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In memory of Kenneth Kwok (September 7, 1940 – April 10, 2023) 

 

My research, my entire Ph.D., and my passion for science have been driven by my father’s decade-

long battle with cancer. Diagnosed in 2014 with a vestibular schwannoma, my father underwent an 

unsuccessful surgery that nearly costed him his life. My mother and I had to work relentlessly to nurse 

him back to health, and for nearly a decade, our family strived to regain a sense of normalcy. However, 

in March 2023, my mother returned home to find my father on the ground, having succumbed to a 

severe bilateral ischemic stroke hours earlier. For the next month, my mother and I stayed by his side 

in the hospital, hoping each day that he would recognize and return to us. In April 2024, the man who 

held up my entire world passed away. 

Growing up, I rarely saw my father. He worked two shifts as a cab driver and waiter to support my 

mother as she prepared for her medical board exams. He would leave for work before I woke up and 

return after I was asleep. When he was diagnosed with cancer in 2014, his physician recommended 

immediate tumor resection. Despite this, my father asked how long he could continue working without 

the surgery, determined to support me through college. He made my mother promise not to tell me 

about his diagnosis until it was absolutely necessary. I only found out later that year. 

Although the tumor was successfully resected, complications during the surgery left my father 

permanently paralyzed and bedridden for months. This experience, along with his recovery journey, 

inspired me to dedicate my research to understanding cancer and exploring non-invasive treatment 

methods. I shifted my undergraduate Biomedical Engineering focus to nanoparticles and conducted 

research at UPMC and Yale University, delving into sonoporation and immunotherapy. Over the years, 

I developed a deep love for science, sharing every small discovery with my father. This passion led me 
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to choose science over medicine and pursue a Ph.D. at UCSF in 2018. Here, I have been able to 

pursue the research I have always dreamed of – discovering a novel non-invasive approach to treating 

brain tumors. 

Thank you, Dad, for shaping me into the person I am today, for inspiring me to explore the unknown 

and strive for greatness, and for building a network of friends and colleagues who became like family. 

Thank you for believing in me despite my missteps in high school and beyond. Thank you for being 

my role model, demonstrating the values of hard work and dedication. And thank you for fighting so 

hard, supporting Mom and me, and living for us. I hope that everything I’ve done has made you proud, 

and I will continue to help others in your name. I did it, Dad. And it’s all because of you. I miss you 

so much and love you beyond measure. 
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Tumor-wide RNA splicing aberrations generate 
immunogenic public neoantigens 

Darwin Kwok 
 

 

Abstract 

T-cell-based immunotherapies hold promise in treating cancer by leveraging the immune system’s 

recognition of cancer-specific antigens.3 However, their efficacy is often limited in tumors with few 

somatic mutations and significant intratumoral heterogeneity.4–7  Here, we introduce a previously 

uncharacterized class of tumor-wide and public neoantigens originating from RNA-splicing 

aberrations in diverse cancer types. Notably, we identified T-cell receptor clones capable of 

recognizing and targeting neoantigens derived from aberrant splicing in GNAS and RPL22. In multi-

site-directed biopsies, we detected the tumor-wide expression of the GNAS neojunction within 

glioma, mesothelioma, prostate cancer, and liver cancer. Importantly, these neoantigens are 

endogenously generated and presented by tumor cells under physiological conditions and are sufficient 

to trigger cancer cell eradication by neoantigen-specific CD8+ T-cells. Moreover, our study resolves 

the complex interplay of dysregulated splicing factor expression in specific cancer subtypes, leading to 

recurrent patterns of neojunction upregulation. These findings establish a molecular basis for T-cell-

based immunotherapies addressing the challenges of intratumoral heterogeneity.  
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Prologue 
Karkinos, Greek for “crab”, was the first instance in which the term for cancer was described in 

literature. Occurring at approximately 400 BC, Hippocrates described the tumor and its prolific 

vasculature as similar to a crab with legs spread in the shape of a circle. The mention of cancer has 

ever since been restricted to specific cases across the years. With the emergence of modern medicine, 

diseases that have once ravaged human history have been conquered and the average lifespan has 

more than doubled in the last few centuries. However, with the extension of life comes diseases 

associated with advanced age. Cancer risk increases with age, and as life expectancy has improved, 

progressively more individuals live long enough to develop the disease. 

The traditional approach for treating solid tumors circles around mass removal of the neoplastic lesion, 

and the current standard-of-care for most cancer types includes bulk resection followed by a 

combination of chemotherapy and/or radiotherapy. However, cancer is a disease caused by the 

unrestricted division of a patient’s own cells, and missing even a single tumor cell can lead to the 

repopulation of a more aggressive and therapeutically-resistant tumor. Over the last decade, research 

involving the manipulation of the immune system to recognize and eradicate tumor cells has surfaced 

as a promising new approach. Immune cells can mount a cytotoxic response by recognizing non-self-

antigens, and in theory, the multitude of mutations generated by uncontrolled tumor cell proliferation 

would lead to the existence of tumor-specific antigens (TSAs).  

Approaches that leveraged the immune system were known as “immunotherapies”, and one particular 

class of immunotherapies involved directing immune cells to target TSAs that were only found in 

cancer cells. While conceptually sound, the expression of TSAs is hardly consistent across the entire 

tumor landscape. As a tumor uncontrollably grows, the accumulation and type of mutations often 

diverge throughout various cellular subpopulations. TSAs have largely been identified through the 
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analysis of single biopsies from tumors, and as a result, targeting these antigens often results in the 

selection for neoantigen-null tumor cells and recurrence of an immunotherapy-resistant tumor. As 

such, this level of intratumoral heterogeneity needs to be considered when designing 

immunotherapeutic approaches that target specific TSAs. 
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Chapter 1: Characterizing tumor-wide neojunctions 
The identification of TSAs across cancers has largely been focused on characterizing peptides arising 

from somatic mutations within the coding regions of the genome.8,9 While nonsynonymous mutations 

are prevalent in high mutational burden cancers such as melanoma and lung cancer, tumors with less 

genomic aberrations yield fewer downstream TSA targets.10,11 To expand the repertoire of potential 

immunotherapeutic antigens, recent studies have explored aberrant splicing events as a source of 

TSAs.12,13 These cancer-specific splicing events are known as neojunctions, and they are shown to be 

prevalent and capable of generating TSAs that are capable of potentiating CD8+ T-cell responses.13–

20 However, no study has yet examined the spatial and temporal conservation of neojunctions 

expressed throughout the entire tumor landscape. The question of whether neojunction-derived 

targets are clonally expressed remains unknown. 

Characterization of public, pan-cancer neojunctions 
In our study, we aimed to investigate the clonality of neojunctions across various cancer types to 

identify public tumor-wide neojunction-derived tumor-specific antigens (TSAs). Public targets are 

those expressed across multiple patients within the same cancer cohort and targeting these would be 

the optimal approach for developing “off-the-shelf” therapies. We first utilized RNA-sequencing 

(RNA-seq) data from The Cancer Genome Atlas (TCGA) to identify non-annotated junction reads 

across various cancer types (Extended Data Figure 1A). We included 12 tumor types with publicly 

available, multiple spatially-mapped tumor samples to assess intratumoral heterogeneity (ITH) 

(Figure 1A). Only samples with inferred tumor purities of ≥ 60% were included in our analysis21,22 

(Figure 1B) to ensure that the identified protein-coding, non-annotated junctions are predominantly 

captured from tumor cells (Extended Data Figure 1B). The positive sample rate (PSR) of a junction 

represents the percentage of samples within a cohort expressing the neojunction at a junction read 

frequency of ≥ 1% compared to the canonical splicing junction.23 This metric allowed us to define 
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public neojunctions as those demonstrating elevated PSRs within each TCGA tumor cohort (PSRTCGA 

≥ 10%) (Figure 1C, Extended Data Figure 1C). Following neojunction nomenclature13, we selected 

cancer-specific splicing events as those with a PSR < 1% in normal tissue from the Genotype-Tissue 

Expression (GTEx) project (n=9166; PSRGTEx < 1%) (Extended Data Figure 1D). We identified an 

average of 94 public neojunctions per TCGA tumor type (Figure 1D), which were expressed at similar 

frequencies across all cancers (Figure 1E). Further characterization of public neojunctions across 

tumor types revealed varying distributions of splice types (Figure 1F) and consistent proportions of 

frame shift-generating splicing events (Figure 1G). Some of these neojunctions have been detected 

in recent splicing studies19,24 (Extended Data Figure 1E-1F). Unbiased hierarchical clustering 

revealed that cases from the same tumor type tend to cluster together, indicating similar neojunction 

expression profiles across patients with the same cancer type. A subset of neojunctions were expressed 

in multiple tumor types (Figure 1H). Therefore, neojunction expression can be conserved among 

patients across multiple cancer types, suggesting potential pan-cancer immunotherapy targets 

produced by aberrant splicing. 
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Figure 1: Characterization of public neojunctions across multiple cancer types. A. TCGA 
tumor sets with corresponding multi-biopsy RNA sequencing data available for analysis. Disease types 
were selected based on the availability of publicly available data sets that included multi-site sampling 
within the same tumor, which included glioblastoma (GBM; n=167), low-grade glioma (LGG; n=516), 
lung adenocarcinoma (LUAD, n=517), lung squamous cell carcinoma (LUSC, n=501), mesothelioma 
(MESO, n=516), liver hepatocellular carcinoma (LIHC, n=371), stomach adenocarcinoma (STAD, 
n=415), kidney renal clear cell carcinoma (KIRC; n=533), kidney renal papillary cell carcinoma (KIRP; 
n=290), kidney chromophobe (KICH, n=66), colon adenocarcinoma (COAD; n=458), and prostate 
adenocarcinoma (PRAD; n=497). B. Tumor purity of TCGA tumor samples. Samples with confirmed 
tumor purity of 60% and above (solid fraction) were retained for downstream analysis. C. Interpatient 
frequency (positive sample rate; PSR) of putative neojunctions identified in each tumor type. Public 
neojunctions are defined as those with a PSR ≥ 10% (red line). D. Total public neojunctions detected 
per sample across tumor types. E. Log2 (read frequency) of public neojunctions across tumor types. 
F-G. Distribution of public neojunctions based on splice types: exonic loss due at the 3’ or 5’ splice 
site (A3 or A5 loss), intronic gain at the 3’ or 5’ splice site (A3 or A5 gain), exon skip ES), junction  
within exon, junction within intron, others. (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) (F) and frame-shift  status (G). H. Expression of 
all pan-cancer-spanning neojunctions (log2(CPM)) across all studied TCGA tumor types 
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Extended Data Figure 1: Pan-cancer public neojunctions are characterized from TCGA A. 
TCGA RNA sequencing data across multiple cancers (n=12) were analyzed for non-annotated, 
protein-coding, and cancer-specific splicing junctions (GTEx positive sample rate < 1%; 
neojunctions). Interpatiently conserved  (TCGA positive (Figure captions continued on the next page.) 
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(Figure captions continued from the previous page.) sample rate ≥ 10%; public neojunctions) were 
retained for downstream analysis of intratumoral heterogeneity (ITH). Tumors with sequencing data 
extracted from multiple intratumoral regions were used to evaluate each public neojunction’s ITH. 
Independent prediction algorithms were used to assess proteasomal processing and MHC-I binding 
of peptide sequences translated from public, intratumorally conserved neojunctions. The expression 
of these neojunctions and their peptide derivatives were validated by RNA sequencing and mass 
spectrometry analysis of patient-derived tumor samples and cell lines. T-cell receptors (TCRs) were 
cloned and characterized for top predicted candidates through in vitro sensitization of PBMC-derived 
CD8+ T-cells against the corresponding neoantigen-pulsed antigen presenting cells and subsequent 
10x V(D)J single-cell sequencing. Transduction of these neoantigen-reactive TCR sequences in TCR-
null Jurkat76/CD8 cells and PBMC-derived CD8+ T-cells allowed the demonstration of neoantigen-
specific immunogenicity and tumor-specific killing. C. Total number of public (PSRTCGA ≥ 10%), non-
annotated, protein-coding junctions detected pan-cancer. D. Dot plots representing the positive 
sample rate percentage of non-annotated, protein-coding junctions in all studied cancer types (COAD, 
GBM, KICH, KIRP, LGG, LIHC, LUAD, LUSC, MESO, PRAD, SKCM, STAD). Neojunctions 
(PSRTCGA ≥ 10% and PSRGTEx < 1%) are denoted by colored dots. E-F. Bar plots illustrating the 
proportion of SNIPP-characterized neojunctions found in the IRIS (E) and MAJIQlopedia (F) 
databases. 
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Characterization of public, pan-cancer neojunctions 
ITH presents a significant challenge in cancer treatment, particularly for immunotherapy approaches. 

Tumors often exhibit diverse genetic and molecular profiles across different regions, complicating the 

development of effective targeted therapies. This heterogeneity can lead to the outgrowth of cancer 

cells lacking specific (TSAs), potentially rendering single-target immunotherapies ineffective. For 

targeted T-cell therapies, this underscores the importance of focusing on multiple neoantigens shared 

by the entire tumor to prevent immune evasion by antigenic evolution.3,25 Neojunctions have 

previously been demonstrated to generate immunogenic antigens.16–19 To address this challenge, we 

conducted a comprehensive analysis of public neojunctions across multiple intratumoral samples from 

various cancer types, including prostate,26 liver,27–30 colon,27,31 stomach,27 kidney,27 and lung cancers32,33 

(Extended Data Figure 2A). We filtered for neojunction reads across multiple samples from the 

same tumor (Figure 2A) and investigated whether public neojunctions are present throughout the 

entirety of the tumor landscape. This analysis revealed public neojunctions expressed in multiple 

intratumoral samples (Figure 2B, Extended Data Figure 2B). Public spatially-conserved 

neojunctions were identified across all cases in datasets with multi-site sampling, further highlighting 

their potential as ideal neojunction targets (Figure 2C). 

Among the cancer types analyzed in our study, gliomas exhibit a notably high degree of ITH, 

complicating immunotherapy efforts.34–37 Determining the number of samples required to represent a 

tumor’s transcriptomic landscape accurately is crucial.34,38 Therefore, we increased the number of 

intratumoral biopsies across the three main glioma subtypes.39–41 We evaluated approximately ten 

maximally distanced, spatially mapped samples from each of 51 tumors with exome and RNA-seq 

data (Figure 2D, Extended Data Figure 2D-H), detecting neojunction expression intratumorally 

across multiple patients. As the number of samples increased from one to ten, the number of 

ubiquitously expressed neojunctions inversely correlated with the number of samples (Extended 
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Data Figure 2F-H). These findings underscore the critical need for multiple biopsies per tumor to 

confidently characterize neojunctions as tumor-wide. 

Hierarchical clustering of our extensive intratumoral dataset revealed neojunction subsets associated 

with either mutant isocitrate dehydrogenase (IDHmut) or wild-type (IDHwt) subtypes (Figure 2E). 

Notably, IDHmut gliomas expressed significantly more tumor-wide neojunctions than IDHwt 

gliomas. Although the proportion of tumor-wide neojunctions is significantly lower than sub-clonally 

expressed neojunctions across patients (Figure 2F), we detected at least one tumor-wide neojunction 

in 45 (88.2%) of our patients (Figure 2G), with 13 (25.5%) patients expressing over 50 tumor-wide 

neojunctions (Extended Data Figure 2D). While 774 (98.1%) of the TCGA-characterized LGG and 

GBM neojunctions were detectable in more than one region of at least one tumor in our cohort, 37 

(4.7%) neojunctions were found across all samples in more than 10% of the study cohort (Extended 

Data Figure 2E). Therefore, the majority of the public neojunctions identified from the TCGA 

LGG/GBM analysis are expressed in multiple tumor regions but not tumor-wide in our multi-sampled 

tumor dataset. This suggests that combining neojunctions could effectively cover an entire tumor 

landscape. 

Next, we characterized spatially and temporally conserved neojunctions at metastasis and recurrence. 

Analysis of public cutaneous melanoma (SKCM) RNA-seq data42 revealed 13 (9.6%) neojunctions 

detected across metastatic sites in at least one patient (Extended Data Figure 2C). Examining 

matched primary/metastasis pairs in TCGA revealed that 43.8% to 72.6% of neojunctions identified 

in primary tumors persist in metastases across COAD, PRAD, and SKCM cancers (Extended Data 

Figure 2I). Similarly, an average of 36.4% of neojunctions were conserved at recurrence when 

investigating matched primary/recurrence pairs across TCGA COAD, GBM, LGG, LIHC, and 

LUAD cancers (Extended Data Figure 2J). In our glioma dataset, 79.2% and 82.3% of neojunctions 
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were conserved at recurrence following temozolomide treatment (Extended Data Figure 2K). These 

findings demonstrate that neojunctions can persist across both space and time. 
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Figure 2: A subset of neojunctions are expressed tumor-wide. A. Overview of the tumor-wide 
characterization of neojunctions by investigating RNA sequencing of multiple intratumoral regions in 
various cancer types. B. Heatmaps representing log2(CPM) of neojunctions (rows) across five samples 
within the same tumor (columns) in colon adenocarcinoma (COAD), kidney chromophobe  (KICH), 
liver cancer (LIHC), and stomach adenocarcinoma (STAD). Neojunctions found across all five 
intratumoral samples are annotated in yellow. C. Heatmap illustrating the number of biopsies within 
the same tumor sample (columns) that has detectable expression of neojunctions (rows) in LIHC (left), 
prostate adenocarcinoma (PRAD; center), and mesothelioma (MESO; right). The intensity of each 
cell indicates the proportion of regions within the same tumor that has putative expression of each 
neojunction, with intensity of 1 representing a neojunction expressed tumor-wide within a 
corresponding patient. D. 3-D models of the brain and tumor (yellow) derived from patient 470 (P470). 
Approximately 10 spatially mapped and maximally distanced biopsies (blue) were taken within each 
tumor (refer to Supplementary Video 1). Whole-exome sequencing, RNA sequencing, and further 
analyses were conducted on each of these regions. E. Heatmap illustrating the number of biopsies 
within the same tumor sample (columns) that has detectable expression of neojunctions (rows) in 
across various glioma subtypes, IDH1wt (blue), (Figure captions continued on the next page.)  
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(Figure captions continued from the previous page.) IDH1mut-A (yellow), and IDH1mut-O (red). 
The intensity of each cell indicates the percentage of regions within the same tumor that has putative 
expression of each neojunction. F-G. Bar plot (F) and parts-of-whole chart (G) of proportion of 
glioma-specific neojunctions (n=789) based on the their intratumoral heterogeneity across patients. 
Neojunctions are considered tumor-wide if they are found across 100% of intratumor samples within 
the same patient, highly conserved if they are found in > 70% of samples but not 100% of samples, 
moderately conserved if they are found in > 30% of samples but ≤ 70% of samples, or lowly 
conserved if found in at least two samples but ≤ 30% of samples.  
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Extended Data Figure 2: Intratumoral heterogeneity and interpatient characteristics of 
neojunctions across various cancer types. A. Multi-region RNA-sequencing data of multiple 
cancer types were collected across various studies. Multi-region sampling is defined in studies in which 
multiple biopsies were isolated from same tumor (Figure captions continued on the next page.) 
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(Figure captions continued from the previous page.) for downstream sequencing analyses. B. Counts 
per million (CPM) of non-annotated, protein-coding neojunctions across multi-region samples in 
kidney cancer, prostate cancer, mesothelioma, and glioma cases. C. Heatmap illustrating the number 
of metastases within the a SKCM patient (columns) that has detectable expression of neojunctions 
(rows). The intensity of each cell indicates the proportion of regions within the same tumor that has 
putative expression of each neojunction, with intensity of 1 representing a neojunction expressed in 
all metastases within a corresponding patient. D. Histogram of the number of multi-region sampled 
glioma cases with the corresponding number of tumor-wide neojunctions. E. Distribution of glioma-
specific neojunctions (n=789, columns) based on the their intratumoral heterogeneity across patients. 
F. Total number of neojunctions found in n cores per patient. G. Slope charts demonstrating patient-
matched pairs of the number of neojunctions found in n cores compared to 10 cores. Paired t-test 
analysis was performed on all matched values, and the corresponding p-value is displayed above each 
slope chart iteration. H. Dot-plot with best-fitting curve mapping the p-values of all iterations of 
paired n core and 10 core comparisons. I-K. Percentage of neojunctions identified at primary that 
were conserved in paired metastases (I), recurrence (J), and recurrence following temozolomide 
treatment (K). 
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Conclusion 
By leveraging RNA-seq data from The Cancer Genome Atlas (TCGA), we identified non-annotated 

junction reads across multiple cancer types and revealed an average of 94 public neojunctions per 

TCGA tumor type, with consistent expression patterns and similar frequencies across different cancers. 

The study highlighted the significance of public neojunctions, which demonstrated elevated PSRs 

within each TCGA tumor cohort and were predominantly cancer-specific, with minimal expression 

in normal tissues. By investigating multiple intratumoral samples from diverse cancer types, we 

uncovered that public neojunctions were often spatially conserved within tumors, underscoring their 

potential as ideal immunotherapy targets. 

Gliomas, known for their pronounced ITH, particularly benefitted from our extensive in-house 

sampling approach. Our findings emphasized the necessity of multiple biopsies per tumor to 

accurately capture the transcriptomic landscape and identify tumor-wide neojunctions. Hierarchical 

clustering revealed that certain neojunction expression profiles were associated with either IDHmut 

or wild-type subtypes, with IDHmut gliomas expressing significantly more tumor-wide neojunctions. 

Furthermore, our analysis extended to spatially and temporally conserved neojunctions at metastasis 

and recurrence. We demonstrated that a significant proportion of neojunctions identified in primary 

tumors persist in metastatic and recurrent sites across various cancer types. 

In conclusion, our study underscores the potential of targeting public neojunction-derived TSAs for 

developing pan-cancer immunotherapies. Tumor-wide or highly conserved neojunctions identified 

through spatial analysis of multiple regions within the same tumor helps identify targets that are not 

limited to select subclones or regions of a tumor. By addressing the challenges posed by intratumoral 

heterogeneity and focusing on conserved neojunctions, we pave the way for more effective and 

broadly applicable cancer treatments. These findings lay a strong foundation for the downstream 
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identification of neojunction-derived TSAs and the eventual development of innovative 

immunotherapeutic strategies aimed at combating a wide range of cancers. 
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Chapter 2: Cancer-specific splicing dysregulation 
Dysregulated splicing in cancer often results from a complex interplay of factors, including mutations 

in splicing factor genes, alterations in regulatory genes that influence splicing, and cis-acting mutations 

affecting splice sites or regulatory elements. Splicing factor mutations are common in various cancers, 

particularly hematologic malignancies.43 The most frequently mutated splicing factors include SF3B1, 

SRSF2, U2AF1, and ZRSR2, and these mutations can lead to altered splicing patterns in cancer cells 

that could potentially generate novel protein isoforms.44–46 In SF3B1-mutated uveal melanoma cases, 

one particular study demonstrated the generation of neojunction-derived neoantigens that could be 

targeted in cell-based immunotherapy approaches.16  

However, many cancer types do not carry splicing factor mutations, which raises the question of why 

they express significantly more neojunctions than healthy tissue13 and even differ in expression 

between subcategories of the same cancer. This observation suggests that other mechanisms, such as 

aberrant expression of splicing factors or alterations in upstream regulatory pathways, may contribute 

to dysregulated splicing in these cases. Additionally, epigenetic changes, including altered DNA 

methylation patterns and histone modifications, can influence splicing factor expression and activity, 

potentially leading to widespread changes in splicing patterns across the transcriptome. 

Our study aims to elucidate the underlying mechanisms driving the increased expression of 

neojunctions in cancer types independent of splicing factor mutations. By investigating the differential 

expression of canonical splicing-related genes, we seek to uncover novel insights into the complex 

landscape of splicing dysregulation in cancer. Understanding these mechanisms is crucial for 

developing targeted therapies and identifying potential biomarkers for cancer diagnosis and prognosis. 
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Neojunction expression is not associated with splicing factor 
mutations in gliomas 
Noting the subtype-specific expression of neojunctions across glioma subtypes in both TCGA and 

our spatially-mapped dataset (Figure 2E), we investigated dysregulation in splicing machinery that 

may contribute to these patterns. Prior investigations report a potential role of the IDH mutation in 

splicing aberrations,13 but our study revealed much more complexity. Both TCGA and our spatially 

mapped datasets showed significantly greater numbers of public neojunctions per case in IDH mutant 

(IDHmut) gliomas compared to IDH wild-type (IDHwt) gliomas (Figures 3A-3B). While IDHmut-

A gliomas demonstrated higher average levels of neojunction expression than IDHwt gliomas, 

IDHmut-O neojunction expression was even greater (Figures 3C-3D). 

We performed pairwise Pearson correlation analyses to explore whether neojunction expression is 

associated with somatic mutations in commonly mutated RNA splicing factors47–50 (Extended Data 

Figures 3A-3C). A high correlation was found between FUBP1, SF3A1, or NIPBL mutations and 

the IDH mutation. FUBP1 mutations are prevalent in IDHmut-O gliomas,51,52 yet hierarchical 

clustering of neojunctions revealed no significant trend of neojunction expression with FUBP1, 

SF3A1, or NIPBL mutation status (Extended Data Figures 3D-3I). Dysregulation of individual 

splicing factors can result in aberrant splicing.48,53 Based on these findings, we investigated whether 

aberrations in the expression levels of splicing-related genes correlate with neojunction production. 
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Figure 3: Tumor-specific disease subtypes demonstrate differential levels of neojunction 
expression. A-B. Density and box-and-whisker plots depict the total number of putative 
neojunctions expressed in IDH1mut cases (orange) and IDH1wt cases (green) in TCGA GBM/LGG 
samples (A) and our in-house spatially-mapped GBM/LGG dataset (B). C-D. Histogram and box-
and-whisker plot depict the number total number of putative neojunctions expressed in IDH1wt (blue), 
astrocytoma (yellow), and oligodendroglioma cases (red) in TCGA GBM/LGG samples (C) and our 
in-house spatially mapped GBM/LGG dataset (D). E-F. Volcano plots illustrating significantly 
upregulated (blue) and downregulated (red) gene sets comparing IDH1mutO cases vs. IDH1wt cases 
(left), IDH1mutA cases vs. IDH1wt cases (center), and IDH1mutO cases vs. IDH1mutA cases (right). 
Gene sets categorized under the Gene Ontology Biological Processes (GOBP, E) and Gene Ontology 
Cellular Component (GOCC, F) were investigated in our(Figure captions continued on the next page.) 
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(Figure captions continued from the previous page.) analyses. Splicing-related gene sets were denoted 
by points labeled with text. G. Box-and-whisker plot depicting the log2(RSEM) expression level of 
splicing-related genes detected from GOBP gene set with a significant (p < 0.05) log2fold increase in 
expression of 1.5 between IDH1mutA (yellow) and IDH1mutO (red) cases when compared to 
IDH1wt cases (blue). H. Box-and-whisker plot depicting the log2(RSEM) expression level of 
chromosome 1p or chromosome 19q splicing-related genes detected from GOBP gene sets with a 
significant (p < 0.05) log2fold decrease in expression of 1.5 between IDH1mutO (red) when compared 
to IDH1mutA (yellow) and IDH1wt cases (blue). I. Pearson correlation analyses of glioma-specific 
neojunctions against the expression of CELF2 in IDH1mutO (z-axis), IDH1mutA (y-axis), and 
IDH1wt (x-axis) cases. Neojunctions with a Pearson correlation greater than or equal to 0.10 with the 
corresponding gene are denoted with purple dots and those with a Pearson correlation less than or 
equal to -0.10 with the corresponding gene are denoted with yellow dots. J. Expression of NJACAP2 in 
LGG cell lines, SF10417 (left) and SF10602 (right), treated with control siRNA or siCELF2.K. 
Pearson correlation analyses of glioma-specific neojunctions against the expression of SNRPD2 (left) 
and SF3A3 (right)in IDH1mutO (z-axis), IDH1mutA (y-axis), and IDH1wt (x-axis) cases. L. 
Expression of NJACAP2 in GBM115 treated with control siRNA or siSNRPD2 (left) or siSF3A3 (right). 
M-N. Bar plot (left) showing the total neojunctions expressed per case across all disease subtypes and 
heatmap (right) displaying the Wilcoxon rank-sum test of neojunction expression between each 
subtype within TCGA LIHC (M) and LUAD (N).  
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IDH-mut and Chr 1p/19 splicing gene dysregulation modulates 
neojunction expression 
To investigate possible drivers for the glioma-subtype differences in neojunction expression, we 

evaluated differentially expressed gene sets on the three glioma subtypes from TCGA (Extended 

Data Figures 4A-4B). Gene set enrichment analysis highlighted significantly upregulated splicing-

related gene sets in mutant IDH cases compared to their wild-type counterparts across Gene Ontology 

Biological Processes (GOBP) (Figure 3E) and Gene Ontology Cellular Component (GOCC) 

databases (Figure 3F). When ordered based on neojunction expression, splicing-related genes highly 

expressed in both mutant IDH tumor subtypes largely clustered together (Extended Data Figures 

4C-E). 

To further investigate specific splicing-related genes that may lead to increased neojunction expression 

in IDHmut gliomas (Figures 3G-H), we selected GOBP splicing-related genes (n=24) with a 

statistically significant (p < 0.05) 1.5-fold increase in expression in IDHmut cases compared to wild-

type (Figure 3G). Notably, CELF2 has previously been reported to generate splice aberrations when 

overexpressed.54,55 Our correlation analyses of the expression of CELF2 against the expression of all 

789 public neojunctions identified a greater percentage of neojunctions whose expression generally 

increased (average Pearson correlation coefficient > 0.10) with the increasing CELF2 expression 

across all glioma subtypes (Figure 3I). Of the 789 neojunctions, 359 (45.5%) increased in expression 

with CELF2 expression, as opposed to 81 (10.3%) neojunctions that tended to decrease. Selecting the 

highest correlating neojunction associated with this splicing-related gene, we performed siRNA-

mediated knockdown of CELF2 in two patient-derived IDH mutant cell lines, SF10417 and SF1060256 

(Extended Data Figures 5A-5B), and observed a trend of decreased expression of the associated 

neojunction across both lines (Figure 3J). We characterized 244 neojunctions that are significantly 

upregulated in IDH mutant compared with wild-type glioma cases (log2 fold change > 1.5, p-value < 
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0.05), a subset of which were detected in other TCGA IDHmut cancer types (Extended Data Figure 

5K). RNA-sequencing analysis demonstrated an associated decrease in the expression of 19 (8.6%) 

and 28 (12.7%) IDHmut-associated neojunctions, respectively, in SF10417 and SF10602 following 

CELF2 knockdown compared to non-treated controls (Extended Data Figure 5C) and a correlative 

increase in a candidate IDHmut neojunction expression with increased expression of IDHmut-

associated splicing-related genes (Extended Data Figure 5J). These findings suggest that 

neojunction prevalence is regulated by altered expression of RNA-binding proteins in tumor subtypes 

and that modulation of these genes can lead to changes in neojunction levels. 

When re-examining GOBP splicing-related gene sets (Extended Data Figures 4C-4E), we 

discovered subclusters of genes significantly downregulated in IDHmut-O cases. Most of the genes 

found within these clusters reside on either chromosome 1p or 19q, co-deletion of which is a 

distinctive diagnostic feature of IDHmut-O gliomas. To evaluate whether the downregulation of these 

genes could lead to the characteristic increase in putative neojunction expression seen in the IDHmut-

O subtype, we selected GOBP splicing-related genes (n=26) with a statistically significant (p < 0.05) 

1.5-fold decrease in expression in IDHmut-O cases compared to both IDHmut-A and IDHwt cases 

(Figure 3H). Of these splicing genes, disruption of normal SNRPD2 and SF3A3 expression was 

previously reported to lead to splicing aberrations.57 Correlation analysis of SNRPD2 and SF3A3 

expression against the expression of the 789 neojunctions across all glioma subtypes supported our 

hypothesis that decreased SNRPD2 and SF3A3 expression might contribute to greater neojunction 

expression (Figure 3K). Of the 789 neojunctions, 385 (48.8%) increased in expression with decreased 

SNRPD2 expression compared with the 93 (11.8%) neojunctions that tended to increase in expression 

with increasing levels of CELF2. Similarly, with increasing levels of SF3A3 expression, 178 (22.6%) 

neojunctions tended to increase in expression, and 127 (16.1%) neojunctions tended to decrease in 

expression. Notably, siRNA knockdown of either SNRPD2 or SF3A3 in the GBM115 cell line 
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(Extended Data Figures 5A-5B) led to a significant increase in the expression levels of their 

associated neojunctions (Figure 3L, Extended Data Figure 5E). We also characterized 52 IDHmut-

O-associated neojunctions as significantly upregulated in mutant IDH-O glioma cases compared to 

their mutant IDH-A and wild-type counterparts (log2 fold change > 1.5, p-value < 0.05). We found 

increased expression of 7 (13.5%) and 4 (7.7%) IDHmut-O-associated neojunctions in GBM115 cells 

treated with SF3A3 or SNRPD2 siRNA, respectively (Extended Data Figure 5D). While previous 

studies linked splicing factor mutations to neojunctions in cancers,58 our results shed light on a 

previously undescribed mechanism showcasing that decreased wild-type splicing factor expression 

consistently generates neojunctions. These findings suggest that commonly altered components of the 

RNA splicing machinery in gliomas are mechanistically linked to increased neojunction expression. 

Dysregulation of splicing-related gene expression leads to differential 
neojunction expression 
Finally, we extended our analysis across the remaining TCGA cancer types used in this study to 

identify tumor subtypes with significantly dysregulated neojunction expression. While neojunction 

expression remained relatively consistent across SKCM, KIRP, KICH, and PRAD cancers (Extended 

Data Figures 5F-5I), the iCluster 3 and iCluster 6 subtypes within TCGA LIHC and LUAD, 

respectively, demonstrated significantly differentiated neojunction expression compared with other 

iCluster subtypes (Figures 3M-3N). Gene set enrichment analysis of the six LUAD iCluster subtypes 

revealed decreased expression of splicing-related gene pathways. Notably, 23 of these splicing-related 

gene sets were consistently downregulated in LUAD iCluster 6 compared with all five other iCluster 

subtypes. Together, these results indicate that in addition to splicing factor mutations, dysregulated 

expression of canonical splicing-related genes can lead to the generation of disease-specific 

neojunctions. 
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Extended Data Figure 3: Co-occurrence of somatic mutations in splicing-related genes. A-C. 
Heatmaps showing the pairwise Pearson correlation (Figure captions continued on the next page.) 
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(Figure captions continued from the previous page.) matrix between gene expression of TCGA 
GBM/LGG samples computed for each gene pair. Splicing-related gene lists were defined by A. 
Nostrand et al. 2020, B. Sveen et al. 2016, and C. Seiler et al. 2018. D-F. Pie charts illustrating the 
proportions of IDH1 mutant samples that also contain mutations in D. FUBP1, E. SF3B1, and F. 
NIPBL in IDH1wt GBM samples (bottom), IDH1mut astrocytoma samples (top-left), and IDH1mut 
oligodendroglioma samples (top-right). G-I. Binary heatmap demonstrating the putative expression 
of neojunctions in relation to glioma subtypes and mutation status of G. FUBP1, H. SF3B1, and I. 
NIPBL. 
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Extended Data Figure 4: Glioma subtype-specific aberrations in splicing factor expression 
leads to differential levels of neojunction expression. A. Ranked log2 fold change of genes within 
the top enriched pathways within GOBP when (Figure captions continued on the next page.)  
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(Figure captions continued from the previous page.) comparing IDH1mutA samples against IDH1wt 
samples. Green line plots show the running sum with the enrichment score peaking at the red dotted 
line, indicating leading edge genes that precede the peak.  B. Ranked log2 fold change of genes within 
the top enriched pathways within GOBP when comparing IDH1mutO samples against IDH1wt 
samples. C-E. Heatmap demonstrating hierarchal clustering of splicing-related genes (rows) in GOBP 
mRNA Processing (C), GOBP RNA Splicing (D), and GOBP RNA Splicing via Transesterification 
Reactions (E) in TCGA samples (columns) ordered by the total number of expressed putative 
neojunctions.  
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Extended Data Figure 5: Dysregulated expression of canonical splicing-related genes are 
associated with disease subtype-specific expression of neojunctions. A-B. RNA-sequencing-
derived (A) and qPCR (B) TPM expression of CELF2, (Figure captions continued on the next page.)  
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(Figure captions continued from the previous page.) SNRPD2, and SF3A3 following siRNA 
knockdown. C. Slope plots demonstrating decrease in the frequency of IDH1mut-specific NJs in 
CELF2 siRNA-treated SF10417 (left) and SF10602 cells (right). D. Slope plots demonstrating increase 
in the frequency of IDH1mut-O-specific NJs in SF3A3 siRNA- (left) and SNRPD2 siRNA-treated 
(right) GBM115 cells. E. RNA-sequencing-derived read frequency of NJACAP2 in GBM115 cells treated 
with control siRNA and siSF3A3 (left) or control siRNA and siSNRPD2 (right). F-I. Bar plot (left) 
showing the total neojunctions expressed per case across all disease subtypes and heatmap (right) 
displaying the Wilcoxon rank-sum test of neojunction expression between each subtype within TCGA 
SKCM (F), KIRP (G), PRAD (H), KICH (I). J. Correlation of IDH1mut-specific splicing-related 
genes (left) and chr1p/19q splicing-related genes (right) with NJGNAS and NJRPL22. K. Detection of 
glioma-derived IDH1mut neojunctions in IDH1mut TCGA LIHC and PRAD samples. 
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Conclusion 
Our comprehensive study of neojunction expression across glioma subtypes and other cancers has 

revealed several key insights into the mechanisms driving subtype-specific splicing dysregulation. 

Firstly, IDH mutation status significantly influences neojunction expression, with IDHmut gliomas 

exhibiting higher levels of neojunctions compared to IDHwt gliomas. This led us to discover that 

differential expression of splicing-related genes, rather than mutations in splicing factors, can be a 

major driver of neojunction formation in gliomas. Upregulation of specific splicing-related genes, such 

as CELF2, correlates with increased neojunction expression in IDHmut gliomas. Downregulation of 

splicing-related genes located on chromosomes 1p and 19q, particularly in IDHmut-O gliomas, 

contributes to increased neojunction expression. Modulation of splicing-related gene expression 

through siRNA knockdown experiments confirmed the causal relationship between these genes and 

neojunction levels. Analysis of other TCGA cancer types revealed additional tumor subtypes with 

significantly dysregulated neojunction expression, suggesting that this phenomenon extends beyond 

gliomas.  

These findings have important implications for our understanding of cancer biology and potential 

therapeutic approaches: The identification of subtype-specific neojunction patterns may serve as 

valuable biomarkers for cancer diagnosis and prognosis. Targeting dysregulated splicing-related genes 

or their downstream effects could provide novel therapeutic opportunities for specific cancer subtypes. 

The complex interplay between genetic alterations, gene expression changes, and splicing 

dysregulation highlights the need for integrative approaches in cancer research and treatment. Our 

results underscore the importance of considering tumor heterogeneity and subtype-specific molecular 

features when developing targeted therapies. In conclusion, this study provides a comprehensive 

overview of the factors driving neojunction expression in gliomas and other cancers, paving the way 

for future research into the functional consequences of these aberrant splicing events and their 
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potential as therapeutic targets. Further investigation into the mechanisms of neojunction formation 

and their impact on tumor biology may lead to innovative strategies for cancer diagnosis, prognosis, 

and treatment. 
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Chapter 3: Neojunction-specific CD8+ T-cell killing 
With the characterization of clonal and publicly-expressed neojunctions, the next and final goal is to 

identify those that would generate an immunogenic target. To accomplish this, we selected a cohort 

of neojunctions and validate their ability to be endogenously processed and presented by human 

leukocyte antigen (HLA) molecules. Presentation by HLA is required for the proper recognition of 

the neoantigen by a specific T-cell receptor (TCR). In this study, we identify neoantigen-specific CD8+ 

T-cell-derived TCR sequences and evaluate their ability to mount a neojunction-derived neoantigen-

specific immune and cytotoxic response. 

Detection of Neojunctions in RNA and Protein Levels in Patient-
Derived Tumor Samples 

We first sought to validate the expression of public neojunctions and their protein products in cell 

line transcriptomic data and tumor tissue proteomic data. Targeting neojunctions expressed in 

available cell lines will facilitate their usage in downstream in vivo assays, and as such, we looked towards 

confirming the expression of these neojunctions in publicly available or in-house cell lines. Focusing 

on gliomas, known for high ITH and poor clinical outcomes, we investigated glioblastoma multiforme 

(GBM) patient-derived xenografts (PDX) (n=66)59 and lower-grade glioma (LGG) cell lines (n=2).56 

We measured the expression of 767 (97.2%) and 510 (64.6%) of our characterized public neojunctions 

in GBM and LGG, respectively (Figures 4A-4B). While short read sequencing allows for higher 

throughput interpretations of neojunction expression, we wanted to accurately confirm the expression 

of specific candidate neojunctions in cell lines. Using deep amplicon sequencing with primers spanning 

a subset of neojunctions and their flanking exons, we confirmed mRNA expression of neojunction-

spanning reads in glioma cell lines (Extended Data Figure 6J). 
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To test whether these neojunctions are translated into proteins, we analyzed mass spectrometry (MS) 

data from glioma patients (n=447) using publicly available datasets.60–62 Our analysis detected 

neopeptides corresponding to 302 (38.3%) unique public neojunctions (Figure 4C). These peptide 

sequences spanned aberrantly spliced regions, confirmed by sequence-specific searches within the MS 

data and subsequent analysis of the MS spectra (Extended Data Figures 6K-L). Notably, 41.7% of 

detected peptides mapped to neojunctions causing frame shifts (Extended Data Figures 6M), 

indicating that splicing aberrations inducing a frame shift can lead to detectable translated peptides. 

Our peptidome analysis confirmed that neojunction-encoding transcripts are actively translated into 

detectable protein products. When considering both RNA-seq and MS confirmation of glioma-

specific neojunctions, we validated the presence of 192 (24.3%) public neojunctions expressed across 

all patient-derived samples (Figure 4D). These findings demonstrate the existence of recurrent public 

neojunctions that generate tumor-specific polypeptides. 

Predicting tumor-wide neojunctions encoding neoantigens presented 
by HLA 

We hypothesized that a subset of translated neojunctions could be presented as targetable 

neoantigens.16,17,19 We investigated whether the 789 characterized public neojunctions could generate 

peptides processed and presented by human leukocyte antigen (HLA) class I following proteasomal 

processing. All properly translated neojunction-derived sequences from TCGA were translated in 

silico to generate a neojunction-derived protein dataset. Tumor-specific n-mers (8 to 11 amino acids) 

(Figure 4E) were defined as those absent from a UniProt reference normal human tissue proteome 

dataset. 

Prediction of HLA class I-presented peptides needs to integrate key aspects of antigen-presentation 

machinery, including peptide processing and HLA binding.63 Using two independent prediction 
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algorithms, MHCflurry 2.0 and HLAthena, we identified neoepitope sequences likely to be processed 

and presented (Extended Data Figure 6A).64,65 To rank candidate public neopeptides, we assessed 

the binding potential of n-mer candidates against the most prevalent HLA-A types expressed across 

a wide range of demographics. Amongst the 36 demographically predominant HLA-A alleles 

(Extended Data Figure 4F-4G), our analyses investigated the presentation likelihood of neoantigen 

candidates by HLA-A*01:01, HLA-A*02:01, HLA-A*03:01, HLA-A*11:01, and HLA-A*24:02.66 

Together, these alleles are expressed by the majority of the global population.67,68 To select high-

binding targets, we focused on n-mer candidates that scored in the top 1% with both algorithms 

(Figures 4F-4G, Extended Data Figures 6B-6C). Candidate n-mers that yielded these scores 

(n=832) were predicted to be processed and presented in glioma, and were retained for downstream 

analysis (Figure 4H). Mapping these top candidates to their originating neojunctions, we found that 

315 neopeptide-encoding neojunctions (NEJs; 39.9% of the originally characterized public 

neojunctions) produced cancer-specific peptide sequences with top n-mer candidates. 

Mapping these top candidates to their originating neojunctions, we determined that 315 neopeptide-

encoding neojunctions (NEJs; 39.9% of the originally characterized public neojunctions) produced 

cancer-specific peptide sequences containing top n-mer candidates. While a greater number of top-

scoring n-mer candidates are generated from frameshifts and alternative exonic 3’ splice sites 

(Extended Data Figures 6D-6E), presentation scores remained relatively consistent across n-mer 

candidates generated from NEJs with or without frameshift mutations or any specific splice type 

(Figures 4I-4J, Extended Data Figures 6H-6I). To further narrow our NEJ candidate list, we 

cross-referenced the 315 NEJs with the 192 neojunctions that we previously characterized as being 

shared across transcriptomic and proteomic platforms (Figure 4D). Of the 192 neojunctions, 81 were 

characterized as NEJs through this analysis (Figure 4K), with many NEJs encoding multiple strongly 
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predicted candidates. We focused our downstream analyses on 32 candidate NEJs that were predicted 

to bind strongly to HLA-A*02:01 due to this allele’s high prevalence across North American and 

European populations66,69 and the ability to benchmark to other neoantigen studies70–72 (Figure 4L). 

When ITH of these 32 neojunctions was investigated in the data set from spatially mapped samples, 

high intratumoral conservation was observed for most of these NEJs, particularly the two nucleotide 

A3 loss-encoding neojunction located within GNAS (NJGNAS) (Figure 4M). These findings 

demonstrate that intratumorally conserved public neojunctions may generate HLA-presented 

neopeptides. 

This comprehensive analysis validates the presence of public neojunctions at both the RNA and 

protein levels in gliomas, highlighting their potential as targets for neoantigen-based immunotherapies. 

The consistent expression and translation of these neojunctions across diverse glioma samples, 

coupled with their ability to generate HLA-presented neoepitopes, underscore their therapeutic 

relevance. These findings pave the way for future research into the therapeutic potential of targeting 

public neojunction-derived neoantigens in glioma and other cancers with high intratumoral 

heterogeneity. 
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Figure 4: Neojunction-derived neoepitopes are predicted to be processed and presented by 
HLA. A-B. Density plots depicting log2(CPM) of junction reads derived from RNA-sequencing from 
patient-derived GBM (A) and LGG (B) cell lines that (Figure captions continued on the next page.)  



 38 

(Figure captions continued from the previous page.) validate detectable levels of neojunction 
expression (colored) compared to the expression of canonical splicing (gray). C. Density plot depicting 
mass spectrometry analysis of publicly-available LGG and GBM data sets (n=447). The log2(peak 
intensity) of detectable neojunction-derived peptides (purple) indicate comparable intensity compared 
to other endogenous peptides (gray). D. Schematic demonstrating the selection of high-confidence 
neojunctions for downstream analysis. 192 neojunctions were selected based on expression in all 
RNA-seq and MS platforms. E. Diagram illustrating the mechanism of neoantigen production by the 
introduction of a neojunction. Multimer partitioning was employed subsequently to generate a peptide 
bank for prediction analysis. F-G. Histogram illustrating the scores pertaining to the likelihood of 
peptide presentation calculated from each algorithm for the top scoring 10-percentile of n-mers 
categorized by HLA-allele (F) or n-mer length (G). H. Dot plot showing the overlay of the top scoring 
1-percentile of both algorithms. Top-scoring final candidates are indicated in blue as the candidates 
that scored in the top 1 percentile in both algorithms. I-J. Bar graphs illustrating the composite 
presentation score (average presentation scores from HLAthena and MHCflurry 2.0) of top-scoring 
candidates binding across HLA-alleles based on frame-shift status (I) or alternative splicing category 
(J). K-L. Dot plot (K) and schematic (L) describing the immunogenic potential of the final candidate 
list based on top-scoring neojunction-derived n-mers derived from neojunctions detectable in patient-
derived mass spectrometry and RNA sequencing data. M. Heatmap illustrating the intratumoral 
heterogeneity of final candidate HLA-A*02:01-presented neojunctions across all spatially-mapped 
glioma samples. Glioma subtypes analyzed in this study include IDH1wt (blue), IDH1mut astrocytoma 
(yellow), IDH1mut oligodendroglioma (red), and one case (SF12548) that simultaneously exhibited 
either IDH1mut astrocytoma or IDH1mut oligodendroglioma across its spatially mapped samples 
(purple).  
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Extended Data Figure 6: Neojunction-derived neopeptides are detectable in patient mass 
spectrometry and predicted to be processed and presented by HLA. A. Schematic depicting the 
biological steps leading to the generation of HLA class I-presented antigens. Our neoantigen discovery 
pipeline considers the pre-presentation steps of proteasomal processing and HLA-binding. B-C. 
Histogram depicting the distribution of the top scoring (Figure captions continued on the next page.)  
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(Figure captions continued from the previous page.) 8-mers, 9-mers, 10-mers, and 11-mers in B. 
HLAthena and C. MHCflurry 2.0. Scores pertain to presentation by HLA-A*01:01 (green), HLA-
A*02:01 (blue), HLA-A*03:01 (red), HLA-A*11:01 (purple), and HLA-A*24:02 (orange). D. Jitter plot 
corresponding to the average presentation scores of peptides derived from neojunctions generating 
frame-shifts or in-frame mutations. E. Jitter plot corresponding to the average presentation scores of 
peptides derived from neojunctions derived from various splice types. F. Dot plot showing the overlay 
of the top scoring 1-percentile of HLAthena and MHCflurry 2.0 algorithms against neopeptide 
candidates presented by all demographically predominant HLA-A haplotypes. Top-scoring final 
candidates are indicated in blue as the candidates that scored in the top 1 percentile in both algorithms. 
G. Pie chart illustrating the distribution of neopeptide candidates found in the overlapping top 1 
percentile based on composite HLA-A haplotype score. H-I. Density plots depicting the average 
presentation scores of neoantigens derived from neojunctions generating H. frame shifts or I. various 
splice types presented by HLA-A*01:01, HLA-A*02:01, HLA-A*03:01, HLA-A*11:01, and HLA-
A*24:02. J. Read frequency of reads spanning neojunctions in RPL22 and GNAS compared to the 
canonical junction spanning reads in glioma cell lines (n=1). K-L. Mass spectra of peptide sequences 
spanning the aberrantly spliced regions in K. RPL22 and L. GNAS detected in publicly available GBM 
and LGG MS data. M. Proportion of mass spectrometry peptides that map back to neojunctions that 
encode for frame-shift or in-frame mutations. N. AlphaFold2 renders of the three-dimensional 
structure of wild-type RPL22 (top) and mutant RPL22 (bottom). The AA loss is indicated in red. 
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NEJ-reactive T-cell Receptors can be isolated from donor CD8+ T-
cells 

We next sought to determine whether NEJ-derived neopeptides can drive T-cell immunogenicity. We 

performed in vitro sensitization (IVS) to identify neoantigen-reactive CD8+ T-cell populations from 

healthy donor (HD)-derived peripheral mononuclear cells (PBMCs)73,74 (Figure 5A). We focused on 

a subset (n=4) of our 32 top NEJ candidates predicted to generate high-affinity binders to HLA-

A*02:01 (Figures 4K-4M). IVS of naïve CD8+ T-cells was conducted against neopeptide-pulsed 

autologous monocyte-derived dendritic cells (moDCs) collected from HLA-A*02:01+ HDs (n=5) to 

retrieve TCR gene sequences that confer specificity against these neoantigens. Subsequent IFNγ 

ELISA assays on the corresponding APC:CD8+ conditions revealed neoantigen-reactive 

immunogenicity in two out of four of the public NEJ-derived neoantigens (NeoAs): NeoARPL22 and 

NeoAGNAS (Figure 5B). NeoAGNAS results in an A3 loss of 2 nucleotides generating a frame-shift and 

premature stop codon. NeoARPL22 encodes for an in-frame A3 loss of 6 nucleotides, resulting in a loss 

of two amino acids in an alpha helix (Extended Data Figure 6N). These results indicate that NEJ-

reactive CD8+ T-cells can exist within the naturally occurring human T-cell repertoire. 

To retrieve TCR gene sequences that confer reactivity to these neoantigens, we repeated the peptide-

pulsed-APC:CD8+ T-cell co-culture on NeoARPL22- and NeoAGNAS-reactive CD8+ T-cell populations 

and performed combined single-cell V(D)J and RNA-seq. Neoantigen-reactive TCR clonotypes were 

associated with significantly elevated IFNG, TNFA, GZMB transcripts in neoantigen peptide-specific 

manners. Using this method, we identified seven NeoARPL22-reactive TCRs, two from Donor 3 

(TCRR3.7 and TCRR3.9) and five from Donor 4 (TCRR4.5, TCRR4.6, TCRR4.7, TCRR4.9, and TCRR4.11), and 

one NeoAGNAS-reactive TCR from Donor 4 (TCRG4.1) (Figure 5C). Although only one NeoAGNAS-

reactive TCR clonotype was characterized, this clonotype was the most proliferated TCR clone, 
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expanding to over 4% of the TCR repertoire in the CD8+ T-cell population (Figure 5D). The 

expansion of neoantigen-reactive CD8+ T-cell clones suggest a strong immunogenic response to these 

two neoantigens. 

NEJ-reactive TCRs recognize NEJ-derived neoantigens in an HLA-
restricted manner  
To further test the specificity of the identified TCRR3.9 and TCRG4.1-reactive T-cell clones, we 

transduced TCR-null triple-reporter (TR) Jurkat76 cells which express the CD8a/b heterodimer 

(Jurkat76/CD8) or PBMC-derived CD8+ T-cells with lentiviral vectors encoding the retrieved TCR α- 

and β-chains.75 The TR Jurkat76/CD8 cells have response elements for NFAT, NF-κB, and AP-1 

which drive expression of eGFP, CFP, and mCherry, respectively (Figure 5E).76,77 TCR-transduced 

TR Jurkat76 cells cultured with T2 cells pulsed with varying concentrations of neoantigen peptide 

demonstrated dose-dependent reactivity (Figures 5F, Extended Data Figures 7A-7B). Both TCRs 

demonstrated nM-level neoantigen-recognition, illustrating a relatively high functional avidity of the 

corresponding TCRs. The antigen-specificity of these receptors was supported by negligible TCR 

activation in the presence of supraphysiologic levels of the control peptide (1 μM). TCR-transduced 

PBMC-derived CD8+ T-cells displayed similar dose-dependent neoantigen-specific behavior (Figures 

5G-5H). TCR-transduced CD8+ T-cells were stained for surface expression of the T-cell activation 

and degranulation markers, CD137 and CD107a, to quantify markers of T-cell activation and effector 

function, respectively. T-cell activation was observed at neoantigen-peptide concentrations as low as 

1 pM (Figure 5G). Similarly, IFNγ and TNFα expression levels measured by ELISA suggested strong 

potency of both TCRs as indicated by their half-maximal effective peptide concentrations (EC50s) 

between 0.01 to 0.1 nM (Figure 5H, Extended Data Figure 7C). Treatment of neoantigen-pulsed 

T2 cells with an HLA-blocking antibody prior to co-culture with the TCR-transduced TR Jurkat76 

cells validated that neopeptide T-cell activation is HLA-dependent (Figure 5I).  
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Next, we performed alanine scanning mutagenesis to determine whether either NEJ-reactive TCR can 

recognize polypeptides derived from off-target normal human proteins.78 TCR-transduced triple-

reporter Jurkat76/CD8 cells were cultured against residue-substituted neoantigen isoforms, and key 

residues were defined by those that result in diminished TCR activation (Extended Data Figure 7E). 

Alterations in the recognition of a variant peptide indicate that the substituted residue was critical for 

TCR recognition.79 Referencing each TCR’s peptide recognition motif to a normal human proteome 

library (UniProt Proteome ID #UP000005640) demonstrated that no known human proteins share 

the key residues required for TCR recognition. Together, our results reveal TCRs that exclusively 

recognize NEJ-derived public neoantigens with robust sensitivity and highlight a potential 

immunotherapeutic approach utilizing TCR-engineered T-cells to target this novel class of shared 

neoantigens. 

Finally, we determined whether circulating NEJ-reactive CD8+ T-cell populations could be detected 

in glioma patients by immune monitoring studies on archived PBMC samples obtained from three 

HLA-A*02:01 glioma patients with known expression of NEJGNAS (Figure 4M). NEJGNAS IVS of 

these PBMC samples led to the detection of an immunogenic response in 1 of 3 glioma patients with 

no immunogenicity against an irrelevant HLA-A*02-restricted 9-mer neoantigen dextramer control 

(Figure 5J). These findings further support the immunogenicity and potential clinical application of 

targeting NEJ-derived neoantigens. 
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Figure 5: T-cell receptors (TCRs) specifically react to neojunction-derived neoantigens. A. 
Pipeline overview for identifying neojunction-derived neoantigen-reactive T-cell populations through 
in vitro sensitization (IVS) of healthy-donor (Figure captions continued on the next page.)  
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(Figure captions continued from the previous page.) PBMC-derived CD8+ T-cells against APC-
presented neopeptides. B. IFNγ ELISA of reactive CD8+ T-cell populations following IVS with 
neoantigen. C. 10x V(D)J IFNG signatures of highly proliferated TCR clonotypes cultured against T2 
cells pulsed with the neoantigen (colored), a control peptide (light-gray), or no peptide (dark-gray). 
Reactive TCR clonotypes were identified in Donor 3 CD8+ T-cells IVS-treated against NeoARPL22 
(left), Donor 4 CD8+ T-cells IVS-treated against NeoARPL22 (center), and Donor 4 CD8+ T-cells IVS-
treated against NeoAGNAS (right). D. Clonotype frequency of all TCR clones identified in Donor 3 
CD8+ T-cells IVS-treated against NeoARPL22 (left), Donor 4 CD8+ T-cells IVS-treated against 
NeoARPL22 (center), and Donor 4 CD8+ T-cells IVS-treated against NeoAGNAS (right). E. Pipeline for 
validating the specificity of neoantigen-reactive TCR clonotypes found in 10x V(D)J single-cell RNA 
sequencing (scRNA-seq) against neojunction-derived neoantigen candidates utilizing a TCR-
transduced triple-reporter Jurkat76/CD8 system followed by flow cytometry analysis. F-G. NeoARPL22 
(top) and NeoAGNAS-specific (bottom) TCR-transduced triple-reporter Jurkat76/CD8 cells (F) or 
PBMC-derived CD8+ T-cells (G) were activated against neoantigen-pulsed T2 cells in a dose-
dependent manner. TCR-transduced cells were co-cultured with control peptide-pulsed T2 cells at the 
highest dose concentration (1mM). TCR activation of TCR-transduced triple-reporter Jurkat76/CD8 
was measured by flow cytometry analysis of NFAT-GFP. PBMC-derived CD8+ T-cells were stained 
with CD107a and CD137 antibodies and surface expression of the TCR co-activation markers were 
analyzed by flow cytometry. H. IFNγ ELISA of NeoARPL22 (top) and NeoAGNAS-reactive (bottom) 
TCR-transduced CD8+ T-cells co-cultured with dose-dependent neoantigen-pulsed (left) and control 
peptide-pulsed T2 cells (right). I. NeoARPL22 (top) and NeoAGNAS-specific (bottom) TCR-transduced 
triple-reporter Jurkat76 cells are co-cultured with non-pulsed T2 cells (left), 0.1 μM neoantigen-pulsed 
T2 cells (center), or 0.1 μM neoantigen-pulsed T2 cells treated with pan-HLA class I blocking antibody 
(right). Cells were stained with CD3 antibody, and TCR activation was evaluated by NFAT-GFP 
activity. J. NeoAGNAS-dextramer staining of bulk CD8+ T-cells derived from an HLA-A*02:01 healthy 
donor (left) and glioma patients (right) following 2 cycles of NJGNAS IVS. 
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Extended Data Figure 7: Neoantigen-reactive T-cell clones are isolated from PBMC and elicit 
an immune response upon neoantigen recognition. A-B. A. NJRPL22-derived and NJGNAS-derived 
neoantigen-specific TCR-transduced triple-reporter (Figure captions continued on the next page.) 
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(Figure captions continued from the previous page.) Jurkat76 cells activated against dose-dependent 
neoantigen-pulsed T2 cells. TCR activation of triple-reporter TCR-transduced triple-reporter Jurkat76 
is measured by flow cytometry analysis of NFAT-GFP (top row) and NFκB-CFP (bottom row). C. 
TNFα expression of PBMC-derived CD8+ T-cells (n=3) transduced with TCR 6-1(top) and TCR 1-1 
(bottom) against T2 cells pulsed with varying concentrations of corresponding neoantigen or decoy 
antigen. D. Surface HLA-A2 expression of LGG and GBM cell lines (n=1) with or without 48-hour 
pre-treatment of IFNγ. E. Alanine scanning mutagenesis of NeoARPL22 (top) and NeoAGNAS-reactive 
(bottom) TCR-transduced triple-reporter Jurkat76/CD8 cells co-cultured with alanine-substituted 
neoantigen-pulsed T2 cells, neoantigen-pulsed T2 cells, or non-pulsed T2 cells. Flow analysis was 
performed to evaluate TCR activity through NFAT-GFP (left), AP-1-mCherry (center), and NFκB-
CFP (right) activity. F. Gating strategy for flow cytometry experiments.  
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NEJ-derived public neoantigens are endogenously processed and 
presented by HLA 
Next, we tested whether neojunction-derived transcripts generate peptides that are functionally 

presented by HLA and recognized by reactive TCRs. We evaluated the presentation of NEJ-derived 

neoantigens using two approaches: functional TCR-recognition and HLA-immunoprecipitation 

followed by liquid-chromatography-MS/MS (Figure 6A). To determine whether the neojunction 

transcript expression leads to immune recognition, we co-cultured COS7 cells transfected with the  

HLA-A2 and full-length mutated transcript together with either TCR-transduced TR Jurkat76 or 

CD8+ T-cells. TCRR3.9 and TCRG4.1-transduced TR Jurkat76 and CD8+ T-cells reacted against COS7 

cells transfected with their respective neoantigen, demonstrating endogenous processing and 

presentation of the public NEJs (Figures 6B-6C). We then performed affinity-column-based 

immunopurification of HLA-I ligands on COS7 cells co-transfected with HLA/mutant transcript. 

The MS analysis identified the same NeoAGNAS peptide as the highly abundant HLA-A2-bound peptide 

with high-confidence. Likewise, both NeoARPL22 neopeptides were detected with high confidence on 

COS7 cells co-transfected with HLA-A*02:01 and NJRPL22 with the higher scoring NeoARPL22 9-mer 

identified with higher relative abundance (Figure 6D). Furthermore, we could detect the HLA-

A*02:01-restricted NeoAGNAS peptide in an unmodified GBM cell line (GBM115) (Figure 6E). This 

finding demonstrates that physiological levels of neojunction expression in tumor cells are sufficient 

to generate a NEJ-derived neoantigen. Together, these experimental observations confirm our in silico 

predictions for proteasomal processing and HLA-binding (Figure 4L). 

TCR-transduced CD8+ T-cells mediate cytotoxicity against glioma 
cells expressing NEJ-derived public neoantigens  
Based on the sensitivity of neoantigen-specific TCR (Figures 5F-5G) and the endogenous 

presentation of NEJ-derived neoantigens by tumor cells (Figure 6E), we anticipated that 
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physiological levels of public NEJ expression in tumor cells would elicit a neoantigen-specific 

cytotoxic T-cell response. We evaluated the cytotoxicity of TCR-transduced CD8+ T-cells against 

HLA-A*02:01+ tumor cells endogenously expresssing NJRPL22 and NJGNAS. As a positive control, we 

used neoantigen peptide-pulsed tumor cells to define maximum cell killing. At a 1:1 effector:target 

ratio, TCRR3.9 and TCRG4.1-transduced CD8+ T-cells mediated TCR-dependent cytotoxicity against 

GBM115 cells (Figure 6F). TCRG4.1-transduced CD8+ T-cells mediated comparable levels of tumor 

killing against a second glioblastoma cell line, GBM102 and two melanoma cell lines, RPMI-7951 and 

WM-266-4 (Extended Data Figures 8A). Adding an HLA-I blocking antibody partially blocked 

killing compared to an isotype control, verifying tumor cell killing is initiated by TCR recognition of 

the HLA:peptide complex (Figure 6G). Co-culture of TCRG4.1-transduced CD8+ T-cell with an HLA-

A2-negative, NJGNAS expressing GBM cell line (Mayo PDX GBM39) revealed HLA-A2 dependent 

cytotoxicity (Figure 6H). These results illustrate that the recognition and killing of NEJ-expressing 

tumor cells is mediated by HLA-dependent neoantigen presentation. Relative to non-transduced 

CD8+ T-cells, increased surface expression of CD107a and CD137 on TCR-transduced CD8+ T-cells 

co-cultured with tumor cells further confirmed neoantigen-specific T-cell activation (Figure 6I, 

Extended Data Figure 8B). Together, these data indicate that NEJs are endogenously processed 

and presented at sufficient levels to enable tumor-specific cytotoxicity by neoantigen-specific CD8+ 

T-cells.  
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Figure 6: Neojunction-derived neoantigens are endogenously processed and presented by 
HLA to elicit neoantigen-specific T cells in patients and TCR-dependent tumor-specific 
killing. A. Pipeline overview for validating endogenous proteolytic cleavage of neoantigen candidates 
and the subsequent binding and presentation by HLA using two complementary methods. HLA-null 
antigen-presenting cells (APCs; COS7 or K562) were electroporated with mRNAs encoding the full-
length gene with the neojunction mutation and HLA-A*02:01. First, TCR-activation following co-
culture with APCs that express neojunction transcripts and HLA-A*02:01 was quantified by FACS 
using  neoantigen-specific TCR-transduced triple-reporter Jurkat76/CD8 cells. Second, HLA-I-bound 
peptides were validated with IP-MS/MS of transfected APCs followed by identification of  HLA-
A*0201-bound peptide sequences. B-C. NJGNAS-derived (B) and NJRPL22-derived (C) neoantigen-
specific TCR-transduced triple-reporter Jurkat76 cells were co-cultured against transfected COS7. 
Cultured cells were either non-transfected (left), transfected with mRNA encoding the neoantigen n-
mer sequence and HLA-A*02:01 (center), or transfected with mRNA encoding the full-length (FL) 
mutant peptide and HLA-A*02:01 (right). TCR activation of TCR-transduced triple-reporter 
Jurkat76/CD8 was measured by flow cytometry analysis of NFAT-GFP. D. Mass spectrometry 
spectra of NJGNAS-derived (bottom) and NJRPL22-derived (top) neoantigen n-mers detected through IP-
MS/MS following HLA-A*02:01 pulldown of HLA-A*02:01 and full-length neojunction-encoding 
mRNA-transduced COS7 cells. E. Mass spectrometry (Figure captions continued on the next page.)  
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(Figure captions continued from the previous page.) spectra of HLA-A2-presented NJGNAS-derived 
neoantigen n-mers detected through IP-MS/MS following HLA-A*02:01 pulldown of GBM115 
tumor cells. F. NJGNAS-derived (left; colored), NJRPL22-derived (right; colored) neoantigen-specific 
TCR-transduced, or non-transduced (gray) CD8+ T-cells were cultured against GBM115 tumor cells. 
Cell index indicates tumor cell adherence to the xCELLigence plate platform, with decreased cell index 
indicating tumor cell death. The assay was performed at an E:T ratio of 1:1. Cytotoxic killing was 
determined as the reduction of cell index compared to the control group with no CD8+ T-cell 
introduction (black) at a given timepoint. G. xCELLigence live-cytotoxicity assay of CD8+ T-cells co-
cultured with GBM115 tumor cells incubated with an anti-HLA-I antibody (yellow), an isotype control 
antibody (purple), or pulsed with 1 nM of the neoantigen peptide (blue). NJGNAS-derived (left) and 
NJRPL22-derived (right) neoantigen-specific TCR-transduced CD8+ T-cells were cultured against these 
GBM115 cells. H. xCELLigence live-cytotoxicity assay of CD8+ T-cells co-cultured with GBM39 cells 
(left) or HLA-A*02:01-transduced GBM39 cells (right) co-cultured with non-transduced or NJGNAS-
TCR-transduced CD8+ T-cells. I. Bar plot of the surface expression of CD107a and CD137 on 
NJGNAS-TCR-transduced (purple) or non-transduced (gray) CD8+ T-cells when cultured with tumor 
cell lines. 
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Extended Data Figure 8: NeoAGNAS-specific cytotoxicity by NJGNAS-specific TCR-transduced 
CD8+ T-cells. A. NeoAGNAS-specific TCR-transduced (colored), or non-transduced (gray) CD8+ T-
cells cultured against GBM102 (left), RPMI-7951 (center), and WM-266-4 (right) on the xCELLigence 
plate platform. The assay was performed at an E:T ratio of 2:1. Cytotoxic killing was determined as 
the reduction of cell index compared to the control group with no CD8+ T-cell introduction (black) 
at a given timepoint. B. Representative flow gating of surface CD107a and CD137 expression in co-
cultured CD8+ T-cells. C-D. Composite HLA-presentation scores of NeoAGNAS (C) and NeoARPL22 
(D) by HLAthena and MHCflurry 2.0 against 36 HLA-A haplotypes.  
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Conclusion 
Our study demonstrates that NEJ-derived neoantigens can elicit a strong T-cell immunogenic 

response, highlighting their potential as targets for TCR-engineered T-cell immunotherapies. The 

identification and characterization of NEJ-reactive TCRs with high functional avidity and specificity 

offer a promising avenue for developing targeted treatments against tumors expressing NEJ-derived 

public neoantigens. The ability of TCR-transduced CD8+ T-cells to mediate cytotoxicity against 

glioma and melanoma cells underscores the therapeutic potential of this approach. Further exploration 

and clinical studies are warranted to harness the full potential of NEJ-derived neoantigens in cancer 

immunotherapy. 
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Chapter 4: Discussion 
Our analysis of cohorts of multi-site samples indicated the expression of NJRPL22 across multiple 

samples within the same tumor. Most notably, NJGNAS was expressed tumor-wide in diverse tumor 

types, including glioma, mesothelioma, prostate cancer, and hepatocellular carcinoma (Figure 1H). 

The discovery of a targetable tumor-wide neoantigen in GBM provides a novel potential therapeutic 

approach for this devastating disease. The higher expression level of the canonical GNAS allele over 

RPL22 may contribute to the prevalence of NJGNAS detected across all analyses.  This supports the 

observation of greater immunogenicity and tumor-specific killing by TCRG4.1 (Figures 6F-6G) as 

there is a greater frequency in generating and presenting NeoAGNAS. Indeed, a NJGNAS-specific CD8+ 

T-cell population could be detected in the circulation of an HLA-A*02:01+ glioma patient whose 

tumor exhibited NJGNAS expression (Figure 5J)  

We also investigated the dysregulated expression of splicing-related genes associated with the 

increased expression of neojunctions in IDH-mutated gliomas. Mutations in IDH and IDH2 are 

prevalent in other cancers, including acute myeloid leukemia (AML)80–82, cholangiocarcinoma83,84, 

chondrosarcoma85, sinonasal undifferentiated carcinoma86–88, and angioimmunoblastic T cell 

lymphoma89,90. Our study demonstrated dysregulation in splicing factor expression in different disease 

types and that these aberrations lead to significant changes in neojunction production. In the case of 

IDH mutant oligodendrogliomas, SNRPD2 expression is decreased due to the characteristic co-

deletion of chromosomes 1p and 19q, and targeted knockdown increased neojunction expression. 

This suggests that components of the RNA splicing machinery are mechanistically linked to the 

generation of neojunctions. Inhibiting these components in future studies can potentially bolster 

targetable NEJ-derived neoantigen expression. 
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Limitations of the Study 
Several recent studies have identified HLA class II-restricted neoepitopes that are capable of driving 

antitumor CD4+ T cell responses in  patients with gliomas91,92 and other solid cancers93,94.  Due to the 

limitations of currently available HLA-II binding prediction algorithms, we did not assess whether 

HLA-II restricted public neoantigens resulting from clonally conserved NEJs are generated. Similarly, 

our study does not investigate surface-bound neojunction-derived neoantigens as we found they were 

difficult to characterize.23 Therefore, validation of neoantigen candidates from our pipeline was 

performed solely on predicted HLA-A*A02:01 binders to demonstrate proof-of-concept. Future 

validation studies could include candidates predicted as high-binders for other prevalent HLA class I 

alleles to further expand the repertoire of targetable neoantigens. 

Importantly, the most comprehensive analysis of ITH (average of 10 intratumorally-mapped samples) 

was conducted using GBM and LGG samples. To fully validate neojunctions and their corresponding 

neoantigens as tumor-wide across other cancer types, we will need a greater set of intratumoral sites 

per patient, including a temporal and wide anatomical distribution to maximally represent the evolving 

tumor. Finally, we did not assess the biological contribution of the studied NEJs to the malignant 

phenotype.  

In conclusion, our study highlights that RNA splicing aberrations are a robust source of 

intratumorally-conserved and tumor-wide public TSAs that the immune system can recognize. The 

ability to target tumor-wide neoantigens with engineered T-cells enables a powerful therapeutic 

approach that could tackle the significant clinical challenge of ITH. Ultimately, the results from our 

study could allow us to design effective vaccine panels comprising tumor-wide neoantigen targets and 

to engineer T-cell-based modalities that target tumor-wide splice-derived antigens across a wide range 

of cancer types. 
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Chapter 5: Future directions 
Intratumoral heterogeneity of personalized neoantigens 
While the focus of our study is dedicated to characterizing tumor-wide, public neojunction-derived 

neoantigens, it would be critical to apply the same approach in investigating the ITH of neoantigens 

for personalized treatments. Beyond the study presented in Chapters 1 through 4, we additionally 

investigated the ITH of somatic mutation-derived neoantigens in Grade II astrocytomas.95 In a 

collaboration with PACT Pharma, we were able to capture neoantigen-specific T-cell clones that 

selectively interacted with various sub-clonal and clonal neoantigens across multiple patients. In one 

patient, we were able to demonstrate neoantigen-specific immunogenicity against one particular sub-

clonal neoantigen but not yet against clonal neoantigens. This may suggest a possible mechanism of 

“immune sculpting” in which neoantigens derived from driver and/or clonal mutations may be less 

immunogenic due to evolutionary factors influencing a tumor’s immunosuppressive or antigen 

presentation phenotype. 

Epigenetic regulation of splicing factors 
As discussed in Chapter 2, there is a plethora of mechanisms that may contribute to the generation of 

neojunctions. In particular, we demonstrated in our studies that mutant IDH1 gliomas have 

significantly upregulated expression of neojunctions than their wild-type counterpart (Figure 3A-3B). 

What remains to be explored is the effect of mutant IDH1-mediated global hypermethylation on 

splicing. Is there a possibility that methylation of splicing-related genes in mutant IDH1 gliomas leads 

to downregulated expression which subsequently generates more opportunities for aberrant splicing? 

Studies have shown that methylation can influence the progression rate of RNA polymerase II,96,97 

and exploring the intricate interplay of IDH1-mediated methylation’s effect on splicing machinery can 

help us develop therapies against a multitude of cancer types. 
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Translation of in vitro cytotoxicity to in vivo models 
Finally, the importance of translating our cytotoxic findings from our in vitro studies to an in vivo model 

would solidify the therapeutic potential of targeting splicing-derived neoantigens. At the time of this 

publication, there has been no confirmation of anti-tumor cytotoxicity in murine models. Evaluating 

the cytotoxic behavior of our characterized TCRs in xenograft murine models would be the next step 

in bringing this needed cell-based immunotherapy closer to the clinic. 
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Methods 
Data and code availability 
Spatially-mapped biopsy RNA sequencing data will be deposited. HLA-IP and LC-MS/MS data will 

be deposited and made publicly available at the date of publication. Additionally, single-cell V(D)J 

sequencing data of identified TCRs will be deposited and made publicly available as of the date of 

publication. Accession numbers are listed in the key resources table. All original code for the 

identification of tumor-wide public neojunctions have been deposited at GitHub 

(https://github.com/dakwok/SSNIP) and are publicly available as of the date of publication. Any 

additional information required to reanalyze the data reported in this paper is available from the lead 

contacts upon request. 

 

Human clinical datasets 
The intratumoral multi-region sampling cohort for various cancer types utilizes RNA sequencing data 

from the following studies: 

1. This paper, for multi-region sampling of glioblastoma and low-grade glioma  

2. Yang et al. (Genome Medicine, 2022), for multi-region sampling of hepatocellular carcinoma. 

3. Joung et al. (PLoS One, 2016), for multi-region sampling of hepatocellular carcinoma, stomach 

adenocarcinoma, renal cell carcinoma, and colon adenocarcinoma. 

4. Ku et al. (Briefings in Bioinformatics, 2021), for multi-region sampling of prostate cancer. 

5. Meiller et al. (Genome Medicine, 2021), for multi-region sampling of mesothelioma. 

6. Bakir et al. (Nature, 2023), for multi-region sampling of non-small cell lung cancer 
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Analysis of neojunction expression within multi-region samples were conducted immediately with our 

neojunction prediction pipeline if the FASTQ file is available. If RNA-sequencing data is only available 

in BAM format, the sequencing file is converted into FASTQ format utilizing the Picard software 

(version 2.7.7a). Neojunction prediction is detailed in the Method Details section. 

 

Data download 
Bulk RNA-sequencing data for glioblastoma (GBM; n=167), low-grade glioma (LGG; n=516), lung 

adenocarcinoma (LUAD, n=517), lung squamous cell carcinoma (LUSC, n=501), mesothelioma 

(MESO, n=516), liver hepatocellular carcinoma (LIHC, n=371), stomach adenocarcinoma (STAD, 

n=415), kidney renal clear cell carcinoma (KIRC; n=533), kidney renal papillary cell carcinoma (KIRP; 

n=290), kidney chromophobe (KICH, n=66), colon adenocarcinoma (COAD; n=458), and prostate 

adenocarcinoma (PRAD; n=497) samples were downloaded from TCGA in FASTQ format. 

Download of intratumoral multi-region sampling sequencing data is detailed in the previous section. 

Similarly, bulk RNA-sequencing data for 9,166 normal tissue samples in FASTQ format were 

downloaded from the Genotype-Tissue Expression (GTEx) repository. Bulk-RNA sequencing data 

for 66 patient-derived GBM cell lines were received from the Mayo Clinic Brain Tumor Patient-

Derived Xenograft National Resource.59 Proteomics data for 100 GBM samples were downloaded 

from the Clinical Proteomic Tumor Analysis Consortium (CPTAC).60 

 

RNA sequencing alignment  
All downloaded RNA-sequencing data sets were individually aligned using a STAR aligner-based 

processing pipeline. Using the STAR software (version 2.7.7a), we constructed a genome index 

containing non-annotated junctions through the initial alignment pass of the input data. The complete 
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set of command line parameters: --runThreadN 1 \ --outFilterMultimapScoreRange 1 \ --

outFilterMultimapNmax 20 \ --outFilterMismatchNmax 10 \ --alignIntronMax 500000 \ --

alignMatesGapMax 1000000 \ --sjdbScore 2 \ --alignSJDBoverhangMin 1 \ --genomeLoad 

NoSharedMemory \ --limitBAMsortRAM 80000000000 \ --readFilesCommand gunzip -c \ --

outFilterMatchNminOverLread 0.33 \ --outFilterScoreMinOverLread 0.33 \ --sjdbOverhang 100 \ -

-outSAMstrandField intronMotif \ --outSAMattributes NH HI NM MD AS XS \ --

limitSjdbInsertNsj 2000000 \ --outSAMunmapped None \ --outSAMtype BAM SortedByCoordinate 

\ --outSAMheaderHD @HD VN1.4 \ --twopassMode Basic \ --outSAMmultNmax 1 \ and aligned 

using the GRCH37 STAR index file. 

 

TCGA sample selection and gene expression quantification 
TCGA tumor samples with an absolute tumor purity greater than 0.60 were retained downstream in 

silico analysis. (Aran et al. 2015, Ceccarelli et al. 2016) We selected non-mitochondrial, protein-coding 

transcripts defined by the Ensembl Homo Sapiens GRCH37.87 gene annotation gene transfer format 

(GTF) file and utilized this curated to select and retain protein-coding transcript isoforms within the 

TCGA RNA-sequencing data. Transcript-level expression data (log2[RSEM-TPM+0.001]) for all 

TCGA samples were downloaded from the UCSC Xena Toil-pipeline and transformed into standard 

TPM values. Protein-coding transcript isoforms with a median TPM ≥ 10 were retained for 

downstream analysis. In the case of glioma TCGA cases, subsequent expression data in TPM was 

subset into 6 disease type categories: all cases (n=429), GBM cases (n=115), LGG cases (n=314), 

IDH1-WT cases (n=166), IDH1-MUT astrocytoma cases (n=140), IDH1-MUT oligodendroglioma 

(n=123). Protein-coding transcript isoforms with a median TPM ≥ 10 in at least one of the 6 disease 

types were retained for further analysis. 
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Characterization of public neojunctions 
For public cancer-specific splicing event counting, we designed a custom R script that detected and 

quantified non-annotated, cancer-specific splicing events found across each corresponding patient 

cohort. From the output files derived from STAR aligner in the previous step, alternative splicing 

events were quantified in detected junction counts within the corresponding sj.out.tab file. We 

removed splicing events detected in the GRCh37.87 GTF sj.out.tab (GENCODE v33)  file to define 

non-annotated splicing junctions. Non-annotated splicing junctions that overlap non-mitochondrial, 

protein-coding genes identified in the previous step were retained for continued analytical processing. 

We removed all splicing junctions with less than 10 of its target spliced reads (count) or less than 20 

total spliced reads (depth) over the whole cohort. Similarly to previous studies13, we computed spliced 

frequency as the sum of the total number of target spliced reads divided by the collective sum of 

spliced reads from the target and canonical junctions. Splicing junctions with a read frequency greater 

than 1% were retained for downstream analyses. We defined public splicing junctions as ones that 

were putatively expressed with the aforementioned criteria of total read count, read depth, and read 

frequency across at least 10% of the studied patient cohort and retained those for further analysis. To 

characterize cancer-specific splicing events, otherwise known as neojunctions, we removed all 

junctions that putatively expressed with the same parameters in more than 1% of GTEx normal 

samples. 

 

Detection of cancer-specific intron retention events 
Intronic splicing events were detected and characterized using IRFinder v1.2.3. RNA sequencing data 

from TCGA (GBM/LGG) and GTEx (CNS) aligned to GRCh37 (hg19) were imported into the 
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software for the detection of intron retention events. General linear model (GLM)-based analysis was 

used for differential intron retention assessment. The intron retention ratio is calculated as (intronic 

reads/sum(intronic reads, normal spliced reads). Significant intron retention changes are defined as (1) 

no less than 10% in both directions (2) adjusted p-values less than 0.05. An intron retention event’s 

PSR within TCGA or GTEx is defined as the number of cases that fulfill these criteria divided by the 

total number of cases within the cohort. Putative cancer-specific intron retention neojunctions are 

characterized as intron retention events with a TCGA PSR ≥ 0.10 and a GTEx PSR < 0.01. 

 

Transcriptomic validation of expressed neojunctions 
Detection of expressed neojunctions in patient-derived GBM/LGG cell lines: RNA sequencing data 

derived from GBM PDX cell lines were downloaded from the Mayo Clinic Brain Tumor Patient-

Derived Xenograft National Resource. Patient-derived LGG cell lines were generated from surgically-

resected specimens in University of California, San Francisco’s Neurological Surgery Brain Tumor 

Center.56 RNA sequencing data from GBM and LGG cell lines were aligned and processed as 

described above. Public neojunctions with splice junction counts per million (CPM) > 0 are considered 

detectable in cell line-derived RNA sequencing data. Detection of expressed neojunctions in multi-

region cases: In our cohort of spatially-mapped glioma cases, approximately ten or more maximally-

distanced anatomical biopsies were collected from each patient, allowing for intratumoral assessment 

of genetic heterogeneity via bulk RNA-seq and whole-exome sequencing. Multi-region sequencing 

data of various other cancer types vary in the number of sampled regions per tumor and are detailed 

in the corresponding references (Figure S1). RNA-sequencing data collected from each multi-region 

sample was processed and aligned as described above. We searched for putative neojunctions 

previously characterized from TCGA within each multi-region sampling dataset. Public neojunctions 



 63 

with CPM > 0 were considered detectable. Public neojunctions with putative expression (≥ 10 spliced 

reads) in two or more mapped samples within the same case are considered spatial-conserved 

neojunctions. Neojunctions detected in all multi-region samples within the same tumor are considered 

tumor-wide neojunctions.  

 

Proteomic validation of expressed neojunction-derived peptides 
From the putative neojunctions detected in the above pipeline, we generated a database of all plausible 

polypeptides derived from all neojunctions. Neojunction-encoding transcripts were generated by 

mapping the junction coordinates to an hg19 human genome assembly within the Ensembl annotation 

database (AH13964, EnsDb.Hsapiens.v75). Prediction of neojunction-derived amino acid sequences 

were subsequently performed, and appropriately translated sequences (methionine starting residue, 

removal of sequences following first stop codon) were retained for downstream n-mer iteration. To 

detect neojunction-derived polypeptides within GBM cases, we analyzed .RAW files of GBM and 

LGG MS dta housed in the Clinical Proteomics Tumor Analysis Consortium (CPTAC, n=99), Bader 

et al. (n=99), Lam et al. (n=92), and Yanovich-Arad et al. (n=84). MaxQuant (v1.6.17.0) was used to 

identify tryptic sequences from the corresponding MS data sets. Predicted neojunction-derived 

peptides, decoy sequences, and a human reference proteome (UniProt Proteome ID #UP000005640) 

were inputted as a FASTA file into MaxQuant, and tryptic sequences derived from the input file were 

matched against the publicly available MS databases. Cancer-specific peptides spanning neojunction-

derived protein sequences were considered MS-confirmed. The relative detection levels of the 

neojunction-derived peptides and normal tissue-derived peptides were evaluated by their log2(peak 

intensities). Aside from the default settings, the following commands and parameters were modified 
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and used for MS analysis in MaxQuant: Digestion mode = Trypsin/P; Max missed = 3; Minimum 

peptide length = 5; Minimum peptide length for unspecific search = 5. 

 

Peptide processing and HLA binding and presentation predictions 
Cancer-specific transcripts with associated neojunctions were translated in silico into their 

corresponding amino acid sequences. A library of all possible peptides of 8 to 11 amino acids in length 

was then generated, and cancer-specific sequences were selected by removing those detectable in 

normal tissue peptide isoforms in a reference human proteome dataset (UniProt Proteome ID 

#UP000005640). All cancer-specific peptides with their upstream and downstream flanking sequences 

(maximum flanking length of 30 amino acids) were independently analyzed and ranked by MHCFlurry 

2.0 and HLAthena MSiC. HLA-I binding affinity was assessed against HLA-A*01:01, HLA-A*02:01, 

HLA-A*03:01, HLA-A*11:01, and HLA-A*24:02 in both cases. In the HLAthena evaluation of 

antigen binding and presentation to the corresponding HLA haplotypes, peptides were assigned to 

alleles by rank with a threshold of 0.1. Context of up to 30 flanking amino acids on both N and C 

terminus were utilized with aggregation by peptide and no log-transformed expression. Baseline 

MHCFlurry 2.0 models with both peptide:HLA binding affinity (BA) predictor and antigen processing 

(AP) predictor was used. Overall, peptide:HLA presentation scores were characterized by 

mhcflurry_presentation_score and MSiC_HLA scores in MHCFlurry 2.0 and HLAthena, respectively. 

To select for high-binders, we curated lists of peptide:HLA complexes within the top 10 percentile of 

scores from both prediction algorithms.  
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Cell culture 
GBM PDX cell culture: Patient-derived xenograft (PDX) glioblastoma cell lines, GBM34, GBM43, 

GBM108, GBM115, GBM118, GBM102, GBM137, GBM148, GBM164, and GBM195, were 

obtained from the Mayo Clinic Brain Tumor PDX national resource. Xenograft lines were cultured as 

by recommended conditions in previous literature98,99 and passaged a maximum of 20 times before 

restoration to earlier passages. Cells were cultured in Dulbecco’s Modified Eagle’s medium (DMEM) 

supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin (P/S). Cell culture 

plates were treated overnight at 4 oC with DPBS (with calcium and magnesium) and 10% laminin 

(GibcoTM Cat. #23017015) prior to use. Primary patient-derived GBM/LGG cell culture: Primary 

patient-derived wildtype IDH1 GBM (SF7996), mutant IDH1 astrocytoma (SF10602), and mutant 

IDH1 oligodendroglioma (SF10417) cell lines were previously internally generated from dissociated 

glioma biopsies and cultured as previously described.56 Cells were cultured in serum-free, glioma neural 

stem (GNS) cell medium, which comprises of Neurocult NS-A (STEMCELL Technologies Cat. 

#05751) supplemented with N-2 supplement (Invitrogen Cat. #17502048), B-27 supplement minus 

vitamin A (Invitrogen Cat. #12587010), 1% P/S, 1% glutamine, and 1% sodium pyruvate. Prior to 

immediate use in culture, GNS media is supplemented with 20 ng/mL EGF (Peprotech Cat. #AF-

100-15), bFGF (Peprotech Cat. #AF-100-18B), and PDGF-AA (Peprotech Cat. #AF-100-13A). 

Similarly with the GBM PDX cell lines, cell culture plates were incubated overnight at 4 oC with DPBS 

(with calcium and magnesium) and 10% laminin (GibcoTM Cat. #23017015) prior to use. Jurkat76 cell 

culture: Jurkat76 cells were used as the TCR α- and β-negative human T-cell derivative that allowed 

for noncompeting introduction of exogenous TCRs.100 CD8+ Jurkat76 cells were cultured in RPMI 

supplemented with 10% fetal bovine serum and 1% P/S. T2 cell culture: T2 cells were used in the 

study to monitor immune cell response to the exogenous antigen of interest in a non-competitive 

environment. T2 cells are deficient in a peptide transporter involved in antigen processing (TAP), and 
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as such, induction of these cells with exogenously administered peptides allows for their association 

and presentation by HLA molecules, HLA-A*0102 in particular.75,101 We cultured T2 cells in IMDM 

medium supplemented with 20% FBS. COS7 and K562 cell culture: We opted to use COS7 (ATCC 

Cat. #CRL-1651) and K562 (ATCC Cat. #CCL-243) cell lines as our respective primate and human 

artificial antigen presentation cell (aAPC) models.74,102,103 These cell lines do not express HLA 

molecules, which allows for the introduction of the HLA allele of interest. COS7 cells were cultured 

in DMEM medium supplemented with 10% FBS and 1% P/S. K562 cells were cultured in IMDM 

medium supplemented with 10% FBS and 1% P/S. THP-1 cell culture: THP-1 cells (ATCC Cat. 

#TIB-202) were used to investigate immune reactivity against neoantigen presentation by dendritic 

cells. THP-1 cells were cultured in RPMI-1640 supplemented with 10% FBS. 

 

siRNA-mediated knockdowns of splicing related genes 
Cells were seeded in 2 mL of antibiotic free media in a 6-well plate at the following densities: GBM115 

– 45,000 cells/well, SF10417 – 100,000 cells/well, and SF10602 – 100,000 cells/well. Twenty-four 

hours post seeding cells were transfected by adding 400 uL reaction containing serum free media, 2.0 

uL DharmaFECT 1 reagent (Horizon, #T-2001-02), and their respective siRNA pools (4 siRNA 

equimolar mix) at a final concentration of 30 nM. Twenty-four hours post transfection, media was 

changed to complete media. At seventy-two hours post transfection, RNAs were isolated and purified 

via the Zymo Quick-RNA microprep kit (Zymo Research, #R1058).  

 

Reverse Transcription Quantitative PCR (RT-qPCR) 
1000 ng of DNAse-treated RNA was converted to cDNA using the iScript cDNA synthesis kit 

(BioRad, #1708891). This cDNA was then diluted 1:3 using ultrapure, nuclease-free water, and 2 uL 
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was used per qPCR reaction. Reverse transcription quantitative polymerase chain reaction (RT-qPCR) 

was performed using the Applied Biosystems POWER SYBR Green Master Mix (Applied Biosystems, 

#4367659). All samples were run in biological triplicates, with technical triplicates for each biological 

triplicate using the Quantstudio 5 (Thermo Scientific) and all gene expression data were normalized 

to the housekeeping gene GUSB. The cycling protocol is as follows: 2 minutes at 50 °C, 10 minutes 

at 95 °C, followed by 40 cycles of 95 °C for 15 s, and 60 °C for 60 s. Dissociation curves were 

performed to confirm specific product amplification. Primer sequences corresponding to each gene 

for the mRNA expression analysis were designed using NCBI Primer. 

 

Amplicon-sequencing for validation of neojunction expression 
RNAs from respective cell lines were isolated and purified via the Zymo Quick-RNA microprep kit 

(Zymo Research, #R1058). 1000 ng of DNAse-treated RNA was converted to cDNA using the iScript 

cDNA synthesis kit (BioRad, #1708891). This cDNA was then diluted 1:3 using ultrapure, nuclease-

free water, and 2 uL was used per PCR reaction. 16 reactions were carried out per amplicon per cell 

line using Q5 High-Fidelity 2x master mix (NEB, #M0492L) with primers containing partial Illumina 

adapters. Reaction mixtures were set up according to manufacturer guidelines. These products were 

then purified by separation on a 1.0% agarose gel at 100 volts constant for 1 hour and were then 

purified via the Monarch DNA gel extraction kit (NEB, #T1020L). Purified products were quantified 

with qubit high sensitivity dsDNA kit (Invitrogen, #Q32851) and prepared and submitted according 

to Azenta life sciences (Genewiz) guidelines for amplicon-sequencing. 
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In-vitro sensitization of healthy donor PBMCs 
HLA-A*02:01:01-positive PBMCs were purchased from StemExpress in either fresh or cryopreserved 

format. Fresh PBMCs (StemExpress Cat. #LE001F) of approximately 1x109 cells were immediately 

proportioned into aliquots of 3 x 108 cells and cryopreserved in liquid nitrogen, with one aliquot 

actively used for downstream IVS. Cryopreserved PBMCs (StemExpress Cat. #PBMNC300C) 

totaling approximately 3x108 cells per cryovial were used in one vial per IVS procedure. PBMCs were 

thawed with 1:1000 Benzonase:RPMI (Sigma Aldrich Cat. #E8263). The CD14+ population was 

isolated from the PBMCs using CD14+. Miltenyi microbeads (Miltenyi Biotec Cat. #130-050-201) 

per manufacturer’s instructions. The CD14- flowthrough was cryopreserved for 6 days prior to naïve 

CD8+ T-cell isolation. Isolated CD14+ cells were cultured in CellGenix GMP DC medium 

(CellGenix Cat #20801-0500) supplemented with 1% human serum (Sigma Aldrich Cat #H6914), 1% 

P/S, 1000 U/mL recombinant human IL-4 (Peprotech Cat. #200-04), and GM-CSF (Peprotech Cat. 

#300-03) in non-treated 24-well plates at a seeding density of 5x105 cells per well. On Day 3, 

recombinant human IL-4 and GM-CSF (1000 U/mL each) is added to the DC culture. On Day 5, DC 

culture is matured with 250 ng/mL LPS (Sigma Aldrich Cat. #L6529) in addition to supplementation 

of recombinant human IL-4 and GM-CSF (1000 U/mL each). Naïve CD8+ T-cells were isolated from 

the thawed CD14- population on Day 6 using the EasySep Human Naïve CD8+ T Cell Isolation Kit 

(STEMCELL Technologies Cat. #19258) as per manufacturer’s instructions. Isolated naïve CD8+ T-

cells were cultured in X-Vivo 15 medium (Lonza Cat. #04-418Q) supplemented with 5% human 

serum, 1% P/S, and 10 ng/mL of recombinant human IL-7 (Peprotech Cat. #200-07) in 48-well plates 

at a seeding density of 5x105 cells per well. On Day 8, adherent matured DCs were harvested from the 

plate using cold PBS. The collected DCs (1x106 cells/mL) were exogenously pulsed with either 1 μM 

of the neoantigen peptide, influenza peptide, or no peptide for 1 hour at 37 oC. The peptide-pulsed or 

non-pulsed DCs were then co-cultured with naïve CD8+ T-cells at an optimal DC:T-cell ratio of 1:4 
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in 48-well plates. The co-culture was maintained with X-Vivo 15-medium supplemented with 10 

ng/mL of recombinant human IL-7, 10 ng/mL recombinant human IL-15 (Peprotech Cat. #200-15), 

and 60 ng/mL of recombinant human IL-21 (Peprotech Cat. #200-21) for 10 days with IL-7 and IL-

15 restimulation every 2 days. Cells were reseeded into subsequent 24-well, 12-well, and 6-well plates 

based on confluency. This concludes the first cycle of IVS of the neoantigens and influenza peptides. 

On Days 19 and 29, sensitized-CD8+ T-cells are reintroduced to a second and third round of 

stimulation with newly-pulsed DCs, and the co-culture is maintained for 10 additional days until the 

end of the second and third cycle of IVS. Immunogenic cytokine assays were performed at the end of 

the second and third cycles of IVS to determine whether a peptide-reactive T-cell population has 

expanded. 

 

Mutation-specific ELISA screen 
Aliquots containing CD8+ T-cells from individual parent IVS wells were harvested and split equally 

into 96-well plate daughter wells containing 1x105 cells per well. Daughter wells in triplicate were 

stimulated with T2 cells pulsed with either the neoantigen peptide of interest, control peptide, no 

peptide, or no T2 cells at all for 16 hours at an effector-to-target (E:T) ratio of 1:1. T2 cells were pulsed 

with 1 pM to 1 μM of the neoantigen peptide of interest, control peptide, or no peptides for 1 hour 

at 37 oC. Influenza-reactive T-cells were co-cultured against influenza peptide-pulsed T2 cells as a 

positive control. Co-culture supernatant was collected and diluted for use in IFNγ (BD Biosciences 

Cat. #555142) and TNFα (BD Biosciences Cat. #555212) ELISAs as per manufacturer’s instructions. 

ELISA readouts were performed on the Epoch Microplate Spectrophotometer (BioTek Instruments) 

using the BioTek Gen5 Data Analysis software (version 1.11). Wells with significantly increased 
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expression levels of IFNγ and TNFα were selected for downstream single-cell immune profiling using 

single-cell RNA and V(D)J sequencing. 

 

Single-cell immune profiling 
Once an expanded neoantigen-reactive CD8+ T-cell population from IVS is identified, single-cell RNA 

and V(D)J sequencing were performed using the 10x Genomics platform. Prior to sequencing, CD8+ 

T-cells from the expanded neoantigen-reactive (ELISA screen-positive) wells were harvested and co-

cultured with T2 cells pulsed with 1 μM of the neoantigen peptide of interest, a control peptide, or no 

peptides at an E:T ratio of 1:1. One co-culture replicate was performed for 3 hours for single-cell 

RNA sequencing analysis, and another was performed for 16 hours for IFNγ and TNFα ELISA 

confirmation. The final cell concentration was adjusted to approximately 1x104 cells/μL with an initial 

cell viability of at least 90% to maximize the likelihood of achieving the desired cell recovery target. 

Independent CD8+ T-cell and non-pulsed T2 single cultures were sequenced alongside the co-culture 

conditions for differentiating cell types in the downstream single-cell sequencing analysis. The 

Chromium Next GEM Single Cell 5’ Reagent Kit v2 (Dual Index) (10xGenomics, Cat. #CG000331) 

was used for preparation for single-cell sequencing analysis. Gel bead in emulsions (GEMs) were 

generated by combining the single cell 5’ gel beads, partitioning oil, and the master mix containing the 

cells onto the Chromium Next GEM Chip K. Cell lysis and barcoded reverse transcription of RNAs 

in all single cells were finished inside their corresponding GEM. Barcoded cDNA product was 

recovered through post-GEM-RT cleanup and PCR amplification. cDNA quality control and 

quantification were performed on the Fragment Analyzer System (Agilent Technologies). 50 ng of 

cDNA was used for the construction of the 5’ gene expression library, and each sample was indexed 

by a Chromium i7 Sample Index Kit. This process was performed on an Illumina NovaSeq 6000 
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sequencer at the UCSF Institute of Human Genetics (IHG) with a minimum of 20,000 read pairs per 

cell for the 5’ Gene Expression library. The enriched product was measured by the Fragment Analyzer 

System. 50 ng of enrichment TCR product was used for library construction. Single-cell V(D)J 

enriched libraries were subsequently sequenced on the Illumina NovaSeq 6000 with a minimum of 

5,000 read pairs per cell for the V(D)J library. Cell Ranger 7.0.0 (10x Genomics Cloud Analysis) was 

used to pre-process raw single-cell RNA sequencing and identifying V(D)J clonotypes. The annotation 

files ‘vdj_GRCh38_alts_ensembl-3.1.0-3.1.0’ and ‘GRCh38-3.0.0’ were used for demultiplexing 

cellular barcodes, performing read alignments, and generating feature-barcode matrices. Only cells for 

which clonotype information was available were retained for downstream analysis. Single-cell gene 

expression and corresponding V(D)J sequences of candidate T-cell clonotypes were analyzed on the 

Loupe V(D)J browser. Single cells with detectable CD8A expression were specifically isolated and 

characterized as the CD8+ T-cell population and subsequently grouped according to their TCR 

clonotypes. To identify T-cell clonotypes associated with a neoantigen-specific response, we selected 

expanded TCR clonotypes with significantly increased levels of IFNG, TNF, and GZMB expressions 

in the T-cell:neoantigen-pulsed T2 condition compared to the T-cell:control-pulsed T2 and T-

cell:non-pulsed T2 conditions. 

 

HLA typing 
OptiType 1.3.1 was used for genotyping HLA alleles from available WES data available for glioma 

cell lines with default parameters. 
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Plasmids and peptides 
HLA-A*02:01 and neojunction-derived gene sequences were all synthesized and cloned into the 

pTwist Lenti SFFV Puro WPRE vector (Twist Biosciences). Constructs encoding full-length and 

truncated multi-mer versions of the wildtype and mutant GNAS and RPL22 sequences were generated. 

TCR α/β was synthesized and cloned into the pTwist Lenti SFFV vector (Twist Biosciences). HPLC 

grade neojunction-derived neoantigen peptide multi-mers (>95%) were manufactured by TC 

Laboratories. 

 

Lentiviral transduction 
HEK293T cells were plated in 6-well culture plates at a density of 1x106 cells per well with 2 mL 

DMEM medium supplemented with 10% FBS without antibiotics. After approximately 18 to 24 hours 

or at 90% confluency, HEK293T cells were transfected with the expression construct, see above, and 

lentiviral packaging plasmids, pMD2.G (Addgene, #12259) and psPAX2 (Addgene, #12260). TCR 

α/β transduction: 1.0 μg TCR α/β transfer plasmid, 0.75 μg psPAX2, and 0.25 μg pMD2.G were 

combined with 200 μL Opti-MEM (Thermo Fischer Scientific Cat. #31985062). 6 μL of Xtremegene 

HP was added to this mixture and complex formation was allowed to occur for 15 minutes at room 

temperature at which point this reaction mixture was added to corresponding HEK293T cells. 

Transfection medium was replaced with fresh DMEM media after 24 hours. Viral supernatant was 

collected after 48 hours, and a functional virus titer was performed on 6-well plates seeded with 

Jurkat76/CD8 cells or PBMC-derived CD8+ T-cells at 60-70% confluency. Viral transduction was 

performed with 3-fold serial dilutions of the virus stock supplemented with polybrene at a final 

concentration of 4 μg/mL. Media was changed 24 hours following viral transduction. Cells were 

assessed for transduction efficiency after 3-4 days by measuring surface expression of TCR α/β and 

CD3 by fluorescence-activated cell sorting (FACS) analysis. Cells demonstrating high double-positive 
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expression of TCR α/β and CD3 were flow-sorted and maintained for downstream co-culture and 

immunogenicity assays. HLA and neoantigen transduction: Constructs expressing HLA-A*02:01 were 

linearized and restricted with BamHI and XhoI (New England Biolabs) and purified using the 

Zymoclean Gel DNA Recovery Kit (Zymo Research Cat. #D4007). The HLA-A*0201 sequence was 

then ligated into a lentiviral construct downstream of an EF1A-core promoter and upstream of an 

IRES followed by a Blasticidin resistance gene. 1.0 μg of either HLA-A*02:01 or neoantigen transfer 

plasmid, 0.75 μg psPAX2, and 0.25 μg pMD2.G were combined with 200 μL Opti-MEM (Thermo 

Fischer Scientific Cat. #31985062). 6 μL of Xtremegene HP was added to this mixture, and complex 

formation was allowed to occur for 15 minutes at room temperature at which point this reaction 

mixture was added to corresponding HEK293T cells. As stated above, neoantigen constructs encode 

either the full-length or truncated version of the neojunction-derived peptide. The transfection 

medium was replaced with fresh DMEM media after 24 hours. HLA-A*02:01 lentiviral transduction 

and screening was performed first prior to neoantigen lentiviral transduction and screening for 

streamlined drug selection. Viral supernatant was collected after a subsequent 48 hours, and a 

functional virus titer was performed on 6-well plates seeded with COS7 or K562 cells at 60-70% 

confluency. Viral transduction was performed with 3-fold serial dilutions of the virus stock 

supplemented with 4 μg/mL polybrene. Media was changed 24 hours following viral transduction and 

replaced with complete media supplemented with blasticidin. Cells were assessed for transduction 

efficiency after 3-4 days by drug screening. HLA-A*02:01-transduced APCs were cultured in medium 

treated with 10 μg/mL Blasticidin for approximately 7 days before assessing for cell viability across 

titers. Neoantigen-lentiviral transduction is subsequently performed, and APCs transduced with both 

HLA-A*02:01 and neoantigen-expressing constructs are then cultured in medium treated with 3 

μg/mL puromycin for approximately 7 days. Cell viability was assessed afterwards across all titer 
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conditions. Cells were assessed for transduction efficiency after 3-4 days by measuring surface 

expression of HLA-A2 fluorescence-activated cell sorting (FACS) analysis.  

 

Dose-dependent assessment of TCR reactivity against neoantigen 
Specificity of neoantigen-reactive CD8+ T-cells and TCR-transduced T-cells was assessed by human 

IFNγ (BD Biosciences Cat. #555142), IL-2 (BD Biosciences Cat. #555190), and TNFα ELISA (BD 

Biosciences Cat. #555212). Assessment of TCR recognition against exogenously introduced 

neoantigen peptides presented by HLA molecules was conducted by co-culturing T-cells with peptide-

pulsed T2 cell conditions. T2 cells are either pulsed with neoantigen peptide of interest at a 

concentration between 1 pM through 1 μM, decoy peptide, or no peptides for 1 hour at 37oC. 

Influenza-reactive T-cells are co-cultured against influenza peptide-pulsed T2 cells as a positive control. 

T-cells and T2 cells were co-cultured in a 96-well round-bottom plate at a concentration of 1 x 105 of 

each cell type in 200 μL of medium for 16 hours. Supernatant was collected and diluted for cytokine 

release assays per manufacturer’s instructions. ELISA assay readouts were performed on Epoch 

Microplate Spectrophotometer (input wavelength 450 nm and output wavelength 570 nm) using the 

BioTek Gen5 Data Analysis software. To characterize the dose-dependent activation of the TCRs in 

transduced triple-reporter Jurkat76/CD8 cells, we performed flow analysis to assess the level of 

expression of NFAT-GFP, NFκB-CFP, AP-1-mCherry following 16 hours of co-culture. Similarly, 

reactivity of TCR-transduced PBMC-derived CD8+ T-cells was evaluated by flow analysis following 

anti-CD107a (BioLegend, Cat #328620) and anti-CD137 antibody (4-1BB; Biolegend Cat #309804) 

staining. 
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In vitro transcription (IVT) synthesis of mRNA 
All constructs were subcloned into pcDNA3.1 (Invitrogen, 2520855) and linearized by XhoI 

restriction enzyme with the plasmid DNA template transcribed downstream from the bacteriophage 

T7 promoter sequence. For long (> 0.5 kb) and short (< 0.5 kB) transcripts, 1 μg and 0.5 μg of 

template were used, respectively. Reactions were assembled at room temperature using the 

mMESSAGE mMACHINE T7 Transcription Kit as per manufacturer’s instructions (Invitrogen, 

2582905) and incubated at 37°C for 1 hour for long transcripts and 16 hours for short transcripts. 

Following DNase treatment, a Poly(A) tailing reaction was performed for 1 hour according to the 

HiScribe T7 ARCA manual (NEB, E2060S). Subsequently, the synthesized mRNA was purified by 

LiCl precipitation using 70% DEPC-based ethanol. Synthesized mRNA was heat-shocked (70℃, 

5mins) with the formaldehyde loading dye to verify quality via gel electrophoresis. 

 

mRNA transfection of HLA-A*02:01, truncated neoantigen, and full-
length neojunction-encoding mRNA 
Transfection of IVT-synthesized mRNA into COS7 and K562 cells was performed with 

electroporation using the Neon Transfection System 100 μL Kit (Invitrogen, MPK10096) per 

manufacturer’s instructions. 1 x 106 COS7 and K562 cells were washed and resuspended with 100 μL 

of NeonTM Resuspension Buffer. 5 μg of HLA-A2 and 5 μg of candidate (either the truncated 

neoantigen sequence or the full-length neojunction sequence) mRNA were added into the cell solution. 

Electroporation was performed on the Neon NxT Electroporation System (Invitrogen, NEON1). 

Electroporation of COS7 cells was performed with the following optimized conditions: pulse voltage 

of 1200 V, width of 30 ms, and 2 pulses. Electroporation of K562 was performed with the following 

optimized conditions: pulse voltage of 1450 V, width of 10 ms, and 3 pulses. Transfected cells were 

immediately transferred into warm RPMI with no antibiotics. Aliquots of transfected cells were 
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retained for validation of HLA-A2 expression by staining with HLA-A2 monoclonal antibody (BB7.2, 

Thermo Scientific, 17-9876-42) and subsequent flow cytometry analysis.  

 

Evaluation of TCR specificity against endogenously processed and 
HLA-presented neoantigen 
Characterization of neoantigens that are endogenously processed and presented by surface HLA is 

conducted by co-culturing HLA-A*02:01/neoantigen-transfected COS7 or K562 cells with TCR-

transduced T-cells. Similarly, T-cells and COS7/K562 cells were co-cultured in a 96-well flat-bottom 

plate at a concentration of 1 x 105 of each cell type in 200 μL of medium for 16 hours. Supernatant 

was collected and diluted for cytokine release assays per manufacturer’s instructions, and cytokine 

release levels were assessed with the Epoch Microplate Spectrophotometer and BioTek Gen5 Data 

Analysis software. In all cytokine release assay experiments, maximum cellular cytokine release per 

well was determined by the addition of 0.2 μL Cell Activation Cocktail (without Brefeldin A) 

(BioLegend Cat. #423302) per 100 μL cell solution. Evaluation of endogenously processed and 

presented neoantigens in glioma cell lines was performed by co-culturing TCR-transduced triple-

reporter Jurkat76 cells with glioma cells at a 1:1 E:T ratio (1 x 105 per well in a 96-well plate). Flow 

analysis was performed to assess the level of expression of NFAT-GFP, NFκB-CFP, AP-1-mCherry 

following 16 hours of co-culture. 

 

HLA-IP and LC–MS/MS 
COS-7 cells were co-electroporated with 10 μg of each mRNA encoding HLA-A*02:01 allele and the 

full-length coding sequence of the mutated GNAS or RPL22 using the Neon Transfection system 

(100-μl tip, setting: 1,050 V/10 ms/2 pulses). 20 × 106 cells were electroporated per condition and 
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plated in six-well non-TC plates overnight. For the GMB115 cell line sample, approximately 100×106 

cells were used. Cells were harvested by incubating with 1 mM EDTA (Millipore Sigma) for 10 minutes 

at 37 °C. For the immunoprecipitation experiments, cells were lysed in 8 ml of 1% CHAPS (Millipore 

Sigma) for 1 hour at 4°C, lysates were then spun down for 1 hour at 20,000g and 4°C, and supernatant 

collected. For the affinity-column based immunopurification of HLA-I ligands, 40 mg of cyanogen 

bromide–activated–Sepharose 4B (MilliporeSigma) was activated with 1 mM hydrochloric acid 

(MilliporeSigma) for 30 minutes. Subsequently, 1 mg  of W6/32 antibody (Bio X Cell) were coupled 

to Sepharose in the presence of binding buffer (150 mM sodium chloride, 50 mM sodium bicarbonate, 

pH 8.3; sodium chloride) for 2 hours at room temperature. Sepharose was blocked for 1 hour with 

glycine and washed 3 times with PBS. Supernatants of cell lysates were run over the affinity of column 

through peristaltic pumps at 6 mL/min flow rate overnight at 4°C. HLA complexes and binding 

peptides were eluted from the column five times using 1% TFA. Peptides and HLA-I complexes were 

separated using C18 columns (Sep-Pak C18 1 cc Vac Cartridge, 50 mg of sorbent per cartridge, 37–

55-μm particle size, Waters). C18 columns were pre-conditioned with 80% ACN (Millipore Sigma) in 

0.1% TFA and equilibrated with two washes of 0.1% TFA. Samples were loaded, washed twice with 

0.1% TFA and eluted in 300 μl of 30%, 40% and 50% acetonitrile in 0.1% TFA. All three fractions 

were pooled, dried down using vacuum centrifugation and stored at −80 °C until further processing. 

HLA-I ligands were isolated by solid-phase extractions using in-house C18 mini-columns. Samples 

were analyzed by high-resolution/high-accuracy LC–MS/MS (Lumos Fusion, Thermo Fisher 

Scientific). COS-7 samples we run at DDA mode while GMB115 samples at DIA. MS and MS/MS 

were operated at resolutions of 60,000 and 30,000, respectively. Only charge states 1, 2 and 3 were 

allowed. The isolation window was chosen as 1.6 Thomson, and collision energy was set at 30%. For 

MS/MS, maximum injection time was 100 ms with an automatic gain control of 50,000. MS data were 

processed using FragPipe. Protein FDR was set at 1%. Oxidization of methionine, phosphorylation 



 78 

of serine, threonine and tyrosine, as well as N-terminal acetylation were set as variable modifications 

for all samples. Samples were searched against a database comprising UniProt Cercopithecus aethiops 

or Uniprot Human reviewed proteins supplemented with human HLA-A*02:01 allele sequence, 

mutRPL22 and mutGNAS, as well as common contaminants. 

 

Characterization of CD8+ T-cell-mediated anti-tumor reactivity 
To determine whether TCR-transduced T-cells were capable of mounting an anti-tumor response, 

TCR-transduced Jurkat76/CD8 or PBMC-derived CD8+ T-cells were co-cultured with patient-

derived GBM or LGG cell lines. CD8+ T-cells were isolated from healthy donor-derived PBMCs 

using the EasySep™ Human CD8+ T Cell Isolation Kit (STEMCELL Technologies, Cat. # 17953). 

CD8+ T-cells were then activated with Dynabeads™ Human T-Activator CD3/CD28 for T Cell 

Expansion and Activation (Thermo Scientific, Cat. #11161D) at a concentration of 25 μL/1 x 106 

cells. CD8+ T-cells were cultured for 7 days with IL-7 (30 μL/1 x 106 cells) supplemented every 2 days. 

CD8+ T-cells were then LV transduced with neoantigen-specific TCRs with a hybridized murine TCR 

constant region using the above transduction procedure. This additional step removes the likelihood 

of TCR α-chain and β-chain mispairing and allows us to evaluate TCR-transduction efficiency by 

staining with anti-murine TCR constant region antibody (Clone H57-597; BioLegend Cat. #109208). 

Flow sorting was performed to isolate highly-transduced CD8+ T-cells by selecting for cells stained 

strongly with anti-CD3 and anti-murine TCR constant region antibody. Sorted transduced CD8+ T-

cells were expanded for 7 days before use in co-culture assays. Killing assays were performed using an 

xCELLigence RTCA S16 Real-Time Cell Analyzer. Tumor cells were cultured in media pre-treated 

with 100 ng/mL IFNγ (Peprotech, Cat. #300-02) for 48 hours and washed twice with PBS prior to 

seeding. 1 x 104 tumor cells were plated per well in a 96-well E-plate (Agilent), and impedance is read 
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for 16 hours during incubation. TCR-transduced CD8+ T-cells were introduced to each well at E:T 

ratio of either 1:1 or 2:1, and tumor-specific killing is measured by changes in cell index over 24-48 

hours.  

 

Identification of HLA restricted CD8+ T-cell mediated reactivity 
against neoantigens 
Evaluation of HLA restricted reactivity was performed by perturbing TCR and HLA:peptide 

interaction with the introduction of anti-HLA antibodies. In dose-dependent immunogenicity assays, 

T2 cells at a concentration of 1 x 105 tumor cells per well of a 96-well plate were washed twice with 

PBS and incubated for 30 min with blocking anti-HLA antibody (50 μg/well; clone W6/32, Bio X 

Cell, Cat. #BE0079) or isotype control (50 μg/well; Bio X Cell, Cat. #BE0085) at a total volume of 

100 μL. Without any additional washes, T-cells were added in to achieve a final volume of 200 μL. In 

tumor-killing assays, tumor cells were added to each well of a 96-well E-plate in a total volume of 50 

μL for initial seeding. Anti-HLA antibody or isotype control (50 μg/well) is added to each well 30 

minutes prior to the addition of T-cells to reach a total volume of 100 μL. T-cells were added in each 

well to achieve a final volume of 200 μL, and impedance was measured for the following 24-48 hours. 

 

Immune-monitoring of cancer patients expressing mutGNAS-NJ 
The presence of mutGNAS specific CD8+ T cells in the circulation of GNAS NJ expressing HLA-

A*02 cancer patients was tested by FACS using dual-color HLA-A*02 dextramers loaded with the 

MS-identified mutGNAS peptide. Patient CD8+ cells were stimulated in vitro with NJ expressing 

HLA-A*02 matched moDCs for 2 weeks prior the FACS staining. To generate moDCs, HLA-A*02 

healthy donor PBMCs were plated in tissue culture flasks at 1 × 106 cells per cm2 in complete media 
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without cytokines for 2 hours at 37 °C to separate the adherent (monocyte-containing) and non-

adherent (T-cell-containing) fractions. The adherent fraction was washed with PBS, and fresh human 

A/B serum-containing media supplemented with recombinant human IL-4 and GM-CSF 

(400 IU ml−1) was provided every 3 days. On day 6, moDCs were matured with LPS (Invitrogen) and 

IFN-γ (Miltenyi Biotec) for 24 hours before transfection. moDCs were electroporated with 

100 μg ml−1 of mRNA encoding full-length mutGNAS using the Neon Transfection system (10-μl 

tip, setting: 1,325 V/10 ms/3 pulses). Patient CD8+ cells were enriched from PBMCs by negative 

selection (STEMCELL Technologies) and co-cultured with mutGNAS-NJ expressing HLA-A*02 

matched moDCs at a 2:1 ratio in non-tissue-treated 24-well plates (FALCON) in the presence of 300 

IU ml-1 of IL-2 and 50ng ml-1 of IL-7, IL-15, and IL-21. Cytokines were replenished every 3 days. 

As a control, similarly isolated and co-cultured HLA-A*02:01 matched CD8+ cells from a healthy 

donor were used. For dextramer labeling, HLA-A*02 multimers bound to mutGNAS and conjugated 

to PE or APC were purchased from Immudex. As a specificity control, HLA-A*02 multimers bound 

to the 9-mer peptide from P53 R175H (HMTEVVRHC) were used. Cells were labeled with dual 

fluorophore-conjugated dextramers for 15 minutes at room temperature, followed by surface 

antibodies against CD3-BV785, CD4-BV421, CD8-BV650 (Biolegend) for an additional 15 minutes 

at 4 °C. Cells were washed twice, stained with the viability dye 7-AAD (biolegend) and acquired on a 

BD Fortessa X20 flow cytometer. 

 

FACS analysis and antibodies 
TCR-transduced cell lines were stained with anti-human TCR α/β (Clone IP26, BioLegend Cat. 

#306717) and anti-human CD3 antibody (Clone HIT3a, BioLegend Cat. #300307) to assess the 

surface-level expression of the transduced TCR. CD8+ T-cells were stained with anti-CD107a 
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(BioLegend, Cat #328620) and anti-CD137 antibody (4-1BB; Biolegend Cat #309804) to assess CD8+ 

T-cell degranulation and TCR activation, respectively. Viability of cells were assessed with the Zombie 

GreenTM Fixable Viability Kit (BioLegend, Cat. #423111) APCs and patient-derived glioma cell lines 

were stained with HLA-A2 monoclonal antibody (Clone BB7.2, Thermo Fisher Scientific Cat. #17-

9876-42). Approximately 1x106 cells per 100 μL FACS buffer (PBS supplemented with 1% BSA 

(Sigma Aldrich Cat. #L6529)) is incubated with one test volume of antibody for 20 minutes as 

indicated by the manufacturer. Stained cells were washed once with FACS buffer before resuspension 

to a concentration of 4x105 cells per 100 μL FACS buffer. Cells were then analyzed with the Attune 

NxT flow cytometer (Thermo Fischer Scientific). Please have Inaki add patient immune-monitoring 

methods here.  

 

Gene set enrichment analysis 
Differential gene expression of TCGA, GTEx, and UCSF GBM/LGG RNA-sequencing was 

performed and quantified using DESeq2.104 Only genes with an absolute fold change > 1.5 and a 

Benjamini-Hochberg adjusted P value <0.05 called by DESeq2 were considered to be differentially 

expressed.105 Pre-ranked gene set enrichment analysis (GSEA)106 was carried out by ranking genes with 

the product of their fold-change sign and the -log10(adjusted P value). Disease subtype-specific 

differential gene analysis: GSEA comparison was performed between IDH1 mutation subtypes 

(wildtype IDH1 and mutant IDH1) as well as glioma disease subtypes (wildtype IDH1 glioblastoma, 

mutant IDH1 astrocytoma, and mutant IDH1 oligodendroglioma). Splicing-related gene sets were 

selected based on keyword search, and gene sets with an adjusted P value <0.05 when comparing two 

groups are considered differentially enriched. Unbiased hierarchical clustering of differentially 

enriched gene sets allows the characterization of subgroup-specific upregulated genes. Neojunction 
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load-specific differential gene analysis: TCGA LGG and GBM samples were ranked according to the 

total putative neojunctions expressed per sample. High (NJHI) and low neojunction load (NJLO) 

samples within each disease subtype were characterized as the upper and lower 0.10 percentile of 

ranked samples, respectively. GSEA is carried out between the NJHI and NJLO samples of each disease 

subgroup. Gene sets with a unidirectional fold-change and adjusted P value <0.05 were considered to 

be enriched gene sets associated with neojunction load. Splicing-related gene sets were selected based 

on keyword searches. Leading edge genes shared across all disease subgroups within the same gene 

set are defined as enriched genes associated with neojunction load. 

 

Neojunction and splicing-related gene correlation analysis 
Selection of mutant IDH1 upregulated genes was determined by splicing-related genes expressed with 

a significant (p < 0.05) log2fold increase of 1.5 in mutant IDH1 cases when compared to their wild-

type counterpart. Selection of splicing-genes affected by oligodendroglioma-specific loss of 

chromosomes 1p/19q was determined by chromosome 1p/19q splicing-related genes expressed with 

a significant (p < 0.05) log2fold decrease of 1.5 in IDH-O cases compared to both IDH-A and IDH-

wt cases. Splicing-related genes that were selected for in vitro validation was chosen based on previously 

reported confirmation of aberrant splicing due to their dysregulated expression.54,55,57,107,108 To 

determine correlation factors between each of the identified public neojunctions with each splicing-

gene of interest, we performed a Pearson correlation analysis against each neojunction and splicing-

related gene pair. Neojunctions with the highest positive correlation score against the select mutant 

IDH1 upregulated genes (CELF2, ELAVL4) averaged across all three glioma subtypes were tested 

in downstream qPCR assays. Similarly, neojunctions with the most negative correlation score against 
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select chromosome 1p or 19q splicing-related genes downregulated in IDH1mut-O cases (SNRPD2, 

SF3A3) averaged across all three glioma subtypes were also tested in downstream qPCR assays.  

 

AlphaFold2 structure predictions 
AlphaFold v2.3.2 and its reference databases were installed. AlphaFold was run in multimer mode 

with default options and the highest rank resulting pdb file was visualized using Pymol. Image was 

exported with settings “ray 5000,5000” and “png image,dpi=2400”. 
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