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Abstract 

The Yes-Associated Protein (YAP) promotes resistance to anti-GD2 
immunotherapy in neuroblastoma through downregulation of ST8SIA1 

 

By 

Adeiye Ayodele Pilgrim 

 

Pediatric patients with high-risk neuroblastoma often relapse with chemotherapy-resistant, 

incurable disease. Relapsed neuroblastomas harbor chemo-resistant mesenchymal tumor cells 

and increased expression/activity of the transcriptional co-regulator, the Yes-Associated Protein 

(YAP). Patients with relapsed neuroblastoma are often treated with immunotherapy such as the 

anti-GD2 antibody, dinutuximab, in combination with chemotherapy. Since YAP mediates both 

chemotherapy and MEK inhibitor resistance in relapsed RAS mutated neuroblastoma, we posited 

that YAP might also be involved in anti-GD2 antibody resistance. We now show that YAP 

inhibition significantly enhances sensitivity of mesenchymal neuroblastomas to dinutuximab and 

gamma delta (γδ) T cells both in vitro and in vivo. Mechanistically, YAP inhibition induces 

increased GD2 cell surface expression through upregulation of ST8SIA1, the gene encoding GD3 

synthase, the rate-limiting enzyme in GD2 biosynthesis. The mechanism of ST8SIA1 suppression 

by YAP is independent of PRRX1 expression, a mesenchymal master transcription factor, 

suggesting YAP may be the downstream effector of mesenchymal GD2 resistance. These results 

therefore identify YAP as a potential therapeutic target to augment GD2 immunotherapy 

responses in patients with neuroblastoma.   
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1 

Chapter I: Introduction 

 

1.1 Definition, diagnosis, risk stratification, and treatment of neuroblastoma  

1.1.1 Clinical presentation and diagnosis of neuroblastoma  

Neuroblastomas develop in the sympathetic nervous system. Although they may present in any 

portion of the peripheral nervous system, the most common primary sites are the adrenal gland, 

followed by abdominal, thoracic, cervical, and pelvic sympathetic ganglia. While neuroblastomas 

may be localized to sympathetic chain ganglia and the adrenal gland, they may also rapidly 

metastasize to multiple organs including the bone, bone marrow, liver, and lymph nodes.1 

  

To make a definitive diagnosis of neuroblastoma, biopsy of the primary tumor, followed by 

histology, is recommended. Additionally, elevation of urinary catecholamine metabolites such as 

homovanillic acid and vanillylmandelic acid is indicative of neuroblastoma disease. More 

extensive imaging such as computed tomography or magnetic resonance imaging is the next step 

in the process as this gives further resolution of the mass(es) and reveals whether metastasis has 

occurred.1 Upon confirmation of a neuroblastoma diagnosis, an 123I-metaiodobenzylguanidine 

(MIBG) scan is performed to detect additional lesions, particularly if there is bony metastatic 

disease. In contrast, the higher dose radioactive isotope of 131I-MIBG is reserved for treatment of 

neuroblastoma. 

 

The clinical presentation of neuroblastoma is highly heterogenous, with some patients 

experiencing spontaneous regression of their disease and others succumbing to rapid disease 

progression, multi-organ metastasis or relapse after initial response to multimodal therapy. To 

standardize the approach to the patient with neuroblastoma, systems of risk stratification and 

staging have been established in geographical regions in which neuroblastoma has been 

extensively studied. 
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1.1.2 Risk stratification and classification of neuroblastoma 

A consensus group consisting of representatives from Europe, Japan, and the United States, 

formulated the initial system for neuroblastoma risk stratification/classification and staging, the 

International Neuroblastoma Staging System (INSS).2,3  The purpose of the INSS was to 

standardize classification systems to allow for comparison of clinical trials and biologic studies, 

informing diagnostic and potential treatment approaches. One of the major premises underlying 

the INSS was the degree of surgical resection of the neuroblastoma that was performed.  

 

Two decades after the INSS was established, based on significant advancements in understanding 

of neuroblastoma tumor genetics and biology, the International Neuroblastoma Risk Group 

(INRG) Task Force established updated risk classification and staging systems called the INRG 

Classification System and International Neuroblastoma Risk Group Staging System (INRGSS).4,5 

The updated staging system was necessary to transition from the surgically-based INSS to a 

system based an image-defined risk factors.5 Instead of post-surgical staging, pre-operative 

images were implemented to define a patient’s stage of neuroblastoma disease. Using the INRGSS 

allowed for pretreatment risk classification for treatment planning and clinical trial assignment. 

 

The first iteration of the INRGSS risk classification/stratification is extensive; briefly, it combines 

INRG stage, age at diagnosis, tumor histology and differentiation, MYCN amplification state, 11q 

alteration, and ploidy to stratify patients into pretreatment risk groups from very low risk to high 

risk.4 Finally, the Children’s Oncology Group (COG) has, in parallel, established a risk classifier 

system that was initially based on the INSS and other genomic and biologic neuroblastoma 

markers. The most recent iteration of the COG risk classifier incorporates the INRGSS and 

considers the significant role of segmental chromosomal aberrations (SCAs) as a biomarker in 

neuroblastoma.6 These parameters are used to define neuroblastoma as low-, intermediate-, or 

high-risk. 
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1.1.3 Treatment of neuroblastoma 

The treatment plan for a patient with neuroblastoma is based on an integration of the risk 

classification that was described in 1.1.2 and incorporates the following: disease stage, age of the 

patient, INRGSS, presence of MYCN amplification and/or segmental chromosome alterations, 

and histologic appearance. The most intensive treatment approach is employed for patients with 

high-risk neuroblastoma. This regimen includes a combination of surgery, chemotherapy, 

autologous hematopoietic stem cell transplantation, radiation, differentiation therapy, and 

immunotherapy (Figure 1.1). 

 

Figure 1.1. Treatment schema for high-risk neuroblastoma including the induction, 
consolidation, and post-consolidation (maintenance) phases of treatment. This image is adapted 
from Pinto et al., 2015 7  

 

The induction phase of treatment includes multiagent chemotherapy, measures of local control 

such as cytoreductive surgery; followed by consolidation with high-dose chemotherapy, 

autologous stem cell harvest and radiation therapy, and a post-consolidation period with 

immunotherapy and differentiation therapy.1 The induction regimen includes five cycles of 

multiagent chemotherapy with topotecan, cyclophosphamide, vincristine, doxorubicin, cisplatin, 

and etoposide.8 Autologous hematopoietic stem cell transplantation follows induction 

chemotherapy and cytoreductive surgery.9 Patients with high-risk neuroblastoma are typically 
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apheresed at the end of 2 cycles of chemotherapy. The stem cell product is re-infused during the 

consolidation phase of treatment. Finally, the role of the post-consolidation phase is to target 

minimal residual disease, and this typically consists of dinutuximab, a monoclonal antibody 

targeting the disialoganglioside, GD2, granulocyte-macrophage colony-stimulating factor (GM-

CSF), as well as differentiation therapy, isotretinoin.7  

 

Despite this aggressive approach, there is a subset of patients who either do not initially respond 

that is, are primary refractory, or patients with tumor recurrence or relapsed neuroblastoma. 

Next-generation sequencing efforts have mapped the targetable mutations that are enriched in 

relapsed neuroblastoma.10-12 Indeed, in models that recapitulate relapsed neuroblastoma in mice, 

patient derived xenograft (PDX) neuroblastoma tumors were enriched for mesenchymal gene 

signatures and closely resembled immature Schwann cell precursors transcriptionally.13 

 

Chemoimmunotherapy, a combination of irinotecan, temozolomide, dinutuximab, and GM-CSF, 

has been effective in patients with multiply relapsed neuroblastoma, recommending its 

integration into standard up-front therapeutic regimens.14,15 However, there is still minimal 

understanding of the biomarkers of response, mechanisms of resistance to 

chemoimmunotherapy, and the potential approaches to overcoming these resistance 

mechanisms.  

 

1.2 Genetic alterations in neuroblastoma 

Neuroblastoma tumors have a paucity of somatic mutations when compared to adult cancers.16 

However, there are genetic alterations which are characteristic of neuroblastoma, at diagnosis and 

relapse, which inform the establishment of potential therapeutic targets. These genetic alterations 

include, at diagnosis, amplification of the v-myc myelocytomatosis viral related oncogene, 

neuroblastoma derived (MYCN) gene,17-19 telomerase maintenance mechanisms (TMMs)20,21 and 
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segmental chromosomal alterations.1,22,23 Although activating mutations of the receptor tyrosine 

kinase, anaplastic lymphoma kinase (ALK) are also present at diagnosis, they are enriched at 

relapse.24-28 In contrast, activating mutations of the rat sarcoma virus (RAS) are rarely present at 

diagnosis but significantly enriched at relapse.11,29  

 

1.2.1 MYCN amplification 

The MYC family of genes consists of MYC (which encodes c-MYC or MYC), MYCL (which encodes 

L-MYC), and MYCN (which encodes N-MYC or MYCN). All MYC transcription factors have a basic 

helix-loop-helix/leucine zipper structure and bind to the MYC Associated Factor X (MAX), 

forming a heterodimer which recognizes the consensus sequence, E-box, 5’-CANNTG-3’, to 

regulate expression of target genes.30,31 MYCN is located on chromosome 2p24.3 and was 

identified and cloned in 1983.17,19 While MYC is ubiquitously expressed, the tissue distribution of 

L-MYC is less well understood, and MYCN is restricted to central and peripheral nervous system 

tissues.32 The repressive functions of MYC are well-established as it forms a ternary complex with 

MAX and the Myc-interacting zinc finger protein (MIZ1, also known as ZBTB17) to block the 

induction of cell cycle inhibitors CDKN2B and CDKN1A (p21WAF1) by antimitogenic stimuli.33,34 

However, interactions of MYCN with MIZ1 are weaker and few examples of transcriptional 

repression occurring downstream of this interaction exist in the literature, except for regulation 

of the orphan receptor gene, neuronal leucine-rich repeat protein-3 (NLRR3).35,36 In contrast, 

MYCN mediates repression through an epigenetic mechanism by binding Enhancer Of Zeste 

homolog 2 (EZH2), an enzymatic catalytic subunit of the polycomb repressor complex 2 (PRC2).37  

MYCN is either overexpressed or amplified in several tumors of neuroendocrine origin including 

neuroblastoma, medulloblastoma, castration-resistant/neuroendocrine prostate cancer and 

small-cell lung cancer.38,39  

 



 

 

6 

Amplification of MYCN is found in approximately 25% of cases of neuroblastoma and is the most 

well-characterized indicator of poor prognosis and high-risk neuroblastoma disease.39,40 

However, MYC is also shown to drive tumorigenesis in some non-MYCN-amplified high-risk 

neuroblastomas through a phenomenon called enhancer hijacking.41 Primary non-MYCN-

amplified and MYCN-amplified neuroblastoma tumors and cell lines generally have an inverse 

correlation between expression of MYC and MYCN, suggesting overlapping roles in 

neuroblastoma tumorigenesis.41 The non-MYCN-amplified neuroblastoma cell line, SK-N-AS, the 

model that is primarily used in this dissertation, expresses high levels of MYC, and has a highly 

aggressive, therapy-resistant phenotype as a result of oncogenic MYC-driven transcriptional 

programs. 

 

The oncogenic function of MYCN in neuroblastoma was confirmed by forced expression in neural 

crest cells leading to formation of primitive neuroectodermal tumors including neuroblastoma.42 

In neuroblastoma, MYCN has pleiotropic roles in regulation of angiogenesis, metabolic 

reprogramming, cell survival and proliferation, self-renewal and differentiation, metastasis, as 

well as immune surveillance.43 MYCN also transcriptionally activates telomerase reverse 

transcriptase (TERT) and thus, its expression is correlated with TERT in neuroblastoma.44,45 

Regardless of MYCN amplification state, high MYCN expression in neuroblastoma tumors is 

associated with worse prognosis; indicating its involvement in neuroblastoma progression and 

solidifying it as a clinical determinant of risk stratification for patients with neuroblastoma.46  

 

 

1.2.2 ALK mutations  

In 2000, the receptor tyrosine kinase (RTK), ALK, which is located on chromosome 2p23, was 

shown to be highly expressed through amplification in neuroblastoma cell lines.47 The structure 

of ALK includes an N-terminal glycine-rich extracellular ligand-binding domain, a hydrophobic 
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transmembrane domain, and an intracellular kinase domain.48,49 The extracellular domain of ALK 

also consists of a heparin-binding domain (HBD), 2 membrane-proximal meprin A5 protein and 

receptor protein tyrosine phosphatase mu (MAM) domains which flank a low-density lipoprotein 

class A (LDLa) motif and closest to the plasma membrane is a glycine-rich motif which it shares 

with its closest relative within the insulin receptor superfamily, leukocyte tyrosine kinase (LTK).49 

Although the structure of ALK has been long elucidated, its ligands have not been recognized until 

more recently; these include the cytokines ALK And LTK Ligand 1/2 (ALKAL1/2) and 

FAM150A/B.50-52 

 

Fusion proteins between ALK and nucleophosmin-1 (NPM1) or  echinoderm microtubule-

associated protein-like 4 (EML4), which cause constitutive signaling of the kinase domain, were 

discovered in ALK-positive anaplastic large cell lymphoma and non-small-cell lung cancer, 

respectively.53-55 However, although rearrangements of ALK in neuroblastoma also lead to 

increased activity of the protein, these are rare.56,57 More commonly, aberrant ALK activation in 

neuroblastoma is linked to hotspot mutations in its kinase domain.24-27 The functional 

consequence of these hotspot mutations in ALK are substitutions at amino acid residues R1275 

(43%), F1174 (30%), and F1245 (12%), among others, which lead to constitutive activity because 

of loss of the autoinhibitory ALK protein conformation.58 The oncogenic role of ALK mutations 

was established through the ability of its F1174L and R1275Q variants to transform interleukin-3-

dependent murine haematopoietic Ba/F3 cells to cytokine-independent growth.27 The resultant 

ligand-independent signaling of ALK through its downstream pathways such as Janus kinase-

signal transducer and activator of transcription protein (JAK/STAT) and RAS/mitogen-activated 

protein kinase (MAPK) signaling, leads to increased proliferation and decreased apoptosis of cells 

with these mutations.59 Additionally, one of the recently discovered ALK ligands, ALKAL2, 

independently potentiates oncogenic growth in MYCN-amplified neuroblastoma in the absence 

of ALK mutations.60 
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Familial neuroblastoma, although rare, is inherited in an autosomal dominant pattern and most 

often linked to ALK mutations as well as mutations in the paired-like homeobox 2B gene 

(PHOX2B).25,61,62 ALK mutations occur equally in MYCN-amplified and MYCN-non-amplified 

neuroblastoma.25 Since ALK and MYCN are genomic neighbors on chromosome 2p, it is possible 

that co-amplification may occur. There are several generations of ALK inhibitors that were 

synthesized to inhibit this oncogene, including the first-generation (crizotinib), second-

generation (ceritinib, alectinib, brigatinib, and ensartinib), and third-generation (lorlatinib).63 

Inhibition of ALK either genetically or pharmacologically has shown promise in preclinical 

models of neuroblastoma.64 The first-generation ALK inhibitor, crizotinib, showed greater 

efficacy in the treatment of tumors harboring an ALK translocation versus ALK-mutated tumors 

in patients with anaplastic large cell lymphoma, non-small cell lung cancer (NSCLC), 

inflammatory myofibroblastic tumors, and neuroblastoma.65  

 

Unfortunately, mechanisms of resistance to the first generation of ALK inhibitors evolved, 

requiring the development of combination treatment approaches or use of later generation ALK 

inhibitors with alternative mechanisms of action.66 Indeed, neuroblastoma cells have developed 

resistance mechanisms to even the most recent generation of ALK inhibitor, lorlatinib.67 

Inhibition of ALK with or without chemotherapy is of significant therapeutic interest for 

neuroblastoma as a phase I clinical trial showed that the response rate in combination with 

chemotherapy for patients with relapsed/refractory neuroblastoma under 18 years old was 63%.68 

Consequently, targeting of ALK remains a promising approach for treatment of high-risk ALK-

driven neuroblastoma at diagnosis and relapse.  

 

1.2.3 Telomere maintenance mechanisms and chromosomal segmental alterations   

Telomeres are complex structures located at the end of chromosomes which maintain 

chromosomal structural integrity and genome stability. In the setting of cancer, telomeres are 
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maintained primarily by the increased activity of the telomerase enzyme and more rarely, by 

alternative lengthening of telomeres (ALT).69,70 Mechanisms of telomere maintenance are 

commonly present in high-risk neuroblastoma.71 The critical catalytic subunit of telomerase is 

encoded by TERT which is located on chromosome 5p15.33.72 Dysregulation of TERT occurs in 

up to 90% of cancers as it enabled replicative immortality, one of the hallmarks of cancer. 73-75  

 

Telomere maintenance mechanisms (TMMs) are a determinant of clinical outcome in 

neuroblastoma given that patients with neuroblastoma tumors with low TERT expression and no 

alternative lengthening of telomeres have significantly better overall survival than those with high 

TERT expression or ALT.71 Increased TERT expression is the main mechanism of telomerase 

activation and this is accomplished in multiple ways in most cancers including TERT promoter 

mutations, TERT rearrangements, and TERT amplification.76 However, the major mechanism of 

increased TERT expression in neuroblastoma is TERT rearrangement.20,21 These rearrangements 

approximate enhancer elements with the TERT coding sequence, resulting in massive 

overexpression of TERT.21 Furthermore, telomerase activation, through TERT rearrangements or 

MYCN amplification leading to increased TERT expression, is prognostic of the worst overall 

survival outcomes in high-risk neuroblastoma and enriched in recurrent neuroblastoma, 

nominating inhibition of TERT as a potential therapeutic strategy in these contexts.77,78 Indeed, 

recent studies have leveraged bromodomain and extraterminal domain (BET) family inhibitors in 

combination with proteasome inhibition to epigenetically inhibit TERT and such inhibitors are 

being investigated in clinical trials of heavily pre-treated patients with pediatric solid tumors 

(NCT03936465).79-81  

 

Alternative lengthening of telomeres (ALT) is the other TMM that is employed in 

neuroblastoma.82 While ALT-positive neuroblastomas more commonly exist in the high-risk 

subset of the disease, there are ALT-positive tumors which do not fall into this group. ALT leads 

https://classic.clinicaltrials.gov/ct2/show/NCT03936465
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to resistance to irinotecan and temozolomide, chemotherapeutic drugs commonly used in 

neuroblastoma salvage therapy, which can be reversed by inhibition of Ataxia-telangiectasia 

mutated (ATM) as a synthetic lethal pairing.71 Around 55-60% of all ALT-positive tumors have 

loss-of-function mutations of alpha-thalassemia/mental retardation, X-linked (ATRX) and/or 

low abundance of ATRX protein.71,83 Alpha-thalassemia/mental retardation, X-linked (ATRX) is 

involved in transcriptional regulation and chromatin remodeling as a member of the 

SWItch/Sucrose Non-Fermentable (SWI/SNF) family of proteins.84 Loss of function mutations in 

the ATRX gene that lead to truncations of ATRX protein have been found in up to 10% of 

neuroblastoma tumors.23,85,86 Interestingly, ATRX inactivating mutations and MYCN 

amplification, another indicator of poor prognosis in neuroblastoma, are mutually exclusive in 

both engineered murine models of neuroblastoma and human neuroblastoma tumors.86 These 

data suggest a role for TMM in neuroblastoma disease progression and relapse. 

 

Chromosomal instability is a feature of cancer. This instability may lead to alterations in total 

number of chromosomes, or aneuploidy, as well as gain, loss, or rearrangement of chromosomal 

arms, segmental chromosomal alterations (SCAs). In neuroblastoma, chromosomal instability 

may be a consequence of telomere maintenance mechanisms.71 In neuroblastoma, aneuploidy is 

often associated with better prognosis; whereas, SCAs generally are associated with worse 

prognosis.87 Furthermore, chromothripsis, massive genomic rearrangement which occurs in a 

single event, is found to occur in almost 20% of high-risk neuroblastomas and is associated with 

worse prognosis.88 Thus, methods of analyzing these events such as copy number profiling of cell-

free DNA is of clinical value in neuroblastoma.89 

 

Many recurrent SCAs have been reported in neuroblastoma tumors including, but not limited to, 

loss of chromosomes 1p,90-92 3p,93 4p,94 9p,95-97 11q,98,99 and 14q98,100 and gain of 1q, 2p and 

17q.91,92,101,102 Loss of 1p and 11q has specifically been associated with worse outcomes and have 
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recently been recommended to assist in risk stratification of specific subsets of patients with 

metastatic spread of MYCN-NA neuroblastoma.6 For some of these SCAs, there is a clear loss of 

tumor suppressor or gain of oncogene function.103,104 However, in other cases, it is less well-

defined how these changes affect neuroblastoma tumor aggressiveness, although it is likely 

because of the compounding effects of multiple genomic alterations. 

 

1.2.4 RAS/MAPK pathway activation  

The RAS family of proteins consists of HRAS, KRAS, and NRAS. Like MYCN, the structure and 

sequence of NRAS was discovered in 1983.105-109 RAS proteins cycle between a GTP-bound and 

GDP-bound state; GTP-bound RAS is formed by guanine nucleotide exchange factors (GEFs) and 

GTPase activating proteins (GAPs) catalyze the conversion from active RAS-GTP to inactive RAS-

GDP.110 The RAS family member that is predominantly expressed in neuroblastoma is NRAS. 

Autophosphorylation of RTKs on the cell surface membrane results in binding and signaling 

through adaptor proteins such as SHC and growth factor receptor-bound protein 2 (GRB2), 

leading to activation of GEFs like SOS, which convert RAS to its active RAS-GTP form.110 Each of 

the five isoforms of NRAS have differential downstream effects on its canonical pathways, 

including activation of phosphatidylinositol 3-kinase (PI3K)/AKT and rapidly accelerated 

fibrosarcoma (RAF)/MAPK signaling to varying degrees (Figure 1.2).111 Early indications of the 

oncogenic role of RAS signaling in neuroblastoma arose because forced HRAS expression using 

the dopamine-beta-hydroxylase promoter in mouse neuroblasts led to the development of 

neuroblastomas in vivo.112  

 

Although RAS mutations are rare in neuroblastoma at diagnosis, a genetic signature indicative of 

RAS hyperactivation has been shown to be involved in neuroblastoma tumor progression.29 

Indeed, activation of the RAS-MAPK pathway and its upstream drivers is characteristic of a large 

proportion of recurrent neuroblastoma tumors.10-12 The presence of RAS mutations in 
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neuroblastoma is also associated with poor patient outcomes regardless of MYCN amplification 

state.82  

 

Upstream mediators of RAS signaling which are also mutated in neuroblastoma include the RTK, 

ALK, neurofibromin (NF1), and protein tyrosine phosphatase non-receptor type 11 (PTPN11) 

which encodes src homology region 2 domain phosphatase (SHP2). The role of ALK in 

neuroblastoma is described in an earlier section. Neurofibromin (NF1) encodes a GAP and loss of 

NF1 occurs in several neuroblastoma cell lines, inducing hyperactive RAS signaling and resistance 

to retinoic acid or differentiation therapy which is commonly used in the post-consolidation phase 

of treatment of patients with neuroblastoma (Figure 1.1).113,114 Loss of NF1 and hyperactive RAS 

signaling, particularly through the NRASQ61K recurrent mutation led to an increased susceptibility 

of neuroblastoma cells to SHP2 inhibition.115,116 Activating mutations in PTPN11 (encodes SHP2) 

occur in about 3% of neuroblastomas.23,117 The consequence of PTPN11 activating mutations, like 

loss of NF1, is hyperactive RAS signaling. Since these alterations converge on downstream 

oncogenic signaling pathways, their effects similarly lead to more aggressive neuroblastoma 

disease.  

 

In RAS-mutated neuroblastoma,118,119 rhabdomyosarcoma,120 and pancreatic ductal 

adenocarcinoma tumors,121 there is increased expression of the Yes-associated protein (YAP), 

mediating resistance to targeted inhibitors and chemotherapy.  The enrichment of RAS mutations 

and increased YAP expression in relapsed neuroblastoma provide a basis for YAP inhibition in 

this clinical context and the role of YAP will be further explored in chapter 2 of this dissertation.  
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Figure 1.2. Summary figure of important neuroblastoma genetic alterations modified 
from Matthay et al., 2016.1 
 

1.3 Developmental origins and phenotypic plasticity of neuroblastoma 

1.3.1 Developmental origins of neuroblastoma 

Studies to determine the neuroblastoma cell of origin have been very recently accelerated by 

technologies such as single-cell RNA sequencing (scRNA-seq) which examine gene expression 

programs at high resolution. One hypothesis in the field is that the developmental origin of 

neuroblastoma can be traced to cells arrested at various precursor stages of the mature human 

sympathetic nervous system including neural crest cells.122,123 Spatiotemporal tracing of neural 

crest developmental programs in mouse embryos using scRNA-seq, revealed that many of these 

precursors closely resembled neuroblastoma cells.124,125 In humans, a comparative approach was 

adopted which analyzed single-cell transcriptomics of malignant cells from patient-derived, 

treatment-naive, neuroblastoma tumors relative to putative cells of origin from early human 
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embryos and fetal adrenal glands.126-129 These studies determined that neuroblastoma tumor cells 

most closely resemble fetal noradrenergic chromaffin cells in their transcriptional programs. 

Further studies combining lineage tracing and assessment of epigenetic and transcriptional states 

may be necessary to unequivocally identify neuroblastoma cancer-initiating cells. 

 

Cell-of-origin studies provide a mechanistic basis for understanding neuroblastoma tumor 

development and progression. However, after the tumor-initiating genetic changes have occurred, 

there are divergent phenotypes of neuroblastoma cells. Thus, recent study has been focused on 

studying neuroblastoma phenotypic plasticity and how underlying molecular circuitry may 

explain the heterogeneity of clinical presentations of neuroblastoma. 

 

1.3.2 Phenotypic plasticity of neuroblastoma  

The intratumoral and inter-individual heterogeneity of neuroblastoma led to the hypothesis that 

neuroblastoma cells may be differentially sensitive to the therapies.130 The first evidence for 

phenotypic plasticity of neuroblastoma cells arose from studies in 1983 of morphologically 

distinct neuroblast-like and epithelial cells in the same culture of a neuroblastoma cell line.131 

Other research has since validated phenotypic plasticity in neuroblastoma by identifying and 

characterizing the presence of two major subtypes - a (nor)adrenergic subtype and 

mesenchymal/neural crest-like cells, with a fleeting transitional state that is intermediate 

(Figure 1.3).132-134 Phenotypic plasticity is the newest addition to the paradigm of cancer 

hallmarks and in the last decade, there have been multiple recent research studies focused on 

understanding phenotypic plasticity in neuroblastoma.75  
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Figure 1.3. Phenotypic plasticity in neuroblastoma. Adrenergic and mesenchymal 
phenotypes are representative of the intratumoral heterogeneity of neuroblastoma. 
 

To elucidate the regulatory landscape of neuroblastoma cells, H3K27Ac chromatin 

immunoprecipitation and sequencing (ChIP-Seq) was performed on neuroblastoma cell lines and 

primary tumors.132,133 H3K27Ac is a marker of active transcription and the largest collection of 

H3K27Ac peaks occur at active groups of enhancers called super-enhancers.135,136 Together, these 

transcription factors regulated by super-enhancers, make up the core regulatory circuitry of the 

cell. In cancer, super-enhancers often regulate oncogenes and disruption of these leads to cancer 

cell death.137 The core regulatory circuitry of neuroblastoma adrenergic cells includes paired 

homeobox 2B (PHOX2B), heart and neural crest derivatives expressed 2 (HAND2), and GATA 

binding protein 3 (GATA3).132,133 In the mesenchymal subset of neuroblastoma cells, core 

transcription factors include paired related homeobox 1 (PRRX1).133 The full list of transcription 

factors in the core regulatory circuitry of adrenergic and mesenchymal neuroblastoma cells is 

documented in Table 1.1. 
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Table 1.1. List of genes encoding the transcription factors in the core regulatory 
circuitry of neuroblastoma cells 

Adrenergic core regulatory circuitry 

transcription factors 

Mesenchymal core regulatory circuitry 

transcription factors 

Achaete-Scute Family BHLH Transcription 

Factor (ASCL1) 

AE Binding Protein 1 (AEBP1) 

Dachshund Family Transcription Factor 

(DACH1) 

Core binding factor beta (CBFB) 

EYA transcriptional coactivator and 

phosphatase 1 (EYA1) 

Cellular Repressor of E1A Stimulated Genes 

(CREG1) 

GATA binding protein 2 (GATA2) DDB1 And CUL4 Associated Factor 6 (DCAF6) 

GATA binding protein 3 (GATA3) Early growth response 3 (EGR3) 

Heart And Neural Crest Derivatives Expressed 

1 (HAND1) 

ETS Transcription Factor ELK4 (ELK4) 

Hairy/enhancer-of-split related with YRPW 

motif protein 1 (HEY1) 

Inhibitor of DNA Binding 1 (ID1) 

ISL LIM Homeobox 1 (ISL1) Interferon Alpha Inducible Protein 6 (IFI6) 

KLF Transcription Factor 7 (KLF7) Mastermind Like Transcriptional Coactivator 

2 (MAML2) 

KLF Transcription Factor 13 (KLF13) Mesenchyme Homeobox 1 (MEOX1) 

PBX Homeobox 3 (PBX3) Mesenchyme Homeobox 2 (MEOX2) 

Paired Like Homeobox 2A (PHOX2A) Neurogenic locus notch homolog protein 2 

(NOTCH2) 

Paired Like Homeobox 2B (PHOX2B) Paired Related Homeobox 1 (PRRX1) 

SATB Homeobox 1 (SATB1) SIX Homeobox 1 (SIX1) 

SIX Homeobox 3 (SIX3) SIX Homeobox 4 (SIX4) 

SRY-Box Transcription Factor 11 (SOX11) SMAD family member 3 (SMAD3) 

Transcription Factor AP-2 Beta (TFAP2B) SRY-Box Transcription Factor 9 (SOX9) 

Zinc Finger Protein 536 (ZNF536) WW Domain Containing Transcription 

Regulator 1 (WWTR1) 

 ZFP36 Ring Finger Protein Like 1 (ZFP36L1) 

 Zinc Finger Protein 217 (ZNF217) 
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Adrenergic neuroblastoma is a sympathetic lineage-committed or fully differentiated state in 

which neuroblastoma cells morphologically and, to some extent, functionally resemble normal 

embryonal neuroblasts (Figure 1.3). The adrenergic markers that are highly expressed at the 

protein level include delta-like non-canonical notch ligand 1 (DLK1), dopamine beta-hydroxylase 

(DBH), and members of the core regulatory circuitry such as GATA2, GATA3, PHOX2A, and 

PHOX2B.133,138 Neuroblastoma cells can be converted from an adrenergic to a mesenchymal state 

by overexpression of PRRX1 (Figure 1.3).133 

 

Markers of neural crest cell-like or mesenchymal neuroblastoma identity include fibronectin 

(FN1), vimentin (VIM), snail family transcriptional repressor 2 (SNAI2), the Yes-associated 

protein (YAP) and core regulatory circuitry members, PRRX1, and WW domain containing 

transcription regulator 1 (WWTR1 which encodes transcriptional co-activator with PDZ-binding 

motif (TAZ)).133 Mesenchymal neuroblastoma is more resistant to therapy as the mesenchymal 

subtype is enriched in relapsed neuroblastomas and can be induced by RAS activation.139  

 

In addition to defining cell state and fate, the core regulatory circuitry of neuroblastoma presents 

a potential dependency which may be therapeutically targeted as exemplified by recent design of 

chimeric antigen receptor (CAR) T cells targeting a peptide derived from PHOX2B.139-141 

Additionally, mesenchymal cells have been demonstrated to be more immunogenic than 

adrenergic cells as they express genes involved in innate immune recognition, antigen 

presentation and processing.142 In another study, neuroblastoma mesenchymal cells were 

demonstrated to have an inflammatory response gene signature that might suggest their 

increased vulnerability to immunotherapy.143 These data contradict some of the observations in 

this dissertation and suggest the importance of studying the relationship between intratumoral 

heterogeneity/ phenotypic plasticity and resistance to immunotherapy in neuroblastoma. 
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1.4 Summary of the content of this dissertation  

The current understanding of how neuroblastoma is diagnosed, subdivided into risk groups, and 

its genetic alterations and developmental origins influence treatment paradigms. Patients with 

high-risk neuroblastoma have a 50% survival rate and often relapse is fatal. Thus, this dissertation 

seeks to explore a role for the Yes-associated protein (YAP), which is typically increased in 

relapsed neuroblastomas, in mediating resistance to a combination of γδ T cell/GD2-targeted 

immunotherapy for neuroblastoma (Chapter 4). While Chapter 4 of this dissertation elucidates 

the mechanism of resistance to γδ T cell/GD2-targeted immunotherapy in neuroblastoma, the 

preceding chapters 1-3 aim to contextualize this mechanism in the larger body of literature which 

has been published on each aspect of this project: YAP and its paralog, TAZ (chapter 2), and γδ T 

cells, GD2 and GD2-targeting therapies in neuroblastoma (chapter 3). Finally, chapter 5 reiterates 

the significance of this work, including main conclusions, limitations, and future directions. 
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Chapter II: The role of the Yes-Associated Protein (YAP) and its paralog, 

transcriptional co-activator with PDZ-binding motif (TAZ) in cancer 

 

2.1 Structure, signaling, and function of YAP and TAZ 

2.1.1 Structure of YAP/ TAZ 

The Yes-associated protein (YAP/YAP1/YAP65; henceforth referred to as YAP) was first 

discovered because of its ability to bind to the Src family protein tyrosine kinase, Yes.144 There are 

8 isoforms of YAP that each vary in modular structure and consequently, function. The common 

structures in each isoform are, from N-terminus to C-terminus, the TEA-domain (TEAD)-binding 

domain (TBD), 14-3-3 binding domain, WW domain (named because of the characteristic 

presence of consecutive tryptophan (W) amino acids),145 Src homology-3 (SH3)-binding domain, 

transcriptional activation domain (TAD), and PDZ binding domain (Figure 2.1).146 Since YAP 

does not have a DNA-binding domain, it is dependent on a DNA-binding partner to function as a 

regulator of transcription.  

 

Figure 2.1:  The structures of the Yes-Associated Protein (YAP) and its paralog, 
transcriptional co-activator with PDZ-binding motif (TAZ). YAP has an N-terminal 
proline-rich domain (P-rich), a second WW domain, and a Src homology 3 (SH3) domain that are 
absent in TAZ. The structure of both YAP and TAZ includes a TEAD-binding domain (TBD), 14-
3-3 binding domain, transcriptional activation domain (TAD), and PDZ -binding motif (PDZ). 
This figure was adapted from Piccolo et al., 2014 and Zhao et al., 2010.147,148 
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These isoforms vary based on the number of WW domains present (either 1 or 2) and the presence 

of additional amino acids within the leucine zipper of the TAD that occurs because of alternative 

splicing.146 The biological and functional significance of the 8 YAP isoforms is that downstream 

transcriptional activity is altered by the varying locations of leucine zippers within these C-

terminal sequences.149 The paralog of YAP, transcriptional co-activator with PDZ-binding motif 

(TAZ, encoded by WWTR1), which exists only in vertebrates, has 60% sequence identity to YAP 

and was discovered primarily because of its binding to 14-3-3.150 A few key structural differences 

between TAZ and YAP are: the existence of the SH3 domain in YAP, and not TAZ (which allows 

the binding of the Src kinase, Yes), and a proline-rich N-terminal region; TAZ contains a second 

phosphodegron that renders it more susceptible to degradation than YAP (Figure 2.1).150 YAP 

and TAZ form distinct complexes when they interact with TEAD based on the differences in their 

TBD structures.151 A primary mode of regulation of both YAP and TAZ is post-translational 

modification, specifically phosphorylation, and the phosphorylation sites of large tumor 

suppressor homolog 1/2 (LATS1/2) are depicted in Figure 2.1. There are number of regulatory 

inputs upstream of YAP/TAZ and these are outlined in section 2.1.2.  

 

2.1.2 Regulation of YAP/ TAZ 

The Hippo Pathway 

 
Figure 2.2. The Hippo Pathway signaling cascade consists of sequential kinase modules 
that regulate subcellular localization and function of YAP/TAZ.  
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The Hippo pathway was first elucidated in Drosophila melanogaster and the mammalian 

equivalent of this sequential kinase cascade which regulates the subcellular localization, stability, 

and function of YAP/TAZ is summarized in Figure 2.2. The mammalian sterile 20-like kinases 

(MST1/2) bind the regulatory protein, Salvador Family WW Domain Containing Protein 1 (SAV1), 

forming an enzyme which phosphorylates LATS1/2 kinases as well as MOB Kinase Activator 1A/B 

(MOB1A/B) regulatory subunits. Together, LATS1/2 and MOB1A/B form a complex which 

phosphorylates YAP and TAZ (Figure 2.2). Phosphorylation of YAP by LATS1/2 occurs at 5 

consensus sites (S61, S109, S127, S164, and S381) and the 4 sites in TAZ are S66, S89, S117, and 

S311 (Figure 2.1).147 The primary residues for regulation of the subcellular localization of YAP 

are S127 and S381 (of TAZ: S89 and S311).147 Phosphorylation at S127 (S89 in TAZ) creates a 

consensus sequence for binding of the adaptor protein, 14-3-3 that allows for sequestration of 

YAP in the cytoplasm. Phosphorylation of S381 (S311 in TAZ) creates a phosphodegron, a 

sequence of phosphorylated amino acid residues that acts as a recognition and binding site for 

ubiquitin ligases, allowing for polyubiquitination and proteasomal degradation of YAP/TAZ.147 In 

the absence of these phosphorylation events, YAP/TAZ shuttle into the nucleus, bind co-factors 

and elicit downstream transcriptional functions. Non-phosphorylatable and thus, constitutively 

active forms of YAP/TAZ have been generated which replace the 5 (for YAP) and 4 (for TAZ) serine 

residues at the LATS1/2 consensus sites by alanine residues, generating YAP5SA/TAZ4SA 

constitutively active constructs. In Chapter 4 of this dissertation, a YAP 5SA plasmid is introduced 

by lentiviral transduction into the neuroblastoma cell line, SMS-SAN, to generate a cell line with 

constitutively active YAP.  

 

Wnt signaling 

Another important regulator of YAP/TAZ is Wnt signaling. In the canonical Wnt pathway, in the 

absence of external stimuli, β-catenin is ubiquitinated and degraded by a destruction complex 

consisting of adenomatous polyposis coli (APC), Axin, casein kinase-1 (CK-1) (that independently 
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phosphorylates YAP), E3-ubiquitin ligase β-TrCP, glycogen synthase kinase 3 (GSK-3), and 

protein phosphatase 2A (PP2A).152 The effect of Wnt signaling on YAP/TAZ is context dependent. 

When Wnt signaling is active, Wnt binds to LRP5/6 and Frizzled (Frz) at the membrane, 

preventing the assembly of the destruction complex, allowing β-catenin accumulation. After 

translocation to the nucleus, β-catenin binds the TCF/LEF family of transcription factors, 

regulating transcription of target genes. Another downstream consequence of Wnt signaling is 

stabilization of TAZ – in the absence of Wnt signaling, phosphorylated β-catenin binds TAZ and 

bridges an association with E3-ubiquitin ligase β-TrCP, resulting in degradation of TAZ.153 The 

regulation of YAP/TAZ discussed in this section 2.1.2 is primarily through post-translational 

mechanisms. However, Wnt regulation of YAP in colorectal cancer cells is transcriptional, the β-

catenin/TCF4 complex binds an enhancer element within the first intron of YAP, driving its 

expression.154 Additionally, there are feedback mechanisms through which YAP/TAZ bind β-

catenin, antagonizing Wnt signaling.155 

 

G-protein coupled receptor (GPCR)-mediated signaling and YAP/ TAZ 

G-protein coupled receptors (GPCRs) are membrane-bound, ubiquitously expressed receptors in 

eukaryotes. They consist of seven transmembrane α-helices which upon binding of their cognate 

ligands, undergo conformational changes and thus, interact with their associated G-proteins.156 

G-proteins associated with GPCRs are heterotrimeric, consisting of membrane-linked α and γ 

subunits, and an intermediary β subunit.156 In their inactive state, these G-proteins are guanosine 

diphosphate (GDP)-bound. However, their association with GPCRs results in guanosine 

triphosphate (GTP) exchanged for GDP resulting in various intracellular signaling cascades 

initiated by second messengers such as cyclic adenosine monophosphate (cAMP), diacylglycerol 

(DAG), and inositol 1,4,5-triphosphate (IP3).156 The complexity of combinations of G-proteins 

with GPCRs is vast given that there are several families of each subunit: Gα, Gβ, and Gγ.  
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Here, we focus on the four families of Gα subunits, Gαs Gαi, Gαq, and Gα12, which interact with 

LATS1/2 to regulate YAP/TAZ either agonistically or antagonistically. The Gαi-, Gαq-, and Gα12-

coupled receptors inhibit LATS1/2; thus, decreasing YAP/TAZ phosphorylation, consequently 

increasing its nuclear accumulation and activity.157 On the other hand, Gαs-coupled GPCRs inhibit 

YAP/TAZ by activating LATS1/2.157 In uveal melanoma, activating mutations of the Gαq family 

activate YAP through LATS1/2 inhibition.158 However, there are Hippo pathway-independent 

mechanisms of YAP regulation by GPCRs which depend upon the stimulation of Trio, a GEF by 

Gαq and Gα11 (Gαq family members), leading to the consequent activation of Rho and RAC small 

GTPases which cause dissociation of angiomotin (AMOT)-YAP complexes in the cytoplasm, 

causing nuclear translocation of YAP.159,160 

 

Mechanotransduction and YAP/ TAZ 

In its normal physiological role, YAP is responsible for sensing extracellular mechanical signals, 

integrating these, and responding through transcriptional control of genes. The detection of these 

signals occurs at the interface between the plasma membrane and extracellular environment. The 

primary mechanical signals which are detected include extracellular matrix (ECM) stiffness, 

cytoskeletal tension, shear stress, cell density, and cellular geometry.161 When these mechanical 

signals are highest, that is, a stiff ECM or external substrate, high cytoskeletal tension, shear 

stress, low cell density and deformation of the cell, YAP/TAZ are activated, localizing to the 

nucleus.162 

 

The molecules on the surface of the cell that mediate cell-to-cell and cell-to-matrix adhesion are 

integrins. Integrins, through associated vinculin and talin molecules, connect to filamentous actin 

(F-actin) in the cytoplasm as components of structures called focal adhesions and this is mediated 

by focal adhesion kinase (FAK), integrin-linked kinase (ILK), and SRC. Increased ECM stiffness 

specifically activates FAK which activates SRC; SRC inhibits LATS1/2, and independently of the 
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Hippo pathway, directly phosphorylates and activates YAP.161 When extracellular forces are 

exerted on a cell, there is remodeling of the cytoskeleton that is facilitated by Rho GTPases, Rho-

associated protein kinase (ROCK), and actomyosin activity and formation.161 

 

The complete mechanistic link between F-actin, actomyosin formation and cytoplasmic-to-

nuclear shuttling of YAP/TAZ has not been fully elucidated. Loss or inactivation of F-actin 

capping and severing proteins, and the resulting stress fiber/excessive F-actin filament formation, 

is sufficient to induce translocation of YAP/TAZ to the nucleus, regardless of other external forces 

and signaling inputs such as the Hippo pathway.163 One proposed mechanism relates to the linker 

of the nucleoskeleton and cytoskeleton (LINC) complex which connects the nucleus to the 

cytoskeleton.164 Changes in actomyosin contractility transfer force to the nucleus via the LINC 

complex and this leads to opening of nuclear pores, allowing for import of YAP/TAZ.165 Another 

additional mechanism is that, under low mechanical stress conditions, in a TEAD-independent 

manner, the AT-Rich Interaction Domain 1A (ARID1A) subunit of the SWI/SNF complex binds 

to and competitively prevents YAP/TAZ/TEAD binding in the nucleus.166 In contrast, under high 

mechanical stress, F-actin is formed and binds ARID1A-SWI/SNF, preventing its association with 

YAP/TAZ and allowing YAP/TAZ to thus, bind to cis-regulatory elements and regulate gene 

expression.166 As previously noted, low cell density signals nuclear localization of YAP/TAZ; 

however, at higher density, YAP/TAZ is situated in the cytoplasm mediating contact inhibition of 

proliferation.167 At high cell density, a plasma membrane-associated molecule ANXA2, forms a 

complex with MST2 and YAP, further maintaining its cytoplasmic localization.168 The Hippo 

pathway is also integrated into this process and a canonical target of YAP, cysteine-rich angiogenic 

inducer 61 (CYR61) is secreted and has been shown to reduce density-dependent apoptosis.169 

These mechanotransducive properties of YAP are especially relevant in the solid tumor 

microenvironment, including in neuroblastoma, and will be further explored in sections 2.2.2 and 

2.4. 
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Stress signaling and metabolic regulation of YAP/TAZ  

Various forms of stress including energy stress through nutrient deprivation, endoplasmic 

reticulum (ER) stress, heat stress, hypoxia, osmotic stress, and oxidative stress regulate 

YAP/TAZ.170 Adenosine monophosphate (AMP)-activated protein kinase (AMPK) is an enzyme 

which senses energy changes through detection of AMP and ATP levels by binding of AMP. Under 

low energy (particularly, glucose) levels, AMPK phosphorylates YAP at the S94 residue, essential 

for YAP-TEAD interaction; thus, directly inhibiting YAP transcriptional activity.171,172 Regulation 

of YAP by AMPK also occurs indirectly through phosphorylation of angiomotin-like 1 (AMOTL1) 

which promotes LATS1/2 activity and directly binds YAP, sequestering it to the cytoplasm.173 

Prolonged ER stress leads to the activation of the unfolded protein response as protein kinase 

RNA-like ER kinase (PERK) detects ER stress and inhibits translation by phosphorylating 

eukaryotic translation initiator factor 2α (eIF2α), inducing translation of ATF4, a transcription 

factor that binds the promoter of YAP, driving its transcription.174 Heat stress induced by 

hyperthermia activates a YAP/TAZ regulated heat shock gene and cell survival response.175  

 

Hypoxic stimuli activate the E3 ubiquitin ligase, seven in absentia homolog 2 (SIAH2), resulting 

in the formation of a ternary complex with the scaffold protein, Zyxin, and LATS2, leading to 

LATS2 degradation, disinhibition of YAP/TAZ and activation of downstream transcriptional 

activity.176,177 Osmotic stress is induced by a higher extracellular than intracellular solute 

concentration and when this occurs, phosphorylation of YAP S128 by Nemo-like kinase (NLK) 

disrupts 14-3-3 binding and enables the translocation of YAP to the nucleus and activation of its 

downstream signaling.178,179 An intracellular excess of reactive oxygen species leads to oxidative 

stress; in response, YAP-FOXO1 forms a complex at the promoters of antioxidant genes like 

catalase and manganese superoxide dismutase (MnSOD), increasing cell survival in these 

contexts.180 Conversely, oxidative stress also leads to MOB1 acetylation by cAMP response 
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element-binding protein (CREB)-binding protein (CBP), causing LATS1 activation, YAP 

phosphorylation, decreased nuclear localization of YAP, and cell apoptosis.181 

 

In breast cancer cells that are dependent on glutamine, YAP/TAZ are shown to mediate the 

expression of genes that regulate amino acid metabolism, including glutamic–oxaloacetic 

transaminase (GOT1) and phosphoserine aminotransferase (PSAT1), increasing their dependence 

on glutamine for survival.182 High intracellular levels of glucose lead to the post-translational 

modification of YAP at S109, the addition of O-linked β-N-acetylglucosamine (O-GlcNAc), O-

GlcNAcylation, preventing LATS1 phosphorylation and resulting in inhibition of YAP.183 Lipid and 

cholesterol metabolites/ intermediates are also known to regulate YAP. The free fatty acid, 

palmitate, induces MST1 phosphorylation and consequent YAP phosphorylation and 

inhibition.184 Additionally, stearoyl-CoA-desaturase 1 (SCD1), a fatty acid synthesis enzyme 

increases YAP/TAZ stability through the inactivation of the β-catenin destruction complex.185 The 

autopalmitoylation of TEAD at cysteine residues facilitates YAP/TAZ binding.186 Mevalonate is an 

intermediate in cholesterol biosynthesis. Mevalonate leads to post-translational modification and 

activation of Rho small GTPases by geranylgeranylation; the consequence of this is YAP/TAZ 

nuclear localization and activation.187 There are innumerable signaling inputs that regulate 

YAP/TAZ and the consequence of these signals is regulation of transcription by these co-

regulators as described in 2.1.3.  

 

2.1.3 Mechanisms of transcriptional control by YAP/TAZ  

The lack of a DNA-binding domain in the structure of YAP/TAZ necessitates binding to 

transcription factor or co-activator partners. Some of the DNA-binding partners of YAP/TAZ 

include Erb-B2 Receptor Tyrosine Kinase 4 (ERBB4),188 early growth response factor 1 (EGR-1),189 

p73,190 Runt-related transcription factor family (RUNX1/2/3),191 and Suppressor of Mothers 

against Decapentaplegic family (SMADs).192 However, the most common binding partners of 
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YAP/TAZ are the members of the TEA-domain (TEAD) family (TEAD1/2/3/4).193,194 Through 

ChIP-Seq experiments, a large majority (>90%) of YAP/TAZ/TEAD complexes have been shown 

to bind to enhancers.195 The recruitment of YAP/TAZ/TEAD complexes to enhancers occurs 

through the formation of a transcriptional complex with the transcription factor, activator protein 

1 (AP-1: FOS/JUN heterodimer) leading to enhancer activation as evidenced by an increase in 

acetylation of histone H3 at lysine 27 (H3K27Ac) (Figure 2.3).195,196 These enhancers form 

classical chromatin loops with promoters of YAP/TAZ target genes to control their expression.  

 

The epigenetic mechanism described in the preceding paragraph is TEAD-dependent; that is, 

TEAD mediates the binding of YAP/TAZ to AP1. Further complicating these models, however, is 

the reality that YAP/TAZ directly binds to other components or regulators of the transcriptional 

machinery. Additionally, the functions of YAP and TAZ are cell- and context-dependent and are 

thus, not always interchangeable.197 The TAZ/TEAD complex interacts with BRG1 and BRM 

subunits of the SWI/SNF complex, controlling epithelial cell lineage commitment in breast tissue 

through transcriptional control mediated by binding to BRM specifically while in this context, 

YAP is found to be dispensable.198 A small portion of YAP/TAZ enhancer interactions demonstrate 

features of super-enhancers with increased binding of mediator complex (MED1) and cyclin-

dependent kinase-9 (CDK9), resulting in markers of enhanced transcription of target genes 

through release of RNA polymerase II (PolII) pausing (Figure 2.3).199 Additionally, YAP/TAZ 

has been determined to bind to chromatin modifiers and readers such as bromodomain-

containing protein 4 (BRD4), histone acetyltransferases like p300 and p400 and histone 

methyltransferases like lysine methyltransferase 2D (KMT2D).195,198,200,201 Analogous to the 

stabilization of YAP/TAZ in the cytoplasm by lack of phosphorylation, cyclin-dependent kinase 7 

(CDK7), a component of the basal transcriptional machinery, stabilizes YAP/TAZ in the nucleus 

by phosphorylation, preventing its degradation.202 Together, these data indicate a model in which 
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YAP/TAZ recruits PolII to transcriptional start sites by approximating YAP/TAZ-bound 

enhancers to the promoters of target genes (Figure 2.3).200 

 

 

Figure 2.3. Transcriptional regulation by YAP/TAZ results in activation and repression of 
target genes. Image adapted from Hoxha et al., 2020, Kim et al., 2015, and Piccolo et al., 2023. 
203-205  
 

Thus far, we have described the role of YAP/TAZ in driving transcription of target genes; however, 

transcriptional repression by YAP is an important aspect of its function that is particularly 

relevant to this dissertation. In human Schwann cells, YAP suppresses CDKN1B/p27 expression 

through binding of YAP, YY1 and EZH2 to the CDKN1B/p27 promoter and placement of 

repressive marks such as H3K27me3 (Figure 2.3).203 Another mechanism of gene repression by 

YAP/TAZ/TEAD is through histone deacetylation by the nucleosome remodeling and deacetylase 

(NuRD) complex at the promoters of target genes such as DDIT4, NR4A1, and Trail (Figure 

2.3).204,206 Additionally, a YAP/TAZ/TEAD/SMAD2/3/OCT4 complex forms at promoters of 
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pluripotency genes such as OCT4 and NANOG, suppressing genes that lead to mesoendodermal 

differentiation and thus, maintaining pluripotency.207  

 

These highly organized mechanisms of transcriptional control by YAP/TAZ are dependent on 

their ability to localize to the nucleus. However, YAP forms both cytoplasmic and nuclear 

condensates under varying intracellular conditions.208 In the nucleus, YAP condensates allow for 

interaction and localization of YAP with key players, such as TEAD and RNAPolII, to control 

transcription.208 The pleiotropic effects of YAP that are mediated through its effects on 

transcription of target genes are too abundant to completely review in this dissertation; thus, in 

section 2.2, I focus on cancer-related functions of YAP/TAZ in tumor cells and the tumor 

microenvironment.  

 

2.2 Cell-autonomous and tumor microenvironmental functions of YAP/TAZ in 

tumorigenesis.  

The regulatory inputs to YAP/TAZ expression and function are modified in the context of cancer. 

There are few activating YAP/TAZ mutations that directly lead to increased tumorigenesis, 

oncogenic alterations primarily lead to increased expression of YAP/TAZ by affecting its 

regulators or rarely, through YAP fusions that eliminate the C-terminal S381 site which is needed 

to mediate proteasomal degradation.209 These functions of YAP/TAZ are modulated either 

through tumor cell-autonomous mechanisms or in the tumor microenvironment (TME) by 

regulation of immune cell populations, stromal cells, extracellular matrix, and soluble 

mediators/signaling. 
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2.2.1 Tumor cell-autonomous functions of YAP/TAZ in cancer 

Cell survival 

The role of YAP/TAZ in regulation of cell proliferation and apoptosis is well-established. 

Increased expression and/or activity of YAP/TAZ results in hallmarks of cancer including 

sustained proliferative signaling and resisting cell death, nominating them as oncogenes almost 

two decades ago.210-215 The mechanisms by which YAP/TAZ control proliferation include 

regulation of cell cycle-promoting genes that drive S-phase entry such as cyclin A2 (CCNA2), 

CCND1, and forkhead box protein M1 (FOXM1),196,216 co-operation with E2F transcription factors 

in RAS-mutant cancers,121 and activation of Notch signaling by induction of jagged-1 (JAG1) gene 

expression.217 YAP has both pro- and anti-apoptotic functions that can be dysregulated in cancer. 

Another binding partner of YAP/TAZ, as mentioned in Section 2.1.3, is p73. YAP promotes 

apoptosis through its interaction with p73 and increased expression of the pro-apoptotic protein, 

B-cell lymphoma 2 (BCL2)-associated protein X (BAX).218-220 The anti-apoptotic mechanisms of 

YAP which are more congruent with its role as an oncogene include suppression of the pro-

apoptotic genes, Harakiri (HRK),118 and NR4A1 which normally binds BCL2,206 and upregulation 

of BCL2.221  

 

Metastasis 

The classical metastatic cascade includes loss of apicobasal polarity, epithelial-to-mesenchymal 

transition (EMT), invasion, migration, extravasation, survival in circulation (anoikis resistance), 

intravasation, and micro- and macrometastasis establishment. Each of these steps is related to 

functions mediated by YAP/TAZ but apicobasal polarity and EMT, the initiation of metastasis, are 

regulated by YAP/TAZ. Apical proteins such as Crumbs Cell Polarity Complex Component 3 

(CRB3), protein associated with LIN7 1 (PALS1), and AMOT-like proteins regulate subcellular 

localization of YAP/TAZ, and YAP/TAZ, in turn, lead to loss of integrity of the apex/polarity of 
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cells.222 Additionally, a YAP/TAZ/TEAD4/AP1/SRC1-3 complex forms binding and driving 

invasion and migration through the transcription of genes regulating cytoskeletal structure and 

adhesion such as the DOCK family, CDH2, and MACF1.223,224 Indeed, YAP and KRAS cooperate 

to increase expression of mesenchymal genes such as fibronectin (FN1), Slug (SNAI2), vimentin 

(VIM), and zinc-finger E-box binding homeobox 1 (ZEB1) and reduce the expression of epithelial 

genes such as E-cadherin (CDH1) and occludin (OCLN), inducing EMT.225 

 

Another cancer hallmark that is regulated by YAP/TAZ is the deregulation of cellular metabolism. 

Some of the major intersections between YAP/TAZ signaling and metabolism have already been 

covered in Section 2.1.2. Finally, another tumor cell-intrinsic function of YAP/TAZ is therapy 

resistance. Some mechanisms of therapy resistance may also be facilitated by tumor 

microenvironmental changes, and these will be described in Section 2.2.2.  

 

Therapy resistance 

Targeted therapy 

Targeted inhibition of RTKs and downstream MAPK signaling has been an approach for treating 

cancers for two decades. Resistance to these targeted therapies is mediated by YAP/TAZ. For 

example, resistance to BRAF mutations and consequent hyperactivated MAPK signaling in 

melanoma lead to actin remodeling and YAP/TAZ nuclear localization, activation, and 

transcription of target genes that mediate cell survival such as E2F- and MYC-pathway related 

genes.226 Resistance to RAF- and MEK-targeted therapies in melanoma, non-small cell lung 

cancer, pancreatic adenocarcinoma, colon and thyroid cancer, and neuroblastoma, has been 

promoted by increased expression and downstream activity of YAP.119,227,228 
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Chemotherapy 

Chemotherapeutic drugs target and kill cancer cells based on their highly proliferative properties. 

Resistance to these drugs is either mediated by regulation of factors upstream of YAP/TAZ or of 

YAP/TAZ themselves, and thus, their downstream signaling. Genes encoding multidrug resistant 

transporters, ABCB1 (encodes MDR1) and ABCC1 (encodes MRP1) are transcriptional targets of 

YAP/TAZ/TEAD and these transporters mediate the efflux of chemotherapeutic drugs.229,230 Most 

commonly, however, as a resistance mechanism, YAP/TAZ regulate expression of genes involved 

in anti-apoptosis and survival including BCL2L1 (encodes BCL-xL), BIRC5 (encodes survivin), 

CTGF, CYR61, and inhibitor of apoptosis-1 (IAP1).231-234  

 

Immunotherapy 

Checkpoint inhibitors, drugs that prevent T cell exhaustion, targeting the programmed cell death 

ligand -1 (PD-L1)/PD-1 axis are a commonly used immunotherapy. A complex of YAP/TAZ/TEAD 

directly binds the CD274 (encodes PD-L1) promoter in tumor cells, driving expression of this 

target gene, potentially mediating resistance to these inhibitors as well as adoptive T cell therapies 

that depend upon T-cell fitness for optimal efficacy.235-239 Release of IFNγ after anti-PD1 

immunotherapy for melanoma leads to YAP phase condensate formation, nuclear localization and 

resistance mediated by increased CD155 (encodes poliovirus receptor (PVR)) expression.240 Many 

of the effects of YAP/TAZ on immunotherapy resistance are as a result of its influence on skewing 

to an immunosuppressive tumor microenvironment and thus, will be covered in the following 

section 2.2.2. 

 

2.2.2 The tumor microenvironmental role of YAP/TAZ in cancer 

There are multiple roles of YAP/TAZ in the TME that, for the purpose of this dissertation, will be 

subdivided into effects on immune cell populations, stromal cells, extracellular matrix, and 

soluble mediators/signaling. 
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Immune cell populations 

Immune cell infiltration can be used as a prognostic factor for outcomes of patients with cancer.241 

T-regulatory (Treg) cells are generally considered to be associated with less favorable outcomes 

in patients with cancer because of their widely accepted role as an immunosuppressive 

population. In hepatocellular carcinoma and melanoma, high YAP expression in Treg populations 

was found to drive TGFβ signaling, leading to Treg differentiation and immunosuppressive 

microenvironments in mouse models and in patients.242,243 Furthermore, clinical trial correlates 

from a study of patients with oral cavity squamous cell carcinoma demonstrated high YAP protein 

expression in tumors and a higher Treg/Th17 ratio in the pretreatment blood was correlated with 

innate resistance to neoadjuvant PD-1 checkpoint therapy.244 Paradoxically, the YAP paralog, 

TAZ, is found to decrease Treg differentiation by promoting degradation of FOXP3.245 

Additionally, deletion of YAP in CD8+ T cells was found to promote their cytotoxic function and 

infiltration in murine models of melanoma, colon adenocarcinoma and lung 

adenocarcinoma.246,247 Assessment of YAP expression in the small cell lung cancer tumor 

microenvironment of patients using RNA sequencing determined that higher YAP expression was 

associated with a more T-cell inflamed gene signature and better patient outcomes.248 However, 

a study of 23 cancer types demonstrated a negative correlation between YAP expression and the 

infiltration of activated natural killer (NK) T cells, CD4+ Th1 cells, CD8+ T cells, γδ T cells, 

myeloid dendritic cells, and T follicular helper cells.249 In contrast, YAP expression was positively 

correlated with infiltration of more immunosuppressive populations such as cancer-associated 

fibroblasts (CAFs), myeloid-derived suppressor cells (MDSCs), and neutrophils.249 Generally, 

higher expression of YAP is considered to be involved in driving an immunosuppressive TME. 

 

Increased YAP expression in lung adenocarcinoma,250 prostate adenocarcinoma,251 colorectal 

cancer,252 and pancreatic adenocarcinoma253 has been demonstrated to lead to increased 
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expression of CXCL5, attracting CXCR2+ MDSCs, facilitating tumor progression. Tumor-

associated macrophages (TAMs) have traditionally been subdivided into M1 (anti-tumorigenic) 

and M2 (pro-tumorigenic) phenotypes based on in vitro differentiation/polarizing conditions.254 

However, there is greater complexity of function of TAMs than these distinct, non-overlapping 

phenotypes suggest. Thus, in discussing the role of YAP in macrophages within the TME, I avoid 

M1/M2 terminology and refer to the specific phenotypic differences elicited by YAP in these 

contexts. In glioblastoma multiforme, increased YAP expression in tumor cells was found to drive 

the expression of lysyl oxidase (LOX), recruiting pro-tumorigenic macrophages which sustained 

tumor growth.255 Finally, a neutrophil-specific YAP/TAZ knockout model showed that gastric 

cancer progresses more readily in the context of high expression of YAP/TAZ in tumor-specific 

neutrophils.256 These varying roles of YAP/TAZ in immunomodulation within the tumor 

microenvironment nominate them as targets for systemic pharmacological treatments since they 

may elicit their immunosuppressive effects both within the cancer cells and the TME. 

 

Stromal cells/ECM/Soluble mediators  

The mechanisms by which YAP/TAZ detect and transduce mechanical signals has been covered 

in section 2.1.2. The mechanotransducive properties of YAP/TAZ are particularly relevant to their 

role in stromal cells and the dynamic extracellular environment within solid tumors. In breast 

cancer, CAFs are dependent on high expression and nuclear localization of YAP/TAZ to be 

generated and maintained, resulting in expression of target genes that remodeled the extracellular 

matrix to increase cancer cell invasion.257 YAP/TAZ drive oncogenic reprogramming of normal 

cells to tumor-initiating populations in solid tumors through regulation of oncogene expression 

and mechanosignaling resulting from varying ECM stiffness.258 The effect of ECM structure and 

stiffness on YAP/TAZ expression is not restricted to cancer cells themselves. Increased ECM 

stiffness activates YAP and is found to reduce CD8 T cell activation and reprogram the metabolic 

fitness of these cells which has broad implications for its role in intratumoral as well as intranodal 
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T cell behaviors.259 On the other hand, increased ECM stiffness and YAP expression increase the 

pro-inflammatory properties of macrophages.260 YAP/TAZ may indirectly regulate differences in 

infiltration and pro-/ anti-tumorigenic skewing of immune cells discussed through soluble 

mediators such as CCL2, CSF1, CSF2, CSF3 CTGF, CXCL5, CYR61, and IL-6.250 YAP/TAZ, in many 

instances, drive increased transcription of genes encoding these soluble mediators. 

 

2.3 Therapeutic targeting of YAP/TAZ 

Direct pharmacological inhibition of YAP/TAZ is challenging given the many intrinsically 

disordered domains in their structures. Considering the inputs into YAP/TAZ regulation reviewed 

in Sections 2.1.2, there are multiple indirect means of targeting YAP being explored 

pharmacologically. The disadvantage of this indirect approach is that there are likely more off-

target effects of these drugs. Inhibitors such as C19 activate MST/LATS1/2 to phosphorylate and 

degrade YAP/TAZ; however, C19 also suppresses TGFβ and Wnt signaling.261 The mechanism 

underlying the inhibition of YAP/TAZ by CA3 is not fully elucidated as it has been shown to 

globally reduce expression of LATS1/2, YAP, TAZ, and TEAD.262,263 One inhibitor of YAP/TAZ, 

verteporfin, disrupts the stability of the YAP/TAZ/TEAD complex by binding YAP.264 However, 

verteporfin has been demonstrated to exert cytotoxicity that is completely independent of 

YAP/TAZ expression.265-267 Since most of the functions of YAP/TAZ occur downstream of TEAD 

binding, most recent research has focused on the disruption of the YAP/TAZ binding to TEAD.  

 

The stability of TEAD transcription factors and regulation of downstream transcriptional activity 

is dependent on autopalmitoylation at cysteine residues within its structure.186,268 Inhibitors block 

TEAD autopalmitoylation by forming either non-covalent or covalent interactions. Drugs that 

covalently bind cysteine and disrupt TEAD autopalmitolyation and thus, YAP/TAZ interaction 

with TEAD and downstream YAP/TAZ signaling include DC-TEADin02,269 K-975,270 MYF-01-

37,271 and TED-374.272 Another similar drug VT3989 has shown promise for treatment of NF2-
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deficient mesothelioma by inhibiting TEAD palmitoylation (NCT04665206).273 Targeting the 

lipid pocket of TEAD that facilitates YAP binding with drugs like CPD3 is another approach that 

has had success.274-278 The vestigial-like (VGLL) protein family (VGLL1-4) competitively binds 

TEAD, inhibiting YAP/TAZ downstream function. Thus, a recent study investigated the role of a 

peptide, super-TDU, that mimics the structure of VGLL4, acting as an antagonist for YAP/TAZ 

binding to TEAD and inhibiting tumor proliferative activity.279 Although these drugs have promise 

for treatment of YAP/TAZ-mediated cancers, they have shown limited single treatment efficacy 

and thus, efforts to combine them with drugs inhibiting potential escape pathways such as AKT 

signaling are underway.280 

 

2.4 The role of YAP/TAZ in neuroblastoma. 

Next-generation sequencing of primary and relapsed neuroblastomas revealed relapse-specific 

protein tyrosine phosphatase non-receptor type 14 (PTPN14) inactivating mutations that lead to 

increased YAP expression and transcriptional activity.12 This increased expression and 

transcriptional activity of YAP in relapsed neuroblastoma was confirmed in further studies of 

paired diagnosis/relapsed neuroblastoma cell lines and patient-derived xenografts.118 In this 

insightful study, YAP expression was determined to be increased post-chemotherapy treatment 

and to enable suppression of stress-induced apoptosis in a TME-dependent manner through 

repression of the apoptotic regulator, HRK.118 Additionally, YAP has been demonstrated to play a 

role in neuroblastoma metastasis. In a murine metastatic model, YAP/TAZ expression is elevated 

in metastatic versus primary tumors and dual genetic inhibition of YAP/TAZ reduced metastasis 

and increased survival.281 The pre-mRNA processing factor 19 (Prp19) is involved in splicing and 

processing of pre-mRNAs and regulates YAP expression in neuroblastoma; higher Prp19 and YAP 

expression drive neuroblastoma bone marrow metastasis and were associated with worse 

outcomes in neuroblastoma.282 YAP also mediates resistance to targeted inhibition of MEK1/2 in 

neuroblastomas with increased activation of RAS/MAPK signaling.118,119 

https://classic.clinicaltrials.gov/ct2/show/NCT04665206
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The paralog of YAP, TAZ also has proliferative and tumorigenic functions in neuroblastoma that 

are mediated by CTGF and PDGF-β.283 This TAZ-CTGF axis also mediates EMT, promoting 

metastasis in neuroblastoma.284 Additionally, the expression of TAZ in neuroblastoma cell lines 

was found to correlate with immunosuppressive activity against NK cells.285 Finally, immune 

infiltration is increased in tumors formed from mesenchymal neuroblastoma cell lines that 

express high levels of YAP and this was associated with a higher expression of antigen processing 

and presentation genes.143 Given the known tumor microenvironmental roles of YAP/TAZ and the 

complexity of the neuroblastoma solid tumor TME, there is much that is still to be explored in this 

field that can improve current treatment paradigms.286 

   



 

 

38 

Chapter III: γδ T cell biology, GD2 and GD2-targeting immunotherapies 

 

3.1 The biology of γδ T cells  

3.1.1 Development, structure and function of γδ T cells 

T-lymphocytes can be subdivided into populations based on the T-cell receptor (TCR) that they 

express. Most T cells express an αβ TCR and can be further classified as CD4+ or CD8+ based on 

their ability to recognize major histocompatibility complex (MHC) class II and I molecules 

expressed on immune and somatic cells respectively. The fortuitous discovery of the TCR γ and δ 

chains occurred when there was investigation into the role of gene rearrangement in antigen 

receptor generation in αβ T cells and B cells.287,288 γδ T cells are a small subset of T cells that are 

MHC-independent, recognize a wide range of molecular patterns and antigens, and possess 

properties of both the innate and adaptive immune responses. The γδ T cell population matures 

in the thymus from the double negative (CD3-/CD4-/CD8-) thymocyte (thus named because of 

the lack of CD4 and CD8 receptors).289,290 After maturity, CD3+ γδ T cells remain in the thymus, 

reside in secondary lymphoid organs, circulate in the peripheral blood, or become tissue-resident, 

with permanent surveillance roles in primarily mucosal sites and their surface layer/ 

epithelium.291 

 

T-cell receptors (TCRs) are generated based on rearrangement of variable (V), diversity (D), and 

joining (J) gene segments. The γ chain is made as a result of a combination of Vγ and Jγ gene 

segments and the δ chain is from a combination of Vδ, Dδ, and Jδ gene segments.292 The diversity 

of the V gene segments in humans is currently most well-understood to determine γδ T cell 

location and function and this will be our focus in classifying γδ T cells moving forward. Although 

multiple Vγ and Vδ pseudogenes exist, in humans, the most commonly expressed Vγ genes 

include: Vγ2, Vγ3, Vγ4, Vγ5, Vγ8 Vγ9, and Vγ11, and the functional Vδ genes are Vδ1, Vδ2, and 

Vδ3.293 
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Subsets of γδ T cells are classified based on their Vδ expression, Vδ1, Vδ2 or Vδ3, with each subset 

demonstrating varying homing patterns and functions.294 The Vδ1 subset of γδ T cells are the most 

prominent postnatal thymic population. However, Vδ1+ γδ T cells only form a small portion of 

the γδ T cells in the peripheral blood of healthy individuals; instead, in the blood, they expand in 

response to infection or remain tissue-resident in the gut and skin.295 Vδ1+ γδ T cells show no 

preference for Vγ pairing. In contrast, Vδ2 almost exclusively pairs with Vγ9 and although mature 

human Vγ9Vδ2 cells in the circulation constitute <10% of T cells in the blood, they account for up 

to 95% of the peripheral blood γδ T cells.296 The final subset of γδ T cells, Vδ3+ γδ T cells form 

~0.2% of circulating T cells but reside primarily in the liver.297  

 

Since γδ T cells are such a rare population in the blood, there are various ex vivo expansion 

protocols for each subtype that maximize the quantity of γδ T cells that can be obtained for 

downstream applications. These expansion protocols depend on stimulation by natural ligands 

specific to each subset. Thus, we employed an expansion protocol which capitalizes on the ability 

of Vγ9Vδ2 cells to recognize and respond to metabolic intermediates of the mevalonate 

biosynthetic pathway which accumulate because of the inhibition of key enzymes by zoledronate, 

an aminobisphosphonate.298 Using this protocol, we expanded γδ T cells, from healthy peripheral 

blood donors, which were previously shown by our group and others to possess cytotoxic activity 

against neuroblastoma.299,300 

 

In addition to the γδ TCR, γδ T cells expresses distinct cell surface molecules that enable them to 

perform their functions including NK cell receptors (NKRs): natural killer group 2D (NKG2D) 

and DNAX accessory molecule 1 (DNAM-1/CD226); natural cytotoxicity receptor (NCR) family 

receptors including: NKp30 (natural cytotoxicity triggering receptor 3 (NCR3/CD337), NKp44 

(NCR2/CD336), and NKp46 (NCR1/CD335), low-affinity IgG, Fc region receptor III 

(FcγRIII/CD16), and apoptosis-inducing ligands such as tumor necrosis factor-related apoptosis 
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inducing ligand (TRAIL/TNFSF10) and Fas Ligand (FasL/CD95L/TNFSF6) (Figure 3.1). 

Assessment and characterization of cell surface markers is essential for understanding the 

function of γδ T cells and is shown in the results section of chapter IV of this dissertation 

(Supplementary Figure S4.4). In response to engagement of these receptors by various 

ligands on the surface of tumor cells, γδ T cells produce cytolytic mediators such as granzyme and 

perforin as well as cytokines like tumor necrosis factor (TNF) and IFNγ. 

 

Figure 3.1. Expression of cell surface receptors and ligands on Vδ1 and Vγ9Vδ2 γδ T 
cell subsets. Image adapted from Raverdeau et al., 2019.301  
  

3.1.2 γδ T cells in cancer 

Many studies have sought to determine the prognostic value of assessing peripheral and tumor-

infiltrating γδ T cell populations in patients with cancer. An early work ascertained that tumor-

infiltrating γδ T cells were a poor prognostic indicator in patients with breast cancer.302 However, 

a study of 39 different tumor types determined that, of all tumor-infiltrating immune cell 

populations, a γδ T cell gene signature was associated with the most favorable prognosis.241 In 

light of these contradictory data and the known distinct functions of γδ T cell subsets, there is a 

necessity for further study into the contextual roles of γδ T cells in cancer. Here, I first explore the 
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pro-tumorigenic roles of γδ T cells, followed by anti-tumorigenic functions which recommend 

these cells as effective cellular immunotherapies (section 3.1.3). 

 

The earliest insight into the protumorigenic function of γδ T cells was a tumor-infiltrating Vδ1 

population in breast cancer that reduced dendritic cell maturation and function and suppressed 

IL-2 secretion.303 Furthermore, tumor-promoting activity of γδ T cells has also been linked to their 

production of interleukin-17 (IL-17) which does not typically occur at baseline in healthy 

individuals. Increased IL-17 production by γδ T cells in patients with colorectal cancer leads to 

recruitment of immunosuppressive MDSCs and neutrophils to the TME.304 The excessive 

production of IL-17 by γδ T cells has also been linked to increased angiogenesis, proliferation of 

tumor cells, and metastasis.305,306 The balance between IFNγ and IL-17 production in the TME is 

responsible for determining the degree to which there is skewing to an anti-tumorigenic or pro-

tumorigenic milieu, respectively.307  

 

Interactions between the receptors illustrated in Figure 3.2 and ligands on the surface of tumor 

cells determine tumor cell recognition and killing by γδ T cells. Tumor cells produce 

phosphoantigens in response to increased stress and dysregulation of the mevalonate pathway.308 

Phosphoantigens bind intracellularly to butyrophilin subfamily 3 member A1 (BTN3A1/ 

CD277),309 inducing a conformational change that results in interaction of the internal domains 

of BTN2A1/BTN3A1,310 and their binding to the Vγ9 TCR chain on Vγ9Vδ2 T cells.311 The presence 

of phosphoantigens in stressed tumor cells mediates Vγ9Vδ2 T cell expansion and activation. 

Cytotoxic effector function of Vγ9Vδ2 T cells is also mediated by binding of NK cell receptors. 

Stress-induced molecules such as MHC class I chain-related proteins A and B (MICA and MICB), 

and UL16-binding proteins (ULBPs) bind NKG2D to mediate this cytotoxic function.312,313 

Another NK cell receptor expressed on Vγ9Vδ2 T cells, DNAM-1, binds Nectin-2 (CD112) and 

poliovirus receptor (PVR/CD155).314 Engagement of the NK receptors with tumor cells either 
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results in release of cytolytic granules with granzyme/perforin315 or soluble TRAIL to induce 

apoptosis.316 Ligation of death receptors by TRAIL and FASL/CD95L expressed on γδ T cells is 

another mechanism of tumor cell killing.  

 

Since these receptor-ligand interactions regulate effector function of Vγ9Vδ2 T cells, the 

expression of stress antigens and DNAM-1 ligands in SK-N-AS neuroblastoma cells is assessed in 

Supplementary Figure S4.5 in the results section of Chapter IV. Finally, antibody-mediated 

cell-mediated cytotoxicity (ADCC) is another mechanism by which γδ T cells interact with and kill 

tumor cells. The Fc region of therapeutic antibodies binds the FcγRIII (CD16) on Vγ9Vδ2 γδ T 

cells, resulting in release of cytolytic mediators such as granzyme and perforin (Figure 3.2).317,318 

 

Finally, γδ T cells mediate tumor cell killing indirectly by the release of IFNγ and TNF that 

stimulate CD8 T and NK cells. IFNγ released from γδ T cells induces MHC I expression on tumor 

cells making them more targetable by CD8 T cells.319 Although not the prototypical antigen-

presenting cells, Vγ9Vδ2 γδ T cells are capable of presenting tumor antigens, increasing tumor 

cell targeting by CD8+ cytotoxic T cells (Figure 3.2).320-322 This process of antigen presentation 

by Vγ9Vδ2 γδ T cells is licensed by their recognition and processing of antibody-opsonized tumor 

cells.323 Expression of 41BBL (CD137L/ TNFSF9) by γδ T cells allows their interaction with 41BB 

(CD137/ TNFRSF9) on NK cells, stimulating NK cell- mediated cytotoxicity.324 Additionally, γδ T 

cells promote B cell tumor-targeting antibody production and class switching through release of 

IL2, IL4, and IL10 (Figure 3.2).325,326 
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Figure 3.2. Antitumorigenic effects of γδ T cells are mediated through direct interaction 
with tumor cells or regulation of other immune cells including B cells, CD4 and CD8 T cells, and 
NK cells. Image adapted from Mensurado et al., 2023.327  
 

3.1.3 γδ T cells as an immunotherapy 

The utility of γδ T cells as immunotherapeutic tools is illustrated by the numerous anti-

tumorigenic functions in section 3.1.2. One advantage over their counterpart, αβ T cells, is their 

MHC-independence, enabling allogeneic donors with potentially healthier immune systems to 

provide off-the-shelf therapeutic products. Much of the focus on developing γδ T cells for 

immunotherapy has initially relied on Vγ9Vδ2 γδ T cells. This dependence on the Vγ9Vδ2 γδ T 

cell population is probably because of their abundance (when compared to Vδ1s) in peripheral 

blood. Initially, these studies attempted to stimulate in vivo expansion and activation of the 

Vγ9Vδ2 γδ T cell compartment with IL-2, and bisphosphonates like pamidronate or zoledronate 

(or other synthetic phosphoantigens like bromohydrin pyrophosphate (BrHPP)) in patients with 
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neuroblastoma,328 prostate cancer,329 breast cancer,330 renal cell carcinoma,331 and lymphoid 

malignancies.332 These phase I clinical trials demonstrated the safety and general tolerability of 

in vivo expansion of Vγ9Vδ2 γδ T cells; however, there was little to no clinical response in 

corresponding phase II trials.333 

 

The relative ease of ex vivo expansion of Vγ9Vδ2 γδ T cells using stimulants such as zoledronate 

and IL-2 allowed for allogeneic donors to be considered for γδ T cell immunotherapy. This was an 

important development considering the likelihood that patients with cancer are 

immunocompromised and their in vivo expanded γδ T cells may be ineffective as antitumorigenic 

agents. An additional advantage of the adoptive transfer of γδ T cells is their ability to be modified 

ex vivo to be drug-resistant,334 to express CARs targeting tumor-associated antigens,335,336 

including GD2,337 or to express a CAR of the external domain of NKG2D.338 Of these approaches, 

the phase I clinical trial of TMZ-resistant γδ T cells (NCT04165941) for treatment of glioblastoma 

multiforme showed little or no dose-limiting toxicities and promising trends in progression-free 

survival; this trial continues to recruit patients through 2023.327 Data are not yet available for the 

NKG2DL-targeting phase I clinical trial (NCT04107142). 

 

The limitations surrounding a clinically translatable Vδ1 expansion product have been recently 

overcome by the development of two Good Manufacturing Practices (GMP)-compliant methods 

that deplete the Vδ2+ populations in PBMCs and expand Vδ1+ cells using a combination of 

cytokines.339,340 As such, CAR Vδ1 γδ T cells have been generated to target CD123 in acute myeloid 

leukemia (AML),341 CD20 in B-cell malignancies (NCT04735471), and glypican-3 (GPC3) in 

hepatocellular carcinoma.342 

 

Another immunotherapy that employs γδ T cells or their TCR machinery are cell engagers. Cell 

engagers are antibody constructs that are typically designed to bring immune and target cells into 

https://classic.clinicaltrials.gov/ct2/show/NCT04165941
https://www.clinicaltrials.gov/study/NCT04107142?term=NCT04107142&rank=1
https://www.clinicaltrials.gov/study/NCT04735471?intr=ADI-001&rank=1
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proximity to allow for targeted cancer cell killing. Bispecific T-cell engagers (BiTEs) are bispecific 

antibodies with a fused anti-γδ TCR and anti-tumor antigen have been designed to target CD123 

in AML,343 CD1d and CD40 in chronic lymphocytic leukemia (CLL),344-346 EGFR in colon cancer,347 

and ERBB2 in pancreatic adenocarcinoma.348 Since Vγ9Vδ2 γδ T cells are stimulated by 

BTN2A1/BTN3A1 engagement and the conformational change that results from phosphoantigen 

accumulation in tumor cells, another engager, a BTN3A1 agonist was designed to induce the same 

conformational change, rendering tumor cells more recognizable to Vγ9Vδ2 γδ T cells.349 γδ TCR 

anti-CD3 bispecific molecules (GABs) are another class of engagers which are designed to express 

an anti-CD3 (single-chain, variable fragment) scFV and a tumor-reactive Vγ9Vδ2 TCR to enable 

phosphoantigen-dependent tumor recognition by αβ T cells.350 Finally, a recent PD-L1/CD3 BiTE-

secreting HLA-G-expressing CAR Vγ9Vδ2 γδ T cell was designed to effectively target NSCLC and 

triple negative breast cancer (TNBC) cells, directly killing tumor cells and recruiting other 

immune populations such as NK cells and CD8+ cytotoxic T cells to the TME.351 

 

Recent developments in immunotherapy seek to combine the advantages of persistence, helper 

activity, and robust effector function of αβ T cells with the broad recognition of tumor cells by γδ 

T cells. This approach generates autologous T cells engineered with defined γδ TCRs (TEGs) and 

counteracts the downregulation of tumor-associated antigens, a well-established mechanism of 

tumor escape of CAR αβ T cell therapies.327 These engineered T cells were generated for testing in 

models of acute myeloid leukemia, high-risk myelodysplastic syndrome, and multiple 

myeloma.352-354 A clinical phase I trial of TEG002 (NCT04688853) for relapsed/refractory 

multiple myeloma is estimated to be completed in 2024. 

 

Currently, several combination treatments that either enhance innate γδ T cells or synergize with 

infused γδ T cell products are being explored. In cancers with HLA class I defects, γδ T cells were 

found to be the effectors of checkpoint inhibitor immunotherapy.355 There is also precedent for γδ 

https://clinicaltrials.gov/study/NCT04688853?id=NCT04688853&rank=1
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T cell immunotherapy in neuroblastoma. Human γδ T cells in combination with IL-2 (or 

zoledronate, IL-15, and IL-18) were found to recognize and kill neuroblastoma cell lines and 

tumor-initiating cells, respectively in in vitro models.356,357 Additionally, a combination 

immunotherapy with γδ T cells, hu14.18, a GD2-targeting antibody, and Fc-IL7 immunocytokine 

extended survival in a disseminated neuroblastoma mouse model.358 The Vδ1 T cell subset was 

also effective in cytolysis of neuroblastoma cells.359 These studies were performed almost 20 years 

prior to the writing of this dissertation. More recently, a combination of γδ T cells (from 

neuroblastoma patient apheresis products), TMZ and dinutuximab was found to effectively 

regress subcutaneous neuroblastoma tumors in murine models.299 Another elegant publication 

established a robust pipeline for selection of potent donor γδ T cell products for use in 

neuroblastoma immunotherapy trials.300 Based on this and other work, there is currently a phase 

I clinical trial recruiting patients with refractory, relapsed, or progressive neuroblastoma to be 

treated with an allogeneic γδ T cell product in combination with dinutuximab, irinotecan, 

temozolomide, and zoledronate (NCT05400603). The results in chapter IV of this dissertation 

examine a role for YAP inhibition in improving the efficacy of a combination of GD2-targeting 

antibodies and γδ T cells. Thus, in section 3.2, GD2 and its role as an immunotherapeutic target 

in neuroblastoma is covered. 

 

3.2 The glycosphingolipid GD2 and its biological significance 

3.2.1 Glycobiology and biosynthesis of GD2 

Glycosphingolipids are a class of lipids that have a ceramide backbone (sphingosine with a fatty 

acid residue) to which carbohydrate groups are added.360 Ceramide (Cer) is synthesized on the 

cytosolic surface of the ER and transported to the Golgi complex.361 Gangliosides are a specific 

class of sialic acid-containing glycosphingolipids that consist of a Cer tail, glucose (Glc) is linked 

to the Cer, followed by galactose (Gal) and N-acetylgalactosamine (GalNAc) (Figure 3.3). The 

https://www.clinicaltrials.gov/study/NCT05400603?id=NCT05400603%20&rank=1
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number of sialic acid (NeuAc) residues attached to the Gal residue determines classification into 

series: 0, 1, 2, and 3 NeuAc residues are 0-, a-, b-, and c-series respectively (Figure 3.3). 

 

Figure 3.3. Ganglioside biosynthesis. Adapted from Sterner et al., 2017.362 

 

The addition of sugar groups to construct a ganglioside consists of consecutive reactions catalyzed 

by enzymes, membrane-bound sialyltransferases and glycosyltransferases, that reside in the Golgi 

complex. The regulation of these enzymes is mainly through transcriptional mechanisms; 

however, post-translational modifications have also been demonstrated to alter their activity.363 

Gangliosides are then trafficked in vesicles to the cell surface and are distributed on the plasma 

membrane, with glycan moieties pointed externally, clustering with cholesterol in structures 

called glycolipid enriched microdomains (GEMs) or lipid rafts.  

 

Gangliosides are expressed in every mammalian tissue; however, they are specifically enriched in 

the brain and nervous tissue. Genetic defects in ganglioside biosynthesis are rare and constitute 
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mutations in GM3 synthase (ST3GAL5) and GM2/GD2 synthase (B4GALNT1) that lead to 

infantile-onset epilepsy and complex hereditary spastic paraplegia, respectively.364-366 

Glycosphingolipid storage disorders are slightly less rare and are caused by defects in 

glycosphingolipid (including ganglioside) catabolism, leading to glycosphingolipid accumulation 

in lysosomes. Ganglioside metabolic errors are also implicated in neurodegenerative disease.367 

Gangliosides function as signaling molecules at the surface of the cell, mediating adhesion, and 

cell-to-cell recognition. Furthermore, gangliosides protect host cells from autoimmunity but may 

be exploited as recognition sites for pathogens including bacteria, parasites, and viruses.367 

Intracellularly, gangliosides regulate calcium homeostasis, affecting the ER stress response; when 

this process is dysregulated, apoptosis is triggered.368 

 

The structure of the disialoganglioside GD2, as its name suggests, consists of 2 sialic acid residues 

and is highlighted in the red box in Figure 3.3. The discovery of GD2 was initially made because 

of the antibodies that were generated in response to its expression on the surface of fetal brain 

and melanoma cells.369,370 GD2 was later detected on neuroblastoma cells by targeting with GD2-

specific monoclonal antibodies.371 

 

3.2.2 GD2 expression in cancers including neuroblastoma 

Changes in glycosylation and sialylation at the cell surface may lead to generation of tumor-

associated antigens, including gangliosides.372 The increased expression of gangliosides is not 

inert; because of their residence in lipid rafts, gangliosides have been determined to regulate RTK 

signaling by rearrangement of RTK intracellular domains to allow for dimerization and activation, 

or through direct ganglioside-RTK binding.373 The complex ganglioside GD2 leads to increased 

proliferation in breast cancer through activation of the RTK, c-Met.374 Increased expression of 

gangliosides, particularly GD2 and GD3, is reported to occur in numerous cancers including 

breast cancer,375 Ewing Sarcoma,376 glioma,377 melanoma,378neuroblastoma,379 small cell lung 



 

 

49 

cancer,380 and osteosarcoma.381 Moreover, gangliosides may be shed into the extracellular 

environment where they can act as immunosuppressive factors.382  

 

In solid tumors other than neuroblastoma, GD2 has been determined to modulate a wide variety 

of oncogenic functions ranging from proliferation and invasion,383 to immune evasion but the 

mechanisms underlying these phenotypes have not been fully elucidated.384 While the body of 

literature validating GD2 as a ubiquitously expressed neuroblastoma antigen is vast, there is 

limited data on its functional role in the disease. The ability of GD2 to mediate attachment of 

neuroblastoma cells to the extracellular matrix may nominate it as a regulator of invasion, leading 

to metastasis but this has not been proven directly.385 Instead of functional studies, much of the 

initial focus on the role of GD2 in neuroblastoma was on its expression being of clinical prognostic 

value, later shifting to spotlight its potential as a therapeutic target. Cultured neuroblastoma cell 

lines and primary tumors from patients were determined to express high levels of GD2; 

additionally, serial assessment of serum levels of GD2 were positively correlated with 

neuroblastoma disease progression.379,386 Another study determined that patients with localized 

neuroblastoma who had GD2-positive cells in their bone marrow had worse overall survival than 

those who did not.387 These and other publications established interest in determining whether 

GD2 was a promising therapeutic target in neuroblastoma.  

 

3.3 GD2-targeting immunotherapies   

3.3.1 GD2 as a cancer immunotherapeutic target  

The first GD2-targeting therapies to be approved for clinical use were monoclonal antibodies 

(mAbs). Murine, humanized, and chimeric (human/murine) antibodies have been tested in 

clinical trials including murine 3F8 (m3F8), naxitamab/humanized 3F8 (Hu3F8), murine 14G2a, 

humanized 14.18K322A (hu14.18K322A) (not depicted),388 dinutuximab (ch14.18), and 

dinutuximab-beta (Figure 3.4).389 The difference between dinutuximab and dinutiximab-beta is 
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the organism in which these antibodies are raised: dinutuximab is generated in mice and 

dinutuximab-beta, hamsters. Although these mAbs have similar specificity to GD2, to date, the 

mAb with the greatest binding affinity is humanized 3F8.362 

Figure 3.4. Structures of GD2-targeting monoclonal antibodies. Adapted from Mora et 

al., 2016 390 

 

In 2015, the chimeric IgG1 anti-GD2 mAb, dinutuximab was the first GD2-targeting drug to be 

approved for clinical use.391 This approval occurred after results of a phase III clinical trial 

demonstrated significant increases in event-free and overall survival when dinutuximab, GM-

CSF, IL-2, and isotretinoin were used for treatment of patients with high-risk neuroblastoma.392 

The mechanism of action of dinutuximab is primarily complement-dependent cytotoxicity and 

ADCC, as well as phagocytosis of neuroblastoma cells.389 The normal expression of GD2 on 

healthy nervous tissue resulted in toxicities including neuropathic pain. However, long-term 

follow-up of this trial still shows that patients who received the combination of dinutuximab, GM-

CSF, IL-2, and isotretinoin versus isotretinoin only had significantly increased event-free and 

overall survival at 5 years.393 In 2017, dinutuximab-beta (Qarziba®) was approved by the 

European Medicines Agency for treating patients with high-risk neuroblastoma. In 2020, 

naxitamab or Hu3F8 (with GM-CSF) was approved for use in patients with relapsed/refractory 
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high-risk neuroblastoma in bone or bone marrow (NCT03363373) and is currently being tested 

in a phase I trial for patients with recurrent osteosarcoma (NCT02502786). 

 

Although GD2 has primarily been targeted in neuroblastoma, as previously mentioned, it is highly 

expressed in many cancers. Some brain cancers, like gliomas, express high levels of GD2. 

Preclinical testing of 4-1BB-based (with a 14G2A scFV) anti-GD2 CAR T cells in H3K27M-mutant 

diffuse midline gliomas demonstrated significant extension in survival, with complete tumor 

regression in some mice, and limited toxicity.394 A phase I clinical trial (NCT04196413) was 

initiated which within 2 years showed significant clinical improvement and radiographic 

reduction in tumor volume of patients with diffuse intrinsic pontine glioma, an extremely 

aggressive cancer.395 

 

There are no GD2-targeting CAR T cells which have yet been approved by the Food and Drug 

Administration (FDA) as all currently approved CAR T cell therapies exist only for blood 

malignancies. A recent phase I/II clinical trial with autologous GD2-CAR T cells for treating 

relapsed/refractory high-risk neuroblastoma provided exciting results and will be described in 

section 3.3.2.396 However, as reported on ClinicalTrials.gov, there are at least 60 (phase I/II) 

clinical trials worldwide investigating novel GD2-targeting therapies in a range of solid tumors 

including diffuse intrinsic pontine glioma, Ewing sarcoma, melanoma, neuroblastoma, 

osteosarcoma, and SCLC.  

 

3.3.2 Optimizing response to anti-GD2 immunotherapy 

Although GD2 is ubiquitously expressed in neuroblastoma, GD2 expression levels vary in cell line 

models, and anecdotal data suggests that GD2 expression on neuroblastoma tumors may be 

downregulated post-chemotherapy. There have been recent efforts to increase GD2 levels on 

neuroblastoma cells or to optimize GD2 targeting in models that express low levels of GD2. 

https://www.clinicaltrials.gov/study/NCT03363373?id=NCT03363373&rank=1
https://clinicaltrials.gov/study/NCT02502786
https://clinicaltrials.gov/study/NCT04196413?lead=mackall&rank=3
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Antibody-drug conjugates that combine ch14.18 and the antimitotic drugs (that inhibit tubulin 

polymerization) monomethyl auristatin E (MMAE) or F (MMAF), respectively were used to treat 

breast cancer, glioma, melanoma, neuroblastoma, and osteosarcoma cell lines with varying levels 

of GD2 expression in vitro.397 Since the drug-to-antibody ratio can be altered in ADCs, this 

represents a promising approach to targeting cells with low expression of GD2.397  

 

Another strategy to improve efficacy of anti-GD2 targeting immunotherapies is to increase the 

expression of GD2 at the surface of neuroblastoma cells that express it at lower levels. Published 

studies have used epigenetic modulators such as histone deacetylase (HDAC) inhibitors, valproic 

acid,398 or vorinostat,399 or the EZH2 inhibitor, tazemetostat400 to increase the expression of 

ST8SIA1, the gene encoding GD3 synthase (GD3S) involved in GD2 biosynthesis; thus, increasing 

GD2 cell surface expression. One of these studies determined that the pan-HDAC inhibitor, 

vorinostat, supplemented with a sialic acid analog, significantly increased GD2 surface 

expression.399 The combination of epigenetic inhibition and anti-GD2 antibody or CAR T cell 

treatment was effective in reducing tumor burden in both orthotopic and disseminated 

neuroblastoma models in mice.400,401 Thus, a combination of anti-GD2 treatment and epigenetic 

inhibition may be effective for patients determined to have neuroblastoma tumors with reduced 

GD2 expression. 

 

The combination of GD2-targeting mAb, dinutuximab, GM-CSF, and isotretinoin, while effective, 

still is not curative in a percentage of patients with high-risk neuroblastoma. Thus, there are 

redoubled efforts to determine other targets, immunotherapeutic or otherwise, that might 

synergize with anti-GD2 therapies. One such approach combines dinutuximab with an anti-CD47 

mAb and effectively potentiates phagocytosis of neuroblastoma (as well as osteosarcoma and 

SCLC) cells by macrophages.402 The mechanism of action of this combination is simultaneous 

blocking of an inhibitory sialic-acid-binding immunoglobulin-like lectin-7 (Siglec-7)-GD2 
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interaction and CD47, a checkpoint molecule expressed on tumor cells that inhibits phagocytosis 

by macrophages.402  Unfortunately, the phase I clinical trial (NCT04751383) of this combination, 

magrolimab (anti-CD47 mAb, Hu5F9-G4) and dinutuximab for treatment of patients with 

relapsed/refractory neuroblastoma or relapsed osteosarcoma, was suspended for unacceptable 

toxicities. 

 

Additionally, fatal neurotoxicity was induced in mice with neuroblastoma receiving a GD2-

targeting CAR T cell with a 4-1BB or CD28-co-stimulatory domain.403,404 However, this 

observation was not universal with the use of GD2-targeting CAR T cells of similar design.405 To 

minimize the potential for on-target, off-tumor toxicity of targeting GD2, a GD2-B7-H3 (CD276) 

SynNotch CAR T cell was constructed that is ‘AND-gated’, meaning that the targets killed by these 

CAR-T cells must express both GD2 and B7-H3 which increases their specificity toward 

neuroblastoma cells only.404 GD2-targeting CAR T cells administered with cyclophosphamide and 

fludarabine for lymphodepletion in patients with neuroblastoma showed modest response, and 

the addition of PD-1 inhibition did not improve efficacy.406 This result was surprising considering 

the ability of PD-1 blockade to reduce activation-induced cell death of GD2-targeting CAR T cells 

in a phase I clinical trial for the treatment of metastatic melanoma.407 

 

Until 2023, clinical trials of GD2-directed αβ CAR T cells alone for the treatment of patients with 

neuroblastoma showed minimal toxicity or efficacy.408,409 However, in a phase I/II clinical trial 

testing an autologous, third-generation CAR T cell targeting GD2 (GD2-CART01), del Bufalo et 

al. demonstrated an impressive overall response rate of 63% in patients with relapsed/refractory 

high-risk neuroblastoma.396 One of 27 patients experienced severe treatment-related toxicity, 

cytokine release syndrome, and the inducible caspase 9 suicide gene was activated to effectively 

eliminate the GD2-CART01 CAR T cells.396  The overall survival at 3 years was 60% in patients 

receiving the complete dosing regimen, providing first evidence of an effective and safe GD2-

https://clinicaltrials.gov/study/NCT04751383
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targeting CAR T cell for use as a single treatment for relapsed/refractory high-risk 

neuroblastoma.396  

 

Apart from αβ CAR T cells, Vα24-invariant natural killer T cells (NKTs) have also been generated 

to express a GD2-targeting  CAR and IL-15 which increases the in vivo efficacy and persistence of 

CAR-NKTs in mice.410 In a phase I clinical trial treating patients with relapsed or refractory 

neuroblastoma, GD2-specific CAR-NKTs were found to result in objective response in 25% of 

patients treated and persistence and anti-tumor activity of CAR-NKTs was increased by inhibition 

of BTG anti-proliferation factor 1 (BTG1). 411,412 These studies all provide a rationale for 

determining approaches that will increase GD2 surface expression to improve the efficacy of 

treatments targeting this disialoganglioside in neuroblastoma.  
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Chapter IV: The Yes-Associated Protein (YAP) promotes resistance to anti-GD2 

immunotherapy in neuroblastoma through downregulation of ST8SIA1. 

 

4.1 Introduction  

Clinical outcomes for children with the extracranial solid tumor neuroblastoma remain 

unsatisfactory. Following intensive multimodal treatment, greater than half of patients with high-

risk neuroblastoma relapse with a substantially reduced chance for cure.1,14,15,413 To improve 

outcomes for these patients requires a greater understanding and therapeutic targeting of 

pathways regulating disease recurrence. Relapsed neuroblastoma is characterized by an increased 

frequency of genomic alterations that activate the RAS-MAPK pathway, such as activating 

mutations in ALK, KRAS, NRAS, HRAS, PTPN11 and inactivating mutations of NF1 and 

PTPN14.10,11,414 In its active state, PTPN14 inhibits the nuclear localization of the Yes-associated 

protein (YAP) to prevent YAP-mediated transcription.10-12,28,415 Accordingly, the same genome-

wide association studies of relapsed neuroblastomas also identified a significant increase in YAP 

transcriptional activity, suggesting a potential role for YAP in recurrent neuroblastoma.12 

 

YAP is a transcriptional co-regulator that primarily binds to TEAD family transcription 

factors.193,416 YAP and TEAD transcriptionally activate or repress downstream target genes, 

contributing to cell proliferation, self-renewal and survival in many cancers, including 

neuroblastoma.204,417 YAP is highly expressed in neuroblastoma cells that demonstrate an 

undifferentiated mesenchymal phenotype, which is characteristically chemotherapy 

resistant.12,132 Using paired high-risk neuroblastoma tumors derived from the same patient at 

diagnosis and at tumor recurrence following chemotherapy, we have previously shown increased 

YAP expression and transcriptional activity at relapse.118 Genetic inhibition of YAP delayed tumor 

growth and sensitized NRAS-mutated neuroblastoma xenografts to cytotoxic chemotherapy and 

MEK inhibitor treatment in vivo, yet failed to have the same effects in vitro, suggesting YAP plays 
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a crucial role driving therapy resistance within the solid tumor microenvironment (TME).118,119 

RNA sequencing of neuroblastomas with and without YAP genetic knockdown revealed that YAP 

suppresses the BH3 pro-death gene, HRK, to attenuate chemotherapy and MEK inhibitor 

responses in vivo.118 Therefore, YAP upregulation following chemotherapy and relapse promotes 

therapy resistance in high-risk neuroblastoma through transcriptional repression of genes that 

play a role in the TME. 

 

A common approach to treating patients with chemotherapy resistant, relapsed neuroblastoma 

uses immunotherapies targeting neuroblastoma-specific tumor antigens. The glycosphingolipid 

GD2 is expressed on the surface of neuroblastomas,386,418,419 and the introduction of humanized 

monoclonal antibodies targeting GD2 (i.e. dinutuximab) significantly improved survival for newly 

diagnosed patients with high-risk disease.392,393 Anti-GD2 antibodies have also been combined 

with cytotoxic chemotherapy (“chemoimmunotherapy”), which demonstrated impressive 

response rates for relapsed neuroblastoma and resulted in GD2 chemoimmunotherapy becoming 

the most widely used salvage therapy for patients with refractory or relapsed disease.14,420 

Unfortunately, not all patients respond to GD2-targeting immunotherapies and robust 

biomarkers of response are so far lacking, leaving many to suffer toxicities with no clinical 

antitumor benefit.393,421,422 

 

Resistance to immunotherapy can be caused by lack of expression or downregulation of the cell 

surface target of interest.423 Indeed, GD2 can become downregulated following therapy and 

neuroblastoma recurrence.424-426 Recent studies also suggest that mesenchymal neuroblastomas 

resist GD2-targeted therapies via inhibition of GD2 synthesis, yet the role for YAP, a canonical 

mesenchymal marker, has not been explored.400 Given the increased expression and activity of 

YAP in relapsed neuroblastoma, and its role in mediating cytotoxic and targeted therapy 

resistance, we posited that YAP plays a role in GD2 immunotherapy response. Here, we 
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demonstrate for the first time that YAP genetic inhibition sensitizes neuroblastomas to anti-GD2 

antibody in vitro and in vivo. We further show that YAP transcriptionally suppresses ST8SIA1 

that encodes GD3 synthase, the rate-limiting enzyme for GD2 synthesis, supporting that YAP 

inhibition can be leveraged therapeutically to enhance patient responses to immunotherapeutic 

approaches targeting GD2.  
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4.2 Materials and Methods  

Cell culture  

Human-derived neuroblastoma cell lines, CHLA-255, NLF, and SK-N-AS were cultured in RPMI 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37°C, 5% 

CO2. Cell lines were routinely STR genotyped and resulting identities were confirmed to match 

the COG cell line database (cccells.org). Cells were also verified to be free of Mycoplasma 

contamination using the MycoAlert contamination kit (Lonza).  

  

Generation of stably transduced cell lines  

YAP was genetically inhibited in SK-N-AS cells using short hairpin RNA (shRNA) as previously 

described.118 TAZ was genetically inhibited in SK-N-AS cells using three independent constructs 

expressing TAZ-targeting shRNAs (Genecopoeia LVRU6H-a (shTAZ1), LVRU6H-b (shTAZ2), 

and LVRU6H-c (shGD3S-2)) and a hygromycin selection marker.118 GFP-empty, GFP-YAP 5SA, 

and GFP-YAP S94A constructs were ectopically expressed in SMS-SAN. ST8SIA1 was genetically 

inhibited in shYAP cells as previously published using two independent constructs expressing 

ST8SIA1-targeting shRNAs (Genecopoeia LVRU6H-b (shGD3S-1) and LVRU6H-c (shGD3S-2)) 

and a hygromycin selection marker.118 The equivalent non-targeting control vectors were 

transduced appropriately (Sigma SHC016 (control) and Genecopoeia CSI-neg-LVRU6H (LV 

control)). Cells with successful lentiviral transduction were selected with 2ug/mL puromycin 

(YAP constructs) and 150ug/mL hygromycin (TAZ and ST8SIA1 constructs).  

 

Western blot analysis  

Neuroblastoma cells were harvested with versene (ThermoFisher Scientific) and lysed in CHAPS 

buffer (10 mM HEPES, 150 mM NaCl, 2% CHAPS) supplemented with 1% PMSF, 1% Protease 
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Inhibitor Cocktail (Roche), and 4% sodium orthovanadate on ice for 2 hours. Debris was cleared 

from resulting lysates by centrifugation at 8000 rcf for 15 mins. Protein concentration was 

quantified by Bradford assay. 25 ug of total protein was loaded on 4-12% NuPage Bis-Tris gels 

(ThermoFisher Scientific) and electrophoresed at 200V for 35 mins. Separated proteins were 

transferred onto polyvinylidene difluoride (PVDF) membranes at 30V for 90 minutes. Primary 

antibodies were diluted in 5% blocking buffer (Bio-Rad) in tris-buffered saline with Tween 20 

(TBST) overnight and secondary anti-rabbit or anti-mouse HRP for 2 hours as appropriate. 

Membranes were imaged by chemiluminesence using Pierce ECL substrate (Thermofisher 

Scientific). See Supplementary Table S1 for antibody information.   

 

Gamma delta (γδ) T cell expansion   

γδ T cells were expanded under our 12-day protocol as previously described with αβ T cell 

depletion on day 6 of culture from healthy donor peripheral blood mononuclear cells.300 The 

expanded γδ T cell population was profiled by flow cytometry with antibodies: CD3-BV421, CD56-

APC-R700, CD16-BV480, and αβ-TCR-PE or γδ-TCR-PE and used between days 12 and 14 in the 

cytotoxicity assays described below.32 See Supplementary Table S2 for antibody information.  

  

Cytotoxicity assays  

Bioluminescence-based  

GFP-luciferase-tagged neuroblastoma cell lines were plated at 34,000/well in RPMI 

supplemented with 10% heat-inactivated FBS in 96-well plates and allowed to adhere overnight. 

The following day, γδ T cells were added at increasing effector-to-target (E:T) ratios (0:1, 1:1, and 

5:1), with and without 5ug/mL dinutuximab. Co-cultures were incubated for 4 hours prior to the 

addition of luciferin (75ug/mL, PerkinElmer) for detection of viable target (NB) cells. 
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Luminescent signal was detected using the Promega GloMax™-Multi Detection System. The 

calculation of death was performed using the following formula: %specific lysis = 100 x 

(spontaneous death RLU – test RLU)/ (spontaneous death RLU – maximal killing RLU) where 

RLU is an abbreviation for relative luminescence units.  

 

Flow cytometry-based  

Neuroblastoma cells were labeled with Violet Proliferation Dye 450 (VPD450, BD Biosciences) 

and plated in RPMI supplemented with 10% heat-inactivated FBS at 200,000 cells/well in 24-

well plates and allowed to adhere overnight. The following day, fresh γδ T cells from expansion 

day 12 or 14 were added to neuroblastoma cells for co-culture at increasing E:T ratios (γδ T cells-

to-neuroblastoma cells) (0:1, 1:1 and 5:1) in the presence and absence of dinutuximab (5 ug/mL, 

United Therapeutics). Cells were incubated together for 4 hours and then harvested with accutase 

(GeminiBio).  Cells were washed with PBS and resuspended in Annexin V binding buffer 

(Biolegend), stained with Annexin V-APC antibody (Biolegend) and analyzed immediately on the 

Aurora Cytek spectral flow cytometer.  Prior to acquisition, BD Via-Probe cell viability solution 

(BD Biosciences) was added to the cell suspension. Unmixing of flow cytometry data was 

performed at the cytometer with further data analysis and gating performed using FlowJo v10.8.1 

(FlowJo, LLC) software. See Supplementary Figure S4.1 for gating strategy.  

  

Detection of human IFNγ by enzyme-linked immunosorbent assay (ELISA)  

Human IFNγ was detected using a commercial kit (Biolegend). Supernatants were harvested from 

cytotoxicity assays in which SK-N-AS control, shYAP1 and shYAP2 neuroblastoma cells were co-

cultured with γδ T cells at E:T ratios of 0:1, 1:1, and 5:1 for 4 hours. Briefly, supernatants were 

centrifuged to remove cell debris. IFNγ standards were generated by reconstituting recombinant 
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IFNγ (Biolegend) in sterile deionized water. Concentrations of IFNγ in samples and standards 

were determined per manufacturer’s instructions. The BioTek Synergy Mx Microplate reader was 

used to read absorbance at 450nm.  

  

Flow cytometry  

GD2 staining of neuroblastoma cell lines and xenografts  

Cells were harvested with versene (Gibco), washed in phosphate-buffered saline (PBS), followed 

by resuspension in FACs buffer (PBS, 10% FBS, 0.1% sodium azide, 5mM EDTA), and then stained 

with the live-dead stain, fixable viability stain 780 (BD Biosciences), by incubation at room 

temperature protected from light. Cells were then washed and stained with Isotype-BV421/ GD2-

BV421 only for in vitro GD2 characterization and CD45-PerCP-Cy5.5, CD56-PE, CD81-FITC, 

Isotype-BV421/ GD2-BV421, for in vivo GD2 characterization at room temperature, washed twice 

in FACs buffer and resuspended for data acquisition on the Cytek Aurora 5-laser spectral flow 

cytometer. Negative controls were fluorescence minus one (FMO) controls for NBx28r and 

SKNAS CDX, unstained for NBx14r, NBx27, NBx 34R (due to lack of tissue availability). All 

neuroblastoma patient-derived xenografts (PDXs) were passage 2 or less. Data was analyzed 

using FlowJo version 10.9.0. See gating strategy (in vitro) in Supplementary Figure S4.2. See 

Supplementary Table S4.3 for antibody information.  

  

Determination of γδ T cell activation state (CD107a staining)  

Neuroblastoma cells (SK-N-AS control, SK-N-AS shYAP1, and shYAP2) were co-cultured with γδ 

T cells at an E:T ratio of 1:1 as described in the flow cytometry-based cytotoxicity assay protocol 

above. CD107a-PE Cy7 antibody was added to each well 30 minutes after the cytotoxic assay was 

started. GolgiStop (BD Biosciences) was added one hour later at a final concentration of 
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0.7uL/mL. At the endpoint, γδ T cells were harvested and stained with CD3-BV421, CD56-APC-

R700, and γδ TCR-PE, washed twice in FACs buffer and resuspended for data acquisition on the 

Cytek Aurora 5-laser spectral flow cytometer. See Supplementary Table S4.2 for antibody 

information. Data was analyzed using FlowJo version 10.8.1.   

  

Extensive characterization of γδ T cells pre- and post-cytotoxicity assay  

Neuroblastoma cells (SK-N-AS control, shYAP1, and shYAP2) and γδ T cells were co-cultured at 

a 1:0 or 1:1 E:T ratio for 24 hours. The γδ T cells were harvested at 24 hours and profiled using 

our previously published extensive characterization panel.300 See Supplementary Table S4 for 

antibody information.  

  

Reverse transcription quantitative real-time PCR (RT-qPCR)  

RNA was extracted from neuroblastoma cell lines using the TRIzol (Ambion)-chloroform 

(Millipore Sigma) extraction method and quantified using a NanoDrop 2000 (Thermo Scientific). 

cDNA was prepared from 2ug RNA by using the high-capacity cDNA reverse transcription kit 

(Applied Biosystems) per manufacturer’s protocol. For real-time qPCR, SYBR green reagent 

(Applied Biosystems) was used with the primers listed in Supplementary Table S5. Gene 

expression was normalized to GAPDH and HPRT using the CFX96 Touch Real-Time PCR 

Detection System software (Bio-Rad).  

  

Mouse xenograft in vivo studies  

All animal studies were conducted in accordance with policies set forth by the Emory University 

Institutional Animal Care and Use Committee (IACUC).  Our protocol was approved by the Emory 
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IACUC (PROTO201700089).  Euthanasia was performed by asphyxiation with CO2 and cervical 

dislocation.  4 x 106 SK-N-AS cells were combined at a 1:1 ratio (by volume) with Matrigel 

(Corning) and injected subcutaneously into the flank of 4 – 6-week-old female and male NOD-

scid IL2Rgammanull (NSG) mice (The Jackson Laboratory). Tumor volume was calculated using 

the formula: length x width x height x p/6. When tumors grew to a volume of 100-200mm3, mice 

were randomized to the treatment groups. Mice receiving the full regimen were treated on days 1, 

4, 7 and 10 with 75mg/kg cyclophosphamide (McKesson) intraperitoneally; on days 2, 8, and 14 

with 100ug dinutuximab intravenously; on days 3, 6, 9, 12, 15, and 18 with 2.5 x 106 γδ T cells 

(expanded from healthy human blood as described above) intratumorally. Mice were sacrificed 

when tumor burden reached IACUC-prescribed limit based on tumor volume (1500mm3) and 

physical burden. Tumors were harvested and mechanically dissociated to extract RNA and protein 

to perform RT-qPCR, western blots, and flow cytometry as described above.  

 

Statistical analyses   

GraphPad Prism v9.4.1 was used to perform all statistical analyses. For pairwise comparisons 

throughout, unpaired t-tests with Welch’s correction were calculated. Kaplan-Meier survival plots 

were generated for in vivo investigations, and log rank test performed to determine statistical 

significance.   
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4.3 Results  

Neuroblastoma cell lines that express high YAP and low GD2 are resistant to 

dinutuximab and gamma delta (γδ) T cell treatment in vitro. Given the increased 

expression and activity of YAP in relapsed neuroblastoma and its influence on chemotherapy 

response, we sought to determine if YAP might also play a role in GD2 immunotherapy response. 

We first evaluated YAP and GD2 expression in three neuroblastoma cell lines: SK-N-AS, NLF, and 

CHLA-255. YAP protein expression was high in SK-N-AS (MYCN non-amplified) and NLF (MYCN 

amplified) while undetectable in CHLA-255 (MYCN amplified) (Figure 4.1A). GD2 cell surface 

expression was conversely low in neuroblastoma cells with high YAP expression, SK-N-AS and 

NLF, and high in CHLA-255 that expresses no YAP (Figure 4.1B). Gamma delta (γδ) T cells are 

an innate effector immune cell subset that can regulate antibody-dependent cell-mediated 

cytotoxicity (ADCC). γδ T cells have been shown by our group to synergize with dinutuximab 

against neuroblastoma models both in vitro and in vivo.299,300 We therefore used ex vivo expanded 

γδ T cells as the immune effectors in combination with dinutuximab in these investigations. 

Agnostic of MYCN amplification state, GD2low/YAPhigh cell lines, SK-N-AS and NLF were resistant 

to γδ T cell-induced specific lysis with and without dinutuximab treatment (Figure 4.1C). 

Contrastingly, γδ T cells alone induced specific lysis of GD2high/YAPlow cell line CHLA-255, with 

γδ T cell-mediated specific lysis significantly enhanced by the addition of dinutuximab at both 1:1 

and 5:1 effector: target (E:T) ratios (Figure 4.1C).  
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Figure 4.1. YAP expression is high in neuroblastoma cell lines that are resistant to 
anti-GD2/ γδ T cell immunotherapy. A, Western blot of YAP expression in the 
neuroblastoma cell lines, SK-N-AS, NLF, and CHLA-255. GAPDH is the loading control. B, Mean 
normalized fluorescence of GD2 cell surface expression by flow cytometry in SK-N-AS, NLF, and 
CHLA-255. C, Percentage specific lysis after 4-hour cytotoxicity assays between γδ T cells 
(effector) and the neuroblastoma cell lines (target), CHLA-255, NLF and SK-N-AS at effector: 
target (E:T) ratios of 0:1, 1:1, and 5:1 with or without the addition of the anti-GD2 monoclonal 
antibody, dinutuximab. For CHLA-255, 1:1, *p=0.0235, 5:1, **p=0.0072. All other differences are 
not statistically significant. 

 

YAP inhibition sensitizes neuroblastomas to dinutuximab and γδ T cells in vitro and 

in vivo through upregulation of GD2 cell surface expression. Based on the inverse 

correlation of YAP and GD2 expression in neuroblastomas and differential dinutuximab 

responses, we evaluated the role for YAP in dinutuximab response through genetic knockdown. 

Using GD2low and dinutuximab-resistant SK-N-AS that harbors an activating NRAS Q61K 

mutation, we generated stable YAP knockdown models using short hairpin (sh)RNA. Western blot 

analysis confirmed genetic inhibition of YAP in SK-N-AS cells selected to stably express YAP-

silencing shRNA (shYAP1, shYAP2) compared to a non-targeting, scrambled control (Figure 

4.2A). Increased cytotoxicity of γδ T cells alone was observed in SK-N-AS shYAP1 and shYAP2 
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cells at an E:T ratio of 5:1 compared to SK-N-AS control (Figure 4.2B). The addition of 

dinutuximab in the coculture further augmented cytotoxicity of YAP-inhibited SK-N-AS by the γδ 

T cells (Figure 4.2B).  

 

Figure 4.2. Genetic inhibition of YAP increases in vitro response to anti-GD2/ γδ T 
cell immunotherapy with corresponding upregulation of GD2 surface expression in 
SK-N-AS. A, Western blot of YAP expression in control- (SK-N-AS control) and shYAP-
transduced cells (SK-N-AS shYAP1 and shYAP2). GAPDH is the loading control. B, Percentage 
apoptosis of neuroblastoma target cells, SK-N-AS control, shYAP1 and shYAP2 when co-cultured 
for 4 hours with γδ T cells, with (+ DIN) and without dinutuximab, 1:1 +DIN: control vs shYAP1, 
*p= 0.0292, control vs shYAP2, *p=0.0327; 5:1: control vs shYAP1, *p=0.0146, control vs 
shYAP2, *p=0.0185; 5:1 +DIN: control vs shYAP1, **p=0.0054, control vs shYAP2, **p=0.0022; 
Data represent mean ± standard error of n = 3 independent experiments with 2 technical 
replicates per condition, student’s T-test with Welch’s correction. All other comparisons were not 
significant. C, Representative graph showing mean normalized fluorescence of GD2 cell surface 
expression by flow cytometry in SK-N-AS control, shYAP1 and shYAP2 cell lines. D, 
Quantification of median fluorescence intensity (MFI) of GD2 in SK-N-AS control, shYAP1 and 
shYAP2 cell lines. SK-N-AS control vs shYAP1: **p=0.0045; SK-N-AS control vs shYAP2: 
****p<0.0001; SK-N-AS shYAP1 vs shYAP2: ****p<0.0001. Data represent mean ± standard 
error of n = 3 independent experiments. 
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To determine the mechanism of increased sensitivity of YAP-inhibited SK-N-AS to γδ T cells both 

alone and in combination with dinutuximab, we first evaluated for changes in the intrinsic killing 

mechanisms of γδ T cells imparted by YAP knockdown in the tumor.327 We performed flow 

cytometric analysis of CD107a, a cell surface marker of early degranulation used as a surrogate 

for γδ T cell activation.427-429 No detectable differences in early degranulation were observed 

between γδ T cells co-cultured with SK-N-AS control or SK-N-ASshYAP1 cells +/- dinutuximab 

(Supplementary Figure S4.3).  Immunophenotyping of expanded γδ T cells before and after 

the 24-hour co-culture with SK-N-AS control, SK-N-AS shYAP1, or SK-N-AS shYAP2 cells showed 

no differences or changes in γδ T cell surface expression of common markers of activation 

(DNAM1, NKG2D), inhibition (KIR2DL1), or exhaustion (PD1, TIM3, CTLA4, TIGIT) 

(Supplementary Figure S4.4).300 γδ T lymphocytes harbor innate receptors that recognize and 

bind to stress ligands on the tumor cell surface, leading to T cell activation. In addition, they 

express FASL that binds to death receptors expressed on tumor cells, leading to perforin and 

granzyme release.296,305 To elucidate whether the mechanism of increased death of SK-N-AS 

shYAP cells is due to changes in tumor cell surface markers or death receptors, we assessed the 

expression of NKG2D receptor ligands (MICA, MICB, and ULBP1/2/5/6), as well as death 

receptors (TRAIL-R1/2, CD95/FAS) and DNAM1 ligands (CD112/Nectin-2 and CD155/PVR). 

These markers did not change with YAP knockdown in SK-N-AS (Supplementary Figure 

S4.5).    

 

In response to major histocompatibility complex (MHC)-independent activation by tumor cells, 

γδ T cells can produce IFNγ.430 IFNγ can induce apoptosis in tumor cells.431 We therefore 

examined IFNγ production when γδ T cells were co-cultured with SK-N-AS shYAP or control cell 

lines with or without dinutuximab.  In the absence of dinutuximab, we observed no difference in 

IFNγ concentrations when γδ T cells were co-cultured with SK-N-AS control, shYAP1 and shYAP2 

cells (Supplementary Figure S4.6A). However, in the presence of dinutuximab, a statistically 
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significant increase in IFNγ release was observed in the shYAP1 and shYAP2 co-cultures 

compared to control (Supplementary Figure S4.6B), corresponding with the increased 

cytotoxicity observed in the shYAP cells exposed to dinutuximab and γδ T cells at 1:1 and 5:1 

(Figure 4.2B). 

 

The presence of antigen or changes in antigen density at the cell surface are essential determinants 

of response to therapies that depend on ADCC.42 Given that intrinsic killing properties of γδ T 

cells are not significantly changed by differences in tumor YAP expression, we focused our 

attention on GD2 surface expression and its potential contribution to augment dinutuximab/γδ 

T cell combination effects. Wild type SK-N-AS expresses low levels of GD2 on the cell surface 

(Figure 4.1B). The median fluorescent intensity (MFI) of the GD2-bright population (defined by 

GD2 MFI of >104 based on the brightest point in the isotype staining - dotted line, Figure 2C) 

significantly increased for SK-N-AS shYAP1 (mean MFI = 44136) and SK-N-AS shYAP2 (mean 

MFI = 39032) following YAP knockdown compared to the SK-N-AS control (mean MFI =2115) 

(Figures 4.2C and 4.2D). Additionally, the percentage of the GD2-bright cells as defined above 

was similar for SK-N-AS shYAP1 (mean = 30.2%) and SK-N-AS shYAP2 (mean = 38.7%) 

compared to the SK-NAS control (mean = 0.63%) (Figure 4.2E).  

 

The GD2high cell line, SMS-SAN, expresses no YAP (Supplementary Figure S4.7A). We 

generated SMS-SAN YAP5SA, a cell line with constitutively active YAP, which has increased YAP 

and CYR61 expression but reduced, GD2 expression (Supplementary Figure S4.7B). In 

contrast, SMS-SAN YAPS94A, a cell line with defective TEAD binding, expresses increased levels 

of phospho-YAP (S127), cytoplasmic YAP, and no CYR61, a downstream target of YAP 

(Supplementary Figure S4.7A). SMS-SAN YAP S94A like SMS-SAN control has high GD2 

expression (Supplementary Figure S4.7B). 
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The paralog of YAP, TAZ, has been found to have non-overlapping roles with YAP in many 

cancers. We determined whether genetic inhibition of TAZ also elicited a change in GD2 surface 

expression in SK-N-AS neuroblastoma cells which it did not (Supplementary Figure S4.8). 

Thus, we focused on a role for YAP in regulation of GD2 cell surface expression in SK-N-AS cells. 

 

To determine whether complete ablation of YAP through genetic knockout (KO) would result in a 

more robust increase in cell surface expression of GD2, we generated SK-N-AS YAP KO cells (SK-

N-AS YAP KO1, and SK-N-AS YAP KO2) (Supplementary Figure S4.9A). There was no 

change in GD2 cell surface expression in SK-N-AS cells in which YAP is completely ablated 

(Supplementary Figure S4.9B). Thus, we hypothesized that TAZ, in the context of complete 

YAP ablation, (Supplementary Figure S4.9C) may bind TEAD, compensating for the role of 

YAP in mediating repression of GD2 surface expression. Indeed, coimmunoprecipitation of SK-

N-AS shYAP1 and shYAP2 compared to SK-N-AS control show no difference in binding of TAZ to 

TEAD2; while there is robust binding of TAZ to TEAD2 in SK-N-AS YAP KO1 and KO2 compared 

to KO control. (Supplementary Figure S4.9D) 

 

Given that YAP regulates chemotherapy response within the neuroblastoma TME and response 

to dinutuximab and γδ T cells in vitro, we ascertained whether YAP inhibition also influences 

tumor response to dinutuximab and γδ T cells in vivo.118 We have previously shown that 

dinutuximab and γδ T cells are more effective against tumors in vivo with the addition of a 

cytotoxic agent, in keeping with clinical trials showing dinutuximab in combination with 

chemotherapy is more effective in patients with relapsed neuroblastoma compared to 

dinutuximab alone.14,118,432 We treated NSG mice harboring established SK-N-AS control or shYAP 

subcutaneous tumors with dinutuximab, γδ T cells, and cyclophosphamide and monitored tumors 

for growth (Treatment schema, Supplementary Figure S4.10A). SK-N-AS shYAP tumors had 

a significant prolongation of tumor regression and survival following treatment with 
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dinutuximab, γδ T cells, and cyclophosphamide compared to mice with SK-N-AS control tumors 

(p=0.0024) (Supplementary Figure S4.10B). We confirmed that YAP knockdown and lower 

expression of its canonical target, CYR61, were maintained in the SK-N-AS xenograft tumors at 

experimental endpoint after tumors recurred (Supplementary Figure S4.10C and S4.10D).   

 

YAP inhibition increases cell surface expression of GD2 through upregulation of 

ST8SIA1. YAP can transcriptionally repress genes involved in therapy response.118,204 Next 

generation sequencing of paired diagnostic and relapsed high-risk neuroblastomas showed a 

significant decrease in expression of genes normally suppressed by YAP in relapsed tumors.12 We 

therefore examined genes in the biosynthetic pathway of GD2 (Figure 4.3A), using RNA 

sequencing data from SK-N-AS control versus SK-N-AS shYAP1 cells.118 ST8SIA1, that encodes 

for the critical rate-limiting enzyme GD3 synthase (GD3S) in the GD2 biosynthesis pathway, was 

found to be significantly increased (logFC = 2.62; p = 5.87 x 10-3) in SK-N-AS shYAP1 versus SK-

N-AS control (Figure 4.3B). We validated this finding in both SK-N-AS shYAP1 and SK-N-AS 

shYAP2 models by RT-qPCR (Figure 4.3C). Reduced expression of YAP and its canonical target 

CYR61 were confirmed in shYAP1 and shYAP2 cells compared to control and corresponded to 

significantly increased expression of ST8SIA1 (>100-fold, p<0.01) (Figure 4.3C). In the same 

model, other genes involved in the biosynthesis of GD2 (B4GALT5/6, ST3GAL5, ST8SIA5, 

B4GALNT1, B3GALT4, ST3GAL2) were either marginally changed or unchanged 

(Supplementary Figure S4.11). Notably, the gene encoding GD2 synthase (GD2S), 

B4GALNT1, was unchanged. Others have shown that forced expression of the master 

transcription factor PRRX1 causes adrenergic-to-mesenchymal transition, leading to epigenetic 

suppression of genes like ST8SIA1 in neuroblastoma.133 Interestingly, the expression of PRRX1 

significantly increased with YAP knockdown for both SK-N-AS shYAP1 and shYAP2 compared to 

control, yet ST8SIA1 expression and GD2 surface expression were not impacted (Figure 4.3C).  
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Figure 4.3. YAP inhibition mediates significantly increased gene expression of the 
GD2 biosynthetic enzyme, ST8SIA1. A, Schematic of ganglioside biosynthesis showing 
genes encoding enzymes in the biosynthetic pathway of GD2. Blue denotes genes downregulated, 
Red denotes genes upregulated, and Gray denotes genes unchanged in RNA sequencing data: SK-
N-AS shYAP1 vs control. B, Volcano plot of -log(p-value) vs log(fold change(fc)) for GD2 
biosynthetic genes from A. Blue denotes genes downregulated, Red denotes genes upregulated, 
and Gray denotes genes not significantly changed. C, Normalized gene expression as determined 
by RT-qPCR of YAP: SK-N-AS control vs shYAP1: **p=0.0011, SK-N-AS control vs shYAP2: 
**p=0.0040, SK-N-AS shYAP1 vs shYAP2: *p=0.0467; YAP canonical target, CYR61: SK-N-AS 
control vs shYAP1: **p=0.0078, SK-N-AS control vs shYAP2: *p=0.0102, SK-N-AS shYAP1 vs 
shYAP2: **p=0.0010; ST8SIA1: SK-N-AS control vs shYAP1: **p=0.0021; SK-N-AS control vs 
shYAP2: **p=0.0043; SK-N-AS shYAP1 vs shYAP2: *p=0.0349; and PRRX1: SK-N-AS control vs 
shYAP1: **p=0.0081; SK-N-AS control vs shYAP2: **p=0.0085; SK-N-AS shYAP1 vs shYAP2: 
**p=0.0091. Data represent mean ± standard error of n = 3 independent experiments. 

 

To confirm that GD2 cell surface changes were the result of YAP suppression of ST8SIA1 

(Supplementary Figure S4.12), we genetically inhibited ST8SIA1 by shRNA in the SK-N-AS 

shYAP2 model. YAP knockdown was maintained in the control- and shST8SIA1- lentiviral 

transduced SK-N-AS shYAP2 cells (Figure 4.4A) and successful knockdown of ST8SIA1 was 

achieved using two separate shST8SIA1 constructs (Figure 4.4B and Supplementary Figure 
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S4.12). Genetic inhibition of ST8SIA1 in the SK-N-AS shYAP2 cells led to significantly decreased 

median fluorescence intensity (MFI) of GD2 cell surface expression in SK-N-AS 

shYAP/shST8SIA1-1 and the SK-N-AS shYAP/shST8SIA1-2 compared to SK-N-AS 

shYAP/control, completely reversing the phenotype of increased GD2 surface expression upon 

YAP knockdown (Figure 4.4C and D). The percentage of GD2-positive cells in SK-N-AS shYAP 

shST8SIA1-1 and SK-N-AS shYAP shST8SIA1-2 was also >50-fold less than SK-N-AS shYAP 

control (Figure 4.4E). Furthermore, knockdown of ST8SIA1 in SK-N-AS shYAP cells reduced 

their in vitro sensitivity to γδ T cells in the presence of dinutuximab compared to SK-N-AS 

shYAP/LV control, with no difference in neuroblastoma killing by γδ T cells in the absence of 

GD2-targeting antibody (Figure 4.4F).  

  

Figure 4.4. GD3S (ST8SIA1) inhibition reverses the phenotypes of increased GD2 
surface expression and sensitivity to anti-GD2/ γδ T cell immunotherapy when YAP 
is inhibited in SK-N-AS cells. A, Western blot of YAP expression in SK-N-AS shYAP LV 
control, shYAP shST8SIA1-1, shYAP shST8SIA1-2, and SK-N-AS WT cells. GAPDH is the loading 
control. B, Normalized gene expression as determined by RT-qPCR of ST8SIA1 in dually 
transduced cells, SK-N-AS shYAP  LV Control, SK-N-AS shYAP shST8SIA1-1, and SK-N-AS shYAP 
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shST8SIA-2, SK-N-AS shYAP LV Control vs shYAP shST8SIA1-1: *p=0.0155, SK-N-AS shYAP LV 
Control vs shYAP shST8SIA-2: *p=0.0157, SK-N-AS shYAP shST8SIA1-1 vs shYAP shST8SIA-2: 
*p=0.0460. C, Representative graph showing mean normalized fluorescence of GD2 cell surface 
expression by flow cytometry in SK-N-AS shYAP LV Control, SK-N-AS shYAP shST8SIA1-1, and 
SK-N-AS shYAP shST8SIA-2 cell lines. Lighter colors indicate isotype controls and darker colors 
indicate GD2-BV421 staining. D, Quantification of median fluorescence intensity (MFI) of GD2 
in SK-N-AS shYAP LV Control, SK-N-AS shYAP shST8SIA1-1, and SK-N-AS shYAP shST8SIA-2 
cell lines: SK-N-AS shYAP LV Control vs shYAP shST8SIA1-1: *p = 0.0242, SK-N-AS shYAP LV 
Control vs shYAP shST8SIA-2: *p = 0.0221. Data represent mean ± standard error of n = 3 
independent experiments. E, Percentage of GD2 cell surface expression by flow cytometry in SK-
N-AS shYAP LV Control, SK-N-AS shYAP shST8SIA1-1, SK-N-AS shYAP shST8SIA-2 cell lines; 
SK-N-AS shYAP LV Control vs shYAP LV shST8SIA1-1: **p = 0.0088, SK-N-AS shYAP LV Control 
vs shYAP shST8SIA-2: **p = 0.0095. Data represent mean ± standard error of n = 3 independent 
experiments. F, Percentage apoptosis of neuroblastoma target cells, SK-N-AS shYAP LV control, 
shYAP shST8SIA1-1, and shYAP shST8SIA1-2 when co-cultured for 4 hours with γδ T cells, with 
(+ DIN) and without dinutuximab, 0:1 +DIN: shYAP LV control vs shYAP shST8SIA1-2, **p= 
0.0056; 1:1: shYAP LV control without DIN vs +DIN: **p=0.0076; 1:1 +DIN:  shYAP LV control 
vs shYAP shST8SIA1-1, *p=0.0392; shYAP LV control vs shYAP shST8SIA1-2, **p=0.0018; Data 
represent mean ± standard error of n = 3 independent experiments with 2 technical replicates per 
condition, student’s T-test with Welch’s correction. All other comparisons were not significant. 

 

YAP and ST8SIA1 or GD2 cell surface expression are inversely correlated in 

neuroblastoma primary tumors and patient derived xenografts. We queried publicly 

available gene expression datasets of primary neuroblastoma tumors to validate the clinical 

relevance of the regulation of GD2 by YAP through ST8SIA1. An inverse relationship between YAP 

and ST8SIA1 expression was demonstrated in two separate datasets with non-overlapping 

cohorts: in the TARGET (Asgharzadeh) dataset, which consists of 249 samples assessed by exon 

array, R=-0.233, p=2.05x10-4 (Figure 4.5A), and for the Kocak dataset, which consists of 648 

samples assessed by microarray, R=-0.132, p=7.89x10-4 (Figure 4.5B). Additionally, Kaplan-

Meier survival analysis shows that the overall survival probability is reduced when ST8SIA1 

expression is lower (Figure 4.5C and 4.5D).   
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Figure 4.5. YAP and ST8SIA1 expression are negatively correlated in primary 
neuroblastoma tumors, low ST8SIA1 expression is associated with worse overall 
survival and YAP and GD2 are inversely correlated in neuroblastoma patient 
derived xenografts (PDXs). YAP and ST8SIA1 expression in primary neuroblastoma tumors 
from patients: A, TARGET (Asghardazeh) dataset: n=249, R=-0.233, p=2.05 x 10-4. B, Kocak 
dataset: n=648, R=-0.132, p=7.89 x 10-4. Low ST8SIA1 expression in primary neuroblastoma 
tumors from patients is associated with worse overall survival: C, TARGET (Asghardazeh) 
dataset: n=247, Bonferroni-corrected (bonf.) p=0.052. D, Kocak dataset: n=476, R=-0.137, bonf. 
p=3.9 x 10-4. https://r2.amc.nl. E, Western blot of YAP expression in neuroblastoma patient-
derived xenografts (PDXs), NBx-14R, NBx-27, NBx-28R, NBx-34R and the SK-N-AS 
neuroblastoma cell line-derived xenograft (CDX). GAPDH is the loading control. F, Mean 
normalized fluorescence of GD2 cell surface expression by flow cytometry in neuroblastoma 
patient-derived xenografts (PDXs), NBx-14R, NBx-27, NBx-28R, NBx-34R and the SK-N-AS 
neuroblastoma cell line-derived xenograft (CDX). Grey denotes isotype control staining and white 
denotes GD2-BV421 staining. 

 

Since GD2 is a glycosphingolipid and thus, not genetically encoded, we sought to determine 

whether YAP protein expression and GD2 surface expression also inversely correlated by 

performing immunoblot and flow cytometry, respectively, in low-passage neuroblastoma patient 

derived xenografts (PDXs). YAP expression was lower in NBx14R and NBx28R than in NBx27 and 
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NBx34R (Figure 4.5E) and correspondingly, the MFI of GD2 on the surface of NBx14R and 

NBx28R was higher than that of NBx27 and NBx34R (Figure 4.5F).  
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4.4 Discussion  

High-risk neuroblastomas that recur are notoriously chemotherapy resistant, leading to 

improvements in survival focused on immunotherapy approaches. Indeed, anti-GD2 antibodies 

in combination with chemotherapy have resulted in unprecedented response rates in relapsed 

patients.392 However, challenges to GD2 targeted immunotherapies remain, such as an 

incomplete understanding of biomarkers predicting response and mechanisms of 

resistance.400,425  High-risk neuroblastoma tumors that relapse are enriched with mesenchymal 

cells as well as RAS pathway mutations,11,132,133 leading many to investigate how these properties 

may influence immunotherapy resistance to identify new therapeutic targets.  

 

YAP is a canonical mesenchymal gene that encodes for the YAP protein known to cooperate with 

hyperactivated RAS.17 Indeed, the YAP expressing neuroblastoma cell lines we investigated are 

RAS pathway mutated (SK-N-AS, NLF) and harbor the mesenchymal gene signature.132,133,433 Our 

findings demonstrate that YAP genetic inhibition paradoxically leads to upregulated expression 

of PRRX1, one of the master transcription factors that can drive the mesenchymal phenotype.133 

Previously, it was shown that genetic induction of mesenchymal neuroblastoma via 

overexpression of PRRX1 induces similar transcriptional downregulation of ST8SIA1 with 

resultant decrease of cell surface GD2.400 PRRX1 converts an adrenergic neuroblastoma cell to a 

mesenchymal neuroblastoma cell (adrenergic to mesenchymal transition) with a decrease in 

adrenergic-differentiating genes like PHOX2B, GATA2, DLK1 and an increase in mesenchymal 

stem-like genes such as SOX2, SNAI2 and YAP.133 We now show that YAP is sufficient to suppress 

the same glycosphingolipid biosynthesis pathway regardless of PRRX1 gene expression, 

suggesting that GD2 synthesis may be more directly regulated by YAP downstream of its 

mesenchymal driving forces such as PRRX1 and other master mesenchymal transcription factors. 

Further studies are warranted to validate the full functional roles for YAP within the mesenchymal 

neuroblastoma phenotype.  
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Despite the success of dinutuximab and other anti-GD2 antibodies, not all patients respond, and 

preclinical data suggests that it is likely due to lack of GD2 on the tumor cell surface. Detection of 

GD2 in primary neuroblastoma tissue is limited since GD2 is a glycosphingolipid and its presence 

is therefore not detectable by immunohistochemistry on paraffin embedded tissue.386 Recent 

studies have therefore sought to determine and provide surrogate biomarkers for GD2 expression 

in an effort to triage patients most likely to benefit from GD2 immunotherapy.400 We found that 

neuroblastomas with low GD2 have high YAP gene and protein expression. Furthermore, this 

inverse correlation has functional relevance as YAP suppresses GD2 expression through 

inhibition of the GD3 synthase (GD3S) gene ST8SIA1. By suppressing GD3S and thus GD2 

synthesis, YAP indeed serves as a mediator and potential biomarker of anti-GD2 antibody 

resistance. We validated this relationship through genetic knockdown studies showing YAP 

inhibition restores response to dinutuximab and γδ T cells both in vitro and in vivo. Furthermore, 

we observed an inverse correlation between YAP and GD2 in low-passage high risk and relapsed 

neuroblastoma PDXs. Based on these data, we hypothesize that high YAP expression in 

neuroblastoma tumors may predict GD2 immunotherapy resistance clinically. 

Immunohistochemical staining of YAP in primary neuroblastoma tumors is feasible and should 

be characterized prospectively to statistically correlate results to patient outcomes following anti-

GD2 therapy.  

 

A slight increase in neuroblastoma cell death was observed following coculture with just γδ T cells 

alone in the SK-N-AS shYAP cells compared to control. We therefore investigated whether 

increased tumor cell death was due to paracrine effects of the YAP-inhibited neuroblastoma cells 

towards the γδ T cells. When SK-N-AS shYAP cells were co-cultured with γδ T cells, we observed 

no difference in γδ T cell markers of exhaustion, activation, or apoptosis, nor an increase in tumor-

resident stress antigens or FAS/TRAIL receptors. Although there was an increase in IFNγ release 

when SK-N-AS shYAP cells were treated with the combination of γδ T cells and dinutuximab in 
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vitro, this increased IFNγ release was not consistently observed in the absence of dinutuximab. 

This suggests that differences in cytotoxicity were not due to γδ T cell-intrinsic changes, increased 

release of cytotoxic mediators, or by increased T cell recognition ligands on the tumor cells. 

Further investigation is warranted to understand the effect of tumor YAP inhibition on increased 

γδ T cell activity. 

  

We have shown that the use of IL-2 and zoledronate to expand γδ T cells from peripheral blood 

results in varying percentages of NK cells in the final cell therapy product.300 Both NK cells and 

γδ T cells in the expanded product have high CD16 and equivalent anti-tumor potency when 

combined with dinutuximab. Thus, while we used γδ T cell-dominant expansions through all 

experiments, a fraction of NK cells was also present, supporting that tumor YAP expression most 

likely affects ADCC immune cell antitumor activity similarly.  

  

Importantly, we found the addition of anti-GD2 antibody further augmented γδ T cell mediated 

cytotoxicity against neuroblastomas with YAP inhibition, that could be reverted upon ST8SIA1 

knockdown in the YAP inhibited neuroblastoma, supporting GD3 synthase as a mediary of GD2 

expression by YAP. Resistance of RAS mutated, YAP expressing neuroblastoma to γδ T cell/ 

dinutuximab mediated cytotoxicity in vitro was restored by reducing GD2 surface expression 

through genetic inhibition of the GD3S gene, ST8SIA1. YAP expression by immune cells 

themselves has been shown to promote immunosuppression and suppress immunotherapy 

activity.246 For example, high YAP expression in regulatory T cells of hepatocellular carcinoma 

patients was found to facilitate an immunosuppressive TME and was an indicator of poor 

prognosis.243 Since YAP has a well-established role in the TME, its role in the TME-enacted 

resistance to anti-GD2 immunotherapy warrants evaluation by using immunocompetent murine 

models. Indeed, therapeutic targeting of YAP may be beneficial by not only making tumor cells 
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more vulnerable through upregulation of the immunotherapy target, but also through inhibition 

of immune cells contributing to the immune hostile TME.   

 

Others have identified that mesenchymal transcription factors epigenetically suppress ST8SIA1 

expression, leading clinical efforts to evaluate the combination of GD2 antibodies with epigenetic 

modifying agents such as EZH2 inhibitors (tazemetostat).400 Based on our data, one could 

potentially take a more direct approach by therapeutically inhibiting YAP to avoid the broad 

effects of epigenetic inhibiting agents. Currently, inhibitors of the YAP/TEAD interaction have 

shown preclinical promise in adult cancers with one agent in clinical application for adult 

mesothelioma,273 and investigations are ongoing to evaluate such inhibitors in neuroblastoma. 

   

Overall, our findings define a novel role for YAP in GD2 immunotherapy resistance in 

neuroblastoma. Therefore, our study highlights the potential of YAP as a biomarker for resistance 

to GD2-targeting therapies as well as indicates the direct translational relevance of combining 

pharmacological YAP inhibition with current standard-of-care regimens. Specifically, 

incorporating YAP inhibitors with GD2 targeted immunotherapies, such as GD2-directed 

chimeric antigen receptor (CAR) T cells or novel anti-GD2 antibody combinations (γδ T cells with 

dinutuximab and chemotherapy; NCT05400603) shows promise to improve outcomes for 

patients with high-risk and relapsed neuroblastoma.396   

  

https://clinicaltrials.gov/ct2/show/NCT05400603?term=gamma+delta+T+cells&cond=Neuroblastoma&draw=2&rank=1
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4.5 Supplementary figures and tables

 

Supplementary Figure S4.1. Representative gating strategy for apoptotic cells in 
neuroblastoma cytotoxicity assays (at 1:1 effector:target ratio) 

 

  

Supplementary Figure S4.2. Representative gating strategy for GD2 cell surface 
expression in neuroblastoma cell lines by flow cytometry. 
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Supplementary Figure S4.3. Early degranulation (CD107a) is unchanged in γδ T 
cells post-co-culture with SK-N-AS control and shYAP1 cells with or without 
dinutuximab treatment. A, Representative gating strategy to determine CD107a+ γδ T cells 
showing CD107a fluorescence minus one (FMO) control and CD107a staining. B, Percentage 
CD107a+ γδ T cells in 24-hour co-culture with SK-N-AS control or SK-N-AS shYAP1 
neuroblastoma cells with or without the addition of dinutuximab (DIN). 
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Supplementary Figure S4.4. Immunophenotyping of γδ T cells co-cultured with SK-
N-AS control, shYAP1 and shYAP2 cells for 24 hours. Representative flow cytometry 
panels of γδ T cell markers of exhaustion (PD1, TIM3, CTLA4, TIGIT), inhibition (KIR2DL1, 
NKG2A), activation (DNAM1, NKG2D), terminal differentiation (CD39, CD57, CD73), and 
apoptosis (FAS, FASL) in γδ T cells co-cultured with SK-N-AS control, shYAP1 and shYAP2 cells.  

 

  

Supplementary Figure S4.5. YAP does not affect expression of tumor stress 
antigens, DNAM-1 ligands, and death receptors on SK-N-AS cells. Representative flow 
cytometry plots of stress antigens (MICA/B, ULBP1/2/5/6), DNAM-1 ligands (CD112/Nectin-2, 
CD155/PVR) and death receptors (FAS/CD95, TRAIL-R1, TRAIL-R2) on the surface of SK-N-AS 
control, shYAP1 and shYAP2 cells and their respective fluorescence minus one (FMO) controls. 
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Supplementary Figure S4.6. IFNγ release γδ T cells is increased when co-cultured 
with SK-NAS shYAP cells in the presence of dinutuximab. A, IFNγ concentrations 
(pg/mL) of supernatants collected from co-cultures of γδ T cells with SK-N-AS control, shYAP1, 
and shYAP2 cells without dinutuximab at E:T ratios of 0:1, 1:1, 5:1. At 5:1, SK-N-AS control vs 
shYAP1: *p=0.0219. B, IFNγ concentrations (pg/mL) of supernatants collected from co-cultures 
of γδ T cells with SK-N-AS control, shYAP1, and shYAP2 cells with dinutuximab at E:T ratios of 
0:1, 1:1, 5:1. At 1:1, SK-N-AS control vs shYAP1: **p=0.0080; SK-N-AS shYAP1 vs shYAP2: 
**p=0.0057, SK-N-AS control vs shYAP2: **p=0.0019. At 5:1, SK-N-AS control vs shYAP1: 
**p=0.0054; SK-N-AS shYAP1 vs shYAP2:  *p=0.0377, and SK-N-AS control vs shYAP2: 
**p=0.0032 

 

Supplementary Figure S4.7. Ectopic expression of YAP 5SA and YAP S94A in SMS-
SAN cells reduces GD2 cell surface expression. A, Western blot of YAP, phospho-YAP 
(S127), and CYR61, a canonical YAP target, expression in SMS-SAN control, YAP5SA, and 
YAPS94A cell lines. β-tubulin is a loading control. B, Representative flow cytometry plot of GD2 
MFI in SMS-SAN control, YAP5SA, and YAPS94A cell lines 
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Supplementary Figure S4.8. Genetic inhibition of TAZ in SK-N-AS neuroblastoma 
cells does not cause increased cell surface expression of GD2. A, Western blot of TAZ 
expression in control- (SK-N-AS control) and shTAZ-transduced cells (SK-N-AS shTAZ1, shTAZ2 
and shTAZ3). GAPDH is the loading control. B, GD2 cell surface expression by flow cytometry in 
SK-N-AS control, SK-N-AS shTAZ1, SK-N-AS shTAZ2, and SK-N-AS shTAZ3.  
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Supplementary Figure S4.9. Genetic ablation of YAP in SK-N-AS neuroblastoma 
cells does not cause increased cell surface expression of GD2 but results in 
compensatory TAZ binding to TEAD2. A, Western blot of YAP expression in control- (SK-
N-AS knockout (KO) control) and YAP KO-transduced cells (SK-N-AS YAP KO1 and YAP KO2). 
GAPDH is the loading control. B, GD2 cell surface expression by flow cytometry in SK-N-AS KO 
control, YAP KO1, and YAP KO2. C, Western blots of YAP, TAZ and TEAD2 in SK-N-AS wildtype 
(WT), control, YAP knockdowns (KD): shYAP1 and shYAP2 cells, and YAP knockouts: SK-N-AS 
KO control, YAP KO1, and YAP KO2. D, Western blots of TAZ and TEAD2 from TAZ co-
immunoprecipitations in SK-N-AS wildtype (WT), control, YAP knockdowns (KD): shYAP1 and 
shYAP2 cells, and YAP knockouts: SK-N-AS KO control, YAP KO1, and YAP KO2. 
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Supplementary Figure S4.10. Inhibition of YAP in SK-N-AS neuroblastoma cells 
prolongs survival of mice treated with cyclophosphamide (CYCLO)/ dinutuximab 
(DIN)/ γδ T cell (γδ T) chemoimmunotherapy. A, Schema of in vivo 
chemoimmunotherapeutic regimen with dosage, timing, and route of administration of 
cyclophosphamide (CYCLO), dinutuximab (DIN), and γδ T cells (γδ T); B, Survival of mice 
receiving CYCLO only; vehicle (Veh), DIN, and γδ T; or CYCLO, DIN, and γδ T. For mice receiving 
CYCLO only: SK-N-AS control vs shYAP1: p=0.0629, ns, SK-N-AS control vs shYAP2: p=0.7009, 
ns, SK-N-AS shYAP1 vs shYAP2: *p=0.0246; Veh, DIN and γδ T: SK-N-AS control vs shYAP1: 
*p=0.0455, SK-N-AS control vs shYAP2: p=0.3094,ns, SK-N-AS shYAP1 vs shYAP2 *p=0.0455; 
CYCLO, DIN and γδ T: SK-N-AS control vs shYAP1: *p = 0.0224, SK-N-AS control vs shYAP2 
*p=0.0224, SK-N-AS shYAP1 vs shYAP2: p=0.2116; n=3 mice/group. C, YAP knockdown is 
maintained to the end of the in vivo experiment as shown by western blot of tumors harvested 
from mice at the experimental endpoint. D, Normalized gene expression as determined by RT-
qPCR of YAP, CYR61 and ST8SIA1 in SK-N-AS control, shYAP1 and shYAP2 xenograft tumors 
(size = ~1000mm3) harvested from untreated mice, YAP: SK-N-AS control vs shYAP1: 
*p=0.0223; SK-N-AS control vs shYAP2: *p=0.0395; SK-N-AS shYAP1 and shYAP2: *p=0.0164; 
CYR61: SK-N-AS control vs shYAP1: **p=0.0061; SK-N-AS control vs shYAP2: *p=0.0112; SK-N-
AS shYAP1 and shYAP2: **p=0.0088; ST8SIA1: SK-N-AS control vs shYAP1: **p=0.0064; SK-N-
AS control vs shYAP2: **p=0.0058; SK-N-AS shYAP1 and shYAP2: **p=0.0069.  
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Supplementary Figure S4.11. Gene expression of enzymes in the biosynthetic 
pathway of GD2. A, GD2 biosynthetic pathway including the postulated role of YAP in ST8SIA1 
suppression. B, Expression of genes in the biosynthetic pathway other than ST8SIA1 which is the 
most significantly upregulated. 

 

  

Supplementary Figure S4.12. Gene expression of YAP and ST8SIA1 in dually transduced 
control or YAP/ST8SIA1 knockdown models. 
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Supplementary Data Tables 

Supplementary Table S4.1. Antibodies used for western blot and co-
immunoprecipitation. 

Antigen  Species Company/Product Number RRID 

Anti-Mouse IgG HRP Goat Abcam/ab205719 AB_2755049 

Anti-Rabbit IgG HRP Goat R & D Systems AB_357235 

β-tubulin Mouse Sigma Aldrich/T8328 AB_1844090 

CYR61 Rabbit Cell Signaling Technologies/39382 AB_2799154 

GAPDH Rabbit Cell Signaling Technologies/ 2118 AB_561053 

pYAP (S127) Rabbit Cell Signaling Technologies/4911 AB_2218913 

TAZ (Co-IP) Mouse Cell Signaling Technologies/71192 AB_2799797 

TAZ (WB) Rabbit Cell Signaling Technologies/4883 AB_1904158 

TEAD2 Rabbit Biorbyt/orb382464 AB_2941665 

YAP Rabbit Cell Signaling Technologies/4912 AB_2218911 

 

Supplementary Table S4.2. Antibodies used to profile γδ T cells for use in cytotoxic 
assays. 

Antigen (Clone) Marker Company/Product Number RRID 

Viability (FVS780) --- Invitrogen/65086518  

CD3 (UCHT1) BV421 BD Biosciences/562426 AB_11152082 

CD16 (3G8) BV480 BD Biosciences/566108 AB_2739510 

CD56 (NCAM16.2) APC-R700 BD Biosciences/565139 AB_2744429 

αβ-TCR (IP26) PE BD Biosciences/564728 AB_2738921 

γδ-TCR (11F2) PE BD Biosciences/347907 AB_400359 

CD107a (H4A3) PE-Cy7 BD Biosciences/561348 AB_10644018 
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Supplementary Table S4.3. Antibodies used for determination of in vitro or in vivo 
GD2 surface expression of neuroblastoma cells. 

Antigen (Clone) Marker Company/Product Number RRID 

Viability (FVS780) --- Invitrogen/65086518  

CD45 (2D1) PerCp-Cy5.5 BD Biosciences/340953 AB_400194 

CD56 (NCAM16.2) PE BD Biosciences/340363 AB_400017 

CD81 (JS-81) FITC BD Biosciences/561956 AB_10896976 

GD2 (14G2a) BV421 BD Biosciences/565991 AB_2739442 

IgG2A Isotype, k BV421 BD Biosciences/562439 AB_11151914 
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Supplementary Table S4.4. Antibodies used for in-depth characterization of 
expanded γδ T cells pre- and post-cytotoxicity assay. 

Antigen (Clone) Marker Company/Product 
Number 

RRID 

Viability (ZombieNiR) --- BioLegend/423105  

CD3 (SK7) SparkBlue550 BioLegend/344851 AB_2819984 

CD16 (3G8) BV650 BD Biosciences/302041 AB_11125578 

CD39 (A1) BV785 BioLegend/328239 AB_2814190 

CD45 (HI30) BUV395 BD Biosciences/563791 AB_2869519 

CD56 (5.1H11) BV750 BioLegend/362555 AB_2734396 

CD57 (HNK-1) FITC BD Biosciences/561906 AB_395986 

CD73 (AD2) PE-Dazzle594 BioLegend/344019 AB_2565300 

CD95/FAS (DX2) BV510 BioLegend/305639 AB_2629737 

CD152/CTLA-4 (BNI3) R718 BD Biosciences/567226 Not Identified 

CD158a/KIR2DL1 (HP-
DM1) 

PE BioLegend/374903 AB_2832735 

CD159a/NKG2A (S19004C) PE-Cy5 BioLegend/375111 AB_2888864 

CD178/FAS-L (NOK-1) PE-Cy7 BioLegend/306417 AB_2814147 

CD226/DNAM-1 (11A8) BV605 BioLegend/338323 AB_2721542 

CD279/PD-1 (A17188B) APC BioLegend/621609 AB_2832829 

CD314/NKG2D (1D11) BV421 BioLegend/320821 AB_2566510 

CD366/TIM-3 (F38-2E2) BV711 BioLegend/345023 AB_2564045 

γδ-TCR (B1) PerCP-Cy5.5 BioLegend/331223 AB_2563012 

TIGIT (A15153G) APC-Fire750 BioLegend/372707 AB_2632754 
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Supplementary Table S4.5. Primer sequences 

Gene  Forward primer (5’>3’) Reverse primer (5’>3’) 

B3GALT4 ACG CTA TTC TTG CTG GGA GA ACC AGT TCA GGG ACG TTG AC 

B4GALT5 TCC TCG CTG CTG TAC TTC G AAT GCC TTG GGC TTG CAT CA 

B4GALT6 TAT GTC ATC GAA CAG ACC GGC 
ACA 

AGG CTC TGT CTT TCA TGG CCT CTT 

B4GALNT1 GCT ACC AGA CCA ACA CAG CA TGG TGG CAA TCG TGA CTA GA 

CYR61 CTT GTT GGC GTC TTC GTC G AGC CTG GTC AAG TGG AGA AG 

GAPDH GAG TCA ACG GAT TTG GTC GT GAC AAG CTT CCC GTT CTC AG 

HPRT ATG CTG AGG ATT TGG AAA GGG 
TGT TTA TT 

TGA AGT ATT CAT TAT AGT CAA 
GGG CAT AT 

ST3GAL2 AAC CAC CCA CCA TTT CAT GT TGA TGC TCT GTC CAC CTG TC 

ST3GAL5 CCC TGA ACC AGT TCG ATG TT CAT TGC TTG AAG CCA GTT GA 

ST8SIA1 AGC GTT CAG GAA ACA AAT GG TGC CTG TGG GAA GAG AGA GT 

ST8SIA5 CCT TTG CCT TGG TGA CCT CAT GGA CAG CAC CTT CAC T 

YAP CCC GAC AGG CCA GTA CTG AT CAG AGA AGC TGG AGA GGA ATG 
AG 
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Chapter V: Conclusions and Future Directions 

 

5.1 Summary of findings and implications of this study  

The survival of patients with high-risk neuroblastoma is ~50% even though they receive 

aggressive multimodal treatment including chemoimmunotherapy with GD2-targeting agents. 

Unfortunately, despite advancements in treatment, patients who relapse have <5% chance of cure. 

Relapsed neuroblastoma is characterized by enrichment of mesenchymal neuroblastoma cells 

that express high levels of YAP and hyperactivation of RAS/MAPK signaling.10-12 Thus, given these 

statistics, and the current standard-of-care including dinutuximab, a GD2-targeting mAb, there 

is a dire need to understand biomarkers of GD2 response, the mechanisms of resistance to anti-

GD2 treatment, and alternative approaches for patient non-responders. Given the high expression 

and increased transcriptional activity of YAP in relapsed neuroblastoma tumors, we hypothesized 

that, YAP regulates GD2, a target of the post-induction phase of treatment. Since one of the major 

mechanisms of action of dinutuximab is ADCC, we sought to determine how YAP regulates GD2 

expression in neuroblastoma and the role of YAP in modulation of ADCC in neuroblastoma. 

 

Treatment with dinutuximab is dependent on native immunity for efficacy since dinutuximab 

opsonizes target neuroblastoma cells that are then phagocytosed or lysed as a result of CDC or 

ADCC elicited by a patient’s macrophages, neutrophils, NK cells, and/or γδ T cells. Given that 

patients with high-risk neuroblastoma who have already received chemotherapy and other 

myeloablative treatments are immunocompromised, one approach is to use allogeneic donation 

of MHC-independent γδ T cells in combination with dinutuximab and other chemotherapeutic 

drugs. This is the premise of a phase I clinical trial initiated by the Goldsmith lab (NCT05400603). 

Thus, our work seeks to determine mechanisms of resistance to this anti-GD2/ γδ T cell 

immunotherapy and potential synergies with this treatment approach. 

 

https://clinicaltrials.gov/ct2/show/NCT05400603?term=gamma+delta+T+cells&cond=Neuroblastoma&draw=2&rank=1
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To this end, YAP and GD2 expression were assessed and determined to be inversely correlated in 

a panel of neuroblastoma cell lines; perhaps suggestive of YAP suppression of GD2 cell surface 

expression. To further understand this relationship, a highly therapy-resistant, MYCN-NA, RAS-

mutant neuroblastoma cell line with high YAP expression, SK-N-AS, was selected as this can be 

considered to exemplify a relapsed neuroblastoma model. Inhibition of YAP sensitized SK-N-AS 

neuroblastoma cells to anti-GD2/γδ T cell immunotherapy as well as γδ T cell immunotherapy 

alone. The mechanism of resistance to anti-GD2 (dinutuximab)/ γδ T cell immunotherapy is, at 

least in part, because YAP suppresses GD2 surface expression by repressing ST8SIA1, a gene 

encoding GD3 synthase, the rate-limiting enzyme in GD2 biosynthesis. To determine the clinical 

relevance of the YAP/ GD2 relationship, we assessed gene expression of YAP and ST8SIA1 in 

primary neuroblastoma tumor datasets, and there was an inverse relationship. We also confirmed 

that YAP and GD2 are inversely correlated in neuroblastoma PDXs.  

 

Since GD2 is a glycosphingolipid, assessing its expression in cryopreserved or formalin-fixed 

neuroblastoma tumors is not possible. The protein expression of YAP can be measured by 

immunohistochemistry and potentially be a proxy for GD2 expression in neuroblastoma. Thus, 

determining YAP expression in primary pre-treatment high-risk neuroblastoma tumors may be a 

useful biomarker of patient response to anti-GD2 treatment, predicting resistance prior to 

deciding on a therapeutic course. Additionally, pharmacological YAP inhibition may synergize 

with current standard-of-care for patients with relapsed/refractory high-risk neuroblastoma. 

 

5.2 Limitations of this work and future directions 

5.2.1 Mechanism of YAP-GD2 regulation in neuroblastoma 

The question of whether the inverse correlation of YAP and GD2 expression is generalizable in 

high-risk neuroblastoma remains to be answered. The YAP/ST8SIA1(GD3S)/GD2 relationship is 

likely dependent on, or interacts with, other genetic alterations in neuroblastoma. Increasing 
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GD3S/GD2 expression in neuroblastoma through epigenetic inhibition has been previously 

investigated.398-400 However, to date, there are few published data that link YAP expression to 

GD3S or GD2, directly. A physical interaction between GD3 and the Src family kinase, Yes, in 

GEMs enhances downstream kinase signaling and consequently, invasion and proliferation in 

models of melanoma434 and glioma.435 Thus, one future direction would be to determine whether 

GD3 and YAP also directly interact in neuroblastoma cell lines.  

 

The exact mechanism through which YAP is regulating expression of ST8SIA1 has not been 

determined in this work. We sought to elucidate whether the repression of ST8SIA1 is TEAD-

dependent as this understanding is crucial for determining the most effective pharmacological 

inhibitor of YAP that would replicate the findings of increased GD2 expression upon genetic 

inhibition of YAP. However, neither transient knockdown of the entire TEAD family nor stable 

knockdown or knockout of individual TEAD family members affected ST8SIA1 or GD2 surface 

expression (data not shown). The only published mechanism of gene repression by YAP that may 

be TEAD-independent involves the binding of YAP to YY1 and EZH2, and the addition of 

H3K27me3 marks at TEAD-adjacent YY1 motifs in promoters of target genes (Figure 2.3).203 It 

will be important through ChIP-PCR, re-expression of YAP mutant constructs defective in TEAD 

binding (YAP S94A), and promoter reporter studies to determine the mechanism of repression 

involved in the YAP-ST8SIA1-GD2 axis in neuroblastoma. 

 

In general, increased expression of GD3S is understood to drive proliferation and metastasis in a 

number of cancers including breast cancer,383 glioma,436 lung cancer,437 and melanoma.438 The 

consequence of higher GD3S expression is increased intracellular and extracellular GD3 and GD2 

gangliosides and in some models, resistance to immunotherapy and chemotherapy.439 In this 

study, we did not assess the protein expression or enzymatic activity of GD3S, nor did we assess 

the expression of GD3 ganglioside. Future experiments may determine whether GD3, an 
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intermediate in GD2 biosynthesis, is involved in mediating increased sensitivity of YAP-inhibited 

neuroblastoma cells to γδ T cell killing in the absence of dinutuximab. Overexpression of GD3S in 

a neuroblastoma cell line, SHSY5Y, paradoxically, led to reduced growth rate.440 Other previously 

published studies demonstrated that intracellular accumulation of GD3 occurs rapidly after 

engagement of CD95 on tumor cells, inducing apoptosis.441 Thus, it will be important to examine 

the roles of GD3S/GD3 in sensitivity of neuroblastoma cells to combination γδ T cell/ 

dinutuximab immunotherapy. 

 

5.2.2 The role of TAZ in regulation of GD2 in neuroblastoma 

As discussed in chapter 2, the paralog of YAP, TAZ has distinct structure and functions from YAP. 

In our study, we determined that stable knockdown of TAZ did not recapitulate the phenotype of 

increased ST8SIA1/GD2 expression in neuroblastoma (Supplementary Figure S4.7). Neither 

partial genetic inhibition by knockdown nor complete ablation by knockout of YAP resulted in 

increased expression of TAZ (Supplementary Figure S4.8C); however, ablation of YAP does 

lead to compensatory binding of TAZ to TEAD2, perhaps resulting in contextual regulation of 

ST8SIA1/ GD2 expression (Supplementary Figure S4.8D). In the future, it will be important 

to determine whether this compensatory binding of TAZ to TEAD2 has the functional 

consequence of ST8SIA1 suppression through promoter reporter assays. If TEAD is not involved 

in the regulation of this process, it is still possible that TAZ may perform its compensatory 

function through another means. Thus, further mechanistic insight into the requirement for 

various domains of the TAZ protein in the regulation of this process can be obtained by ablating 

TAZ and re-expressing constructs that are defective in TEAD binding (TAZ S89A), lack the TAZ 

WW domain (TAZ-ΔWW) or PDZ-binding motif (TAZ-ΔPDZ).  
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5.2.3 Role of YAP inhibition in sensitization to γδ T cell cytotoxicity 

In addition to increasing GD2 cell surface expression and sensitivity to dinutuximab/ γδ T cell 

combination immunotherapy, we observed increased killing of neuroblastoma cells by γδ T cells 

in the absence of dinutuximab (Figure 4.2B). Thus, we investigated tumor cell-intrinsic and γδ 

T cell-intrinsic factors in which YAP might be mechanistically involved. There were no changes in 

death receptor, NK cell ligand, and stress antigen expression on the surface of neuroblastoma cells 

upon genetic inhibition of YAP (Supplementary Figure S4.5). Extensive characterization of 

γδ T cells was not indicative of any changes in their activation state after co-culture with control 

versus YAP knockdown cells (Supplementary Figure S4.4). As discussed in section 2.2.2, 

increased YAP in cancer cells mediates the expression and release of various cytokines or 

chemokines. We examined the supernatants of SK-N-AS shYAP cells with or without γδ T cells 

and determined that there were no differences in a range of cytokines that might affect γδ T cell 

chemotaxis or cytolytic function (data not shown). However, further exploration with a more 

sensitive and extensive cytokine array (such as a multiplex protein immunoassay) may be 

informative. 

 

The role of YAP in mechanotransduction potentially increases susceptibility of YAP-inhibited 

neuroblastoma cells to γδ T cells. YAP is required for focal adhesion formation and assembly, as 

well as maintenance of integrity of the cytoskeleton.442 Cytotoxicity by γδ T cells is dependent on 

effective immunological synapse formation between tumor cells and γδ T cells.443 Therefore, 

inhibition of YAP in neuroblastoma cells may potentiate the ability of γδ T cells to attach to tumor 

cells, effectively deploying cytolytic mediators. To evaluate whether alterations in the cytoskeletal 

structure of YAP-inhibited neuroblastoma cells are responsible for their increased sensitivity to 

γδ T cell killing, neuroblastoma-γδ T cell interactions may be assessed using confocal microscopy 

or imaging flow cytometry. 
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In a KRAS-mutant immunocompetent murine model of lung cancer, increased IFNγ in the tumor 

microenvironment caused YAP phase separation and assembly of transcriptional machinery that 

increased expression of YAP target genes which induced resistance to anti-PD1 

immunotherapy.240 Since YAP is known to exert pleiotropic effects in the TME, in the future, it 

will be important to determine the relevance of the YAP-GD2 axis in immunocompetent models. 

 

5.3 Overall Conclusions 

 

Figure 5.1. Model showing the role of YAP in response to γδ T cell/dinutuximab 
immunotherapy in neuroblastoma.  

 

There is an established role for YAP in resistance to chemotherapy and targeted MEK inhibition 

in neuroblastoma.118,119 YAP expression and downstream transcriptional activity are increased in 

relapsed neuroblastomas.12 Due to the inclusion of GD2-targeting immunotherapy in treatment 

regimens for relapsed neuroblastoma, we sought to investigate a role for YAP in regulation of 

GD2. There are no current biomarkers of GD2 response and little or no understanding of the 
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mechanisms of resistance to anti-GD2 immunotherapy. Thus, we propose that, given the inverse 

correlation between YAP and GD2 expression, immunohistochemistry for YAP may be a novel 

biomarker or response to GD2-targeting therapies. Additionally, pharmacological YAP inhibition 

may synergize with GD2-targeting immunotherapy combinations. Zoledronate may synergize 

with dinutuximab/ γδ T cell combination immunotherapy. Zoledronate inhibits mevalonate 

biosynthesis, reducing nuclear YAP localization and function and activates γδ T cells as mentioned 

in sections 2.1.2 and 3.1.3, respectively. Thus, inclusion of pharmacological YAP inhibition and 

zoledronate may increase the efficacy of dinutuximab/ γδ T cell combination immunotherapy. 

This dissertation establishes a role for YAP in determining response to anti-GD2 immunotherapy 

in neuroblastoma. 
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