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Using Binary Activated T Cells Expressing Chimeric Antigen Receptor (BAT CARs) to Improve 
Brain Tumor Immunotherapy 

Chimeric antigen receptor (CAR) T cell therapy has proven to be a breakthrough 

technology against a range of hematological cancers, notably B cell acute lymphoblastic leukemias, 

non-Hodgkins lymphomas and chronic lymphocytic leukemias.1 Despite the unprecedented 

successes with these B cell tumors, increased complexity has hindered the translation of such 

success to solid tumors. CAR T cells have yet to demonstrate efficacy against solid tumors for 

several reasons. One reason is that virtually all targetable proteins on the membranes of tumor cells 

are also expressed on other normal tissues required for viability. Another reason is that T cell 

killing is slower in solid tumors compared to liquid tumors and thus antigen escape is an even 

bigger problem for solid tumors as compared to liquid tumors. A third reason is that there is 

significant variance in expression of such antigens, either within a single patient or among patients. 

To successfully apply CAR T cells technology to solid tumors, a new platform of CAR T cells 

capable of targeting tumors while minimizing off-tumor effects on healthy tissue is necessary. A 

CAR T cell that can target various antigens at once through multiplexing, providing an alternative 

path of killing while addressing the heterogeneity of the actual patient population may provide a 

solution for solid tumors. 

We developed a unique CAR T cell system that addresses these needs. In contrast to 

traditional scFv CAR T cell designs, BAT CAR disassociates CAR T cell targeting from CAR T 

cell-mediated killing, necessitating that these two independent events take place before T cell 

activation. In contrast to directly targeting the tumor cell, our CAR T cells target a synthetic antigen, 

which, when coupled to a tumor-targeting antibody, drives the CAR T cell mediated killing. This 

platform allows us to i) dose the tumor-targeting antibody to control the intensity of killing while 
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avoiding on-target/off-tumor killing, ii) target multiple antigens to prevent antigen escape and, iii) 

adapt to intra- and interpatient cancer variability through multiplexing. 
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Figures 
 
 

Figure 1.1. Inclusion of costimulatory domains in CAR T cell constructs enhances CAR T 

cell function. The CAR construct is a fusion protein that combines primary T cell receptor 

signaling through CD3z and secondary costimulatory domain signaling through coreceptors such 

as 4-1BB or CD28. The first-generation CARs uses a single-chain antibody fused to the CD3z; the 

second-generation CARs uses a single costimulatory domain, in addition to the CD3z. Third 

generation CARs use two costimulatory domains. scFv, single-chain variable fragment. Adapted 

from June et al., Science (2018).12 

 

Figure 1.2. The BAT CAR platform separates tumor recognition from tumor killing. (A) A 

traditional CAR T cell uses a single-chain antibody that directly binds antigens on the surface of 

tumor cells leading to T cell activation. (B) The BAT CAR uses a single-chain antibody directed 

against a small molecule (fluorescein). The small molecule is conjugated to a tumor-targeting 

antibody. Uncoupling tumor recognition and killing allows for control over the dose, timing and 

route of administration of the small molecule antibody-conjugate. The small molecule-antibody 

conjugate mediates T cell killing activity only when the antibody-small molecule conjugate is 

bound to the surface of the tumor cell. 

 

Figure 3.1. Heat Map of Cell Surface Target Protein Expression. The Median Fluorescence 

Index (MFI) was standardized to facilitate comparison. Color Code = Log2(MFIsample)/ 

Log2(MFImatched isotype). The colors were arbitrarily taken to represent a scale from white to dark 
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red. (A) Depicts the heat map for diffuse intrinsic pontine glioma (DIPG) and (B) depicts the heat 

map for glioblastoma (GBM) patient-derived cell cultures. 

 

Figure 3.2 Human cancers demonstrate varying levels of targeted antigens. DIPG (DIPG13) 

and a GBM (BT286) patient-derived cell cultures were compared in their expression of 

therapeutically-relevant targets. For each condition, 10,000 cells were stained with 1µg (70,000pM) 

of antibody and brought to a final volume of 100μl with PBS/FBS buffer. Each antibody was 

matched with its isotype. Patient-derived cell lines (A) DIPG13, (B) BT286 were stained with 

aGD2-FITC, aCD133-BV421, aAN2-PE and aIL13Ra2-PE. Isotype staining is shown in grey, 

and target staining in color. 

 

Figure 3.3. Specific Killing by aFL-CAR is Dependent on Effector to Target (E:T) Ratios. 

The ability of aFL CAR T cells to lyse BT145 tumor cells (GBM) was assessed using a 4-hour 

co-incubation assay. (A) Flow cytometry gating scheme: Target cells and BT145 were gated using 

CellTrackerTM Violet and then gated for single cells only. Dead cells are marked by Fixable 

Viability Dye e780® Fluor. CAR T cell specific killing is determined by the following equation: 

Specific Killing (%) = [(% Dead Cells)sample – (% Dead Cells)control]/[100 – (% Dead Cells)control]. 

(B) Four E:T ratio conditions, 20:1, 10:1, 5:1 and 1:1 were tested. The bar graph compares the 

specific killing (%) at 20:1 E:T between aGD2-FITC and isotype-FITC. The assay was performed 

at an antibody concentration of 25,000 pM. Each condition was tested in triplicate. 

 

Figure 3.4. Specific Killing is Dose-Responsive to Fluorescein-conjugated Antibodies. The 

ability of aFL CAR T cells to lyse BT869 (DIPG) tumor cells was assessed using a 4-hour assay. 
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(A) Cytotoxicity was measured at seven different concentrations of aGD2-FITC: 0.25pM, 0.5pM, 

2.5pM, 25pM, 250pM, 2500pM and 25000pM. (B) The bar graph compares the specific killing 

(%) at 25000pM between aGD2-FITC and isotype-FITC. Each condition was tested in triplicate. 

 

Figure 3.5. Venn Diagram of Antigen Expression Across Cell Lines. Cell lines (A) BT286 

(GBM), (B) DIPG13 (DIPG) and (C) DIPG17 (DIPG) express various levels of each antigen with 

heterogeneous profiles. Cells were simultaneously stained for all antigens with antibodies 

conjugated to distinct fluorophores (αGD2-FITC, αCD133-BV421, αAN2-PE and unconjugated 

αEphA2 + 2° αmIgG2b-APC). The overlapping areas of the Venn diagram represent cells 

presenting two or more markers. The table describes the total number of cells stained by each 

marker. For each group of single, double, or triple marker expressing cells, refer to Appendix B. 

The targetable percentage was calculated by summing the number of cells expressing any marker 

(Appendix B) and dividing it by the total # of cells counted in the well.  

 

Figure 3.6. Multiplexing Antibodies Increases overall MFI of Target Cell Staining. (A) 

Staining of BT286 (GBM) target cells with Isotype-FITC (grey, top), aIL13Ra2-FITC (light green, 

second), aGD2-FITC (green, third) and aIL13Ra2-FITC + aGD2-FITC (dark green, bottom). 

10,000 cells were stained with 0.1µg (7,000pM) of antibody for the single-stain conditions and 

0.1µg of each antibody for the multiplex condition. (B) The bar graph quantifies the shift in MFI 

from the flow data. 

 

Figure 3.7. Multiplexing Antibodies Increases CAR T Cell Killing Compared to Individual 

Antibodies.  Specific Killing (%) of BAT CAR T cells against FITC molecules; 3 conditions of 
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aIL13Ra2-FITC only at 0.1µg (7,000pM), aGD2-FITC only at 0.1µg and combination of 

aIL13Ra2-FITC + aGD2-FITC at 0.1µg each. E:T ratio was at 30:1 and cells were co-incubated 

for four hours after staining with appropriate antibodies.  

 

Figure 3.8. Multiplexing Antibodies Improves Dose-responsiveness of BAT CAR T Cell 

Killing Activity. The combination of two antibodies, aGD2-FITC and aCD133-FITC improves 

specific killing compared to single antibody conditions. (A) Dose-responsive killing of BT869 

(DIPG) at concentrations of 0.05 pM, 0.17pM, 0.83pM, 5 pM, 20pM, 100pM, 500 pM and 

2500pM. Multiplex conditions received equal parts of both antibodies at specific concentrations. 

(B) Quantification of specific killing (%) at 100pM. (C) Grading of antigen expression based on 

antibody staining and resulting MFI. Each condition was tested in triplicate. 

 

Figure 3.9. Different Preparations of Antibodies Directed Against the Same Marker Lead to 

Different Antigen Staining Intensities. Staining of (A) BT286 (GBM) and (B) BT869 (DIPG) 

were completed in the same manner with 1µg (70,000pM) of antibody. FL Ab, custom conjugated 

purified antibodies with customized fluorescein derivative; Commercial Ab, Commercially 

available fluorescein derivative (FITC) conjugated antibody. 

 

Figure 3.10. Commercial and Customized Antibody Preparations Lead to Different Specific 

Killing Activities (%). Cytotoxicity of aFL-CAR T cells against BT286 (GBM) using 

commercial and home-conjugated antibodies against tumor antigen GD2 shows variability of 

~60%. The cells were co-incubated for 4 hours, and 25,000pM of each antibody was used at an 

E:T ratio of 20:1. 



 

ix 
 

Figure 4.1. CD56-negative CAR T Cell Preparations Demonstrate Greater Levels of Specific 

T cell Killing Compared to CD56-positive CAR T Cell Preparations. (A) aFL-CARs sorted 

for CD19+/CD56- population leads to improved specific killing efficiency when compared to 

unsorted CARs. (B) Non-specific (background) killing of the same populations as in A. Specific 

killing was comparable between conditions targeting GD2 and HLA, which is the positive control.   
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Tables 

 

Table 1.1. CD19 CAR T Clinical Trials. Preconditioning chemotherapy was used in all the trials 

shown in this table. B-ALL, B-cell acute lymphoblastic leukemia; CLL, chronic lymphocytic 

leukemia; DLBCL, diffuse large B-cell lymphoma; B-NHL, B-cell non-hodgkin lymphoma; MM, 

Multiple Myeloma; MSKCC, Memorial Sloan Kettering Cancer Center; UPenn, The University 

of Pennsylvania; Fred Hutchinson, Fred Hutchinson Cancer Research Center; NCI, National 

Cancer Institute. Adapted from Jackson et al., Nature Reviews Clinical Oncology (2016).1 

 

Table 3.1. Solid Tumor CAR T Clinical Trials. Fuda, Central Laboratory in Fuda Cancer 

Hospital (Guangzhou, China); Texas Children’s, Texas Children’s Hospital; City of Hope, City of 

Hope Medical Center; PRT at Duke, The Preston Robert Tisch Brain Tumor Center at Duke; Duke 

Medical, Duke University Medical Center; Houston Methodist, Houston Methodist Hospital; 

Seattle Children’s, Seattle Children’s Hospital; Meitan, China Meitan General Hospital (Beijing, 

China); Ningbo, Ningbo Cancer Hospital (Zhejiang, China); UPenn, University of Pennsylvania; 

Xuanwu, Xuanwu Hospital (Beijing, China); OS, Overall Survival; CR, Complete Response. 

 

Table 3.2. Preliminary Screening Results of Tumor Targets. “+” indicates at least 2-fold 

increase in MFI for the antibody compared to that of the isotype. “–” indicates no significant 

increase in MFI. Cell lines are patient-derived. DIPG1, DIPG4, DIPG13, DIPG17 and BT869 are 

patient-derived DIPG cultures. BT286, BT164 and A172 are patient derived GBM cultures. The 

list of commercial antibodies used for screening can be found in the appendix. 
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Chapter 1: Background 

 

1.1 Introduction. 

 The field of cancer immunotherapy effectively takes advantage of the immune system’s 

innate ability to recognize foreign malignancies present in the system. “Coley’s toxins,” the 

discovery that a bacterial infection could stimulate the regression of inoperable sarcoma,2 was an 

early demonstration that increasing the activity of the immune system could be a form of cancer 

therapy. Although Coley made this observation more than 120 years ago,3 only with the advent or 

recombinant antibodies directed against tumors in the past 40 years4 and against T cell inhibitory 

proteins in the past 20 years5 has the power of the immune system been  exploited to treat cancers.  

Cancer cells evade the immune system through a number of mechanisms summarized by 

elimination, equilibrium and escape.6 From direct exploitations of immunological processes to 

morphological and epigenetic plasticity,7 the tumor cell’s selective failure in expressing 

costimulatory molecules leads to T cell anergy or tolerance. The tumor cell’s ability to 

downregulate death receptors to avoid targeting by CTLs and NK cells has also been established. 

Tumor cells in an individual cancer are very heterogeneous and the instability of the cancer 

genome leads to increasing heterogeneity as cancers progress. Thus, there are few antigens that 

are tumor-specific, few antigens expressed on all cancer cells and for those proteins expressed on 

tumor cells there is an uneven level of expression of antigens on subpopulations of cells within 

tumors. Indeed, the immune system is uniquely positioned to deal with the antigen heterogeneity 

presented by tumor cells. 

 Over the past decade, a range of immunotherapeutic methods have shown promise in the 

war on cancer: immune checkpoint therapy (CTLA-4 and PD-1), vaccines, oncolytic viruses as 
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well as chimeric antigen receptor (CAR) T cells are examples of methods that have aptly harnessed 

the immune system in defense. In the past decade, impressive responses were observed with the 

FDA approval of anti-CTLA-4 antibody (ipilimumab and tremlimumab) and an anti-PD-1 

antibody (nivolumab and pembrolizumab). These checkpoint inhibitors have shown impressive 

responses against advanced and metastatic melanoma8. Checkpoint inhibitors have also shown 

responses in treatment of non-small cell lung cancer, renal cell cancer, ovarian cancer and head 

and neck cancers.9–11  

Adoptive cell-transfer (ACT) immunotherapy was first introduced in 1988 and when used 

in combination with CAR technology has effectively shown significant successes in the recent 

years. ACT involves excising the tumor from the patient and expanding the cells with high anti-

tumor reactivity, which are then reinfused into the patient.12 T cells can also be further engineered 

and transduced with specifically selected T-cell Receptor (TCR) genes against antigens of 

interest.13 Alternatively, CAR T cells, which are patient-derived T cells that are engineered to be 

directed towards tumor cells in the body, have shown especially impressive efficacy against B cell 

malignancies.14 Despite these advances, solid tumors have proven to be more difficult to treat than 

hematological malignancies.15  

The goal of this thesis was to develop a novel CAR T cell platform to improve CAR T cell 

therapy for solid tumors. We focused on identifying potential targets against brain malignancies 

like glioblastoma (GBM) and diffuse intrinsic pontine glioma (DIPG), and tested our CAR T cell 

platform to demonstrate its efficacy. To provide a context for the platform, the background will 

introduce GBM and DIPG in greater detail (Section 1.2), then will review the current state of CAR 

T cell therapy (Section 1.3), and then explain their role in solid malignancies (Section 1.4). Finally, 
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the background will describe the current limitations in targeting solid tumors (Section 1.5), and 

our novel multiplexable and doseable CAR T platform (Section 1.6). 

 

1.2 Pediatric Brain Tumors: Glioblastoma (GBM) and Diffuse Intrinsic Pontine Glioma 

(DIPG). 

 Brain tumors are the most common solid tumor in pediatric patients and the leading cause 

of death among all pediatric cancer cases. Nearly 4000 cases of primary brain malignancies are 

identified each year—primary brain tumor being defined as tumors of the neuroepithelium, cranial 

nerves, meninges, sella, including those of hematopoietic and germ cell origins.16  

Gliomas are the most common subtype of primary brain tumors, with glioblastoma (GBM) 

being the most aggressive malignant variant. Although present in children, glioblastoma is more 

prominent in adult cases with an annual incidence rate of 5.26 per 100,000 persons and persists as 

a difficult cancer to treat with poor prognosis.17 Treatments are limited to concomitant 

chemoradiotherapy and adjuvant treatment with temozolomide (TMZ) resulting in median survival 

rate ranging from 11 to 16 months.18 Despite the wide range of clinical trials that have been 

completed for children with pediatric high grade gliomas, including the use of mTOR inhibitors, 

therapeutic methods have been devastatingly limited for patients with recurrent disease. Surgical 

resections, due to the extensively infiltrating characteristic of the disease, are not viable, and the 

blood-brain barrier functions as a literal barrier against delivery of chemotherapy agents.17,18 

Recently, survival benefit was seen in patients treated with neoadjuvant anti-PD-1 immunotherapy 

for patients with recurrent glioblastoma.19 Although limited to a patient population with surgically 

resectable glioblastoma, the efficacy of PD-1 blockade promises potential synergistic effects when 

used alongside other immunotherapeutic methods.  
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 Diffuse Intrinsic Pontine Glioma (DIPG) is a brainstem glioma predominantly affecting 

children with the median onset age being 6.5 years. Although it can occur in adults, the disease is 

more aggressive in pediatric patients.20 Mortality in children with DIPG is greater than 90% by 2 

years even with radiation therapy.16 The infiltrative disease begins in the brainstem, and similarly 

to glioblastoma, DIPGs are not resectable at all and much less surgically amendable than GBM. 

The current standard treatment for DIPG is external beam radiation therapy over the course of 6 

weeks, but the accelerated development of the disease prevents better understanding of the 

potential side effects of such therapeutic methods. The addition of temozolomide, unlike in 

glioblastoma, showed no improvement when administered in combination with radiation 

therapy.21  

  

1.3 Chimeric Antigen Receptor (CAR) T Cells. 

 

 Chimeric Antigen Receptor (CAR) T cells is a subtype of adoptive cell therapy, in which 

the patient’s own T cells are activated and transduced to express a synthetic receptor that combines 

primary and co-receptors involved in T cell activation. A CAR molecule typically includes an 

extracellular antigen recognition domain, followed by an intracellular signaling domain that allows 

for activation of the T cell.1 Most often a single chain variable fragment (scFv) is commonly used 

as the antigen binding domain, and is a synthetic protein that derived from the variable domains 

of antibodies (Figure 1.1). The scFv is then joined with a signaling domain, such as the CD3z of 

a T cell Receptor. The CAR structure obviates the need for MHC-associated antigen expression 

by target cells, which is often downregulated in tumor cells as a method of immune evasion.7  
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Various generations of CARs have been developed, with major differences based on the 

presence or the lack of costimulatory molecules.15 CD28 and 4-1BB are commonly used 

costimulatory domains, especially in FDA-approved CARs such as Axicabtagene ciloleucel 

(Yescarta, CD28) and Tisagenlecleucel (Kymriah, 4-1BB). Direct comparisons of these domains 

have been made, showing that the two could lead to different T cell phenotypes, with CD28 

signaling leading to an effector memory phenotype and 4-1BB signaling leading to a central 

memory phenotype.22 Some studies have shown that CD28, compared to 4-1BB, may lead to T 

cell exhaustion due to CAR clustering and  consequent CD3z tonic signaling.23 However, other 

studies have reported contrasting results. The potential costimulatory domains are not limited to 

the aforementioned ones—CARs bearing other members of the CD28 domain family, such as 

Figure 1.1. Inclusion of costimulatory domains in CAR T cell constructs enhances CAR T cell function. The 
CAR construct is a fusion protein that combines primary T cell receptor signaling through CD3z and secondary 
costimulatory domain signaling through coreceptors such as 4-1BB or CD28. The first-generation CARs uses a 
single-chain antibody fused to the CD3z; the second-generation CARs uses a single costimulatory domain, in 
addition to the CD3z. Third generation CARs use two costimulatory domains. scFv, single-chain variable 
fragment. Adapted from June et al., Science (2018).12 
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ICOS and OX-40 have also been used to improve persistence and activity of CAR T cells post 

administration.24  

 In 2013, CAR T cells was deemed “the breakthrough of the year” by Science Magazine, 

recalling the successful clinical trials putting 45 of 75 leukemia patients into complete remission.25 

CAR T cells against CD19  yielded great results for patients battling B cell malignancies, such as 

Acute B Lymphoblastic Leukemia (B-ALL), Chronic Lymphocytic Leukemia (CLL), Follicular 

Lymphoma, Diffuse large B-cell lymphoma (DLBCL) and mantle-cell lymphoma (MCL) as CD19 

is highly and exclusively expressed on B cells. Although patients suffered from B cell aplasia as a 

side effect, the loss of B cells could be retrieved through intravenous immunoglobulin replacement 

therapy.15  

 
Malignancy Institution CAR Domains Patient Population Outcome Reference 
B-ALL MSKCC CD28, CD3z n = 32 adults 91% CR NCT01044069 

UPenn 4-1BB, CD3z n = 30 children and 
young adults 
 

90% CR NCT01626495 

NCI CD28, CD3z n = 20 children and 
young adults 

70% CR NCT01593696 

Fred Hutchinson 4-1BB, CD3z n = 20 adults 83% CR NCT01865617 
CLL MSKCC CD28, CD3z and 

4-1BB, CD3z 
n = 8 adults 75% Stable 

Disease 
NCT00466531 

UPenn 4-1BB, CD3z n = 28 adults 57% OS NCT01747486 

DLBCL NCI CD28, CD3z n = 27 adults 81% 
CR/PR 

NCT00924326 

B-NHL MSKCC CD28, CD3z n = 8 adults 63% CR NCT018450566 
MM UPenn 4-1BB, CD3z n = 10 adults 50% PR NCT02135406 

 

1.4 CAR T cells against Solid Malignancies. 

Table 1.1. CD19 CAR T Clinical Trials. Preconditioning chemotherapy was used in all the trials shown in this 
table. B-ALL, B-cell acute lymphoblastic leukemia; CLL, chronic lymphocytic leukemia; DLBCL, diffuse large B-
cell lymphoma; B-NHL, B-cell non-hodgkin lymphoma; MM, Multiple Myeloma; MSKCC, Memorial Sloan 
Kettering Cancer Center; UPenn, The University of Pennsylvania; Fred Hutchinson, Fred Hutchinson Cancer 
Research Center; NCI, National Cancer Institute. Adapted from Jackson et al., Nature Reviews Clinical Oncology 
(2016).1 
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 Despite optimistic results against hematological malignancies, CAR T cells have not 

performed as promisingly against solid tumors. As mentioned earlier, CD19 is an ideal target in 

that it is highly and evenly expressed exclusively on B cells. Despite the antigen’s expression on 

healthy B cells, the obliteration of the B cell population is consistent with survival, as 

agammaglobulinemic patients can receive immunoglobulin infusions. While CD19 has served as 

an over-arching target for B cell malignancies, the equivalent of this omnipresent B cell antigen 

has yet to be found for any solid malignancy. The search for such a suitable antigen has also 

unveiled a myriad of hurdles, among them, the most prominent challenges in targeting solid tumors 

are: (1) the heterogeneous expression of antigens within a tumor; (2) immunosuppressive tumor 

microenvironment with limited numbers of tumor infiltrating lymphocytes (TIL) and (3) low 

tumor mutational burdens in certain malignancies presenting a limited number of neoantigens. 

 Tumor-specific and tumor-associated targets have been tested in hopes of replicating the 

impressive results of the CD19 CAR. Preclinical studies have been established with CARs against 

PSMA for prostate cancer (NCT01140373), Mesothelin for mesothelioma and pancreatic cancer 

(NCT01355965, NCT02465983), FAP for Mesothelioma (NCT01722149), EGFRvIII for glioma 

(NCT02209376), CEA for liver metastases (NCT02331693), CD171 for neuroblastoma 

(NCT02311621), GD2 for neuroblastoma and sarcoma (NCT02107963, NCT01953900), HER2 

for sarcoma and glioblastoma (NCT00902044, NCT02442297) and IL-13 for glioma 

(NCT02208362). Certain markers, such as GD2, were found to be upregulated in a number of 

cancers, ranging from neuroblastoma, glioma, retinoblastoma, to small cell lung cancer and 

melanoma.26 

 These studies have elucidated both the challenges and potential solutions in treating solid 

malignancies with CAR T cells. For example, a pre-clinical study for neuroblastoma with a GD2-
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specific CAR T model, showed that 5 of 8 mice controlled tumor growth after receiving E101K 

CAR T cells. However, severe neurotoxicity was associated with tumor control by the CAR T cells, 

which was not visible in non-tumor controlling mice.27 In clinical trials, however, a first-generation 

CAR designed using the same variable regions of the 14.G2a anti-GD2 antibody yielded 4 

complete responses out of 11 neuroblastoma patients, demonstrating the potential but with 

unsatisfactory confidence.28 Other clinical trials for glioblastoma involved CARs directed against 

IL13Ra2 and EGFRvIII—the first presented a promising improvement in the therapeutic index if 

the injection of CAR T cells are localized to the tumor site.29 The latter presented that finding a 

targetable antigen is not the concern—antigen loss/antigen escape is another concern suggesting 

the need to target multiple antigens in solid malignancies.30 

 

1.5 Current Limitations. 

 As mentioned in the previous section, currently-available CAR T models may not be 

suitable for treatment of solid tumors. CAR T cells for hematological cancers have been promising 

also have side effects such as: (1) on-target off-tumor effect as observed in B-cell aplasia, (2) 

cytokine release syndrome (CRS) due to lack of control over maintenance of CAR T cells post-

administration (3) and related neurotoxicity. In addition, there is a lack of tumor-specific antigens 

and targets—a CD19 equivalent target with comparable impact is nowhere to be found for non-B 

cell malignancies. 

 GBM and DIPG have the additional challenges beyond those specific to solid tumors, such 

as intratumoral heterogeneity and evolving resistance; successful GBM and DIPG therapy need to 

overcome the physical hurdle of the blood brain barrier. Heterogeneity of the tumors can be 

observed not only between patients, but also within a single patient going through rounds of 
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chemotherapy.31,32 Therefore, even when targeting tumor cells using a single-antigen directed 

CAR successfully eliminates antigen-positive tumor cells, antigen escape leads to growth of 

antigen-negative cells in the patient. The observed relapse rates of 21-45% in B cell malignancies33 

is expected to be even higher in GBM and DIPG patients. The “one size fits all” mindset cannot 

be applied when it comes to solid malignancies as we have seen in hematological malignancies, 

and the platform must also evolve with the tumor itself.  

 

1.6 Our Approach: A New CAR Platform. 

A 

 

B 

 

 The Binary Activated T cells with Chimeric Antigen Receptor (BAT-CAR) platform 

attempts to build upon the current platform of CAR T cells through uncoupling of the antigen 

recognition and T cell activation mechanisms. In comparison to the traditional direct CAR model, 

where the receptor on the T cell is responsible for both recognition of the antigen and activation 

Figure 1.2. The BAT CAR platform separates tumor recognition from tumor killing. (A) A traditional CAR 
T cell uses a single-chain antibody that directly binds antigens on the surface of tumor cells leading to T cell 
activation. (B) The BAT CAR uses a single-chain antibody directed against a small molecule (fluorescein). The 
small molecule is conjugated to a tumor-targeting antibody. Uncoupling tumor recognition and killing allows for 
control over the dose, timing and route of administration of the small molecule antibody-conjugate. The small 
molecule-antibody conjugate mediates T cell killing activity only when the antibody-small molecule conjugate is 
bound to the surface of the tumor cell. 
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of the T cell, the BAT CAR utilizes an intermediary step between the antigen and T cell allowing 

for greater flexibility. The platform consists of a synthetic small molecule (fluorescein) conjugated 

to one or more tumor-targeting antibodies, and a CAR T cell that is engineered to target the small 

molecule. The dissociation of tumor binding from tumor killing allows for a multiplexable and 

doseable CAR T platform that we expect will improve upon the current state of therapies available 

for solid malignancies. 

Advantageous properties of the BAT CAR platform includes that it is: 1) titratable 2) 

multiplexable and 3) redundant. The platform is titratable, because we can titrate the antibody 

concentration during administration. The CAR T cells are inactive when the antibodies are present 

at low to undetectable concentrations, and are only only active when they bind to the antibody 

bound to the surface of the tumor cell. The “doseability” creates a “therapeutic window” of 

antibody administration such that we are able to titrate the CAR T cell activity to enhance anti-

tumor activity while managing the “on-target, off-tumor” effects as seen in CD19 CAR models.  

As seen in Figure 2, the usage of a CAR T cell against a small molecule no longer limits 

us to one specific antigen—instead, it allows for flexibility in antigen selection, as well as the 

ability to target multiple tumor-associated and tumor-specific antigens. This concept is especially 

important in GBM and DIPG models, as traditional CARs directed against one antigen have not 

been able to fully target a heterogenous tumor.29,30,34 Multiple antibodies, targeted against multiple 

antigens on heterogeneous tumors labeled with a single molecule allows for greater coverage with 

a single CAR construct. 

Finally, the BAT CAR allows for redundancy—the improved efficacy of targeting multiple 

antigens, specifically HER2, IL13Ra2 and EphA2, was observed in glioblastoma in preclinical 

settings.35 However, the use of three distinct direct CARs can lead to side effects at a greater 
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magnitude than those observed in other direct CAR models targeting CD19 and CD20 for B cell 

malignancies, because the side-effects of each single CAR would sum with the others. On the other 

hand, it was also recently observed by Hamieh et al. that direct CARs are capable of trogocytosis 

of their own targets from the tumor cell, leading to decreased target density, fratricide killing as 

well as exhaustion of CAR T cells. The attempt to rescue exhausted CAR T cells by infusing “fresh” 

CAR T cells proved to be most effective when administering CARs directed at different targets.36 

The benefit of redundancy is a critical property of our novel CAR platform, without the potential 

for unfavorable effects, whether it be increased cytotoxicity or irreversible T cell exhaustion as 

observed in direct CAR models. These advantages highlight the novelty of the BAT CAR platform 

in the war against GBM and DIPG.  
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Chapter 2: Materials & Methods 

 

2.1 Cells and Culture Conditions. All patient-derived cell cultures used in this report were 

received from the Bandopadhayay Lab at Boston Children’s Hospital and the Ligon Lab at Dana 

Farber Cancer Institute. The protocols have also been adapted from the labs mentioned. The cell 

lines BT286 and BT164 were cultured in “NSA medium.” NSA base medium was a solution 

obtained from a 10:1 mixture of Neurocult NS-A Basal Medium and Neurocult NS-A Proliferation 

Supplement (Stemcell Technologies, #05751), as described by the manufacturer. To obtain the 

complete NSA medium, upon use, small aliquots of base medium were mixed with EGF (final 

concentration 20ng/mL, Life Technologies, #PHG0314), bFGF (final concentration 20ng/mL, 

Miltenyi Biotech, #130-093-564) and Heparin (final concentration 2µg/mL, Stemcell 

Technologies, #07980) were added to the medium.  

The cell lines DIPG1, DIPG4, DIPG13, DIPG17 and BT869 were cultured in “Tumor Stem 

Medium (TSM),” TSM base medium was a solution obtained from a 1:1 mixture of Neurobasal-

A Medium (1x) (Invitrogen, #10888-022) and D-MEM/F-12 (1x) (Invitrogen, #11330-032) in 

addition to HEPES Buffer Solution (1M) (Invitrogen, #15630-080), MEM Sodium Pyruvate 

Solution 100mM (100X) (Invitrogen, #11360-070), MEM Non-Essential Amino Acids Solution 

10mM (100X) (Invitrogen, #11140-050), GlutaMAX-I Supplement (Invitrogen, #35050-061) and 

Penicillin Streptomycin (100X) (Life Technologies, #15140122). To obtain the complete TSM 

medium, upon use, small aliquots of base medium were mixed with 1mL of B-27 Supplement 

Minus Vitamin A (50X) (Invitrogen, #12587-010), H-EGF (final concentration 20ng/mL, 

Shenandoah Biotech, #100-26), H-FGF (final concentration 20ng/mL, Shenandoah Biotech, #100-

146), H-PDGF-AA (final concentration 10ng/mL, Shenandoah Biotech, #100-16), H-PDGF-BB 
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(final concentration 10ng/mL, Shenandoah Biotech, #100-18) and Heparin (final concentration 

2µg/mL, Stemcell Technologies, #07980). Every time media was made, both the base and the 

working aliquots, it was filtered through a 0.2micron membrane. Exceeding amounts of media 

were stored at 4°C for approximately a week. 

The cells were passaged every 3-4 days. The cells were grown on Ultra-Low Attachment 

75cm2 Culture Flasks (Westnet Inc, #3814). Cells were first transferred from the flask to a recipient 

tube, and the flask was washed with base media. The cells were then pelleted at 200g for 5 minutes. 

The supernatant (now, conditioned medium) was then transferred to a new tube, avoiding the 

disturbance of the pellet and either 1mL of room temperature Accutase (Life Technologies, #00-

4555-56) (NSA cell lines) or 1mL of TrypLE Express (1x) No Phenol Red (Invitrogen, #12604-

039) (TSM cell lines) was added. Neurosphere disaggregation was facilitated by pipetting. The 

state if disaggregation of the cell culture was maintained under surveillance to avoid overtreatment 

and consequent culture death. When the cells visibly disassociated to reach a state of single-cell 

suspension, the reaction was stopped with 10mL of base medium and washed once with base 

medium. The cells were then counted and plated at 20,000-40,000 cells/cm2 in low-adherence 

flasks. 

 

2.2 Chimeric Antigen Receptor and Backbone Design. The CAR constructs consist of an anti-

fluorescein single chain variable fragment, CD8 transmembrane domain, CD28 costimulatory 

domain, CD3z, IRES, a reporter gene (CD19t or mCherry) enclosed in long terminal repeats (LTR) 

sequences, which are constitutive promoters that allow for integration of the construct into the host 

cell. 
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2.3 Generation of Chimeric Antigen Receptor (CAR) T cells. Peripheral blood mononuclear 

cells (PBMC) were isolated from a donor blood collar using the GE Healthcare Ficoll-Paque PLUS 

Media (Thermo Fisher, #17144003) density gradients. The PBMCs were then activated with 

Dynabeads Human T-Activator CD3/CD28 at 1:1 cell to bead ratio (Life Technologies, #11132D) 

and recombinant human IL-2 at 100U/mL (BioLegend, #589104) in X-Vivo15 (Lonza, #04-418Q) 

+ 5% Human Serum AB (Gemini Bio, #100512) + 2mM Glutamax (Life Technologies, 

#35050061). 

Retroviral supernatant was generated through transient transfection of PLAT-E with 

Lipofectamine 2000 (Life Technologies, #L3000015) and Opti-MEM (Life Technologies, 

#31985070) with the CAR (anti-Fluorescein scFv-CD28-41BB-CD3z) encoding plasmids. The 

retroviral supernatant produced by PLAT-E were then used to transduce PG-13 cells. PG-13 cells 

transduced with the third-generation CAR constructs were collected at 96 hours. These cells were 

cultured in DMEM (Life Technologies, #11995073) + 10%FBS (Life Technologies, #10437028) 

+ 100X PenStrep. The second round of transduction allows for insertion of the CAR T construct 

into human T cells through the retroviral supernatant collected from PG-13 cells. This process has 

been described in better detail previously.37 

  

2.4 CAR T Cell Activation, Expansion and Storage. Transduced PBMCs are stained with 30μl 

of aCD19-PE (BioLegend, #302208) per 10M cells in 300μl total volume, and viable cells are 

aFL scFV CD28 CD3ζ CD19t 3’LTR CD8 
TM ψ 5’LTR IRES 

aFL scFV CD28 CD3ζ mCherry 3’LTR CD8 
TM ψ 5’LTR IRES 
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selected according to size. The sorted CAR+ cells are then plated in G-Rex10M (Wilson Wolf 

Corp, #80110S) vessels for expansion. For the CAR construct expressing mCherry as its reporter 

gene, mCherry+ CARs were defined as CAR+. For the construct expressing CD19t, aCD19-PE 

(BioLegend, #302208) was used to determine the CAR+ T cells. Each G-Rex10M vessel requires 

~5M cells for successful expansion. The cells were cultured in 100mL final volume of complete 

XVivo15 media, in addition to 200µL of IL-7 and IL-15 at 100U/mL (VWR, #10779-676 and 

#10773-078). The cells were then incubated in the vessels at 37°C and 5% CO2 for 7 days. CARs 

were then harvested and either plated on Non-Tissue Culture Treated 24-well plates (Falcon, 

#351147) with additional IL-7 and IL-15 at 100µg/mL or re-suspended in Bambanker freezing 

media (Fisher Scientific, #50999554) at 40M/mL and stored at -80°C for cryopreservation. For the 

plated CARs, the media was refreshed every 2-3 days and fully harvested and re-plated every 6-7 

days. 

 

2.5 Antibody Quantification. Upon receiving antibodies, both commercial and home-conjugated, 

each antibody was quantified to determine the appropriate concentration to be used for assays. To 

measure the concentrations (g/l) of Labeled Proteins, DeNovix Ds-11+ Spectrophotometer was 

used. 1µL of PBS was used to blank the system, and 1µL of the sample was used to measure the 

concentration. Each sample was measured 3 times and the average value was used for further 

calculations. By standardizing the molecular weight to 150,000g/mol, which is the known 

approximate molar mass of Immunoglobulin G38, we derived the molarity (M) value in pM. The 

formula used to calculate the antibody concentration was as follows: 

!"#$%	'#($)("*+",#(	(./) = 	
/)+23*)4	'#($)("*+",#(	(

5
6
)

/#6)$36+*	7),5ℎ"	(
5
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)
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2.6 Staining of Target Cells. Each antibody staining of target cells was carried out in 100μl of 

final volume. In order to obtain the dilution factor and the necessary antibody volume, the 

following formulas were used: 

	Dilution	Factor =
!"#$%	'#($)("*+",#(	(./)

J)2,*)4	'#($)("*+",#(	(./)
 

	K(",L#4M	N#639)	(O6) = 	
J)2,*)4	P,(+6	N#639)	(OQ)

J,63",#(	P+$"#*
 

After the necessary antibody volume was calculated based on the desired concentration, we 

resuspended the antibody in a total volume of 100μl by adding the corresponding amount of 

Phosphate-Buffered Saline (PBS) containing 5% FBS. For example, in the case where 5μl of 

antibody was necessary, 95μl of FACS buffer would be added to reach a final volume of 100μl. 

For staining, cells were washed with PBS+5%FBS, and stained in 100μl at 4°C in the dark for 20 

minutes. The wells were then diluted with an additional 100μl of FACS buffer, and washed once 

with 200μl of FACS buffer. Cells were then resuspended in Fixation Buffer (BioLegend, #420801) 

+ PBS+5%FBS at 1:1 ratio.  

 

2.7 Flow Cytometry. Anti-human antibodies were purchased from BioLegend, Miltenyi Biotec, 

Life Technologies, Novus Biologicals, Thermo Fischer and Santa Cruz Biotechnology (see 

Appendix A for the complete list of antibodies). Purified antibodies were also purchased and 

conjugated to our own fluorescein derivative by a collaborator, using the Fluorescein-EX Protein 

Labeling Kit (Life Technologies, #F10240). In all analyses, viable lymphocytes were first gated 

on using FSC-A vs. SSC-A, and singlets were gated on using FSC-H vs. FSC-A or SSC-H vs. 

SSC-A. All analyses were completed on FlowJo, and the median fluorescence index (MFI) was 
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normalized using the MFI of antibody labeling for each target used and its corresponding isotype. 

The heat map was constructed by taking the log base 2 value of this difference, adapted from 

Mount et al. 2018.39 Flow cytometry was performed on a 4 laser LSR Fortessa machine. 

 

2.8 Killing Assay. Target cells were diluted at 106/mL and stained with CellTrackerTM Violet 

(Thermo Fisher, #C10094) at a 1:4000 dilution for 10 minutes at 37°C in the dark. Cells were then 

washed twice in PBS+5%FBS and stained with fluorescein conjugated antibodies for 20 minutes 

at 4°C in the dark. Cells were then washed twice in PBS+5%FBS and resuspended in complete X-

VivoTM 15 media. CAR T cells were then added to the target cells, and incubated at indicated 

antibody concentrations or effector-target ratios for 4 hours at 37°C, 5% CO2 in the dark. Cells 

were coincubated at a volume of 200µL in each well of a 96-well plate. After the incubation period, 

the cells were washed with PBS and dyed with Fixable Viability Dye eFluor® 780 (Life 

Technologies, #65086514) at a 1:10,000 dilution for 10 minutes at room temperature in the dark. 

Cells were then washed once in PBS+5%FBS and resuspended in Fixation Buffer (BioLegend, 

#420801) + PBS+5%FBS at 1:1 ratio.  

 Flow cytometry was performed on a 4 laser LSR FortessaTM machine, and all analyses were 

completed on FlowJo®. Viable lymphocytes were first gated on using FSC-A vs. SSC-A, and 

target cells were gated on using FSC-A vs. Pacific Blue. Singlet target cells were then gated on 

using FSC-H vs. FSC-A or SSC-H vs. SSC-A, and dead cells were gated on using FSC-A vs. APC-

Cy7. 
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Chapter 3: Results 
 

 The evaluation of our CAR T cell platform consisted first of assessing the antibodies to be 

used against the tumor targets, and second of the killing efficiency of the CAR T cells. We began 

by establishing a list of potential targets from past clinical trials and publications. We then acquired 

commercial antibodies of various clones directed against such targets. Fluorescein-conjugated 

antibodies were always preferred because they could be simultaneously evaluated for both 

targeting and for CAR T cell-mediated killing. Unfortunately, these antibodies were not always 

available, so we opted for other fluorophores, when necessary. Using these antibodies, we profiled 

patient-derived cell cultures and selected the best targets and clones. When fluorescein-conjugated 

antibodies were not commercially available but showed promising staining data, we performed in-

house fluorescein conjugation. The profiling data was also used to construct a heat map, and in 

combination with the multicolor multiplex profiling data, we assessed combinations of targets to 

be used in our killing assays. The targets with highest expression were tested for killing efficiency 

using our CAR platform. Combinations of antibodies were first screened by staining and by the 

MFI shift using antibodies conjugated to the same fluorophore. Thus, we attempted to establish a 

relationship between fluorescence intensity and killing efficiency.   

 

3.1 Choice of the Target Small Molecule. 

One of the most crucial choices in this project was the choice of the CAR T cell target. In 

order to make this platform compatible to our translational goal but also feasible for cell line 

profiling and optimization of the CAR T cell killing kinetics, we sought anti-small molecule 

antibodies, expressed as single-chain that were safe for use in humans and inexpensive for pre-
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clinical testing. Our top choice was an antibody developed by the Wittrup Lab at MIT, specifically 

clone 4M5.3 against the fluorescein small molecule.40 

Fluorescein is an ideal small molecule for our CAR T cell platform because it has little-to-

no immunogenicity.41 It is routinely used in the clinic, for example, as tracer during surgical 

operations of high-grade gliomas42 or for fluorescein angiography43 and it is already broadly 

commercially available as an inexpensive antibody conjugate. 

Many commercially available antibodies are conjugated to a fluorescein derivative called 

fluorescein isothiocyanate (FITC) with an isothicyanate reactive group (-N=C=S) at the 5-carbon 

position.44 This adaptation allows for labeling as the isothiocyanate group is able to react with the 

primary amine groups of antibodies or proteins.45 Fluorescein in its FITC form has an excitation 

wavelength of 494nm and emission wavelength of 518nm and thus is suitable for fluorimetry.  

 

3.2 Screening for Potential Targets against GBM and DIPG. 

 In order to assess the value of targets, we conducted a literature search for current and past 

clinical trials for glioblastoma and other brain tumors. We focused our search on clinically-

validated surface antigens for brain tumors including GD2, IL13Ra2, EGFRvIII, HER2, EphA2, 

and CD133. We also expanded our search to partially clinically-vetted targets for which we had 

antibodies available.  

To identify which target/antibody combination from our literature search would be feasible 

for GBM and DIPG therapy, we profiled various tumor cell lines for surface staining by flow 

cytometry. For primary screening, we attempted to look for feasible targets that were also 

commercially-available antibody for further analysis in in vivo experiments. FITC-conjugated 

antibodies were not commercially available for every antigen of interest; however, at this stage for 
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Antigen Malignancy Institution Results Clinical Trial # 
GD2 Glioma Fuda  Completed NCT03252171 
  Neuroblastoma Texas Children’s Median OS: 931d 

CR: 15% 
(n=19) 

NCT00085930 

IL13Rα2 Glioma City of Hope  In Process NCT02208362 
EGFRvIII Glioblastoma PRT at Duke In Process NCT02664363 
  Glioblastoma Duke Medical Recruiting NCT03283631 
HER2 HER2 Positive 

Malignancies 
Houston Methodist & Texas 
Children’s 

Median OS: 338d 
CR: 19% 
(n=16) 

NCT00889954 

  CNS Tumors Seattle Children’s Recruiting NCT03500991 
EphA2 Glioma Fuda In Process NCT02575261 
Mesothelin Metastatic Solid Meitan Recruiting NCT02930993 
  Refractory Solid Ningbo Recruiting NCT03030001 
  Lung, Ovarian, 

Peritoneal, Fallopian 
Tube, Mesothelioma 

UPenn In Process NCT03054298 

CD133 Glioma Xuanwu Recruiting NCT03423992 
MUC1 Glioma PersonGen BioTherapeutics. Unknown NCT02617134 

     

 

Target DIPG1 DIPG4 DIPG13 DIPG17 BT869 BT286 BT164 A172 
GD2 + + + + + + + + 
IL13Rα2 - + - + + + - + 
PDGFRα + - - - + - - + 
EGFRvIII - - - - + - - - 
HER2 - - - - - - - + 
MUC1c - - - - - - - - 
Mesothelin - - - - - - - - 
Axl - - - - - - - - 
CD133 + - + + + - - - 
GPC3 - - - - - - - - 
NKG2D - - - - - - - - 
CD70 - + - - - - - - 
EphA2 + + - + - + + + 
AN2 + + + - + + - + 

Table 3.1. Solid Tumor CAR T Clinical Trials. Fuda, Central Laboratory in Fuda Cancer Hospital (Guangzhou, 
China); Texas Children’s, Texas Children’s Hospital; City of Hope, City of Hope Medical Center; PRT at Duke, 
The Preston Robert Tisch Brain Tumor Center at Duke; Duke Medical, Duke University Medical Center; Houston 
Methodist, Houston Methodist Hospital; Seattle Children’s, Seattle Children’s Hospital; Meitan, China Meitan 
General Hospital (Beijing, China); Ningbo, Ningbo Cancer Hospital (Zhejiang, China); UPenn, University of 
Pennsylvania; Xuanwu, Xuanwu Hospital (Beijing, China); OS, Overall Survival; CR, Complete Response. 
 

Table 3.2. Preliminary Screening Results of Tumor Targets. “+” indicates at least 2-fold increase in MFI for 
the antibody compared to that of the isotype. “–” indicates no significant increase in MFI. Cell lines are patient-
derived. DIPG1, DIPG4, DIPG13, DIPG17 and BT869 are patient-derived DIPG cultures. BT286, BT164 and 
A172 are patient derived GBM cultures. The list of commercial antibodies used for screening can be found in the 
appendix. 
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screening purposes, we used antibodies conjugated to PE and BV-421. The result of our primary 

screening is summarized in table 3.2. The complete list of antibodies tested can be found in the 

appendix. 

A 
GD2 AN2 EphA2 CD133 IL13Rα2 

DIPG1      

DIPG4      

DIPG13      

DIPG17      

BT333      

BT869      
 

 

B 
GD2 AN2 EphA2 CD133 IL13Rα2 

A172      

BT164      

BT145      

BT286      
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Color            

Through this process, we identified robustly-expressed markers amongst those tested in the 

primary screening phase. The heat map shows the expression level of each marker on a 

standardized scale on both DIPG and GBM patient-derived cell lines (Figure 3.1). We calculated 

the difference in MFI between the sample stained with the target antibody and the isotype control 

and then and derived the final value by applying a log base 2 scale.  

Our data support identified intratumoral heterogeneity of antigen expression. For example, 

DIPG4 and DIPG13 cell lines showed distinctly different levels of tumor markers IL13Ra2 and 

CD133, despite being cell lines of the same malignancy. The distinction in expression was very 

clearly observed in the fluorescence level during screening (Figure 3.2). There were also markers 

that remained relatively consistent in expression levels between both cell lines and malignancy 

Figure 3.1. Heat Map of Cell Surface Target Protein Expression. The Median Fluorescence Index (MFI) was 
standardized to facilitate comparison. Color Code = Log2(MFIsample)/ Log2(MFImatched isotype). The colors were 
arbitrarily taken to represent a scale from white to dark red. (A) Depicts the heat map for diffuse intrinsic pontine 
glioma (DIPG) and (B) depicts the heat map for glioblastoma (GBM) patient-derived cell cultures. 
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type, namely GD2 and AN2. More importantly, although both cell lines showed high values for 

AN2, the DIPG4 cell line presents a population of AN2 negative cells that would not be targeted 

with a traditional anti-AN2 CAR T, leading to a failure of the therapy. 

 GD2 CD133 AN2 IL13Ra2 
A 

 

  

 

B 

  

 

 

 

3.3 Tumor Antigens of Interest. 

 The heat map demonstrates five abundantly-expressed markers that could be used in the 

BAT CAR platform: IL13Ra2, AN2, CD133, GD2 and EphA2; each of which are reviewed the in 

detail in the next sections. 

3.3.1 IL13Ra2. 

 Interleukin-13 receptor alpha 2 (IL13Ra2) is a glioma-restricted receptor.46 It shows 

minimal expression in healthy brain tissue, but is expressed in >75% of glioblastoma cell 

population. Thus, IL13Ra2 is a suitable target for glioma therapy.47 This high affinity monomer 

Figure 3.2 Human cancers demonstrate varying levels of targeted antigens. DIPG (DIPG13) and a GBM 
(BT286) patient-derived cell cultures were compared in their expression of therapeutically-relevant targets. For 
each condition, 10,000 cells were stained with 1µg (70,000pM) of antibody and brought to a final volume of 100μl 
with PBS/FBS buffer. Each antibody was matched with its isotype. Patient-derived cell lines (A) DIPG13, (B) 
BT286 were stained with aGD2-FITC, aCD133-BV421, aAN2-PE and aIL13Ra2-PE. Isotype staining is shown 
in grey, and target staining in color. 
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is involved in activating the Scr/PI3K/Akt/mTOR pathway and has been well established in CAR 

T platforms against glioblastoma,47,48 eliciting complete responses in patients with recurrent 

multifocal glioblastoma.29 

3.3.2 AN2. 

 AN2 is the murine homologue of human melanoma proteoglycan (HMP), which is a 

membrane-bound chondroitin sulfate proteoglycan.49 This molecule is a transmembrane protein, 

with glycol- and glycosaminoglycan chains, and has been suggested to play a role in cell 

migration.50 This antigen is expressed in malignant melanoma and glioma and is expressed in 

normal tissues, mostly in progenitor cells of the glial lineage. It was also recently found that 

AN2/HMP-positive cells are largely present on angiogenic vessels, linking it to angiogenesis and 

invasive tumors.51 Monoclonal antibodies have been used against AN2/HMP in clinical trials for 

treatment of malignant gliomas and neoplastic meningitis, leading to partial response or prolonged 

stable disease for four out of five patients.52 

3.3.3 CD133. 

 CD133, also known as prominin-1, is a well-established marker in glioblastoma, originally 

categorized as a marker of progenitor hematopoietic and neural stem cells.53 The differences 

between CD133-positive and CD133-negative cells in glioblastoma have also been studied, 

suggesting that CD133 may be a commonly expressed antigen during relapse, as a phenotype of 

cancer stem cells are changed through treatment.54 It was also shown that CD133-positive cells 

tend to have improved self-renewal and tumorigenic capacity than CD133-negative cells,55 

consistent with the aggressive nature of recurrent glioblastoma. 

3.3.4 GD2. 
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 Disialoganglioside, or GD2, is a tumor-associated antigen that is overexpressed in tumors 

of the neuro-ectodermal origin including neuroblastoma and glioma.26 Its presence has also been 

noted in other solid tumors such as osteosarcoma56 and small cell lung cancer.57,58 GD2 has been 

widely evaluated in the form of monoclonal antibody therapy, playing an integral role in improving 

the therapeutic model for neuroblastoma patients.59 It has also been investigated as a target for 

CAR T models and tested in clinical trials against neuroblastoma,60,61 osteosarcoma as well as 

melanoma (NC02107963). 

3.3.5 EphA2. 

 EphA2 and other Eph receptors are a part of the largest family of tyrosine kinase receptors, 

and plays a role in mediating growth, migration and differentiation pathways.62 Of the 15 Eph 

receptors, EphA2 is overexpressed in a variety of epithelial cancers such as colon63 and prostate 

cancers.64 More importantly, it is overexpressed in both pediatric brain stem and non-brain stem 

gliomas. The expression of EphA2 is consistently elevated in comparison to other markers, and its 

mRNA levels have been found to be inversely correlated to survival rates in patients.65 A direct 

CAR T model targeting EphA2 has shown promising results in vivo with EphA2-specific T cells 

showing activity against glioma-initiating cells, which are usually resistant to traditional 

chemotherapy.66  

3.3.6 Combining Targets. 

 Of these antibodies, GD2 and AN2 were most consistently expressed at high levels for 

most patient-derived cell cultures. We identified commercially-available fluorescein-conjugated 

antibodies against GD2. IL13Ra2 and CD133 were targets that were also consistently expressed 

but at lower levels. To assess the property of redundancy, we aimed to combine antibodies directed 

against abundantly-expressed antigens with antibodies directed against low abundance antigens. 
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3.4 BAT CAR Cytotoxicity is Dependent on E:T Ratio and Antibody Concentration in 

vitro. 

In order to demonstrate the killing efficiency—both the effects of Effector:Target (E:T) 

ratio as well as the titratability of killing efficiency based on antibody concentrations—with greater 

sensitivity, it was important to use a target that demonstrates consistently high expression across 

cell lines. Although both AN2 and GD2 were feasible targets, the only commercially-available 

antibody against AN2 was conjugated to PE, and therefore unsuitable for this stage of the project. 

A 

   
B 
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Figure 3.3. Specific Killing by aFL-CAR is Dependent on Effector to Target (E:T) Ratios. The ability of aFL 
CAR T cells to lyse BT145 tumor cells (GBM) was assessed using a 4-hour co-incubation assay. (A) Flow cytometry 
gating scheme: Target cells and BT145 were gated using CellTrackerTM Violet and then gated for single cells only. 
Dead cells are marked by Fixable Viability Dye e780® Fluor. CAR T cell specific killing is determined by the 
following equation: Specific Killing (%) = [(% Dead Cells)sample – (% Dead Cells)control]/[100 – (% Dead Cells)control]. 
(B) Four E:T ratio conditions, 20:1, 10:1, 5:1 and 1:1 were tested. The bar graph compares the specific killing (%) 
at 20:1 E:T between aGD2-FITC and isotype-FITC. The assay was performed at an antibody concentration of 25,000 
pM. Each condition was tested in triplicate. 
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For E:T ratio and antibody concentration dependent cytotoxicity, we used the 14.G2a clone of an 

anti-GD2 antibody as our target and a second-generation CAR directed against fluorescein as our 

effector. 

We stained the target cells, BT145 (GBM), with CellTracker Violet, which were then 

incubated with the effector CAR T cells for 4 hours. The culture was then stained with a viability 

dye (eFluor® 780) to determine the percentage of dead cells. To determine the effects of 

effector:target ratio on cytotoxicity, we measured specific killing (%) levels at 20:1, 10:1, 5:1 and 

1:1. We saw a direct correlation between cytotoxicity and E:T ratio, with 20:1 condition showing 

the highest killing of the BT145 cells (Figure 3.3). It was also observed that the CAR T cell-

mediated killing was dependent on the presence of the tumor targeting antibody, as no killing was 

observed in the isotype condition. 

One major advantage of our BAT CAR platform is that dosing antibodies can control CAR 

T cell activities—shifted toward greater or lesser activity, as necessary. We therefore aimed to 

measure the activity levels of our CAR at varying levels of antibodies, uncoupled from the tumor 

target expression levels.  To accomplish this, we co-incubated the target cells, BT869 (DIPG) with 

our effector cells for 4 hours and measured specific killing (%) at antibody doses of 0.25pM, 5pM, 

25pM, 250pM, 2500pM and 25000pM (Figure 3.4). The results showed that cytotoxicity 

increased with antibody concentration—a plateau in cytotoxicity was reached around 25000pM. 

This demonstrates that antibodies may be administered in a doseable and controlled manner, and 

thus provides an additional method of titrating activation beyond adjusting the E:T ratio. The lack 

of activity of the CAR T cells in the absence of fluorescein further suggests that our platform may 

improve upon currently-available CAR T cell therapies. 
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3.5 Evaluating Multiplexability and Redundancy of BAT CARs. 

 Two other key properties of the BAT CAR platform are multiplexability and redundancy. 

To demonstrate the heterogeneity in the surface expression of the tumor antigens, we conducted a 

multicolor flow cytometry of the GBM and DIPG cell lines using GD2, EphA2, AN2 and CD133. 

Cells were stained simultaneously by antibodies conjugated to different fluorophores. To visualize 

marker expression, we constructed the elliptical Venn diagrams using the Euler APE drawing tool 

(University of Kent Computing)67. We were able to visualize variation in antigen expression within 

and across cell lines (Figure 3.5). According to this data, the impact of using multiple antigens 

would fluctuate from patient to patient—for some patients with a similar tumor profile to that of 

DIPG13, all three markers may be co-expressed on most of the cells. Ther property of redundancy 

addresses the situation in which a single marker appears to be sufficient to clear the tumor; however 

targeting individual markers does not prevent antigen escape. The use of multiple antigens despite 

the seeming sufficiency of a single marker should function as a safeguard in achieving complete
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Figure 3.4. Specific Killing is Dose-Responsive to Fluorescein-conjugated Antibodies. The ability of aFL 
CAR T cells to lyse BT869 (DIPG) tumor cells was assessed using a 4-hour assay. (A) Cytotoxicity was measured 
at seven different concentrations of aGD2-FITC: 0.25pM, 0.5pM, 2.5pM, 25pM, 250pM, 2500pM and 25000pM. 
(B) The bar graph compares the specific killing (%) at 25000pM between aGD2-FITC and isotype-FITC. Each 
condition was tested in triplicate. 
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A 
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 BT286: GD2 + EphA2 + AN2 
Total # Cells 11838 
 GD2 (A) EphA2 (B) AN2 (C) 

# Cells Stained 7276 11832 11735 

% of Cells Stained 61.46 99.95 99.13 

Targetable (%) 100.00 
 

 DIPG13: GD2 + CD133 + AN2 
Total # Cells 9802 
 GD2 (A) CD133 (B) AN2 (C) 

# Cells Stained 9788 9707 9752 

% of Cells Stained 99.86 99.03 99.49 

Targetable (%) 99.86 
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 Figure 3.5. Venn Diagram of Antigen Expression Across Cell Lines. 
Cell lines (A) BT286 (GBM), (B) DIPG13 (DIPG) and (C) DIPG17 
(DIPG) express various levels of each antigen with heterogeneous 
profiles. Cells were simultaneously stained for all antigens with antibodies 
conjugated to distinct fluorophores (αGD2-FITC, αCD133-BV421, 
αAN2-PE and unconjugated αEphA2 + 2° αmIgG2b-APC). The 
overlapping areas of the Venn diagram represent cells presenting two or 
more markers. The table describes the total number of cells stained by 
each marker. For each group of single, double, or triple marker expressing 
cells, refer to Appendix B. The targetable percentage was calculated by 
summing the number of cells expressing any marker (Appendix B) and 
dividing it by the total # of cells counted in the well.  
 

 

 DIPG17: GD2 + EphA2 + CD133 
Total # Cells 11118 
  GD2 (A) EphA2 (B) CD133 (C) 
# Cells Stained 6459 5542 4089 
% of Cells Stained 58.09 49.85 36.78 
Targetable (%) 83.03 
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clearance. Another case would be an expression profile resembling DIPG17, where the overlap of 

tumor antigens is not as prevalent—instead, we observe an even spread of single antigen 

expressing cell populations. The properties of flexibility or multiplexability addresses the need to 

target multiple antigens at once. Even with a platform that allows for multiplexing, the CAR would 

likely fail to eliminate more than 20% of the tumor cells in the case of DIPG17. 

 

A B 

 

 

 

Utilizing the available antibodies conjugated to FL, we then assessed the potential to 

translate this data into killing efficiency. We stained 10,000 BT286 (GBM) cells per condition 

with 1350pM of each antibody: isotype-FITC, aIL13Ra2-FITC, aGD2-FITC and a multiplex 

condition of aIL13Ra2-FITC and aGD2-FITC. For the multiplex condition, 1350pM of each 

antibody was used, totaling 2700pM. By staining the cells with these antibodies, we detected a 
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Figure 3.6. Multiplexing Antibodies Increases overall MFI of Target Cell Staining. (A) Staining of BT286 
(GBM) target cells with Isotype-FITC (grey, top), aIL13Ra2-FITC (light green, second), aGD2-FITC (green, 
third) and aIL13Ra2-FITC + aGD2-FITC (dark green, bottom). 10,000 cells were stained with 0.1µg (7,000pM) 
of antibody for the single-stain conditions and 0.1µg of each antibody for the multiplex condition. (B) The bar 
graph quantifies the shift in MFI from the flow data. 
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distinct increase in the MFI of the dual antibody stained cells, in comparison to those that were 

single-stained (Figure 3.6). 

We also showed that a shift in MFI was reflected in cytotoxicity—same concentrations of 

antibodies were used to measure killing efficiency against target cells BT286 (GBM), and we 

observed a correlation in increased cytotoxicity in the multiplex condition compared to that of the 

single antigen. Due to the low antibody dose at 0.1µg, which is approximately equivalent to 

7000pM, and a low E:T ratio of 5:1 that was administered, specific killing (%) was overall quite 

low. However, an additive effect can still be observed as a result of multiplexing antibodies 

(Figure 3.7). 
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Figure 3.7. Multiplexing Antibodies Increases CAR T Cell Killing Compared to Individual Antibodies.  
Specific Killing (%) of BAT CAR T cells against FITC molecules; 3 conditions of aIL13Ra2-FITC only at 0.1µg 
(7,000pM), aGD2-FITC only at 0.1µg and combination of aIL13Ra2-FITC + aGD2-FITC at 0.1µg each. E:T 
ratio was at 30:1 and cells were co-incubated for four hours after staining with appropriate antibodies.  
 



 

29 
 

3.6 Multiplexing Antibodies Results in Increased Killing Efficiency 
 

A 

 
B C 

 
 
 

 

When targeting more than one antigen, a dose-dependent increase in specific killing (%) 

was consistently observed. In this experiment, we used FITC-conjugated antibodies against CD133 

and GD2, and showed both dose-response as well as multiplexability in killing efficiency. In the 

staining data shown earlier, we observed a significant difference in CD133 and GD2 expression 

on the DIPG cell line BT869. While we may be able to attribute such results to the heterogeneity 

of tumor cells in GBM and DIPG, we aimed to break this plateau through multiplexing of antigens. 
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Figure 3.8. Multiplexing Antibodies Improves Dose-responsiveness of BAT CAR T Cell Killing Activity. The 
combination of two antibodies, aGD2-FITC and aCD133-FITC improves specific killing compared to single 
antibody conditions. (A) Dose-responsive killing of BT869 (DIPG) at concentrations of 0.05 pM, 0.17pM, 0.83pM, 
5 pM, 20pM, 100pM, 500 pM and 2500pM. Multiplex conditions received equal parts of both antibodies at specific 
concentrations. (B) Quantification of specific killing (%) at 100pM. (C) Grading of antigen expression based on 
antibody staining and resulting MFI. Each condition was tested in triplicate. 
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Consistent with multiplex staining, we administered equal parts of aGD2-FITC and 

aCD133-FITC antibodies in the multiplex condition. It is evident that at 1000pM, the specific 

killing in the multiplex condition is even higher than the sum of the specific killing seen in the 

single stain conditions (Figure 3.8B). This synergistic effect of combining various antigens is 

maintained at higher concentrations and the plateau for the multiplex condition is reached at a 

higher specific killing percentage than those of the single antibody conditions (Figure 3.8A). 

 

3.7 Antibody Variability Effects on Cytotoxicity in Vitro. 

 The flexibility of the BAT CAR platform is rooted in its uncoupling of CAR T cell activity 

and cytotoxicity from tumor target binding. For this to be possible, we have taken advantage of a 

common molecule, FITC or fluorescein, which is readily available as commercial antibodies. The 

acquisition of such antibodies should be more efficient than constructing multiple CAR T cells for 

each patient, improving upon the currently highly specific CAR T platform, even when targeting 

multiple antigens. It is expected, however, that since the catalog of commercially-available 

antibodies is extremely vast, there will be variability. Even against one tumor marker, various 

clones are available and antibodies can also differ from one manufacturer to the next. Some 

antibodies may be more stable than others, while some may have more fluorophore molecules 

conjugated when compared to other commercially-available antibodies. 

As mentioned previously, certain markers were commercially unavailable in conjugated 

form to fluorescein. Although tested with antibodies conjugated to other fluorophores, such as PE 

and BV421, it was important to acquire antibodies conjugated to the correct small molecule for 

our platform. In addition, the variability in the number of fluorescence molecules between various 
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antibody solutions had to also be elucidated for better understanding of antigen expression on 

tumor cells. 

A 
GD2 AN2 EphA2 CD133 IL13Rα2 

In House FL 
Conjugated Ab      

Commercial 
FITC Ab      

 

B 
GD2 AN2 EphA2 CD133 IL13Rα2 

In House FL 
Conjugated Ab      

Commercial 
FITC Ab      

 

 

In order to better understand such variability, we have acquired and tested an assortment 

of antibodies, while also conjugating our own antibodies in the lab. We acquired purified 

antibodies of the preferred clone we had tested, which were then conjugated to fluorescein 

molecules by our collaborator, and subsequently tested by the same methods mentioned above. 

We observed fluctuations in staining (Figure 3.9); however, such fluctuations were most 

noticeable with commercial antibodies conjugated to non-fluorescein molecules. The differences 

in brightness between the PE protein and the fluorescein molecule was quite noticeable, as 

observed with antibodies against AN2 and EphA2. This can be explained by the PE protein’s 

naturally brighter fluorescence when compared to that of FITC. Therefore, determining the 

expression level of antigens between antibodies conjugated to either PE or FITC may lead to 

misleading data, as sensitivity is significantly higher when using PE conjugated antibodies. 

Figure 3.9. Different Preparations of Antibodies Directed Against the Same Marker Lead to Different 
Antigen Staining Intensities. Staining of (A) BT286 (GBM) and (B) BT869 (DIPG) were completed in the same 
manner with 1µg (70,000pM) of antibody. FL Ab, custom conjugated purified antibodies with customized 
fluorescein derivative; Commercial Ab, Commercially available fluorescein derivative (FITC) conjugated 
antibody. 
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For GD2, CD133 and IL13Ra2, the antibodies conjugated in lab, or the in house-

conjugated antibodies stained in a similar or improved manner when compared to commercial 

antibodies. However, such results were difficult to translate into cytotoxicity (Figure 3.10). When 

assessing specific killing (%) against BT286 (GBM) target cells, we observed significantly lower 

cytotoxicity in the in house-conjugated (ahuGD2-FL) condition compared to that of the 

commercially-available antibody (aGD2-FITC). 
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Figure 3.10. Commercial and Customized Antibody Preparations Lead to Different Specific Killing 
Activities (%). Cytotoxicity of aFL-CAR T cells against BT286 (GBM) using commercial and home-conjugated 
antibodies against tumor antigen GD2 shows variability of ~60%. The cells were co-incubated for 4 hours, and 
25,000pM of each antibody was used at an E:T ratio of 20:1. 
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Chapter 4: Discussion & Perspectives 

In this thesis, I investigated the impact of the Binary Activated Chimeric Antigen Receptor 

(BAT CAR) T cell platform against heterogeneous brain tumors, specifically glioblastoma (GBM) 

and diffuse intrinsic pontine glioma (DIPG). I describe the characterization of a novel CAR model 

with its T cell activation and killing uncoupled from tumor binding. This model redirects T cells 

to a small, non-immunogenic molecule (fluorescein) bound to an antibody, which functions as the 

bridge between T cell effector function and tumor recognition. In doing so, on-target on-tumor 

CAR T cell activity might be controlled to minimize on-target but off-tumor toxicities observed in 

past clinical trials. The BAT CAR platform could be an effective CAR T cell therapy for 

malignancies that do not have an omnipresent marker similar to CD19 and CD20 for B cell blood 

tumors. 

 Although GBM and DIPG have potentially targetable tumor antigens, clinical trials using 

CAR T cells for these indications have not led to the same successes seen with CAR T cells used 

for hematological malignancies. In addition to the challenges observed in hematological CAR T 

cell trials including on-target off-tumor effects leading to B-cell aplasia, cytokine release syndrome 

and the related neurotoxocity, successful CAR T cell approaches for solid tumor immunotherapy 

faces additional hurdles—for example, overcoming an immunosuppressive tumor 

microenvironment and identifying a solution for the heterogeneous antigen expression across most 

solid tumors. 

Our novel CAR T cells specific for fluorescein can effectively target and kill cells coated 

in antibodies conjugated to fluorescein. We show that one CAR structure is not limited to one 

specific tumor target—instead, it is able to induce killing against various targets present on the 

heterogeneous tumors. We also model the effects of multiplexing such various antigens to induce 
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increased killing by our CAR T cells redirected towards fluorescein molecules. Overall, this CAR 

platform has shown its titrability, flexibility and redundancy in targeting brain tumors presented 

with variation in target antigen expression profiles. 

  We first accumulated a panel of currently established brain tumor markers, both from 

clinical trials and past studies. Commercially available antibodies of various clones were acquired 

and used to stain cells from patient-derived tumor cell lines of GBM (A172, BT164, BT145, 

BT286) and DIPG (DIPG1, DIPG4, DIPG13, DIPG17, BT333, BT869). Flow cytometry was used 

for detection. We then refined this list of potential targets based on expression levels by various 

cell lines. The list was consolidated to five antigens: IL13Ra2, AN2, CD133, GD2 and EphA2. 

The expression level which was assessed by MFI (median fluorescence index) and was 

standardized across all staining data, relative to the antibody’s isotype MFI levels. These numbers 

showed that AN2 and GD2 were antigens that were consistently expressed at consistently high 

levels across most cell lines, both DIPG and GBM tumor types. IL13Ra2 and CD133 were two 

antigens expressed at lower levels, but mostly consistent in expression. 

 Cytotoxicity assays demonstrated that FITC-specific T cells killed target cells stained with 

a single antibody against GD2 conjugated to FITC after 4 hours of co-incubation. The specific 

killing (%) was shown in an E:T dependent manner, as seen in other direct CAR T platforms. In 

addition, we showed that the FITC-specific T cells killed in an antibody concentration-dependent 

manner, showing a dose-response according to the antibody present in the culture. These results 

demonstrate that in addition to the E:T ratio dependent method of dosing, we likely will be able to 

better manage potential cytotoxicites and side effects by determining the therapeutic index of 

antibody administration in in vivo models as well as in patients. 
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 Using a multi-color staining assay, we sought to better understand the degree of 

heterogeneity observed in tumor samples. We observed distinct surface antigen expression profiles 

across cell lines even when using the same antigens—the overlapping patterns of such antibodies, 

as well as the populations of single-antigen presenting cells varied from cell line to cell line. 

Staining 100% of the cells seemed to be a challenge, as we were only able to reach this number in 

one of the cell lines. Through this data, however, we demonstrated the redundancy of our 

platform—even in tumor profiles where various antigens are expressed uniformly and 

comprehensively throughout the population; the property of redundancy may be important to 

provide a safety mechanism to combat antigen escape, especially for patients with recurrent 

disease, without the need for administering a new form of treatment. That is, a new antibody(ies) 

could be used for relapse-refractory disease; flexibility is a key feature of this platform.  

Some populations of cells showed distinctly unique sub-populations expressing only one 

of the antigens we screened for. Multiplexablility is another key feature of this platform, as using 

only one antibody with a single specificity would never be sufficient for therapy of this tumor type. 

Overall, the simultaneous staining of the tumor cells confirmed the necessity for a novel CAR T 

cell platform offering the three distinct benefits elucidated earlier. 

 The applicability of the multi-color staining was assessed through further staining with a 

single fluorophore and subsequent cytotoxicity assays. We demonstrated that when utilizing 

antibodies conjugated to the same fluorescein molecule, we detected a distinct shift in MFI of the 

multi-antigen condition, compared to that of single-antigen condition. This result was reflected in 

the specific killing efficiency of the CAR T cells, where the combination of antigens resulted in 

higher cytotoxicity than in single agent conditions. Such results were also observed in a dose-

dependent manner, and the plateau reached at higher concentrations of antibody was also recorded 
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to be higher overall in the multiplexing condition. Therefore, we demonstrated potential 

synergistic effects of using combination of antigens when targeting solid tumors. 

 We also described the anticipated variability we encountered in the performance of various 

antibodies, even those against the same antigen. We attributed such variance to the difference in 

fluorophores, as well as clone availability. In order to combat such variance, we conjugated our 

own antibodies in the lab with the purified form against our preferred clone, creating “home-

conjugated” antibodies. However, we found that despite the seemingly consistent staining data 

between the commercially-available and “home-conjugated” antibodies, we observed contrasting 

results in the specific killing (%) performance of antibodies. The variation in cytotoxicity may be 

due to the differences in conjugation methods, conjugation efficiency, number of fluorescein 

molecules per antibody, as well as instability due to differences in storage formulations.  

 Although preliminary, a key finding of this study was that BAT CARs can target various 

tumor antigens using a single CAR construct, providing a means to address intratumoral 

heterogeneity in GBM and DIPG patients. The BAT CAR platform also provides means to address 

antigen escape by strategically targeting antigens sequentially, rather than simultaneously. The 

next steps in the studies should include better characterization of the home-conjugated antibodies, 

to improve upon the current repertoire of antigens we can target. It may also be beneficial to better 

understand how the structure and number of fluorescein molecules on the antibody may affect the 

CAR T recognition and binding of the target. In other CAR T models that utilize a conceptually 

similar “switch” platform, it was shown that the immunological synapse can be altered by the 

switch design, which functions as the bridging component between the CAR T recognition domain 

and the tumor target.68 A decreased distance between the CAR T cell and the target cell was the 

found to be the best way to improve activity in vitro—this finding may also be applicable in the 
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BAT CAR platform, where there may exist an ideal number of fluorescein molecules to be bound 

on the antibody to yield best performance. This design may be worth optimizing, and could be the 

solution to the variability we have observed in cytotoxicity between antibodies. 

 It may be interesting to bring attention to the effects of NK cells on cytotoxicity, in vivo. 

We define background killing as the amount of cytotoxicity when CAR T cells are cultured with 

target cells in the absence of antibodies. This dead cell (%) quantification may be a direct result of 

co-incubation with the CAR T cells, but can also be attributed to the state of the target cells, and 

therefore may vary from one assay to the next. Although such variance is expected, after observing 

a sudden increase in background cytotoxicity up to 60%, we hypothesized this may be due to a 

population of NK cells that were recognizing “non-self” antigens.  

  
  
 
 
 
 
 Our CAR T cells are engineered from donor blood, and the composition of lymphocytes is 

anticipated to differ between donors. As CAR T cells derived from certain donors produced higher 

background killing than others, we tested our hypothesis of NK cell presence by sorting our CAR 
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Figure 4.1. CD56-negative CAR T Cell Preparations Demonstrate Greater Levels of Specific T cell Killing 
Compared to CD56-positive CAR T Cell Preparations. (A) aFL-CARs sorted for CD19+/CD56- population 
leads to improved specific killing efficiency when compared to unsorted CARs. (B) Non-specific (background) 
killing of the same populations as in A. Specific killing was comparable between conditions targeting GD2 and 
HLA, which is the positive control.   
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T cells prior to the cytotoxicity assay. When we sorted the cultures to obtain cells positive for 

CD19 (CAR marker) and negative for CD56 (NK cell marker), we observed significantly 

decreased background killing and improved killing efficiency (Figure 4.1). This observation may 

be an important consideration for future in vivo studies because cytotoxic side effects may be 

triggered by non-T cell populations. The presence of NK cells in engineered lymphocytes should 

not be of importance in clinic, as NK cells do not act upon “self” antigens. However, for future 

studies, it may be important to screen the donor derived T cells prior to transduction to avoid 

including other lymphocytes and risk altering the data. 

 In summary, we have used GBM and DIPG patient-derived cell lines to show that 

simultaneous targeting of multiple antigens with BAT CAR T cells might be used to improve upon 

the current state of therapy against heterogeneous tumors and overcome intratumoral and 

interpatient variability. BAT CAR T cells present a promising new platform for cell therapy by 

also enhancing safety and a strategy for recurrent disease. The potential of constructing one CAR 

T cell against various tumor antigens can also be applied in cases of metastatic diseases. Overall, 

this novel paradigm provides greater efficiency in manufacturing and cost-effectiveness with 

improved delivery to patients, alongside a solution to the challenges for using CAR T cells solid 

tumor immunotherapy.  

 

  



 

39 
 

Chapter 5: References 
 
1. Jackson, H. J., Rafiq, S. & Brentjens, R. J. Driving CAR T-cells forward. Nature Reviews 

Clinical Oncology (2016). doi:10.1038/nrclinonc.2016.36 
2. Hoption Cann, S. A., van Netten, J. P. & van Netten, C. Dr William Coley and tumour 

regression: a place in history or in the future. Postgrad. Med. J. 79, 672–80 (2003). 
3. Coley, W. B. II. Contribution to the Knowledge of Sarcoma. Ann. Surg. (1891). 
4. Köhler, G. & Milstein, C. Continuous cultures of fused cells secreting antibody of 

predefined specificity. Nature 256, 495–497 (1975). 
5. Leach, D. R., Krummel, M. F. & Allison, J. P. Enhancement of antitumor immunity by 

CTLA-4 blockade. Science (80-. ). 271, 1734–1736 (1996). 
6. Schreiber, R. D., Old, L. J. & Smyth, M. J. Cancer immunoediting: Integrating 

immunity’s roles in cancer suppression and promotion. Science (2011). 
doi:10.1126/science.1203486 

7. Keith, W. N. et al. Immune evasion in cancer: Mechanistic basis and therapeutic 
strategies. Semin. Cancer Biol. 35, S185–S198 (2015). 

8. Byun, D. J., Wolchok, J. D., Rosenberg, L. M. & Girotra, M. Cancer immunotherapy-
immune checkpoint blockade and associated endocrinopathies. Nat. Rev. Endocrinol. 13, 
195–207 (2017). 

9. Callahan, M. K., Postow, M. A. & Wolchok, J. D. CTLA-4 and PD-1 Pathway Blockade: 
Combinations in the Clinic. Front. Oncol. (2015). doi:10.3389/fonc.2014.00385 

10. Hamanishi, J. et al. Efficacy and safety of anti-PD-1 antibody (Nivolumab: BMS-936558, 
ONO-4538) in patients with platinum-resistant ovarian cancer. J. Clin. Oncol. (2014). 

11. Rizvi, N. A. et al. Safety and clinical activity of MK-3475 as initial therapy in patients 
with advanced non-small cell lung cancer (NSCLC). J. Clin. Oncol. (2019). 
doi:10.1200/jco.2014.32.15_suppl.8007 

12. Rosenberg, S. A., Restifo, N. P., Yang, J. C., Morgan, R. A. & Dudley, M. E. Adoptive 
cell transfer: A clinical path to effective cancer immunotherapy. Nature Reviews Cancer 
(2008). doi:10.1038/nrc2355 

13. Kershaw, M. H., Westwood, J. A. & Darcy, P. K. Gene-engineered T cells for Cancer 
Therapy. Nat. Rev. Cancer 13, 525–541 (2013). 

14. Rosenberg, S. A. Entering the mainstream of cancer treatment. Nat. Rev. Clin. Oncol. 
(2014). doi:10.1038/nrclinonc.2014.174 

15. June, C. H., O’Connor, R. S., Kawalekar, O. U., Ghassemi, S. & Milone, M. C. CAR T 
cell immunotherapy for human cancer. Science (80-. ). 359, 1361–1365 (2018). 

16. Crawford, J. Childhood Brain Tumors. Pediatr. Rev. 34, 63–78 (2013). 
17. Omuro, A. & DeAngelis, L. M. Glioblastoma and other malignant gliomas: A clinical 

review. JAMA - Journal of the American Medical Association (2013). 
doi:10.1001/jama.2013.280319 

18. Stupp, R., Hegi, M. E., Gilbert, M. R. & Chakravarti, A. Chemoradiotherapy in malignant 
glioma: Standard of care and future directions. J. Clin. Oncol. 25, 4127–4136 (2007). 

19. Cloughesy, T. F. et al. Neoadjuvant anti-PD-1 immunotherapy promotes a survival benefit 
with intratumoral and systemic immune responses in recurrent glioblastoma. Nat. Med. 
(2019). doi:10.1038/s41591-018-0337-7 

20. Grimm, S. A. & Chamberlain, M. C. Brainstem glioma: A review. Curr. Neurol. 
Neurosci. Rep. 13, (2013). 



 

40 
 

21. Cohen, K. J. et al. Temozolomide in the treatment of children with newly diagnosed 
diffuse intrinsic Oncology Group. Neuro. Oncol. 13, 410–416 (2011). 

22. Cohen, C. J., Shamul, A., Hoogi, S., Eisenberg, V. & Barliya, T. T-cells “à la CAR-T(e)” 
– Genetically engineering T-cell response against cancer. Adv. Drug Deliv. Rev. (2019). 
doi:10.1016/j.addr.2019.01.007 

23. Long, A. H. et al. 4-1BB costimulation ameliorates T cell exhaustion induced by tonic 
signaling of chimeric antigen receptors. Nat. Med. (2015). doi:10.1038/nm.3838 

24. Guedan, S. et al. ICOS-based chimeric antigen receptors program bipolar TH17/ TH1 
cells. Blood 124, 1070–1080 (2014). 

25. Couzin-Frankel, J. Cancer immunotherapy. 342, 1432–1434 (2013). 
26. Suzuki, M. & Cheung, N.-K. V. Disialoganglioside GD2 as a therapeutic target for human 

diseases. Expert Opin. Ther. Targets 19, 349–362 (2015). 
27. Richman, S. A. et al. High-Affinity GD2-Specific CAR T Cells Induce Fatal Encephalitis 

in a Preclinical Neuroblastoma Model. Cancer Immunol. Res. 6, 36–46 (2018). 
28. Pule, M. A. et al. Virus-specific T cells engineered to coexpress tumor-specific receptors: 

Persistence and antitumor activity in individuals with neuroblastoma. Nat. Med. 14, 1264–
1270 (2008). 

29. Brown, C. E. et al. Regression of Glioblastoma after Chimeric Antigen Receptor T-Cell 
Therapy. N. Engl. J. Med. 375, 2561–2569 (2016). 

30. O’Rourke, D. M. et al. A single dose of peripherally infused EGFRvIII-directed CAR T 
cells mediates antigen loss and induces adaptive resistance in patients with recurrent 
glioblastoma. Sci. Transl. Med. 9, eaaa0984 (2017). 

31. Vanan, M. I. & Eisenstat, D. D. DIPG in Children – What Can We Learn from the Past? 
Front. Oncol. 5, (2015). 

32. Wheeler, H. R., Parkinson, J. F., Khong, P., Howell, V. M. & Parker, N. R. Molecular 
Heterogeneity in Glioblastoma: Potential Clinical Implications. Front. Oncol. 5, 1–9 
(2015). 

33. Park, J. H. et al. Long-Term Follow-up of CD19 CAR Therapy in Acute Lymphoblastic 
Leukemia. N. Engl. J. Med. (2018). doi:10.1056/NEJMoa1709919 

34. Brown, C. E. et al. Optimization of IL13Rα2-Targeted Chimeric Antigen Receptor T 
Cells for Improved Anti-tumor Efficacy against Glioblastoma. Mol. Ther. 26, 31–44 
(2018). 

35. Bielamowicz, K. et al. Trivalent CAR T cells overcome interpatient antigenic variability 
in glioblastoma. Neuro. Oncol. (2018). doi:10.1093/neuonc/nox182 

36. Hamieh, M. et al. CAR T cell trogocytosis and cooperative killing regulate tumour antigen 
escape. Nature (2019). doi:10.1038/s41586-019-1054-1 

37. Newrzela, S., Gunda, B. & Laer, D. von. T Cell Culture for Gammaretroviral Transfer. in 
Genetic Modification of Hematopoietic Stem Cells: Methods and Protocols (ed. Baum, C.) 
71–82 (Humana Press, 2009). doi:10.1007/978-1-59745-409-4_6 

38. Janeway, C. A., Travers, P., Walport, M. & Shlomchik, M. The immune system in health 
and disease. Immunobiology. Gerald Publ. New York Jerne NK Nat. Sel. theory Antib. 
Form. Proc. Natl. Acad. Sci. USA (2001). 

39. Mount, C. W. et al. Potent antitumor efficacy of anti-GD2 CAR T cells in H3-K27M+ 
diffuse midline gliomas letter. Nat. Med. 24, 572–579 (2018). 

40. Midelfort, K. S. et al. Substantial energetic improvement with minimal structural 
perturbation in a high affinity mutant antibody. J. Mol. Biol. (2004). 



 

41 
 

doi:10.1016/j.jmb.2004.08.019 
41. Kwan, A. S. L., Barry, C., McAllister, I. L. & Constable, I. Fluorescein angiography and 

adverse drug reactions revisited: The Lions Eye experience. Clin. Exp. Ophthalmol. 
(2006). doi:10.1111/j.1442-9071.2006.01136.x 

42. Acerbi, F. et al. Fluorescein-guided surgery for malignant gliomas: A review. 
Neurosurgical Review (2014). doi:10.1007/s10143-014-0546-6 

43. Novotny, H. R. & Alvis, D. L. A method of photographing fluorescence in circulating 
blood in the human retina. Circulation 24, 82–86 (1961). 

44. The, T. H. & Feltkamp, T. E. W. Conjugation of Fluorescein Isothiocyanate to Antibodies 
I. Immunology (1970). 

45. Riggs, J. L., Seiwald, R. J., Burckhalter, J. H., Downs, C. M. & Metcalf, T. G. 
Isothiocyanate Compounds As Fluorescent Labeling Agents for Immune Serum. Am. J. 
Pathol. 34, 1081–1097 (1958). 

46. Mintz, A., Gibo, D. M., Slagle-Webb, B., Christensen, N. D. & Debinski, W. IL-13Rα2 is 
a glioma-restricted receptor for interleukin-13. Neoplasia (2002). 
doi:10.1038/sj.neo.7900234 

47. Sattiraju, A. et al. IL13RA2 targeted alpha particle therapy against glioblastomas. 
Oncotarget (2017). doi:10.18632/oncotarget.17792 

48. Thaci, B. et al. Significance of interleukin-13 receptor alpha 2-targeted Glioblastoma 
therapy. Neuro. Oncol. (2014). doi:10.1093/neuonc/nou045 

49. Paul, A. K. et al. Expression of HMP/AN2, a melanoma associated antigen, in murine 
cerebral gliomas: Potential for radioimmunotargeting. J. Neurooncol. 94, 21–30 (2009). 

50. Stegmüller, J., Schneider, S., Hellwig, A., Garwood, J. & Trotter, J. AN2, the mouse 
homologue of NG2, is a surface antigen on glial precursor cells implicated in control of 
cell migration. Journal of Neurocytology (2002). doi:10.1023/A:1025743731306 

51. Chekenya, M. et al. NG2 proteoglycan promotes angiogenesis-dependent tumor growth in 
CNS by sequestering angiostatin. FASEB J. (2002). 

52. Bigner, D. D. et al. Phase I studies of treatment of malignant gliomas and neoplastic 
meningitis with131I-radiolabeled monoclonal antibodies anti-tenascin 81C6 and anti-
chondroitin proteoglycan sulfate Me1-14 F (ab′)2-a preliminary report. J. Neurooncol. 24, 
109–122 (1995). 

53. Mizrak, D., Brittan, M. & Alison, M. R. CD 133: Molecule of the moment. Journal of 
Pathology (2008). doi:10.1002/path.2283 

54. Joo, K. M. et al. Clinical and biological implications of CD133-positive and CD133-
negative cells in glioblastomas. Lab. Investig. (2008). doi:10.1038/labinvest.2008.57 

55. Brescia, P. et al. CD133 is essential for glioblastoma stem cell maintenance. Stem Cells 
(2013). doi:10.1002/stem.1317 

56. Heiner, J. P. et al. Localization of GD2-specific Monoclonal Antibody 3F8 in Human 
Osteosarcoma. Cancer Res. (1987). 

57. Grant, S. C. et al. Targeting of small-cell lung cancer using the anti-GD2 ganglioside 
monoclonal antibody 3F8: A pilot trial. Eur. J. Nucl. Med. (1996). 
doi:10.1007/BF01731837 

58. Zhang, S. et al. Selection of tumor antigens as targets for immune attack using 
immunohistochemistry: I. Focus on gangliosides. Int. J. Cancer 73, 42–49 (1997). 

59. Davidoff, A. M. Neuroblastoma. in Newborn Surgery, Fourth Edition (2017). 
doi:10.4324/9781315113968 



 

42 
 

60. Brenner, M. K. et al. Antitumor activity and long-term fate of chimeric antigen receptor-
positive T cells in patients with neuroblastoma. Blood 118, 6050–6056 (2011). 

61. Yu, A. L. et al. Anti-GD2 Antibody with GM-CSF, Interleukin-2, and Isotretinoin for 
Neuroblastoma. N. Engl. J. Med. (2010). doi:10.1056/NEJMoa0911123 

62. Wykosky, J. EphA2 as a Novel Molecular Marker and Target in Glioblastoma 
Multiforme. Mol. Cancer Res. (2005). doi:10.1158/1541-7786.mcr-05-0056 

63. Yamaguchi, S. et al. Immunotherapy of murine colon cancer using receptor tyrosine 
kinase EphA2-derived peptide-pulsed dendritic cell vaccines. Cancer (2007). 
doi:10.1002/cncr.22958 

64. Walker-Daniels, J. et al. Overexpression of the EphA2 tyrosine kinase in prostate cancer. 
Prostate (1999). doi:10.1002/(SICI)1097-0045(19991201)41:4<275::AID-
PROS8>3.0.CO;2-T 

65. Okada, H. et al. Expression of glioma-associated antigens in pediatric brain stem and non-
brain stem gliomas. J. Neurooncol. 88, 245–250 (2008). 

66. Chow, K. K. et al. T cells redirected to EphA2 for the immunotherapy of glioblastoma. 
Mol. Ther. (2013). doi:10.1038/mt.2012.210 

67. Micallef, L. & Rodgers, P. euler APE: Drawing area-proportional 3-Venn diagrams using 
ellipses. PLoS One (2014). doi:10.1371/journal.pone.0101717 

68. Rodgers, D. T. et al. Switch-mediated activation and retargeting of CAR-T cells for B-cell 
malignancies. Proc. Natl. Acad. Sci. (2016). doi:10.1073/pnas.1524155113 

69. Sorkin, L. S. et al. Anti-GD2 with an FC point mutation reduces complement fixation and 
decreases antibody-induced allodynia. Pain (2010). doi:10.1016/j.pain.2010.01.024 

  



 

43 
 

Appendix 
 
Table A. List of Antibodies Used for Flow and CAR Platform 
 

Target Clone Fluorophore Manufacturer Catalog # 
GD2 14.G2a FITC BD Biosciences 563439 
GD2 14.G2a Purified BD Biosciences 554272 
GD2 Hu14.18K322A69 Purified N/A N/A 

IL13Ra2 47 PE BioLegend 360306 
IL13Ra2 47 Purified BD Biosciences 360603 
IL13Ra2 N/A FITC R&D Systems FAB614F 
IL13Ra2 REA308 FITC Miltenyi Biotec 130-104-598 
CD133 AC133 FITC Miltenyi Biotec 130-113-673 
CD133 293C3 FITC Miltenyi Biotec 130-113-750 
CD133 7 BV421 BioLegend 372807 
CD133 7 Purified BioLegend 372802 
CD133 EMK08 FITC Invitrogen 11-1339-41 

PDGFRa 16A1 PE BioLegend 323505 
PDGFRa 16A1 Purified BioLegend 323502 
EGFRvIII DH8.3 FITC Novus Biologicals NBP250599F 

HER2 24D2 FITC BioLegend 324404 
HER2 24D2 Purified BioLegend 324402 
Muc1c N/A FITC Randox Biosciences Custom 

Mesothelin N/A FITC Randox Biosciences Custom 
Mesothelin REA1057 FITC Miltenyi Biotec 130-118-094 
Mesothelin K1 FITC Santa Cruz Biotechnology SC-33672 FITC 
Mesothelin MN Purified BioLegend 530101 

Axl N/A FITC Sino Biological 10279-R101-F 
Axl N/A FITC Sino Biological 10279-MM12-F 

GPC3 N/A FITC Sino Biological 100393-R024-F 
NKG2D 1D11 FITC BioLegend 320819 
CD70 113-16 FITC BioLegend 355015 
EphA2 1C1 FITC Novus Biologicals NBP2-52677F 
EphA2 Ka-5H5 FITC Santa Cruz Biotechnology SC-101377 FITC 
EphA2 SHM16 PE BioLegend 356803 
EphA2 SHM16 Purified BioLegend 356802 
AN2 REA217 PE Miltenyi Biotec 131-101-293 
AN2 1E6.4 Purified Miltenyi Biotec 131-097-455 
Fra1 C-12 FITC Santa Cruz Biotechnology SC-28310 FITC 
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Table B. Multiplex Staining Data of Unique Values 
 

 

BT286: GD2 (A) + EphA2 (B) + AN2 (C) 
Single Positive Staining GD2 EphA2 AN2 
# Cells 2 8 1 
     

Double Positive Staining GD2 + EphA2 GD2 + AN2 EphA2 + AN2 

# Cells 93 3 4553 
     
Triple Positive Staining GD2 + EphA2 + AN2 Targetable (%) 
# Cells 7178 100.00 

 

DIPG13: GD2 (A) + CD133 (B) + AN2 (C) 
Single Positive Staining GD2 CD133 AN2 
# Cells 30 0 0 
     

Double Positive Staining GD2 + CD133 GD2 + AN2 CD133 + AN2 

# Cells 6 51 0 
     
Triple Positive Staining GD2 + CD133 + AN2 Targetable (%) 
# Cells 9701 99.86 

 
 

DIPG17: GD2 (A) + EphA2 (B) + CD133 (C) 
Single Positive Staining GD2 EphA2 CD133 
# Cells 2072 1038 871 
     

Double Positive Staining GD2 + CD133 GD2 + AN2 CD133 + AN2 

# Cells 2032 746 863 
     
Triple Positive Staining GD2 + CD133 + AN2 Targetable (%) 
# Cells 1609 83.03 

 


