for WT1, 

or some other TAA remains uncertain. It does however, prove positive that activated 

lymphocytes can home to the tumor site, encouraging the development of 

immunotherapies in the fight against brain cancers. 

In cases of children with OMS, which present with Neuroblastoma, patients also 

present with a far more favorable outcome than those without OMS. It has long been 

suggested that their syndrome is the result of an autoimmune response to the developing 

tumor (174-176). Our findings here indicate that there is an impressive infiltration of 

CD8+ cells within the tumor mass, as well as the presence of other immune cell types, as 

compared to non-OMS cases of Neuroblastoma. This correlates with evidence that 

children with several different types of cancer, including Neuroblasoma, exhibit 
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favorable survival outcomes when associated with immune cell infiltration and especially 

CD8+ cells (177-179). Though OMS has not been previously defined in mice, it is 

important to note that with our vaccine-induced immune response, despite a rapid, 

specific, and complete tumor rejection, mice demonstrated no signs of OMS-like, or other 

autoimmune complications. While these mice have not been specifically tested for 

immune related adverse effects, they continue to look healthy, as they are followed for 

months after tumor rejection. Preliminary data from tumor rechallenge, 6 months after 

initial challenge and vaccination, demonstrates inhibition of tumor growth in 100% of 

mice so far, implicating the generation of a memory immune response, though these 

experiments are currently still in progress. 

Several forms of tumor vaccines already exist, some with promise, and others 

demonstrating less success. These vaccines range from protein or antigen peptides, 

antigen loaded DCs, to live cell vaccines, and checkpoint blockade, as presented here. 

Other tumor vaccines for virally induced cancers use attenuated virus methods, such as 

the Human Papilloma Virus vaccine against cervical cancer, under the brand name 

Cervarix (159, 180). Another vaccine seeing success includes the checkpoint blocker 

ipilimumab, a mab against CTLA-4, branded by Bristol-Myers Squibb, which has 

demonstrated potent anti-tumor effects and increased patient survival in stage III human 

clinical trials (156-159). This led to ipilimumab receiving FDA approval in 2011 for the 

treatment of metastatic melanoma. Similar in nature to blocking CTLA-4, mabs against 

PD-1 or PD-L1 are gaining ground and undergoing clinical trials in the treatment of solid 

tumors and hematologic malignancies (156, 159, 160). Given the nature of immune 

modulators that block inhibitory signal receptors on T cells, it is reasonable to suspect 
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that these mab therapies would work well across several forms of cancer, and even better 

when immune cells are provided an antigen, such as in our whole tumor cell vaccine 

neuroblastoma model. 

 Live cell vaccines have shown some forms of application, most notably GVAX, 

which is designed to treat prostate cancer. GVAX uses a combination of two irradiated 

prostate cancer lines, one of which is more immunotolerant than the other (159, 181). 

These cells also secrete granulocyte-macrophage colony stimulating factor (GM-SCF), 

further boosting the immune response to the cellular inoculation. However, while 

correlative studies implicate the induction of an immune response, GVAX has failed to 

demonstrate a patient survival increase in clinical evaluation (159, 181, 182).  

Our live cell vaccine work here differs, in that the cells are attenuated, and can be 

irradiated as well, to improve safety while still retaining their immunogenicity. However, 

the immune response that is induced is naturally driven, lacking no additional cytokine 

stimulation, and potent enough to drive immune dependent eradication of established 

tumors, via targeting of a key RAP component. While the mechanism for 

immunogenicity in N2a-Id2-KD cells is unknown, it may be a result of factors including 

improved antigen cell uptake and presentation, loss of immune-evasive or immune-

suppressive mechanisms, or a combination of multiple factors (Figure 22). While Id2 is 

the predominant player of RAP in N2a cells, our work in other cell lines indicates that 

Id1 or Id3 may play a larger role in their plastic transitioning. This implies that in other 

lines, the attenuated-immunogenic phenotype may be achieved via KD of Id1 or Id3 

instead. Conversely, the attenuated-immunogenic phenotype may not be obtainable in 

lines other than N2a, and research to determine this is underway. Alternatively, 
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determining the mechanisms of immune-evasion and/or immune-suppression, upon Id2-

KD of N2a cells could lead to methods of targeting these pathways, independent of Id 

protein KD. 
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Figure 22. Schematic hypothesis of Neuro2a-Id2-KD vaccination mechanism. (A) 

When challenged with Neuro2a tumor cells, a naïve mouse develops a weak natural 

immune response. This is due to the immune suppressive and evasive properties of 

Neuro2a, as well as its lack of tumor specific antigens. The immune response generated is 

unable to clear the tumor, and the mouse eventually dies of tumor burden. (B) When 

naïve mice are challenged with Neuro2a, and administered Id2-KD cells after 

development of WT tumor, the Id2-KD cells provide a much higher level of antigen 

expression, through which the immune system develops a stronger, tumor-specific 

effector T cell response. Through co-administration of αCTLA-4 with Id2-KD cells, 

negative stimulation signals during T cell priming and activation are blocked, leading to 

an effector response able to further overcome suppression of development and 

degranulation. 
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Adoptive cell therapies (ACT) have shown much promise in the treatment of 

cancer, and are in clinical use in specialized centers. These ACTs usually involve the 

removal of a patient’s lymphocytes, followed by ex vivo expansion via introduction of 

growth factors and IL-2, and eventual reinfusion to the patient. This method has been 

improved upon in more recent years, with the introduction of CARs to the ACT process. 

The CARs, that are able to transmit the TCR activation signal upon recognition of CAR 

target proteins, are introduced to the patient’s lymphocytes ex vivo, and then reintroduced 

to the patient. There they activate and proliferate in vivo, upon introduction to their CAR 

specific protein. CAR ACT is shown to be effective in clearing tumor burden and 

induction of a memory response to target antigens. Clinically, they have proven 

successful in the clearance of CD19 B cell malignancy, and work in murine models has 

proven successful when targeting solid mass tumors via angiogenic markers, such as 

VEGFR-2. This latter method deviates from the targeting of tumor specific antigens, by 

instead targeting the newly developing vasculature required for most solid tumors to 

survive, thereby allowing the CAR ACT to target multiple tumor types, that may or may 

not carry their own tumor specific antigens. 

 Regardless of CAR targets, there are some drawbacks to CAR ACTs. With the 

targeting of molecules outside the context of MHC I presentation, auto-reactivity can 

develop where non-cancer cells express the same proteins as the tumor cell targets.  

Additionally, with tumor cells being plastic as their environment dictates, loss of antigen 

can occur, resulting in the inability of ACT to target the tumor. It has also been observed 

that toxicity can be an issue, given the massive cytokine storm induced through the 
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activation of such a large volume of T cells. Work on resolving these toxicities and auto-

reactivity will need to be addressed in the future. 

 While CARs aid in the ability to improve lymphocyte targeted killing of tumor 

cells, there are still factors within more immune-suppressive tumor types that serve to 

thwart their success. Cytokines like TGF-β1 and IL-10 are dominant in the TIM, as are 

immune regulating ligands like FasL, PD-L1, and other B7 molecules that can bind 

CTLA-4 on TIL. These factors come from the tumor cells themselves, as well as Tregs, 

that are actively recruited to the TIM. While all of these factors serve to shut down the 

effector function of CTLs, they contribute to the ability of Tregs to function and thrive at 

the same time. It also seems that factors in the TIM not yet determined, lead to the 

generation of lytic Tregs, which use targeted cytotoxicity to regulate effector CTLs. It has 

also been demonstrated that lytic Tregs can travel into tumor draining lymph nodes, to 

target dendritic cells for destruction, thereby preventing tumor antigen presentation to 

CTLs (57). Given their functionality within the TIM, we proposed and generated a 

system for Treg CAR ACT. While unable to induce lytic activity at the level of CTLs in 

vitro, our new findings in murine rhabdomyosarcoma, in agreement with others tumor 

models, demonstrate that Tregs at the site of the tumor do express granzyme B, indicating 

that ex vivo stimulation of Tregs before ACT may not be required. Furthermore, despite 

exhibiting lower levels of cytotoxicity, as compared to CTLs in vitro, the ability of Tregs 

to function naturally within the TIM may contribute a more effective, and longer 

maintained effect on reduction of tumor burden. This hypothesis will need to be 

evaluated in future studies. 
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 Recent work has shown the induction of lytic Tregs in other disease states beyond 

cancer. Patients with chronic and acute Hepatitis C virus (HCV), as well as patients with 

resolved disease express high levels of Granzyme B+ Tregs (183). Furthermore, in cases 

of schistosome and HCV co-infection, Granzyme B becomes highly expressed in Tregs, 

while not shutting down CD8+ responder T cells (184). Separately, in rheumatoid 

arthritis patients, it has been demonstrated that Tregs specific for collagen type II antigen 

express Granzyme B, and significantly reduce incidence and clinical symptoms of 

disease, in both preventative and curative situations (185). Additionally, they are able to 

reduce the proliferation of antigen-specific effector CD8+ cells. In transplant studies, it is 

shown that Tregs are capable of suppressing effector function in CD8+ and CD4+ T 

effector cells, as well as CD8+ T memory cells, the effect of which could be abrogated in 

a perforin deficient mouse model. CD4+ T memory cells however, were still able to 

function, due to high levels of serine protease inhibitor-6 (Spi6), which inhibits the 

function of Granzyme B (186). Taken together, these data introduce new avenues for the 

acquisition of lytic Tregs, while remaining vague as to the disease characteristics 

inducing their lytic molecules. 

 Much less work has been done researching CAR redirection in Treg cells. One 

system employed the transduction of pan CD4+ T cells, with a CAR which also induced 

expression of Foxp3 in trans, thereby inducing the Treg phenotype (187). This method 

could be used in our system, to solve the dilemma of generating enough Tregs for 

adoptive transfer, while relying upon the TIM to induce the expression of lytic molecules. 

A separate method exists using adenovirus transduction, rather than lentiviral or γ-

retroviral, which allows transfer of large genetic sequences up to 7kb (for comparison, 



 109 

the DC101 containing plasmid used here was 7.2kb in total length) (188). Of note, is the 

ability to transduce lymphocytes before activating them, again allowing for the 

transduction of CAR to be carried out on a pan naïve CD4+ T cell population, before 

activating and converting them to a Treg phenotype. While this adenovirus transduction 

does not lead to chromosomal insertion of transferred genetic material, it could be used 

for preliminary studies in vitro, testing the ability of CARs to redirect Treg lytic function.  

A different study transduced human Tregs stimulated via Dynal CD3/CD28 beads, in the 

presence of IL-2 and Rapamycin was able to demonstrate efficient homing of anti-CD19-

CAR transduced Tregs to the tumor site, where they are examined for their abilities to 

function efficiently in inhibition of CTL function (78). The stimulation method used 

however, as it contains Rapamycin, would be inhibitory to the ability of cells to generate 

CTL effector function. This is because Rapamycin, an inhibitor of IL-2 signaling via IL-2 

receptor blockade, is shown to reduce CTL proliferation and the production of Granzyme 

B mRNA, and while IL-2 can be used to rescue this production, partial inhibition of 

degranulation still exists (189). These stimulation conditions could have masked any 

ability for CAR-transduced Tregs to develop lytic molecules during in vitro activation, 

and would need to be fully evaluated experimentally. 

 

7.1 Future Studies 

 The confirmation of transient TIL inhibition in human patients which exhibit 

CTLs within their tumor mass confirms the clinical relevance of mouse models used in 

research. Future studies will involve continuing to evaluate the types of lymphocytes 
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present within human tumor masses, assessing their functional status, and overcoming 

their effector inhibition, to more effectively treat and overcome cancer in patients. 

Hoping to prove the transient “on/off” phenomenon of inhibition in other cancers, 

we had harvested several different solid cancer types, however many of them proved to 

have little to no levels of CD8+ infiltration. Additionally, those that did exhibit levels of 

infiltration rarely had enough cells to investigate their functionality, within the sample 

size provided from the pathology department at CNMC. To build a stronger catalog of 

infiltration in different tumor types, immunohistochemistry staining can be preformed 

upon frozen tissue samples, however these samples will not serve useful for testing the 

functionality of the TIL within. Analysis for further lymphocyte markers such as Foxp3, 

CD25, CD44, CD45, CD69, along with granzyme B and Perforin, will also help elucidate 

the state of inhibition within each type of cancer, by revealing not only the levels of 

infiltration, but the activation and maturation status of TIL within. When enough freshly 

removed tissue presents itself, which also wields enough CTLs within, functional 

analysis can be further assessed via cytotoxicity and degranulation assays, and 

experiments to try to circumvent or overcome inhibition can be carried out using 

chemokines and bi-specific antibodies. 

Provided here is a novel form of live tumor cell vaccine, in which tumor cells that 

are attenuated by targeting inhibition of RAP in vivo, induce a potent and specific 

immune response, capable of overcoming the WT form of cancer already developing 

within the host. The mechanism for induction of immune response however is not yet 

understood, and needs further investigation to understand and therefore apply to other 

forms of cancer. 
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A gene array of the Aggressive and Id2-KD forms of Neuro2a has been carried 

out, aiming to identify potential candidates of antigenicity and decreased immune 

evasion/suppression. Some of the most highly upregulated genes in both forms of 

Neuro2a expressed higher levels of Melanoma Antigen Gene (MAGE) than wild type 

(WT), though different subfamilies. However, it has been indicated that MAGE proteins 

are partially conserved in sequence across subfamilies. Furthermore, neuroblastoma is 

derived from the same neural crest stem cells as melanoma, indicating that while other Id 

proteins, specifically Id1 and Id3, may play a more prominent role in RAP for melanoma, 

targeting RAP in melanoma may be as effective in generating an immune response as it is 

in neuroblastoma. Regardless, identification of novel tumor specific or associated 

antigens in neuroblastoma can prove beneficial, and could lead to specific 

immunotherapy targeting methods such as CAR ACT development. 

The generation of CAR bearing Tregs against VEGFR-2 presents a new approach 

for ACT in the treatment of immune evasive and suppressive cancers. While the methods 

for generation of CAR bearing Tregs has been established, and cytotoxicity of Tregs has 

been demonstrated in vitro, there are still several barriers that need to be overcome. 

While others have demonstrated the ability to induce production of high levels of 

granzyme B in Tregs in vitro, we were unable to do the same here. This may be due in 

part to minor differences in T cell stimulation, including differences in concentration with 

our v/v IL-2 supernatant, compared to the standardly measureable (IU) levels of IL-2 

used by others in the field. Despite this complication, we have shown in 

rhabdomyosarcoma, that Tregs within the tumor mass do express high levels of granzyme 

B, consistent with work in other tumor models. This implicates that in an ACT model, 
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Tregs that express CAR molecules should be able to generate their own lytic molecules 

upon homing to the tumor site. While we have shown in a full splenic transduced 

population that CD4+ and CD8+ cells home to the tumor site, for Tregs specifically, this 

needs to be addressed in an adoptive transfer model, in which we had attempted to 

generate.. Unfortunately, our conditions for transduction require cells to be actively 

proliferating, and in our hands, the transduction process seemed to halt the proliferation 

of Tregs. This resulted in our inability to generate enough CAR-bearing Tregs for 

adoptive transfer. Work by others has shown that inhibitory cytokines within the TIM can 

induce the conversion of CD4+ T helper cells into Tregs (56). It may prove more efficient 

to generate CD4+ CAR-bearing cells for adoptive transfer, and induce their conversion to 

a regulatory phenotype at the tumor site, if the conversion phenomenon exists in our 

mouse models as well. 
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