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Abstract 
 
Recent studies have highlighted the promise of targeting tumor neoantigens to generate potent 
anti-tumor immune responses. Our group, together with others, recently reported that 
personalized neoantigen vaccines for patients with melanoma generated de novo polyfunctional 
CD4+ and CD8+ T cell responses. To assess the feasibility of this strategy for tumors with lower 
mutation rate and a cold tumor microenvironment, we conducted a phase I/Ib study of 
personalized neoantigen vaccines for newly diagnosed methylguanine methyltransferase 
(MGMT)-unmethylated glioblastoma patients. The study was designed to incorporate 
vaccination into standard of care, with 8 patients receiving a personalized neoantigen vaccine 
that consisted of up to 20 synthetic long peptides encoding predicted neoepitopes, and poly-
ICLC adjuvant, following surgery and radiation. Many questions arise about the impact of these 
novel vaccines, including their ability to generate circulating neoantigen-specific T cell 
responses, the functionality of the T cells elicited, and their potential to transform the tumor 
microenvironment from cold to inflamed. While some of these questions can be addressed using 
conventional approaches, novel tools for probing the specificity and functionality of T cell 
receptors (TCR), could allow us to analyze the intratumoral TCR repertoire, and determine the 
extent to which T cells specific for neoantigens are able to migrate to the intracranial site of 
disease. 
 
In the current study, we describe a streamlined approach for matching TCR sequences with 
cognate antigen through on-demand cloning and expression of TCRs and screening against 
candidate antigens. This system can be applied to monitor antigen-specific T cell responses, and 
potentially guide the design of effective T cell-based immunotherapies. We first demonstrate the 
system’s capacity to identify viral-antigen specific TCRs and compare the functional avidity of 
TCRs specific for a given antigen target. We then applied this pipeline to study the intra-tumoral 
TCR repertoire of a patient with glioblastoma treated with personal neoantigen vaccine. We 
demonstrate that patients who did not receive dexamethasone, a highly potent corticosteroid 
frequently prescribed to glioblastoma patients for cerebral edema, generated circulating 
polyfunctional neoantigen-specific CD4+ and CD8+ T-cell responses, and increased tumor-
infiltrating T-cells. Utilizing single-cell T-cell receptor analysis and our cloning and expression 
pipeline, we provide evidence that neoantigen-specific T-cells from the peripheral blood can 
migrate into an intracranial glioblastoma tumor. However, infiltrating T cells, including those 
with neoantigen-specificity, expressed multiple co-inhibitory receptors consistent with a severe 
exhaustion phenotype, underscoring the potential for synergy in combination with checkpoint 
blockade. Neoantigen-targeting vaccines thus have the potential to favorably alter the immune 
milieu of glioblastoma, and hold great promise for use in combination immunotherapy strategies.  
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Introduction 
 
Cancer Immunotherapy: A New Pillar of Cancer Care 
 
Cancer cells are characterized by genomic instability, with mutations in oncogenes and tumor 

suppressors that promote unrestrained cellular proliferation. However, by virtue of their 

divergence from normal cells, these somatic mutations can give rise to altered proteins capable 

of being recognized by the host immune system. The potential for the immune system to 

recognize and kill tumor cells has been harnessed in recent years by using a variety of 

immunotherapeutic strategies. Monoclonal antibodies targeting checkpoint molecules, such as 

cytotoxic T-lymphocyte protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1) are 

designed to inhibit negative regulatory pathways in T cells that ordinarily limit the immune 

response against tumor cells. These drugs have demonstrated extraordinary clinical activity in a 

number of clinical trials, beginning with the approval of ipilimumab (anti-CTLA-4) for the 

treatment of advanced melanoma in 2011 (1). Antibodies blocking PD-1 and PD-L1 have been 

shown to induce durable anti-tumor immune responses in a wide variety of tumor histologies (2, 

3), and improved response rates have been observed when combinations of these two classes of 

checkpoint inhibitors are combined (4, 5), owing to their non-overlapping mechanism of action 

(6). Other checkpoints have been identified, including TIM3, LAG3, TIGIT, and VISTA, and 

clinical trials testing blockade of these pathways are ongoing.  

 

Adoptive cellular therapy (ACT) utilizes a patient’s own T cells, often genetically modified to 

enhance tumor specificity and functionality, and re-infused in large numbers to generate a potent 

anti-tumor immune response. Three types of ACT are being developed, namely T cell receptor-

engineered T cells, chimeric antigen receptor (CAR)-T cells, and tumor-infiltrating lymphocyte 

(TIL)-therapy. CAR-T cells are genetically engineered to express a chimeric receptor consisting 

of the antigen-binding domain of an antibody fused to the signaling components of a T cell 

receptor (7). This approach has been successfully used to target CD19-expressing B cell 

malignancies (8-10), but attempts to target antigens on solid tumors have achieved limited 

success so far. TIL therapy aims to isolate infiltrating T cells from surgically resected tumor, 

enrich for tumor-specificity and expand in vitro before reinfusing to the patient, as a form of 

personalized immunotherapy (11). Together these advances have revolutionized the landscape of 
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cancer treatment, and immunotherapy is now considered a new pillar of cancer care alongside 

surgery, chemotherapy, targeted therapy and radiation.  

 
T cells mediate anti-tumor immune response 
 
At the core of the efficacy of cancer immunotherapy is the capacity for T cells to recognize 

tumor-antigens through their T cell receptors (TCRs). This process requires three key steps: (1) 

antigen-presenting cells (APCs) must process and present tumor antigens on major 

histocompatibility complexes (MHC) for recognition by the TCR (signal 1), (2) T cell activation 

must occur by binding of costimulatory molecules B7 and CD28, on APCs and T cells 

respectively (signal 2) and (3) activated tumor-specific T cells must traffic and infiltrate to tumor 

sites, recognize tumor antigens expressed on the cell surface and mediate tumor cell lysis. While 

CD8+ T cells are predominantly responsible for mediating direct tumor cell killing, CD4+ T cells 

play a vital role in orchestrating diverse immune responses, including interacting with B cells to 

shape antibody generation, cytokine production, and providing helper-T cell function to activate 

cytotoxic CD8 T cells and establish memory CD8 T cells (12). CD4+ T cells have also been 

reported to mediate direct cytotoxicity, possibly targeting tumor cells that express MHC class II 

on the cell surface (13, 14). 

 

The clinical success of cancer immunotherapy has generated greater urgency for improving our 

understanding of the interaction between TCR and antigen. The modular structure of the TCR is 

generated by random recombination of V, D, J gene segments and pairing of TCRα and TCRβ 

chains. Early approaches to TCR repertoire analysis used techniques such as complementarity 

determining region 3 (CDR3) spectratyping, flow cytometry with monoclonal antibodies directed 

against different variable α (Vα) and β (Vβ) segments, and bulk sequencing of the TCRβ chain 

(15). These methods provide insight into the diversity of TCRs present in a population, overall 

patterns of Vα and Vβ usage, and extent of clonal expansion. More recently, single-cell 

sequencing technologies have enabled detailed analysis of the CDR3 region from paired TCRαβ 

chains, making it possible for the exquisite specificity of the TCR to be reconstructed (16-18). 

However, a need remains for efficient methods to assess the specificity of discovered TCRs. 

Single-cell RNA sequencing has provided unprecedented detail of the transcriptional activity of 
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both tumor-infiltrating and circulating T cells, and facilitated identification of distinct T cell 

subsets (19, 20).  

 

There are many classes of antigens that have been studied as potential functional targets of 

immunotherapy, including tumor-associated antigens (TAAs), which arise from proteins that are 

overexpressed in tumor cells, cancer-germline antigens which arise from proteins that are 

normally expressed in germ cells and trophoblast tissues and are aberrantly expressed in cancer 

cells, and viral antigens for tumor cells that are virally-infected (21). A particularly interesting 

class of antigens is neoantigens, which are novel protein sequences that arise from somatic 

mutations in tumor cells, and as such they are exquisitely tumor-specific and exempt from 

central tolerance. There is growing evidence that neoantigens are key functional targets of 

therapy, with studies demonstrating that the tumor mutational burden (TMB) is directly 

correlated with response to immunotherapy and that neoantigen-specific T cell populations are 

expanded in the setting of effective anti-tumor immunity (22-24).  

 
Mechanisms of Primary Resistance: Tumor microenvironment  
 
Of note, despite the myriad clinical trials conducted in recent years, only a minority of patients 

has experienced clinically significant and durable responses with available immunotherapies. 

The mechanisms underlying primary resistance to checkpoint blockade include both tumor cell 

intrinsic and extrinsic factors (25). A major barrier to efficacy appears to be the absence of pre-

existing tumor-specific T cells infiltrating in the tumor microenvironment, with many studies 

demonstrating that abundant tumor-infiltrating lymphocytes (TILs) at baseline correlates with 

clinical response to therapy. In fact, studies of baseline biopsy samples has demonstrated three 

immune profiles correlating with extent of response (26):  

 
1) Immune-inflamed: presence of both CD4+ and CD8+ T cells in the tumor parenchyma, and 

within close proximity to tumor cells; often accompanied by myeloid/monocytic cells 

2) Immune-excluded: presence of abundant immune cells retained within the tumor stroma, 

that fail to penetrate the parenchyma 

3) Immune-desert: paucity of T cells in the parenchyma or stroma; myeloid cells may be 

present 
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The lack of TILs in non-inflamed (cold) tumors can be due to stromal barriers, defects in antigen 

presentation, de-differentiation with loss of tumor antigen expression, and alterations in specific 

pathways that prevent immune cell infiltration (e.g. MAPK pathway through loss of PTEN, 

stabilization of beta-catenin, and loss of interferon-gamma signaling). Additional 

immunosuppressive factors limiting the anti-tumor immune response to both checkpoint 

blockade and adoptive cellular therapies include alterations in the tumor metabolic environment 

(e.g. hypoxia or expression of indolamine-1-oxidase and arginase), presence of regulatory T 

cells, and suppressive myeloid cells. Thus, an important challenge in the field remains: how can 

we transform a cold tumor into an inflamed tumor, and increase its susceptibility to 

immunotherapy?  

 
Therapeutic strategies to mobilize T cells into tumor 
 
In order for an anti-tumor immune response to effectively kill cancer cells, a series of events 

referred to as the cancer-immunity cycle must be initiated and allowed to propagate (27). These 

steps include release of tumor antigens, antigen processing and presentation by dendritic cells, 

priming and activation of effector T cells, T cell trafficking and infiltration into the tumor bed, 

and tumor-specific recognition and direct cytotoxicity, which in turn releases additional tumor 

antigens. A variety of therapeutic strategies are being developed to reprogram cold tumor 

microenvironments into inflamed, pro-inflammatory milieus, by intervening at various points in 

the cancer-immunity cycle:  

 

(1) Promoting T cell priming against tumor antigens and T cell expansion 

(2) Stimulating T cell trafficking and infiltration into tumor  

(3) Pro-inflammatory reshaping of the tumor microenvironment 

(4) Direct tumor cell killing to promote cancer antigen release and epitope spreading 

 

For example, oncolytic viruses are viruses that are engineered to selectively infect tumor cells, 

leading to tumor cell lysis, and in turn, promote tumor antigen release and increased T cell 

recruitment. Toll-like receptor (TLR) agonists promote inflammation and stimulate APCs such 

as dendritic cells to increase T cell priming. Cancer vaccines are designed to expand existing and 



 12 

prime de novo T cell responses against tumor antigens, thereby increasing the number and 

diversity of tumor-specific T cells. Vaccines can elicit both CD8+ T cells to drive direct tumor 

cytotoxicity (and in turn, epitope spreading), as well as CD4+ TH1 cells, which can generate an 

inflammatory microenvironment. By producing interferon-gamma (IFNγ), CD4+ TH1 cells can 

upregulate HLA class I and class II expression in tumor cells, thereby promoting antigen-

recognition. These strategies hold great promise for converting tumors from cold to hot, and 

increasing susceptibility to other immunotherapies, with pre-clinical models demonstrating 

synergy with checkpoint blockade (28-30). 

 
Therapeutic Cancer Vaccines 
 
Despite their promising mechanism of action, skepticism about the potential for cancer vaccines 

prevailed for many years. Various formulations have been developed using whole autologous 

tumor cells, or dendritic cells pulsed with tumor antigens, or delivery of antigen in the form of 

peptides, RNA, or DNA. These components are administered in combination with immune 

adjuvants such as cytokines or TLR agonists to enhance antigen presentation and prime T cell 

activation. Early vaccine trials targeted a single antigen or small number of antigens, and focused 

on TAAs and cancer-germline antigens owning to their relative ease of identification and shared 

features between individuals (31, 32). While many of these vaccine formulations demonstrated 

evidence of in vivo generation of anti-tumor T cells using tetramer staining or ELISPOT, clinical 

responses had been scarce (33). 

 

The advent of next-generation sequencing has made the discovery of tumor-specific neoantigens 

technically feasible. Neoantigens are ideal targets for vaccination strategies, owing to their 

exquisite tumor specificity and exemption from central tolerance mechanisms (34, 35). 

Furthermore, the ability to target multiple neoantigens in a single vaccine should have the 

potential to address tumor heterogeneity and reduce the risk of immune escape. However 

utilizing neoantigens for therapeutic vaccines demands a personalized approach because the 

majority of neoantigens are patient-specific, and shared neoantigens are exceedingly rare (36, 

37). Our group, among others, has developed a systematic pipeline for the identification of 

personal tumor neoantigens (38). The three main phases are: 
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(1) Identification of tumor specific mutations 

Whole exome and RNA sequencing of matched tumor and normal tissue samples are 

employed to identify all tumor-specific mutations. RNA sequencing narrows the 

focus to expressed genes, a subset of which may yield neoantigens.  

 

(2) Identification of HLA-binding peptides derived from mutations 

Peptide regions encoding non-synonymous mutations are generated in silico from the 

list of mutations. This includes both missense mutations, and frameshift mutations 

that give rise to novel open reading frames (neoORFs). Neural-network based 

algorithms designed to predict peptide binding affinity to HLA class I, such as 

NetMHCpan (39, 40), are used to identify candidate neoantigens (half-maximum 

inhibitory concentration (IC50) < 500nM). 

 

(3) Epitope selection 

Predicted neoantigens for inclusion vaccination are prioritized on the basis of 

predicted immunogenicity, with neoantigens arising from mutations generating novel 

open reading frames given highest priority due to high sequence divergence. 

Neoantigens arising from single nucleotide variants are ranked on the basis of 

predicted HLA binding affinity. Mutation in oncogenes are given high priority, and 

other factors that may affect the synthesizability or solubility of the long peptide are 

taken into account (e.g. hydrophobicity, presence of multiple cysteines).  

 

Ongoing research focused on defining properties of immunogenic neoantigens will allow the 

pipeline to be refined and improved. Areas of need include optimization of HLA-binding 

prediction algorithms, incorporation of estimates of cleavability and peptide-HLA stability, and 

integration of mass spectrometry to improve the accuracy of epitope prediction (41). 

 
Personalized neoantigen vaccines are safe, feasible and immunogenic  
 
A number of studies recently demonstrated that personalized neoantigen vaccines are safe, 

feasible and capable of generating polyfunctional CD4+ and CD8+ T cell responses in patients 

with melanoma (42-44).  
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The first neoantigen-based vaccine, reported in 2015, used dendritic cells pulsed with HLA-A2-

restricted neoantigens (42). The vaccine targeted 7 neoantigens and was administered 

intravenously in three patients with melanoma, who were previously treated with ipilimumab. 

Another trial, using a neoantigen-based mRNA vaccine, was tested in patients with high-risk 

melanoma following surgical resection (44). Vaccines consisted of mRNA encoding up to 10 

predicted neoantigens for each patient, based upon HLA class I and class II binding predictions, 

and were administered intranodally. Prior to personalized vaccine administration, patients with 

NY-ESO-1-positive and/or tyrosinase-positive melanoma received a single dose of an mRNA 

vaccine encoding these tumor-associated antigens. Among the 13 individuals vaccinated, eight 

patients who had no detectable disease at the time of vaccination remained tumor-free 

throughout a follow-up of 12–23 months. Five patients had metastatic disease at the time of 

vaccination, and among them two experienced a vaccine-related objective response and one had 

a complete response in combination with anti-PD1 therapy.  

 

Our group conducted a phase I trial for patients with high-risk melanoma in which resected 

tumor and matched normal peripheral blood mononuclear cells (PBMCs) underwent whole 

exome sequencing, and predicted neoantigens were identified using the computational 

algorithms described above (incorporating RNA expression, and HLA class I binding affinity) 

(43). Up to 20 neoantigens for each patient’s tumor were selected for inclusion in the vaccine, 

and long peptides (15-30 amino acids in length) encoding these neoantigens were synthesized 

and admixed with the adjuvant polyinosinic and polycytidylic acid, stabilized with poly-l-lysine 

and carboxymethylcellulose (poly-ICLC). Vaccines were administered in a prime-boost 

schedule. Of the six individuals that received vaccinations, four who had enrolled with stage III 

disease showed no signs of tumor recurrence for up to 32 months after vaccination. Two patients 

who were enrolled with stage IV melanoma experienced disease recurrence shortly after 

vaccination, but had complete tumor regression after treatment with anti-PD1. 

 

Immune analysis in the peptide and mRNA based vaccine studies demonstrated that personalized 

neoantigen vaccines induced robust, polyfunctional T cell responses in all vaccinated patients. 

Overall, 60-70% of predicted immunizing neoantigens generated a T cell response, and in the 
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majority of cases neoantigen-specific T cells could discriminate between mutant and wild-type 

antigens. Of note, more neoantigen-specific CD4+ responses were generated than CD8+ T cells 

responses in both studies, despite the use of HLA class I binding algorithms to generate the 

peptide vaccine. The reasons for this are incompletely understood, but may be related to 

differences in structure between the HLA class I and HLA class II binding grooves. While HLA 

class I-binding epitopes fit precisely within a close-ended binding pocket, HLA class II-binding 

epitopes are typically longer and extend out of the core-binding site (45, 46). As such, HLA class 

II-binding epitopes have somewhat promiscuous binding properties, which enable a larger 

number of peptides to function as epitopes for multiple HLA class II molecules. 

 

While these results are promising, it is important to note that melanoma is considered a highly 

immunogenic tumor, with high mutational burden and often high TIL population at baseline. As 

such, the question remains whether this strategy is feasible for tumors with lower mutation rate, 

and whether this therapeutic strategy can convert the microenvironment from cold to inflamed. 

To assess the feasibility of the personalized neoantigen vaccination strategy in tumors with lower 

mutational rate and cold tumor microenvironment, our group designed a phase I trial of 

personalized neoantigen vaccines for patients with newly diagnosed glioblastoma.  

 
Current Treatment Landscape for Glioblastoma 
 
Glioblastoma is a highly aggressive brain tumor characterized by relatively low mutational load 

(47), and hostile tumor microenvironment (48). Patients with glioblastoma typically present with 

subacute neurologic signs and symptoms, including headache, memory loss, motor weakness, 

visual symptoms, language deficits, personality changes, or seizures. Magnetic resonance 

imaging demonstrates a mass lesion in the brain, typically with a pattern of intense rim 

enhancement and central clearing indicative of necrosis, but tissue diagnosis is required to 

distinguish glioblastoma from other primary and metastatic brain tumors. Standard of care for 

glioblastoma in accessible locations is surgical resection, with the goal of maximal safe resection 

with preservation of neurologic function, followed by adjuvant radiation therapy.  

 

Routine pathologic evaluation of glioblastoma specimens includes isocitrate dehydrogenase 

(IDH) mutational testing and O6-methylguanine-DNA-methyltransferase (MGMT) promoter 
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methylation status. Mutations in IDH1, and less commonly IDH2, are found in 5-10% of 

glioblastomas, and predict significantly improved overall survival independent of other 

established prognostic factors (49). MGMT is an enzyme involved in DNA repair following 

alkylating-agent chemotherapy; as such silencing by methylation can impair DNA repair and 

increase the potential effectiveness of chemotherapy. MGMT promoter methylation status has 

been shown to be prognostic of improved survival, and may also be predictive of chemotherapy 

responsiveness. Accordingly, patients with MGMT-methylated promoters also receive 

temozolomide following surgical resection and radiation, while the benefit of this addition is less 

pronounced in patients with MGMT-unmethylated tumors (50-52). High-dose glucocorticoids 

are commonly prescribed to patients with symptomatic cerebral edema to reduce headache and 

improve neurologic deficits, though it is recognized this may negatively impact survival 

independent of confounding factors such as tumor size and performance status (53). 

Bevacizumab, a monoclonal antibody against vascular endothelial growth factor (VEGF), has 

been shown to reduce requirements for steroids in patients with previously treated high-grade 

glioma, but large randomized clinical trials in the up-front setting have not shown significant 

increase in overall survival (54, 55). Despite available treatment options, the median overall 

survival for glioblastoma is 10-12 months, and less than 5% of patients survive at five years after 

initial diagnosis (56, 57).   

 
Immunotherapy for Glioblastoma 
 
There is a dire need for novel therapies for glioblastoma, and a number of clinical trials are 

ongoing to assess a role for immunotherapy in management (58). Individual cases and case series 

of dramatic responses to immunotherapy, including CAR-T cells and checkpoint blockade, have 

been reported. For example after treatment with chimeric antigen receptor (CAR)-engineered T 

cells targeting a tumor-associated antigen, interleukin-13-receptor alpha 1 (IL13Ra2), a patient 

with recurrent multifocal glioblastoma achieved regression of all intracranial and spinal tumors 

(59). In rare cases of hypermutated glioblastoma, resulting from defects in mismatch repair 

enzymes, dramatic responses to anti-PD-1 therapy have been observed (60, 61). However, in 

randomized phase 3 studies of immunotherapies, no survival benefit has been achieved. For 

example, anti-PD-1 was compared to bevacizumab for patients at first or second recurrence of 

glioblastoma, and failed to demonstrate survival benefit (62). Despite promising early phase 
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results, an EGFRvIII-peptide vaccine, Rindopepimut, similarly failed to demonstrate benefit in 

patients with EGFRvIII positive recurrent glioblastoma (63).  

 

There are a number of factors contributing to the lack of response to immunotherapy for 

glioblastoma. As mentioned, with the exception of hypermutated cases related to mismatch 

repair, the mutation load in glioblastoma is relatively low, and therefore may be expected to have 

lower immunogenicity (47). The tumor microenvironment in glioblastoma is often immune-

excluded, with minimal effector T cells infiltrating. Furthermore, systematic profiling of 

infiltrating T cells across tumor types has demonstrated that infiltrating T cells in glioblastoma 

exhibit a particularly severe exhaustion phenotype (64). Instead, the microenvironment is 

frequently infiltrated by an abundance of myeloid cells (microglia, systemic macrophages and 

myeloid-derived suppressor cells) (48). There is also uncertainty around the impact of 

dexamethasone and temozolomide on the systemic immune response, given their 

immunosuppressive and lymphopenic effects. Therefore, therapies designed to convert the 

microenvironment of glioblastoma from cold to inflamed could have a profound impact upon 

susceptibility to treatment.  

 
Neoantigen Vaccines for Glioblastoma 
 
There is growing interest in the identification and therapeutic targeting of neoantigens in 

glioblastoma (65). For example, neoantigens arising from mutated IDH1 have been studied, with 

particular focus on the most frequently occurring mutation, IDH1(R132H) (66). Immunogenic 

epitopes arising from this point mutation have been identified, and shown to be presented on 

HLA class II. Vaccination targeting mutant IDH1 is capable of inducing mutation-specific CD4+ 

TH1 responses in preclinical models, and phase I trials of IDH1 peptide vaccination are ongoing. 

Another vaccination trial for patients with newly diagnosed glioblastoma was recently reported, 

utilizing two types of vaccines administered sequentially – one based on overexpressed non-

mutated TAAs, and another based on personalized neoantigens (67). Using this strategy, they 

elicited central memory CD8+ T cells specific for non-mutated antigens, while neoepitope 

specific responses were predominantly TH1 CD4+ T cell responses and were found to exhibit a 

greater degree of polyfunctionality.  
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Our group conducted a phase Ib trial of personalized neoantigen vaccines for patients with 

MGMT unmethylated glioblastoma (68). We immunized patients with newly diagnosed 

glioblastoma using a peptide-based vaccine consisting of up to 20 uniquely predicted 

neoantigens, following surgical resection and conventional radiotherapy.  

 

Traditional immunologic techniques are available to assess the generation and phenotype of 

antigen-specific T cell responses in the peripheral blood, including enzyme-linked immunospot 

assays (ELISPOT), neoantigen-specific tetramers, and flow cytometry using cytokine secretion 

assays. Given the importance of assessing the local T cell response, we also sought methods to 

study the intratumoral T cell repertoire post-vaccination. Multiplex immunofluorescence can be 

used to assess changes in T cell infiltrate, and single-cell RNA sequencing can help to dissect the 

functional subsets of infiltrating T cells. However, studying the antigen-specificity of the 

intratumoral T cell repertoire is more challenging owing to the technical difficulties of isolating 

TILs from fresh tumor specimens and limited ability to maintain tumor-infiltrating lymphocytes 

in culture and perform testing against a large number of potential neoantigen targets.  

 

To address this, we developed a pipeline for rapid cloning and expression of T cell receptors, and 

a method for probing specificity and assessing functional avidity to neoantigens targeted by 

vaccination. We leveraged the modular structure of the TCR to develop a streamlined approach 

to reconstruct any TCR on demand, express it on a Jurkat∆αβ reporter cell line, and match its 

cognate antigen from among a chosen pool of candidate antigens. We use this controlled system 

to assess the functional avidity of the reconstituted TCRs. Functional avidity of a T cell describes 

its activation threshold, and is an important metric to assess for potential anti-tumor activity. We 

first validated the pipeline’s utility to study T cell responses specific for viral antigens, and then 

applied it to study tumor neoantigen-specific T cell responses elicited by personalized 

vaccination in patients with glioblastoma. In conjunction with multiplex immunofluorescence 

and single-cell RNA sequencing, we set out to determine how personalized neoantigen 

vaccination alters the tumor microenvironment, and whether vaccination promotes neoantigen-

specific T cells infiltrating at the site of disease.  
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Methods 
 
Trial design and treatment 

The trial protocol and all amendments were approved by the Dana-Farber/Harvard Cancer Center 

Institutional Review Board (IRB). The trial was conducted in accordance with the Declaration of 

Helsinki and the International Conference on Harmonization Good Clinical Practice guidelines, 

and was registered at ClinicalTrials.gov (NCT02287428). All patients provided written informed 

consent prior to study entry, following DF/HCC IRB protocol approval. Study eligibility was 

assessed among patients seen at the Center for Neuro-Oncology, Dana-Farber Cancer Institute 

and required: age ≥18 years; Karnofsky performance status (KPS) ≥70; histopathologic 

confirmation of WHO grade IV glioblastoma (GBM) or variant; tumor MGMT promoter 

unmethylated by CLIA-certified laboratory; supratentorial tumor with no more than 4 cm in 

maximal diameter of enhancing tumor on post-operative imaging in any plane; and adequate 

hepatic, renal, and bone marrow function. Patients were excluded if: fewer than five actionable 

neoepitopes were identified for vaccine generation; they developed disease progression 

following external beam radiotherapy as defined by Response Assessment in Neuro-Oncology 

(RANO) (69); required more than 4 mg of dexamethasone per day within one week prior to 

vaccine initiation; developed active infection; or were pregnant or lactating.  

 

Following surgery, patients received conventional radiation therapy administered at 180-200 

cGy/fraction daily for five days per week to a total of approximately 60 Gy. Personalized 

neoantigen vaccine was prepared using information from fresh tumor and normal tissue obtained 

at the time of diagnostic resection, as described below. Temozolomide chemotherapy was not 

administered as this adds only nominal benefit for patients with tumors lacking methylation of 

the MGMT promoter (50). The vaccine was administered subcutaneously at least four weeks 

following completion of external beam radiotherapy.  Five priming vaccine doses were initially 

administered over four weeks (days 1, 4, 8, 15, and 22) followed by two booster doses eight and 

sixteen weeks later. For each dose, vaccine pools were administered within six hours of thawing 

in a non-rotating fashion to one of up to four extremities. Concomitant medications deemed 

necessary for adequate patient care were allowed including concomitant corticosteroids for 

symptoms associated with cerebral edema, but study vaccine was held for patients requiring 

more than 4 mg/day of dexamethasone within seven days of vaccine administration. Clinical 
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assessment and monitoring was based on the RANO criteria (69) and the Immunotherapy 

Response Assessment in Neuro-Oncology criteria (70). 

 

Personalized neoantigen vaccine generation 
Personalized neoantigen vaccines were prepared based on the analysis of whole-exome 

sequencing (WES) and RNA-sequencing (RNA-seq) data generated from fresh frozen tumor or 

tumor available as Formalin-Fixed Paraffin-Embedded (FFPE) tissue, obtained at the time of 

diagnostic resection. WES of normal tissue was generated from autologous PBMC DNA 

(Supplementary Table 1a). Patient HLA allotype was assessed using standard class I and class 

II PCR-based typing (BWH Tissue Typing Laboratory; Boston, MA). Coding mutations were 

identified and personal neoantigens were predicted based on binding affinity analysis to 

individual HLA alleles using the class I major histocompatibility complex (MHC) binding 

prediction tool NetMHCpan 2.4 (39); with a cutoff of predicted IC50 <500 nM for selected 

epitopes.   

 
Whole-Exome Sequencing (WES): WES was conducted by the Clinical Research Sequencing 

Platform, Broad Institute. Library construction from surgical GBM specimens and matched 

germline DNA of all 10 patients was performed as previously described (71). For Patients 1, 2, 

and 9, whole exome capture was performed using the Agilent SureSelect Human All Exon 44 

Mb v2.0 bait set (Agilent Technologies) (72). For Patients 3, 4, 5, 6, 7, 8, and 10, WES was 

performed using the Illumina Nextera Rapid Capture Exome v1.2 bait set. Data were analyzed 

using the Broad Picard Pipeline (v1.752), which includes de-multiplexing, duplicate marking, 

and data aggregation. 

 

RNA sequencing (RNA-seq): For RNA sequencing library construction, RNA was extracted 

from fresh frozen sections (Patients 1, 2, 9) or FFPE samples (Patients 3, 4, 5, 6, 7, 8, and 10) 

using Qiagen AllPrep DNA/RNA/miRNA Universal Kit or Qiagen AllPrep DNA/RNA FFPE 

Kit, respectively. RNA-seq libraries were prepared using Illumina TruSeq Stranded mRNA 

Library Prep Kit or Illumina’s TruSeq RNA Access Library Prep Kit (Supplementary Table 1b). 

Total RNA was quantified using the Quant-iT™ RiboGreen® RNA Assay Kit and normalized to 

5 ng/μl. For Patients 1, 2, and 9, each sample was transferred into a library preparation that was 
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an automated variant of the Illumina TruSeq™ Stranded mRNA Sample Preparation Kit. The 

resulting libraries were quantified with qPCR using the KAPA Library Quantification Kit for 

Illumina Sequencing Platforms. Data were analyzed using the Broad Picard Pipeline which 

includes de-multiplexing and data aggregation. RNA-seq data were not available for Patient 5, 

due to tissue necrosis in the tumor sample.  

 

DNA quality control: Broad Institute protocols as previously described (73, 74) were used for 

DNA quality control. The identities of all tumor and normal DNA samples were confirmed by 

fingerprint genotyping of 95 common single nucleotide polymorphisms by Fluidigm Genotyping 

(Fluidigm). Sample contamination from foreign DNA was assessed using ContEst (v1.4-437) 

(75).   

 

Somatic mutation calling: Analyses of WES data of tumor and matched PBMCs (as source of 

normal germline DNA) from the patients were used to identify the specific coding-sequence 

mutations, including single-, di-, or tri-nucleotide variants leading to single amino acid missense 

mutations and small insertions/deletions. Output from Illumina software was processed by the 

Broad Picard Pipeline to yield BAM files containing aligned reads (bwa version 0.5.9, to the 

NCBI Human Reference Genome Build hg19) with well-calibrated quality scores (73, 76). 

Somatic alterations were identified using a set of tools within the “Firehose” pipeline 

(www.broadinstitute.org/cancer/cga). Somatic single nucleotide variations (sSNVs) were 

detected using MuTect (Firehose version v13112); somatic small insertions and deletions were 

detected using Indelocator (v1.0)(73) and Strelka (v1.0.11) (77). All indels were manually 

reviewed using the Integrative Genomics Viewer (IGV v2.4) (78). All somatic mutations, 

insertions, and deletions were annotated using Oncotator (v1.4.1) (79). The ABSOLUTE 

algorithm (v1.1) was used to calculate the purity and ploidy of the samples. RNA-seq data were 

processed using the PRADA software (v1.1) (80) and tumor transcriptional data were displayed 

alongside data from normal brain cortical tissue on GTEx (Analysis V6, dbGaP Accession 

phs000424.v6.p1, doi: 10.1038/ng.2653) and from GBM on TCGA ([Broad Institute TCGA 

Genome Data Analysis Center (2016): Firehose stddata__2016_01_28 run. Broad Institute of 

MIT and Harvard. doi:10.7908/C11G0KM9]). 
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Identification of target epitopes for peptide design: NetMHCpan v2.4 was used to identify 

mutation-containing epitopes that are predicted to bind to the individual patients’ HLA class I 

molecules (39, 40, 81). Up to 30 peptides of 15-30 amino acids length (“long peptides”) arising 

from up to 30 independent mutations were selected and prioritized for peptide preparation. 

Epitopes were chosen for inclusion based on a pre-defined set of criteria in the following rank 

order: 

(1) NeoORFs which included predicted binding epitopes 

(2) High predicted affinity (<150 nM) sSNVs due to anchor residue changes 

(3) High predicted affinity (<150 nM) sSNVs due to mutations in positions other than anchor 

residues  

(4) NeoORFs with no predicted binding epitopes 

(5) Lower affinity (150–500 nM) versions of (2) and (3)   

 

Mutations in oncogenes were given highest priority within each ranked group; otherwise 

epitopes were ranked by predicted mutated peptide affinity. Only sSNVs that demonstrated 

expression of the mutated allele were used (not available for Pt. 5). Additionally, a variety of 

possible biochemical properties (hydrophobicity, presence of multiple cysteines), which may 

affect the synthesizability or solubility of the long peptide were considered.    

 

Synthesis of long peptides, pooling, and final vaccine preparation: Good Manufacturing 

Practice peptides 20-30 amino acids (aa) in length were synthesized by standard solid-phase 

synthetic peptide chemistry and purified using Reverse Phase High Performance Liquid 

Chromatography (CSBio, Inc., Menlo Park, CA). Each vaccine consisted of up to 20 distinct 

peptides that were grouped into four pools (A, B, C, and D), each consisting of up to five 

peptides, with the intent of separating peptides binding to the same HLA allele into different 

pools to decrease potential antigen competition at the draining lymph node. For each dose, the 

vaccine pools were administered within six hours of thawing, in a non-rotating fashion to one of 

up to four extremities. The final concentration of peptide per pool was 400 μg/ml, with a goal of 

administering a final dose of 300 μg of each peptide per vaccine injection. Each vaccine pool 

was filter sterilized and frozen at -80°C. Following final testing for identity, sterility, and 

endotoxin, vaccine pools were released for clinical use. On the day of vaccine administration, 
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each pool was thawed and 0.75 ml was mixed with 0.25 ml (0.5 mg) of polyinosinic and 

polycytidylic acid, stabilized with poly-L-lysine and carboxymethylcellulose (poly-ICLC, 

Hiltonol®, Oncovir Inc.) for a final administration volume of 1.0 ml per pool.  

 
Patient samples and cell lines  

Heparinized blood from healthy donors and study participants enrolled in a clinical trial of 

personalized neoantigen vaccine for glioblastoma (NCT02287428) was obtained on Institutional 

Review Board-approved protocols at Dana-Farber Cancer Institute. Peripheral blood samples 

were collected from clinical trial patients via leukapheresis before initiation of external beam 

radiotherapy (pre-treatment baseline) and approximately eight weeks following completion of 

priming vaccine dosing. Additional peripheral blood samples were collected in four-week 

intervals. Peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll-Hypaque and 

cryopreserved with 10% dimethylsulfoxide (DMSO) in fetal bovine serum (FBS) until the time 

of analysis. Healthy donor PBMC DNA was extracted using DNeasy Blood & Tissue Kit 

(Qiagen, Hilden, Germany) for HLA class I and class II molecular typing (Tissue Typing 

Laboratory, Brigham and Women’s Hospital, MA). Typing was determined by PCR-rSSO 

(reverse sequence specific oligonucleotide probe), with ambiguities resolved by PCR-SSP 

(sequence specific primer) techniques (One Lambda Inc, Canoga Park, CA). 

 

A glioblastoma cell line was established from tumor cells from patient 7 collected from surgical 

resection at initial diagnosis. Fresh tumor cell suspensions were washed and cultured in tissue 

culture flasks containing media from NS-A Human Proliferation Kit (Stemcell Technologies) 

supplemented with 0.02% Heparin (Stemcell Technologies), 20 ng/ml recombinant human 

epidermal growth factor (hEGF) (Miltenyi Biotec), and 20 ng/ml recombinant human fibroblast 

growth factor-2 (hFGF-2) (Miltenyi Biotec). The expanding tumor cell line was confirmed to be 

mycoplasma-free (Venor™ GeM Mycoplasma Detection Kit, Sigma Aldrich, Germany) and 

verified as GBM cells through immunohistochemical staining with known GBM-associated 

markers [OLIG2 (Oligodendrocyte Transcription Factor 2), SOX2 (sex determining region Y-

box 2), and GFAP (Glial fibrillary acidic protein); Extended Data Fig. 3a). For experiments 

testing direct tumor recognition, GBM cell lines from patient 7 were dissociated and passaged 
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using Accutase (Sigma-Aldrich) and dissociated using Versene (Gibco, ThermoFisher). 

Haemotoxylin and Eosin (H&E) staining was performed for initial and relapse tumor specimens.  

 

Cell lines used included HEK 293T cells, single HLA-expressing cell lines, and a TCR-deficient 

Jurkat cell line (Jurkat∆αβ, genetically engineered to lack endogenous TCR expression by 

CRISPR-Cas9 targeting, with stable expression of CD28, CD8 and CD4) (82). HEK 293T cells 

(ATCC, Manassas, VA) were cultured in Dulbecco's Modified Eagle Medium (DMEM, Gibco, 

Waltham, MA) containing 10% FBS and 1% penicillin-streptomycin (P/S, Gibco). Jurkat∆αβ 

cells were transduced to express a nuclear factor of activated T cells (NFAT)-luciferase construct 

(83, 84) in PEW lentiviral vector (Jurkat∆αβ reporter cells). Luciferase expression is controlled 

by an inducible interleukin (IL)-2 promoter and six tandem repeats of NFAT binding sites 

(Extended Data Fig. 5a). Jurkat∆αβ and Jurkat∆αβ reporter cells were cultured in ‘complete 

RPMI media’: RPMI-1640 media supplemented with L-glutamine (Gibco), 10% FBS and 1% 

P/S. K562 cells expressing HLA-A*02:01 (K562-A2) (85, 86) and B721.221 cells stably 

expressing HLA-A*24:02 (purchased from the Fred Hutchinson Research Cell Bank, University 

of Washington) were cultured in complete RPMI with 400 μg/ml G418.  PBMCs were cultured 

in RPMI-1640 supplemented with L-glutamine with 10% human serum AB (Gemini Bioproduct, 

West Sacramento, CA; heat-inactivated 30 mins, 56°C), 1% P/S, 1% MEM sodium pyruvate, 1% 

MEM non-essential amino acids (NEAA, Gibco), 10mM HEPES buffer and 50uM 2-

mercaptoethanol (Gibco). All cells were cultured at 37°C, 5% CO2. 

 

Peptides and antigen formats for immune monitoring 
Lyophilized CEF peptides (cytomegalovirus, Epstein Barr virus and influenza virus antigens) 

were purchased as a pool from AnaSpec (Fremont, CA). Individual CEF and neoantigen peptides 

used for immune monitoring were synthesized from either JPT Peptide Technologies (Berlin, 

Germany) or RS Synthesis (Louisville, KY) (>80% purity). Sequences of the peptides are 

provided in Supplementary Table 10.  

 

Immunizing peptides (IMPs) were 20-30 amino acids in length. Assay (ASPs) used to monitor 

CD4+ T cell responses were 15–16 amino acids long and overlapped by at least 11 amino acids, 
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covering the IMP sequence. Epitope peptides (EPTs) used to monitor CD8+ T cell responses 

were 9–10 amino acids long, derived from the predicted HLA class I restricted neoepitopes.  

 

Minigenes were constructed for the ASP and EPT peptides that elicited a response from patient 

PBMCs. All minigenes were constructed such that the entire immunizing peptide(s) 

corresponding to each ASP or EPT of interest were encoded along with the surrounding 15 

amino acid upstream and downstream native sequences. Minigenes were cloned into a 

pcDNA3.1 vector using designed EcoRI and BamHI cut sites (Genscript). Plasmids were cut 

using XbaI and RNA was generated by in vitro transcription (IVT) using the mMESSAGE 

mMACHINE Ultra Kit (Thermo Fisher). Autologous CD19+ B cells were isolated using 

magnetic beads (Miltenyi Biotec) from pre-vaccine PBMCs and were nucleofected with 20 µg 

IVT RNA using program X-001 (Amaxa Cell Line Nucleofector Kit V; Lonza) and were rested 

for 24h before use. Transfection efficiency was typically 50%, based on 24h green fluorescent 

protein (GFP) expression following nucleofection with control IVT RNA generated using a 

pcDNA3.1-GFP plasmid. 

 

IFNγ enzyme-linked immunospot (ELISPOT) assay  
IFNγ ELISPOT assays were performed using 96-well MultiScreen Filter Plates (Millipore, 

Billerica, MA), coated with 2 μg/ml anti-human IFNγ monoclonal antibody (mAb) in PBS 

overnight (1-D1K, Mabtech, Nacka Strand, Sweden). Plates were washed with PBS and blocked 

with complete RPMI for 1h before use. APCs were pulsed with peptides (10 µg/ml), then added 

to the ELISPOT wells and incubated with T cells overnight in complete RPMI at 37°C. Plates 

were rinsed with PBS containing 0.05% Tween-20 and then 1 μg/ml anti-human IFNγ mAb (7-

B6-1-Biotin, Mabtech) was added, followed by Streptavidin-ALP (Mabtech). After rinsing, 

SIGMA FAST 5-Bromo-4-chloro-3-indolyl phosphate/Nitro blue tetrazolium (Sigma-Aldrich, St 

Louis, MO) was used to develop the immunospots, and spots were imaged and enumerated with 

ELISPOT plate reader (Cellular Technology Ltd, Shaker Heights, OH).  

 

For assessment of systemic immune responses to immunizing neoantigens (Fig. 2), screening ex 

vivo assays were performed on PBMCs stimulated for 18 hours with peptide pools consisting of 

ASP and EPT peptides. The averages of responses to DMSO, HIV-GAG or OVA peptide for 
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each time point were subtracted from experimental wells for background correction (87). If no 

responses were observed, additional in vitro stimulation with the peptide pool was performed for 

up to 21 days. Upon detection of a positive ELISPOT response (defined as at least 55 spot-

forming units (SFU) per 106 PBMCs or a ≥3-fold increase over baseline), the peptide pools were 

allocated into sub-pools in order to deconvolute the peptide pool to determine the immunogenic 

peptide(s) per pool.  

 

For in vitro expansion (pre-stimulation) of antigen-specific T cells, PBMCs were stimulated in 

24-well cell-culture plates at 5 × 106 cells per well with individual (10 mg/ml) or pooled peptides 

(each at 10 mg/ml) in the presence of IL-7 (20 ng/ml; Peprotech). On day 3, low-dose IL-2 

(20 U/ml; Amgen) was added. Half-medium change and supplementation of cytokines were 

performed as necessary, as described previously (88). After 10–21 days, T cell (referred to as ‘T 

cell lines’) specificity was tested against peptide, minigenes or the autologous tumor by IFNγ or 

TNF ELISPOT as previously described (43). For deconvolution of CD4+ and CD8+ T cell 

responses, CD4+ and CD8+ T cells were enriched immunomagnetically (CD8+, CD4+ T cell 

Isolation Kit beads, Miltenyi Biotec) before plating for ELISPOT.  

 

Changes between pre-treatment and post-vaccination PBMC immune responses were assessed 

using the Wilcoxon signed-rank test (Fig. 2a). All P values were two-tailed and reported without 

adjustment for multiple comparisons. Data for each pool were normalized against the control by 

taking the average of the control for each time period and subtracting it from each of the three 

replicate pool measurements at that time. If the normalized value was less than zero, then zero 

was substituted. The normalized numbers of SFU per assay per unit time were estimated using 

repeated-measures regression with an unstructured covariance to model the variation over time. 

In the model, assay, time and the interaction of assay and time were predictors. Estimates of the 

average numbers of SFU for each assay were based on least-squares means. To control for 

multiplicity within a time point, P values for the comparisons of each pool against zero were 

adjusted using the Benjamini–Hochberg procedure, thereby maintaining an overall type-I error of 

0.05 at each time. 
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For assessment of viral antigen-reactive T cells in healthy donors, 5x103 T cells were co-cultured 

with 1x104 autologous CD4+ and CD8+ T cell-depleted PBMC, used as antigen presenting cells 

(APCs) (Fig. 5b). Statistical analysis was performed with the square root of spot counts from 

each peptide condition, compared to negative control DMSO, with a one-sided two-sample t-test 

and significance level of 0.05. 

 

Multiplex Immunofluorescence 

Staining was performed using BOND RX fully automated stainers (Leica Biosystems). The 

target antigens, antibody clones and dilutions for markers, as well as the details of controls are 

listed in Supplementary Table 6. Image acquisition was performed using the Mantra 

multispectral imaging platform (Vectra 3, PerkinElmer). Areas with non-tumor or residual 

normal tissue (that is, residual lymph node) were excluded from the analysis. Representative 

regions of interest were chosen by the pathologist, and multiple fields of view were acquired at 

20× resolution as multispectral images. Cell identification was performed using supervised 

machine learning algorithms within Inform 2.3 (PerkinElmer). Thresholds for ‘positive’ staining 

and the accuracy of phenotypic algorithms were optimized and confirmed by the pathologist for 

each case.  

 

Investigations of changes in the T cell infiltrate between initial and relapse tumor resection 

specimens from patients 3, 4, 5, 7 and 8 were based on repeated-measures linear models with the 

number of cells per mm2 as the dependent variable and treatment, time and their interaction as 

independent variables (Fig. 3a). Comparisons between dexamethasone/no dexamethasone arms 

were made, and because of the multiple measurements per patient at each time point, the 

covariance structures of all models were adjusted to allow for clustering by patient within the 

data. P values were based on model F-tests. Statistical significance was defined as P < 0.05. 

There were no corrections for multiple comparisons. 

 

Flow cytometry and IFNγ catch assay analyses 

Antibodies used for cell staining included anti-CD4 antibody (BV510, OKT-4, eBioscience, San 

Diego, CA, Alexa Fluor488, OKT-4, Biolegend, San Diego, CA), anti-CD8 (PE-Cy7, SK1, 

eBioscience), anti-CD3 (APC-Cy7, HIT3a, and APC, UCHT-1, Biolegend, San Diego, CA), 
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anti-CD69 (Pacific Blue, FN50, Biolegend), anti-Vβ5.1 (APC, LC4, eBioscience), anti-CD28 

(APC, T44, Biolegend), anti-CD27 (PE-Cy5, O323, eBioscience), anti-LFA1 (APC, m24, 

Biolegend), anti-ICOS (APC, ISA-3, eBioscience), anti-OX40 (APC, Ber-ACT35, Biolegend) 

and anti-4-1BB (APC, 4B4-1, Biolegend). EBNA3A-specific tetramer was obtained from MBL 

(Woburn, MA). All flow cytometry analysis was performed with BD FACSCanto II High 

Throughput Sampler (HTS) instrument.  

 

For characterization of costimulatory marker expression on Jurkat∆αβ reporter cells, Jurkat∆αβ 

reporter cells transduced with M1-specific TCR (P1.7) and healthy donor PBMC were stained 

with antibodies either resting or after stimulation with anti-CD3 antibody (functional grade, 

OKT3, Miltenyi). For activation, 6 well plates were coated with anti-CD3 (5 μg/ml) at 4°C 

overnight, and washed before adding the cells (reporter cells at 5x105 cells/ml and PBMCs at 

1.5x106/ml). After overnight culture, cells were cultured with Human TruStain FcX (Biolegend) 

for 20 min at 4°C for 20 min, followed by staining with costimulatory marker antibodies or 

isotype control antibodies at 4°C for 20 min, and analyzed by flow cytometry.   

 

For ex vivo IFNγ catch experiments, PBMCs were stimulated with 5 μg/ml peptide in complete 

RPMI at 37ºC overnight. For detection of cytokines from pre-stimulated CD8+ T cells, 2x106 T 

cells were re-stimulated overnight with 1x106 T cell-depleted PBMCs pulsed with 5 μg/ml 

peptide in complete RPMI at 37 oC. Subsequently, reactive cells were tagged using the IFNγ 

secretion assay. Following T cell stimulation culture, cells were washed, tagged with IFNγ Catch 

Reagent (Miltenyi, Bergisch Gladbach, Germany), and incubated in 10 ml complete RPMI at 

37°C for 45 minutes. PE-conjugated IFNγ Detection Reagent was used to stain cells secreting 

cytokine. Cells were then stained with anti-CD4, CD3, and CD8 antibodies for 20 min at 4°C, 

followed by staining with 7AAD (BD-Bioscience, Franklin Lakes, NJ). IFNγ+ single cells were 

then sorted into 384 well PCR plates using the FACSAria II SORP UV instrument (DFCI Flow 

Cytometry Core). 

 

Processing of GBM and PBMC specimens for scRNA-seq 

Surgically resected GBM tissue from patient 7 was obtained on ice within 30 min of lesion 

excision. The tumor specimen was mechanically disrupted into small pieces with a disposable, 
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sterile scalpel and further dissociated into a single-cell suspension using the enzymatic brain 

dissociation kit (P) from Miltenyi Biotec, following the manufacturer’s protocol. Fc receptor 

blocking was performed on the total cell suspension using Human TruStain FcX (Biolegend). 

The cell suspension was subsequently stained for flow cytometry using antibodies against CD45 

[HI30]-BV605, CD3 [HIT3a]-BV510 from BD Bioscience, CD4 [OKT4]-PE–Cy7, CD8 

[HIT8a]-PerCP–Cy5.5, exclusion panel–APC (CD14 [63D3], CD64 [10.1], CD163 [GHI/61], 

CD15 [HI98] from Biolegend and CD66b [G10F5] from ThermoFisher Scientific). The tumor 

cell suspension was next spiked with 1 µM calcein AM (ThermoFisher) to enable gating of live 

cells and incubated in the dark at room temperature for 10 min. Live, single T cells (gating: 

calcein AM+, exclusion−, CD45+, CD3+, CD8+ or CD4+) were sorted into individual wells of a 96-

well twin.tec PCR plate (Eppendorf), which contained 10 µl per well of RLT buffer (Qiagen), 

using an AriaIII fluorescence-activated cell sorter (FACS) with a 70-µm nozzle (BD 

Biosciences). Plates were immediately centrifuged at 800g for 1 min at 4 °C and frozen on dry 

ice. 

 

Single neoantigen-reactive CD4+ and CD8+ T cells were isolated from PBMCs of patient 7, 

obtained 8–16 weeks after vaccine initiation. For isolation of CD4+ T cells, PBMCs were 

stimulated in vitro with 10 mg/ml of ASP peptide pools overnight, and then subsequently flow 

cytometrically sorted on the basis of IFNγ secretion (IFNγ Catch Assay, Miltenyi Biotec) and 

co-expression of CD3+ and CD4+ into 96-well plates (FACSAria II Cell Sorter, BD Biosciences). 

Single neoantigen-reactive CD8+ T cells were isolated from PBMCs of patient 7 that were 

stimulated with 10 mg/ml of EPT peptides, corresponding to the ARHGAP35MUT or SLX4MUT 

peptides in DMEM complete medium supplemented with 10% human serum. Three days after 

stimulation, the cells were supplemented with human IL-2 (20 units) and human IL-7 (20 ng/ml). 

The medium was replenished as necessary over three weeks of culture, after which CD8+ T cells 

were enriched (CD8 magnetic beads, Miltenyi Biotec), rested overnight in cytokine-free medium 

and then stimulated overnight with autologous APCs (CD4- and CD8-depleted PBMCs) loaded 

with peptide (10 mg/ml). Subsequently, IFNγ-producing neoantigen-responsive cells were 

stained and sorted as single cells into 96-well plates, as above. 

 

Single-cell RNA sequencing data generation and analysis 
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ScRNA-seq data were generated using a modified version of the Smart-seq2 protocol (89). 

ScRNA-seq reads were mapped to the human transcriptome (hg19) by Bowtie (v1.2.0) (90) and 

gene expression was quantified as transcript-per-million (TPM) by RSEM (v1.1.17) (91). We 

further normalized the data as E=log2(TPM/10+1) and evaluated the number of genes detected in 

each cell and the average expression (E) of T-cell markers (CD2, CD3D, CD3E, and CD3G); 

307 of 384 cells which were sequenced had at least 1,800 detected genes and average E(marker 

genes)>2 were retained for further analysis. Genes were retained for further analysis if their 

average TPM across all cells retained for analysis was above 3. Next, we defined expression 

scores, for each cell, for the following genes and signatures, based on average E of the gene(s) 

indicated in parenthesis: (i) CD4 (CD4), (ii) CD8 (CD8A, CD8B), (iii) T regulatory (Tregs) 

(FOXP3, IL2RA), (iv) Cytotoxic (PRF1, GZMA, GZMK, NKG7, CST7), (v) Naïve/memory 

(CCR7, TCF7, SELL, CD27, CD28, IL7R), and (vi) Co-inhibitory receptors (PDCD1, CTLA4, 

TIGIT, LAG3, TIM3). Note: GZMB was excluded due to minimal expression across all cells. We 

classified cells into corresponding classes if they passed the average expression threshold (>3) 

for the gene/signature of the class, but were lower than another threshold (<1) for the alternative 

class. Thus, cells were classified as CD4+ and CD8+ by the corresponding score being larger than 

three and the alternate score being smaller than one, with remaining cells being considered 

unresolved (ND: not determined) and excluded from further analysis. CD4+ cells were further 

classified as Tregs or as cytotoxic if they had a Treg or cytotoxic scores higher than three; no 

cells had scores higher than three for both signatures. 

 

Targeted TCR sequencing  
Linked TCRα/TCRβ Illumina libraries from single cells were generated using a targeted multi-

primer based approach (17). For the analysis of intratumoral T cells and neoantigen-reactive T 

cells from patient 7, targeted amplification of TCR transcripts was performed using single-cell 

amplified cDNA libraries (before fragmentation), from the Smart-seq2 procedure described 

above. For the CEF-reactive T cells, targeted TCR sequencing was performed directly without 

Smart-seq2. The sequences of all primers (Integrated DNA Technologies, Coralville, IA) used in 

the protocol are provided in Supplementary Table 11. Sequencing was performed on the 

Illumina MiSeq (San Diego, CA) with the 300-cycle Reagent Kit v2 (MS-102-2002).  

 



 31 

The raw single-cell TCR sequencing data were demultiplexed, and TRA and TRB reads were 

separated using the well-specific dual indices. Only the reads with consistent V and C primers 

aligned were kept (e.g., one read with R1 aligned to a TRAV primer and R2 aligned to the 

TRAC primer). The separated TRA and TRB reads were aligned to IMGT TCR reference 

sequences using MiXCR-2.1.5 (92) and a set of clonotypes was assembled for each gene in each 

well. The most abundant productive alpha and beta clonotypes were selected and paired for each 

well. Wells with read counts less than 10 were removed from further analysis. If the fraction of 

the most abundant productive TCRα or TCRβ in a well was less than 20% or 60% respectively, 

the wells were removed. 

 

TCR cloning and expression system 

A plasmid library encoding variable chain segments was designed to enable rapid TCR cloning, 

such that any TCR could be assembled from two library components, and a double-stranded 

oligonucleotide encoding CDR3α and CDR3β. The variable chain plasmid library consisted of 

two types of vectors, encoding the variable segments of the TCR: 46 variable α with constant β 

(Vα-Cβ) and 52 variable β with constant α (Vβ-Cα). All constructs were synthesized in pUC57-

Kanamycin backbones (Genscript, Piscataway, NJ, example sequence in Extended Data Fig. 
5b, complete list of segment sequences in Supplementary Table 7). For each TCR, double-

stranded oligonucleotides encoding CDR3α and CDR3β, flanked by BsaI restriction sites 

designed to be compatible with the variable chain plasmid library, were custom synthesized on 

demand (Integrated DNA Technologies [IDT], Coralville, IA) (example sequence in Extended 

Data Fig. 5c, all CDR3 oligonucleotide sequences in Supplementary Table 8). 

 

Two library plasmids and a CDR3 oligonucleotide, all digested with BsaI, were assembled using 

Golden Gate Assembly (93, 94) mix (New England Biolabs [NEB], Ipswich, MA) to produce a 

single vector encoding both TCRα and TCRβ, separated by a furin, SGSG, and F2A-peptide 

sequence (95) (example in Extended Data Fig. 5d). The Golden Gate reaction mix was used to 

transform competent cells (NEB) which were then plated on kanamycin and grown overnight. 

Colony PCR was performed to select clones. The PCR product and lentiviral backbone PEW 

were digested with restriction enzymes AgeI and SalI, and ligated using T4 DNA ligase (NEB) 

(example in Extended Data Fig. 5e). The ligation product was used to transform competent cells 
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that were then plated on ampicillin, and grown overnight. Colony PCR was performed to select 

clones to expand overnight, and the TCR plasmid was isolated by Midi prep (Qiagen).  

 

TCRs were expressed in reporter cells by lentiviral transduction as follows. HEK293T cells were 

plated in 6 well plate in antibiotic-free DMEM (DMEM + 10% FBS), and cultured overnight at 

37°C, 5% CO2. HEK293T cells were transfected with the TCR vector, psPAX2 (Addgene, 

Cambridge, MA) and VSV (Addgene) at a ratio of 10:10:1 using Lipofectamine 2000 (Thermo 

Fisher, Waltham, MA). Media was replaced 16h after transfection. Supernatant was harvested 

after 72h, filtered using a 0.45 μm syringe filter and concentrated using size-exclusion columns 

(VIVASPIN20 [30,000MW], Sartorius, Goettingen, Germany) by centrifugation at 4°C for 60 

min at 2000 rpm. For transduction, Jurkat∆αβ reporter cells were plated with 8 μg/ml polybrene 

(Santa Cruz Biotech, Dallas, TX) in complete RPMI, and transduced with concentrated virus by 

spin infection (90 min, 2000 rpm, 37°C). After 16h, media was replaced with complete RPMI. 

Expression of the TCR was confirmed after 72h by measuring CD3 expression in transduced 

reporter cells by flow cytometry 

 

A TCR specific for EBNA3A was cloned and expressed using published sequence information: 

TRAV8-1, TRAJ23, TRBV5-1, TRBD2, TRBJ2-7, CDR3α (CAGRLVDQGGKLIF) and 

CDR3β (CASSIGLAGYEQYF) (18). The library components for TRAV8-1 and TRBV5-1 were 

assembled with oligonucleotide encoding CDR3α and CDR3β (Extended Data Fig. 5b-c).  

 

Detection of antigen-specific TCRs and assessment of functional avidity using reporter cells 
Autologous antigen presenting cells (APCs, derived from CD4/CD8-depleted PBMCs or 

dendritic cells) or HLA-expressing cell lines were pulsed with candidate peptides (10 μg/ml 

unless specified otherwise) for 2 hours in complete RPMI. 5x105
 TCR-expressing reporter cells 

were co-cultured with the pulsed APCs (5x105 autologous CD4/CD8 depleted PBMC or 2.5 x 

104 dendritic cells or 2.5x105 HLA-expressing cell line) overnight in 96-well U-bottom plate. 

The addition of PMA (50 ng/ml) and ionomycin (500 ng/ml) to TCR-expressing reporter cells 

was used as a positive control. OVA peptide was used as negative control. TCR activation was 

measured by IL-2 enzyme-linked immunosorbent assay (ELISA), luciferase activity, or CD69 

expression.  
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Supernatant was harvested from co-culture and diluted 1:2 (unless otherwise specified) with 

ELISA Assay Diluent (Biolegend) and IL-2 production was measured using the Human IL-2 

ELISA Kit II (BD Bioscience) or ELISA MAX Deluxe Kit (Biolegend) according to 

manufacturer’s instructions. Luciferase production was measured using the Luciferase Assay 

System with Reporter Lysis Buffer (Promega, Madison, WI), according to manufacturer’s 

instructions. Co-cultured TCR-expressing reporter cells and K562-A2 cells were washed twice 

with PBS, then lysed in 20 μl/well of 1X Reporter Lysis Buffer, followed by a single freeze-thaw 

cycle in liquid nitrogen. Within one hour of lysis, Light production (RLU) was measured (three 

seconds per well) using a Luminoskan Ascent Microplate Luminometer (ThermoFisher 

Scientific, Waltham, MA). CD69 expression was measured by staining co-cultured TCR-

expressing reporter cells with anti-CD69 antibody for 20 min at 4°C and analyzing by flow 

cytometry.  

 

To measure functional avidity of antigen-specific TCRs, TCR-expressing reporter cells were co-

cultured as described above with APCs pulsed with a range of peptide concentrations from 10 

pg/ml to 10 mg/ml. IL-2 production was measured by ELISA as described.  
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Results 
 
Personalized Neoantigen Vaccine for Glioblastoma 
 
The Wu lab, in collaboration with Dr. David Reardon, designed a phase Ib study of personalized 

neoantigen vaccines for patients with newly diagnosed methylguanine methyltransferase 

(MGMT)-unmethylated glioblastoma. All patients underwent initial surgical resection followed 

by radiotherapy. Surgically resected tumor and matched normal cells were analyzed to identify 

personal neoantigens. Vaccine production occurred during recovery from surgery and 

administration of radiotherapy. Each vaccine contained up to 20 long peptides divided into pools 

of 3-5 peptides (designated as Pools A/B/C/D) admixed with the potent adjuvant poly-ICLC 

(43). Vaccines were administered in a prime-boost schedule following completion of 

radiotherapy (Fig. 1a). 

 

Among 10 enrolled patients, a median of 116 somatic single nucleotide variants (sSNVs) per 

tumor (range 75-158), with a median of 59 coding mutations per tumor (range 32-93) were 

detected using whole-exome sequencing (WES), with expression of a subset confirmed by RNA 

sequencing (RNA-seq) analysis (Supplementary Tables 1a-b). These included mutations 

commonly observed in glioblastoma affecting PTEN, RB1, and EGFR (Extended Data Fig. 1a, 

Supplementary Table 2). No IDH1 or IDH2 mutations were detected. A median of 64.5 HLA 

binders (range 30-163) with IC50 <500 nM was predicted per tumor (Extended Data Fig. 1b, 
Supplementary Tables 3a-b). Two patients were withdrawn from the study due to insufficient 

number of actionable neoepitopes, or disease progression after radiotherapy. For the remaining 

eight patients, the median number and amino acid length of peptides incorporated per vaccine 

was 12 (range 7-20) and 24 (range 15-30), respectively (Supplementary Table 4a, 5).  

 

The median time from surgery to first vaccination was 19.9 weeks (range 17.1-24.7 weeks). All 

eight patients received the five planned priming vaccines but only three completed both booster 

vaccinations. The other five patients discontinued therapy due to disease progression. 

Dexamethasone, a commonly used corticosteroid to decrease cerebral edema, was variably 

administered amongst the patients. Only two patients (7 and 8) did not require dexamethasone 

during vaccine priming (Fig. 1b). Treatment side effects were limited to grade 1-2 events. No 
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toxicities were dose-limiting nor resulted in dose delay or treatment discontinuation 

(Supplementary Table 4b). All patients died from progressive disease. Median progression-free 

and overall survival was 7.6 months and 16.8 months, respectively (Fig. 1b).  

 
Circulating immune responses following vaccination 
 
Circulating immune responses to immunizing peptides (IMPs) were analyzed among the five 

patients who received at least one booster vaccine. PBMCs were tested for reactivity against 

pools of overlapping 15- to 16-mer peptides (‘assay peptides’ [ASPs]) corresponding to the IMPs 

(Extended Data Fig. 2). All three patients (Patients 4, 5, 6) who required dexamethasone during 

vaccine priming failed to generate IFNγ responses (Fig. 2a left). Diffuse early reactivity from 

Patient 6 likely reflects high baseline inflammation that subsequently dissipated. By contrast, 

Patients 7 and 8, who did not receive dexamethasone during vaccine priming, generated robust 

de novo immune responses against multiple predicted neoantigens per ex vivo ELISPOT (Fig. 2a 

right). Patient 7 responded primarily to Pool C peptides, with CD4+ T-cell responses against 

mutated ARHGAP35 and GPC1 neoepitopes, and preferential reactivity to mutant over wildtype 

peptides (Fig. 2b-c). Lower frequency mutant-specific CD8+ T-cell responses to predicted class I 

epitopes (EPT) arising from mutated ARHGAP35 and SLX4 were detected following one round 

of in vitro stimulation in post-vaccination samples (Fig. 2b-c). Patient 8 demonstrated ex vivo 

ELISPOT reactivity against ASPs from two of three IMP pools (Pools A and B; Pool C 

responses are below threshold of 55 spot-forming units/106 PBMCs), with CD4+ T-cell responses 

directed against three neoepitopes (Fig. 2b). Preferential targeting of mutant SHANK2 and 

SVEP1 over wildtype, and equivalent reactivity of mutant versus wildtype COX18 was observed 

(Fig. 2c). Four of the strongest neoantigen-specific responses from Patients 7 and 8 were 

confirmed to be against processed epitopes using B-cell transfected minigenes encoding these 

neoantigens (Fig. 2d).  

 

A tumor cell line was generated by the BWH Department of Pathology from tumor resected at 

diagnosis from Patient 7, with confirmed expression of glioblastoma-associated markers OLIG2, 

SOX2 and GFAP (Extended Data Fig. 3a). Flow cytometry demonstrated low levels of HLA 

class I and lack of class II expression on the tumor cell line, though IFNγ increased HLA class I 

expression with no effect on HLA-DR expression (Extended Data Fig. 3b). Mut-ARHGAP35 
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and mut-SLX4 specific CD8+ T-cells from Patient 7, which detected minigene expressed 

antigens, did not recognize an autologous tumor cell line per TNFα ELISPOT (Extended Data 

Fig. 3c). However, reactivity against tumor-fed dendritic cells was observed by mut-ARHGAP35 

specific CD4+ T-cells and blocked with class II blocking antibody, indicating that this epitope 

can be naturally processed and presented (Extended Data Fig. 3d).  

 
Changes in the tumor microenvironment 
 
Five patients (3, 4, 5, 7, 8) with disease progression at a median of 17.3 weeks (range: 6.7-26.3) 

following vaccine initiation underwent surgery post-vaccination. The availability of surgically 

resected tissue provided an opportunity to compare pre-and post-vaccination tumor samples for 

in situ changes in the tumor and its microenvironment at tumor progression. H&E staining of 

initial and post-vaccination resection samples showed prominent changes, including high levels 

of perivascular lymphocytes, extensive cystic changes, and necrosis post-treatment in Patient 7, 

low tumor content and patchy lymphocytic infiltration in Patient 8, and sarcomatous morphology 

with myomatous changes in Patient 4 (Extended Data Fig. 4a). HLA staining of initial and 

relapse samples further demonstrated low levels of tumor HLA class I and lack of class II 

expression (Extended Data Fig. 4b). Multiplex immunofluorescence detected a significant 

increase in infiltrating CD8+ T-cells at relapse for Patients 7 and 8 compared to baseline (average 

increase 71.0 cells/mm2; 95% CI: 39.1-102.9, p=0.006; Fig. 3a, Supplementary Table 6) 

whereas no increase was observed in dexamethasone recipients (Patients 3, 4, 5). At relapse, 

Patients 7 and 8 also had increased CD8+ (p=0.02) and CD4+ T-cells (p=0.008; few of the 

intratumoral CD4+ T-cells had a regulatory T-cell phenotype, Fig. 3b) compared to Patients 3, 4, 

and 5. Extent of diagnostic tumor immune cell infiltration was not related to predicted 

neoantigen number (Fig. 3c).  

 

Fresh tumor tissue was available at the time of relapse for Patient 7, and used to assess the 

phenotype of the increased T cells in the tumor microenvironment. Single CD3+ lymphocytes 

(n=307) were isolated from Patient 7’s post-vaccination tumor and characterized using single-

cell RNA sequencing (scRNA-seq), which revealed gene expression information for 81 (26%) 

CD8+ and 161 (52%) CD4+ tumor infiltrating T-cells (Fig. 3d, Supplementary Table 7). Nearly 

all CD8+ T-cells expressed markers of cytotoxicity (PRF1, GZMA, GZMK) and appeared to be 
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differentiated cells (CCR7–). Only a minority of CD4+ T-cells were regulatory T-cells, co-

expressing IL2RA and FOXP3, while almost a third expressed cytotoxicity markers (96). 

Approximately half of the CD4+ and CD8+ T-cells expressed at least one effector cytokine 

(IFNγ, IL-2, or TNFα) and 20-30% of these demonstrated polyfunctionality (Fig. 3e). The co-

inhibitory molecules TIM3, TIGIT, PD-1, CTLA-4, and LAG3 were commonly expressed singly, 

doubly, or in triple combinations in both CD4+ and CD8+ cells, with joint expression of 

TIM3/TIGIT, TIM3/LAG3 and TIM3/PD1 representing 33%, 26% and 22% of CD8+ T cells, 

respectively (Fig. 3f).  

 
Establishing an approach for matching TCR sequences with cognate antigen 
 
To assess if the increased tumor infiltrate observed post-vaccination contained neoantigen-

specific T cells, we sought to establish a pipeline to reconstruct T cell receptors, and test antigen 

specificity in a reporter cell system. We planned to utilize single-cell T cell receptor sequencing 

to identify potential TCRs of interest among the intratumoral T cells, and then screen for 

reactivity against the neoantigens targeted by vaccination.  

 

We developed an approach to test the antigen specificity of TCRs identified by single-cell TCR 

sequencing. This method consists of three general steps to link antigen with specific TCR: (i) on-

demand cloning of discovered TCRs using our variable chain plasmid library; (ii) expression of 

TCRs in a reporter cell line that allows detection of T cell activation; and (iii) screening of TCR-

expressing reporter cells against chosen candidate antigen(s) (Fig. 4). 

 

Critical to enabling rapid on-demand cloning, we developed a variable chain plasmid library 

based on the modular structure of the TCR. The library consists of two types of vectors (Vα-Cβ 

and Vβ-Cα), each encoding one Vα or Vβ segment with its respective leader sequence, and the 

opposite constant region. In total, we generated a library of 46 Vα-Cβ and 52 Vβ-Cα plasmids to 

encompass the diversity of the TCR repertoire (Supplementary Table 8). For each discovered 

TCRαβ pair, double-stranded oligonucleotides approximately 280 bp in length were designed 

and custom synthesized to encode the CDR3 regions from TCRα and β (Supplementary Table 

9). BsaI restriction sites were included in the plasmids and the CDR3 oligonucleotides to 

facilitate accurate joining by Golden Gate Assembly. As shown in Figure 4a, two plasmids from 
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the library and an oligonucleotide were assembled to generate a single plasmid vector encoding 

both TCRα and TCRβ, separated by an F2A sequence to ensure balanced expression of the two 

chains. To express the reconstructed TCRs, we transferred individual plasmids into a lentiviral 

vector, and transduced the NFAT-luciferase TCR-deficient Jurkat cell line (Jurkat∆αβ reporter 

cells) (Fig. 4b, Extended Data Fig. 5a). In this way, rapid detection of antigen specificity could 

be achieved by measuring luminescence, surface expression of CD69, or IL-2 secretion 

following exposure to candidate antigens (Fig. 4c).  

 

To demonstrate the use of this system, we cloned and expressed a TCR sequence known to be 

specific for the HLA-A*24:02-restricted Epstein Barr virus (EBV)-EBNA3A peptide in 

Jurkat∆αβ reporter cells (18) (Methods, Extended Data Fig. 5b-e). We verified the expression 

of this TCR through staining with HLA-A*24:02/EBNA3A tetramer and anti-Vβ5-1 antibody, 

showing 86.9% and 97.1% positivity, respectively. In addition, while endogenous CD3 is not 

expressed on the surface of parental Jurkat∆αβ, it is stabilized when TCR is expressed. Indeed, 

we observed that TCR expression resulted in 90% staining of cells with the anti-CD3 antibody 

(Extended Data Fig. 6a). To evaluate functional antigen specificity of the EBNA3A-TCR, 

reporter cells were co-cultured with APCs (B721.221 cells expressing HLA-A*24:02) pulsed 

with EBNA3A peptide, or the irrelevant HLA-A*24:02-restricted BRLF1 peptide as control 

(Supplementary Table 10a). IL-2 was produced selectively in the presence of EBNA3A peptide 

(Extended Data Fig. 6b). These results demonstrated the feasibility of using this plasmid library 

to readily assemble a complete TCR based on sequence information from the CDR3α/β regions.  

 
Proof of Concept: Deconvolution of antigen targets for viral-reactive TCRs 
 
We next sought to demonstrate that our approach could be used to identify the cognate antigen of 

reconstructed TCRs from among a pool of candidate antigens by studying T cells reactive against 

viral peptides. We used a commercially available standardized set of 32 immunogenic viral 

epitopes (CEF peptides, derived from CMV, EBV and influenza). These epitopes are all 

restricted by frequently expressed HLA class Is, and are commonly used as positive controls in 

functional studies of T cell reactivity (97, 98). PBMCs from 2 healthy HLA-A*02:01+ donors 

(Donors 1 and 2) were stimulated with CEF peptides. On day 10, cultured cells were either re-

stimulated with CEF peptide overnight, or rested in media. CEF-reactive CD8+ T cells were 
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isolated from the restimulated PBMCs by flow cytometry on the basis of IFNγ secretion (12.8% 

and 6.8% for Donors 1 and 2, respectively) (Fig. 5a). We performed IFNγ ELISPOT assays 

against individual component peptides in the CEF pool to deconvolute the antigen specificity of 

CEF pool-reactive T cells, focusing on peptides with HLA-restriction compatible with the HLA 

class I typing of the donors (Supplementary Table 10b). Donor 1 (HLA-A*02:01, -A*24:02, -

B*07:02) and Donor 2 (HLA-A*02:01, -A*01:01) had potential reactivity against 9 and 7 of 32 

CEF peptides, respectively, with these HLA restrictions. ELISPOT results confirmed that Donor 

1 had T cells specific to 4 of these 9 peptides, namely Influenza M158-66, EBV LMP2A426-434, EBV 

BMLF1259-267 and EBV EBNA3A379-387 (Fig. 5b top). Donor 2 had T cells specific for 5 of 7 

peptides, namely M158-66, LMP2A426-434, BMLF1259-267, Influenza PB1591-599 and Influenza NP44-52 

(Fig. 5b bottom). To discover TCRs specific for CEF peptides, IFNγ+ CD8+ T cells from CEF-

stimulated PBMCs were sorted for single-cell sequencing. Targeted single-cell TCR sequencing 

using primers specific for distinct Vα and Vβ regions was performed (Supplementary Table 

11) (17). In total, we obtained paired chain sequence information from 247 of 368 (67.1%) and 

297 of 368 (80.7%) single cells for Donors 1 and 2, respectively (Fig. 5c, Supplementary Table 
12a-c). Compared to the CEF-non-reactive CD8+ T cells (no IFNγ production), the CEF-reactive 

CD8+ T cells showed evidence of clonal expansion. A total of 81 and 89 unique clonotypes were 

identified for Donors 1 and 2 respectively, and the most dominant clone represented 22.2% (55 

of 247, Donor 1) and 33% (98 of 297, Donor 2) of the isolated CEF-reactive T cells (Fig. 5d). In 

both donors, we detected an enriched sequence that was previously reported as specific for the 

BMLF1259-267 epitope (99).  

 

We cloned and expressed the 6 most dominant TCRs from each donor and transduced them into 

Jurkat∆αβ reporter cells. The transduction efficiency was 86-99.9%, determined by CD3-

staining (Fig. 5e). To interrogate the antigen specificity of each reconstructed TCR, we co-

cultured TCR-expressing reporter cells with APCs (K562-A*02:01 cells) pulsed with either the 

CEF pool or individual HLA-A*02:01+-restricted peptides that were shown to be reactive by 

ELISPOT. Based on IL-2 secretion, 4 of 6 TCRs from Donor 1, and 4 of 6 TCRs from Donor 2 

were specific for a peptide in the pool. CEF-reactive TCRs were thereafter tested for reactivity 

against individual peptides. For Donor 1, 2 of 4 TCRs were matched to M1, while one each was 

reactive to BMLF1 and LMP2A. Likewise, for Donor 2, 2 of 4 TCRs matched to BMLF1, one to 
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M1 and one to LMP2A. In all cases, similar patterns of TCR reactivity were observed by 

measuring upregulation of the T cell activation marker CD69 on the reporter cells and by 

luciferase readouts (Fig. 5f). The four unmatched TCRs could be specific for non-HLA-A*02:01 

restricted CEF peptides or may have been non-specifically selected by the IFNγ secretion assay. 

Two additional TCRs from Donor 1 (D1.7 and D1.8) were chosen to be reconstructed based on 

their TCRβ chain, TRBV19, which is highly prevalent in TCR repertoires against M1 (100). 

These were also confirmed to be M1-specific. Consistent functional avidity across the 5 M1-

specific TCRs from both donors was observed, with detection of reactivity to M1 peptide starting 

at the same peptide concentration, 1 ng/ml (Fig. 5g).  

 
Studying the intratumoral TCR repertoire in GBM 
 
After validating the pipeline’s capacity to link TCRs with cognate antigen, we next applied it to 

study the specificity of post-vaccination intratumoral T cells in Patient 7. Targeted TCR 

sequencing of cDNA libraries generated in the scRNA-seq analysis was performed to identify 

paired CDR3α and CDR3β sequences, and determine whether any intratumoral T cells were 

clonally expanded (Fig. 6a). 231 unique TCR clonotypes with 1-8 cells per clonotype were 

identified from 277 single CD3+ T-cells isolated from Patient 7’s relapsed tumor (Extended 
Data Fig. 7a, top, Supplementary Table 13a).  

 

To assess if any of these TCRs are specific for immunizing neoantigens, we compared their 

sequences to neoantigen-reactive T cells isolated from peripheral blood. We stimulated PBMCs 

from Patient 7 obtained 16 weeks after vaccination, in vitro with pools of immunizing peptides. 

IFNγ catch assays were used to isolate neoantigen-reactive T cells and sort into 96-well plates 

(Extended Data Fig. 7b). Targeted TCR sequencing of the post-vaccination circulating 

neoantigen-reactive T-cells from Patient 7 was performed to identify any circulating clonotypes 

matching those isolated from relapsed tumor. From 240 circulating CD4+ T-cells, 229 unique T-

cell clonotypes (1-4 cells per clonotype) were identified and from 125 CD8+ T-cells, 57 unique 

T-cell clonotypes (1-49 cells per clonotype) were found (Extended Data Fig. 7a, middle and 

bottom; Supplementary Table 13b-c). Indeed, TCR sequences from four CD4+ and two CD8+ 

circulating neoantigen-reactive T-cell clonotypes were identical to those from relapsed tumor 

(shared TCRs, Fig. 6b). 
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The shared TCR sequences were cloned and expressed in Jurkat∆αβ reporter cells, based on 

paired CDR3α and CDR3β sequence information (Supplementary Table 14, Extended Data 

Fig. 7c), and screened for reactivity against neoantigen peptide pools. The dominant CD8+ clone 

(A04, 49 cells) was specific for EPT12A, a predicted epitope from the Patient 7 immunizing 

neoantigen mut-ARHGAP35 (Extended Data Fig. 7d). Two of four shared CD4+ TCRs (H02, 

F10) were shown to be specific for mut-ARHGAP35 (Fig. 6c). The H02 and F10 TCRs reacted 

predominantly to the epitopes ASP34 and ASP35, respectively (Fig. 6c), and both discriminated 

between mutant and wildtype peptides (Fig. 6d). These TCRs, H02 and F10, were able to detect 

antigen at concentrations of 106 and 107 pg/ml respectively (Fig. 6d), which is lower than the 

activation threshold observed in bulk mut-ARHGAP35 specific T cells in peripheral blood of 105 

pg/ml (Fig 2c). Bulk RNA-seq of the relapsed tumor confirmed expression of the mutated 

ARHGAP35 allele (Fig. 6e). However, using the TCR-expressing Jurkat cells, we tested A04, 

H02 and F10 for reactivity against DCs pulsed with the irradiated Pt 7 tumor cell line, and found 

no evidence of antigen-specific activation in this reporter system (Extended Data Fig. 7e).  

 

To assess the function of these neoantigen-specific T cells among the tumor-infiltrating 

lymphocytes, we returned to the single-cell transcriptome data (Supplementary Table 7). We 

found that CD4+ T-cells with shared TCRs (Fig. 6f, blue), including the H02 and F10 mut-

ARHGAP35-specific T-cells (Fig. 6f, red/green), expressed cystatin F, granzyme A, granzyme K, 

TNFα, and IL-2, consistent with a previously reported (96) signature for cytotoxic CD4+ T-cells. 

The F10 T-cell, however, also co-expressed PD-1, TIGIT, and TIM3, suggestive of a severe 

exhaustion phenotype. Furthermore, CD4+ tumor-associated T-cells were found to have an 

exhausted phenotype compared to circulating T-cells (Extended Data Fig. 8a-b, 

Supplementary Table 15), suggestive of antigen exposure at the site of disease.  

 

Since the tumor-associated T cells were isolated from a resected surgical specimen, it is possible 

that these cells are derived from blood vessels within the resected tumor or infiltrating within the 

tumor parenchyma itself. To assess the relative likelihood, we estimated the frequency of 

ARHGAP35-specific T cells in peripheral blood using flow cytometry and ELISPOT. We found 

that 60% of PBMCs from Patient 7 are CD3+ lymphocytes (Extended Data Fig. 9a), and 
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detected ASP35- and ASP34-reactive T cells at a frequency of 39 and 29 out of 360,000 T cells, 

respectively. The increased frequency of each of these clones in the tumor (F10 and H02, 1 out 

of 277 cells in each case) compared to peripheral blood (P = 0.030 for ASP35 and P = 0.023 for 

ASP34, Poisson test) suggests that these clones are relatively enriched in the tumor, and 

therefore less likely to be derived from blood vessels (Extended Data Fig. 9b-c). 
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Discussion 
 
Recent studies have highlighted the promise of targeting tumor neoantigens to generate potent 

anti-tumor immune responses, and provide strong motivation for developing methods to monitor 

antigen-specific T cell responses and to identify TCR sequences capable of recognizing antigens 

of interest (101, 102). Advances in single-cell sequencing technologies have opened the door for 

detailed investigation of the TCR repertoire, providing paired information from TCRα and 

TCRβ, which together determine specificity (17). However, a need remains for efficient methods 

to assess the specificity of discovered TCRs. Here, we describe a streamlined approach for 

matching TCR sequences with cognate antigen through on-demand cloning and expression of 

TCRs and screening against candidate antigens. We first demonstrated the system’s capacity to 

identify viral-antigen specific TCRs and compare the functional avidity of TCRs specific for a 

given antigen target (103). We then applied the pipeline to study the intratumoral T cell response 

generated following neoantigen vaccine in patients with glioblastoma (68). This tool could be 

applied to monitor antigen-specific immune responses following a variety of therapeutic 

interventions, and in a broad array of disease settings including cancer, infection, and 

autoimmune disease. 

 

Key innovations of the pipeline include a variable chain plasmid library that allows any TCR of 

interest to be assembled by combining library components with a custom oligonucleotide 

encoding the CDR3 sequences, and a TCR-deficient Jurkat cell line modified to express an 

NFAT-luciferase reporter, which allows for rapid screening of TCR activation. Generating TCR-

expressing cell lines has several advantages over transduction of primary T cells, including the 

ability to expand and maintain a fixed repertoire of TCR-expressing cells indefinitely, and the 

absence of competition for expression with possible mispairing between chains of the transduced 

and endogenous TCR, although there are strategies to overcome this by using mouse constant 

regions (104). Using this approach, we were able to generate TCR-expressing reporter cells in 9 

days after obtaining sequencing information, and we envision that our approach could be adapted 

for more high-throughput reconstruction of TCRs by incorporating pooled and automated 

cloning strategies.  
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A key advantage of our reporter system is the ability to rapidly produce a homogenous 

population of T cells of defined TCR specificity, and to compare their functional avidity for a 

specific antigen of interest. Functional avidity is an important parameter to consider in the design 

of effective T cell based immunotherapies, as T cells with higher avidity may mediate superior 

anti-tumor responses, although they may also become more readily exhausted due to extended 

antigen activation (105, 106). Functional avidity is dependent on many factors, including the 

level of TCR expression on the cell, the density of HLA molecules binding a specific peptide on 

the APC surface, the extent of co-aggregation of costimulation molecules with the TCR, and the 

state of the T cell (i.e. naïve or memory) (107). Our reporter cells provide a controlled system, 

with many of these variables fixed or tunable, such that TCRs specific to an antigen of interest 

can be directly compared.  

 

One limitation of our system is that it requires prior knowledge of potential cognate antigens to 

be tested as candidates in the peptide pool. Indeed, the cognate antigens of a number of TCRs 

reconstructed in our study (4 viral-reactive TCRs and 4 neoantigen-reactive TCRs) were not 

identified among the pool of peptides tested, despite the fact that their selection for single-cell 

TCR sequencing was based on reactivity against viral or neoantigen peptide pools. One reason 

for this is related to non-specific binding of the capture reagent used to isolate IFNγ-secreting T 

cells in the stimulation culture. Another possibility, although less likely, is that an incorrect 

TCRαβ pairing was reconstructed from the sequencing data due to the presence of more than one 

TCRα in the cell (17, 108); we cannot exclude the possibility that a less dominant TCRα paired 

with the TCRβ chain to create a functional TCR. Complementary methods, such as binding motif 

algorithms, will be necessary to decipher T cell specificity based on primary TCR sequence data 

alone when there is no pre-determined pool of candidate antigens (99, 109).  

 

The TCR cloning and expression pipeline enabled us to probe the specificity of intratumoral T 

cells detected following neoantigen vaccination, to directly assess whether neoantigen-specific T 

cells were mobilized to the site of disease. We used this in conjunction with traditional 

immunologic assays including ELISPOT and flow cytometry to assess systemic immune 

responses, and immunohistochemistry and multiplex immunofluorescence to assess changes in 

the tumor microenvironment. Overall, the phase Ib trial demonstrated that personal neoantigen 
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vaccination is safe and feasible for glioblastoma, an immunologically cold tumor with a 

relatively low mutational burden. We found that systemic immune responses were limited to 

patients who did not receive dexamethasone during vaccine priming. Among these patients, we 

utilized single-cell sequencing and our cloning and expression system to show that neoantigen-

specific T cell responses were detected following vaccination at the intracranial site of disease.  

 

Another personalized vaccination strategy (Glioma Actively Personalized Vaccine, GAPVAC 

study) was tested in patients with newly diagnosed glioblastoma and recently published 

concurrently with our study (67). This strategy utilized two types of vaccines administered 

sequentially – one using overexpressed non-mutated tumor-associated antigens (TAA) 

(APVAC1) and another based on neoantigens (APVAC2). Unlike our antigen-selection 

pipelines, this strategy incorporated mass spectrometry analysis of tumor samples to define 

HLA-binding peptides on the tumor surface (HLA immunopeptidome). APVAC1 is an “off-the-

shelf” formulation of tumor-associated antigens that was personalized to each individual patient 

in the trial. The off-the-shelf antigens were selected based on HLA immunopeptidome and 

transcriptome analysis of 30 HLA-A*02+ and HLA-A*24+ glioblastoma tumors. The specific 

composition of the APVAC1 vaccine was personalized for each patient, based on HLA 

immunopeptidome and transcriptome analysis of the individual tumor, as well as baseline T cell 

reactivity. Neoantigen targets for APVAC2 were identified based on another HLA class I 

binding prediction algorithm, Immune Epitope Database (IEDB). The HLA immunopeptidome 

for each patient was analyzed to identify neoantigens, but none were identified in this manner, so 

neoantigen targets were selected on the basis of HLA binding predictions alone. Of the 15 

patients enrolled, 4 patients received APVAC1 only, and 11 received both vaccines administered 

sequentially. 13 of the patients generated an immune response to tumor-associated antigens in 

APVAC1, and 8 patients demonstrated evidence of immune response against antigens targeted 

by APVAC2.  

 

In our study, 6/17 (35%) unique neoantigens generated a circulating immune response in patients 

who did not receive dexamethasone [5/17 (29%) with CD4 responses, 2/17 (12%) with CD8 

responses]; in the GAPVAC study, 11/13 (85%) neoantigens generated immune responses [11/13 

(85%) with CD4 responses, 5/13 (38%) with CD8 responses]. Though promising, these data 
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suggest that current neoantigen prediction algorithms remain imperfect predictors of 

immunogenicity. At present, our pipeline utilizes RNA expression and predicted HLA-binding 

affinity to identify potential neoepitopes (39). Neoepitopes are prioritized for inclusion in the 

vaccine if they are derived from neoORFs or driver mutations, and based on the magnitude of 

their predicted HLA binding affinity. There is ongoing work to incorporate measures of HLA-

peptide stability, peptide cleavability, and mass spectrometry data to further prioritize epitopes 

and improve the prediction of immunogenicity. Mass spectrometry-based analysis of the HLA-

peptidome is particularly promising since it can directly identify peptides presented by HLA on 

the tumor cell surface (41, 110). However, as the GAPVAC study highlights, the sensitivity of 

mass spectrometry remains limiting, with difficulty identifying genomic mutations among the 

detectable peptidome. Our TCR cloning and expression pipeline could also be utilized to 

systematically study the relationship between predicted immunogenicity and observed TCR 

avidity, which could improve our understanding of the characteristics of immunogenic epitopes 

and generate data to train algorithms to improve neoantigen prediction.  

 

Both vaccine studies observed a similar predominance of CD4+ T cells responses against 

personal neoantigen targets, despite the use of HLA class I binding prediction algorithms. The 

same phenomenon was observed in our earlier peptide-based melanoma vaccine trial and another 

vaccine trial utilizing RNA encoding HLA class I predicted binding epitopes (43, 44). This may 

be due to the promiscuous binding properties of HLA class II binding epitopes, which have less 

stringent binding requirements owing to the open-ended structure of the binding pocket. This 

property has also made dedicated HLA class II binding algorithms more challenging to develop, 

since the open pocket permits binding peptides to extend outside of the groove and binding 

motifs are less well defined (111). The role of CD4+ T cells in mediating the anti-tumor immune 

response is incompletely understood. Previous studies have demonstrated possible roles in 

orchestrating CD8+ T cell responses, antibody generation, and even direct cytotoxicity. In our 

scRNA sequencing data from infiltrating CD4+ T cells post-vaccination, we observed that these 

CD4+ neoantigen-specific T cells can have an effector-like expression profile and express 

multiple coinhibitory receptor molecules, but it remains unclear whether they can mediate direct 

tumor recognition and cytolytic activity. 
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In the GAPVAC study, tumor-associated antigens are shown to elicit CD8+ T cell responses. 

Though neoantigens are theoretically superior targets owing to their exquisite tumor specificity 

and exemption from central tolerance, it has not yet been demonstrated whether targeting tumor-

associated antigens or neoantigens generates more clinically significant immune responses. One 

advantage of utilizing these shared antigen targets is that they have the potential to be developed 

as an off-the-shelf approach applicable to many patients with glioblastoma. There is an emerging 

body of research demonstrating that some neoantigens can be shared between patients (36), but 

based on our current understanding, neoantigen-based vaccines will likely still require a highly 

personalized approach. Interestingly, this study suggests that a combination of mutated and non-

mutated proteins can be utilized, which is particularly appealing for tumors with lower 

mutational load in which predicted neoantigens are limited. For example, in our study and the 

GAPVAC study there was a median of 59 and 36 coding mutations per glioblastoma tumor 

respectively, compared to the prior study in melanoma with a median of 400 coding mutations 

per tumor (43), so the use of non-mutated antigens could increase the pool of potential targets in 

future.  

 

Another important consideration for integrating neoantigen vaccines into standard of care is the 

use of potentially immunosuppressive agents such as steroids and chemotherapy. In our study, 

we focused on patients with MGMT-unmethylated glioblastoma, for whom the benefit of 

temozolomide is equivocal, and so this was excluded from upfront therapy. Patients received 

dexamethasone at various times throughout the clinical trial period, depending on symptom 

burden related to cerebral edema. We observed systemic neoantigen-specific T cell responses 

selectively in patients who did not receive dexamethasone during vaccine priming. The impact of 

steroids on the efficacy of other immunotherapies has started to be investigated retrospectively, 

with varying results. A recent study found that steroid use at baseline is associated with poorer 

outcomes in patients with non-small cell lung cancer treated with anti-PD-(L)1 (112). In contrast, 

another study demonstrated no significant impact of steroid use upon outcomes to ipilimumab in 

melanoma, though in these cases steroids were initiated after immunotherapy (113). For 

glioblastoma, it has been reported that dexamethasone portends poor outcome following 

checkpoint blockade among recurrent glioblastoma patients (62). This may be due to depletion of 

naïve and memory CD4+/CD8+ T-cells systemically (114), and diminished naïve T cell 
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proliferation and differentiation (115). In the GAPVAC study, patients with both MGMT-

methylated and unmethylated tumors were included, and all received temozolomide, without 

apparent impact on extent of immune response. They note that one patient required high-dose 

steroid treatment, possibly due to immune-related edema, though this patient also showed no 

evidence of systemic immune response to the vaccine. Going forward, the impact of concurrent 

therapies will need to be carefully considered in the design of vaccine trials, to avoid 

compromising the anti-tumor immune response while achieving adequate symptom control and 

clinical benefit from established therapies.  

 

Overall, one of the most promising findings in both studies is the observation that vaccination 

strategies may have the potential to transform a cold tumor microenvironment into a more 

inflamed tumor. In our small series we show that low levels of infiltrating T cells at diagnosis 

increased only among patients who generated neoepitope-specific systemic immune responses. 

We furthermore demonstrated that a subset of these T cells within resected intracranial 

glioblastoma tumors is specific for neoantigens targeted by vaccination. The GAPVAC study 

similarly demonstrated increased T cell infiltrates following vaccination by 

immunohistochemistry, and detected CD4+ T cells specific for a tumor-associated antigen among 

the infiltrate. This is particularly encouraging given that many non-responders to available 

immunotherapies are found to have a lack of pre-existing anti-tumor T cell responses and cold 

tumor microenvironments (26), so cancer vaccines may be able to potentiate clinically 

significant immune responses in combination regimens.  

 

Despite generating systemic and intratumoral neoantigen-specific immune responses post-

vaccination, all patients in our study experienced disease recurrence and ultimately died of 

progressive disease, indicating that the vaccine induced T-cell responses must still overcome 

significant barriers to produce clinically significant anti-tumor activity. These include tumor-

intrinsic defects and immunosuppressive factors in the tumor microenvironment (48, 116). For 

example, low levels of tumor HLA class I and lack of class II expression may hinder tumor 

recognition by neoantigen-specific T-cells. Of note, we also observed that IFNγ increased HLA I 

expression in a glioblastoma cell line, suggesting that inflammation and T-cell-derived IFNγ 

may increase HLA expression in vivo and aid tumor recognition. Another barrier to direct tumor 
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recognition may be insufficient functional avidity of the T cell response mounted by vaccination. 

Using our reporter system, we found that two neoantigen-specific TCRs identified at the 

intracranial site of disease in Patient 7 (H02 and F10) had relatively low functional avidity for 

the cognate antigen ARHGAP35MUT compared to the bulk T cell population in peripheral blood, 

but were yet able to discriminate between the mutant and wildtype forms of the epitope. Of note, 

one caveat to this interpretation is that our TCR reporter cell assay measures avidity from a 

single TCR, and is not able to capture the diversity of neoantigen-specific TCRs expected to be 

elicited by vaccination. Nevertheless, this observed low avidity may also explain the lack of 

recognition of tumor-fed dendritic cells by the reporter cells expressing mut-ARHGAP35 specific 

TCRs in our in vitro system. Furthermore, post-vaccination infiltrating T cells – including those 

with neoantigen-specificity – expressed multiple co-inhibitory receptors, consistent with a 

profound exhaustion phenotype (64), which could be countered by using immune checkpoint 

blockade. A number of clinical trials are in development for glioblastoma and other tumor types 

to test personalized neoantigen vaccines in combination with anti-PD-1 or anti-CTLA-4. In 

particular, we observed frequent co-expression of TIM3 and TIGIT, suggesting that antibodies 

targeting alternative checkpoints should also be pursued and may be particularly relevant for 

glioblastoma. Strategies for optimizing functional avidity and effector phenotype will be crucial 

for expanding the impact of cancer vaccines moving forward, and combination regimens are 

likely to yield more clinically significant immune responses.  

Suggestions for Future Work 
 
We have described a novel approach for cloning and expression of T cell receptors in a reporter 

cell system that allows antigen specificity and functional avidity to be assessed. While there are 

advantages to the use of TCR-deficient Jurkat cell lines, adapting the pipeline to transduce 

primary T cells could allow further functional studies such as cytokine production and direct 

cytotoxicity (e.g. chromium release assays). It would be important to address the potential for 

mispairing between chains of the endogenous and transduced TCR. The use of primary T cells 

would allow us to directly assess whether the neoantigen-specific TCRs identified in this study 

are capable of mediating direct tumor cell lysis. It would also be advantageous to scale-up the 

pipeline to allow for assessment of larger numbers of TCRs, as this would allow us to dissect in 

greater detail the range of antigen-specific TCRs and functional avidities elicited by vaccination.  
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This work represents one of the first trials of personal neoantigen vaccines in a tumor with 

relatively low mutation load. We demonstrate that this therapeutic strategy is feasible in this 

setting, though as demonstrated by the GAPVAC study, it could be advantageous to utilize both 

neoantigens and tumor-associated antigens when the mutation load is low. An interesting line of 

research would be to compare the immune response elicited by neoantigens and tumor-associated 

antigens to determine how these antigen targets should be prioritized. Similarly, there is more 

work to be done in improving methods for epitope selection and prioritization, including 

optimizing HLA-binding algorithms particularly for HLA class II binding epitopes, 

incorporating mass spectrometry, and identifying potential shared neoantigens that could be 

amenable to use beyond personalized vaccine formulations.  

 

In this study, we found predominately CD4+ T cell responses against immunizing neoantigens, 

including among the intratumoral T cell repertoire, some of which expressed markers of 

cytotoxicity and multiple co-inhibitory receptors. Future studies elucidating the role of CD4+ T 

cells in mediating the anti-tumor T cell response could inform how to best leverage the 

neoantigen-specific CD4+ T cell response to generate tumor cell clearance. Of note, the 

predominance of CD4+ T cell responses has been observed despite the use of HLA class I 

binding prediction algorithms, and CD8+ responses have been relatively rare in neoantigen 

vaccine trials to date. Therefore, strategies to elicit CD8+ neoantigen-specific T cells should be 

another active area of research. One factor limiting the extent of direct tumor recognition by both 

CD8+ and CD4+ T cells is HLA downregulation, as was observed in our study with low levels of 

HLA class I and lack of HLA class II expression in glioblastoma tumor cells. Future studies 

elucidating the mechanisms of HLA downregulation in tumor cells could inform potential 

therapeutic strategies to use in combination with vaccines to promote antigen-presentation, and 

in turn, tumor recognition.  

 

We have also shown that despite generating increased tumor-infiltrating lymphocytes, some with 

neoantigen-specificity, these T cells have frequent expression of multiple co-inhibitory receptor 

molecules consistent with an exhaustion phenotype. Subsequent trials of personal neoantigen 

vaccines are planned to include combination with immune checkpoint blockade, anti-CTLA-4 or 
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anti-PD-1. It will be important to study the optimal timing of administration of these 

complementary agents. Pre-clinical models could be utilized to assess how the timing of 

administration of checkpoint blockade prior, concurrently, or following neoantigen vaccine 

affects priming of de novo immune responses, and establishment of T cell memory. The results 

of these studies could inform the design of rational clinical trials, and expand the impact of 

neoantigen vaccines.   

Conclusion 
 
Immunotherapy has revolutionized the care of patients with cancer, but at present, only a 

minority of patients experience clinical benefit with available agents. Personalized cancer 

vaccines have the potential to expand the impact of existing immunotherapies, by eliciting de 

novo neoantigen-specific T cell responses and increasing the extent of T cell infiltration into 

tumors, which could potentiate responses to complementary therapies such as checkpoint 

blockade. Here, we have demonstrated that this strategy is safe and feasible for patients with 

glioblastoma, a tumor with relatively low mutation load and cold tumor microenvironment. We 

observed both systemic neoantigen-specific immune responses and increased tumor infiltrating 

lymphocytes, selectively in patients who did not receive dexamethasone during vaccine priming. 

Using a novel TCR cloning and expression pipeline, we demonstrated that neoantigen-specific T 

cells could migrate into the intracranial site of disease, but often expressed multiple co-inhibitory 

receptors suggestive of a severe exhaustion phenotype, again underscoring the potential for 

synergy in combination with checkpoint blockade. With anticipated improvements in neoantigen 

prediction pipelines and combination strategies, neoantigen vaccines are well placed to leverage 

next generation genomic sequencing technologies and represent a uniquely personalized 

approach to cancer care.  
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Lay Summary 
 
Therapeutic strategies that harness the immune system have emerged as a fourth pillar of cancer 

treatment. However, only a minority of patients experience significant clinical benefit. One 

barrier to efficacy is thought to be the absence of a pre-existing tumor-specific immune 

responses and cold tumor microenvironments with poor T cell infiltration. Personalized vaccines 

based on neoantigens, a class of altered peptides generated from mutations in tumor cells, offer a 

highly tumor-specific therapy with potential to mobilize T cells into the tumor. This approach 

has been shown to be feasible, safe, and capable of generating immune responses in highly 

mutated cancers, like melanoma, but has not previously been tested in tumors with lower 

mutation rate. Here, we demonstrate its application to the treatment of glioblastoma, a tumor 

with relatively low mutation rate and a cold tumor microenvironment.  

 

Glioblastoma is a highly aggressive brain tumor in drastic need of novel therapies, with less than 

5% of patients surviving at five years after initial diagnosis. Previous efforts to use 

immunotherapy in this setting have shown limited effect, including a randomized controlled trial 

of immune checkpoint blockade, anti-PD-1, which failed to demonstrate survival benefit. Our 

group conducted a phase I trial of personalized neoantigen vaccines for patients with newly 

diagnosed glioblastoma. Eight patients received peptide vaccinations targeting up to 20 predicted 

neoantigens, following surgery and radiation. We observed systemic neoantigen-specific 

immune responses and increased T cell infiltration selectively in patients who did not receive 

dexamethasone, a potent corticosteroid used to treat cerebral edema, during vaccine priming.  

 

In this thesis, I have described the development of a novel T cell receptor (TCR) cloning and 

expression system and reporter cell assay capable of assessing the specificity of TCRs of interest. 

Using single-cell TCR sequencing and transcriptome analysis, we applied this pipeline to assess 

the specificity of T cells infiltrating within a glioblastoma tumor, in one of the patients who 

developed systemic immune responses to the vaccine. Among the infiltrating cells, we identified 

T cells specific for a neoantigen targeted by the vaccine, mut-ARHGAP35, providing evidence 

that neoantigen-specific T-cells elicited by vaccination can migrate into an intracranial tumor. 

However, we found that these cells expressed multiple co-inhibitory receptors, consistent with a 
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severe exhaustion phenotype. This observation suggests that while personalized neoantigen 

vaccines may be able to mobilize T cells into a cold tumor microenvironment, combination 

therapy with immune checkpoint blockade may be able to optimize the functionality of these 

cells and elicit clinically significant immune responses.  

 

Overall, we demonstrate that neoantigen vaccines have the potential to favorably alter the 

immune milieu of glioblastoma, and we show that this unique personalized approach is safe and 

feasible for tumors with lower mutation rate and a cold tumor microenvironment.  

 
 



 54 

Funding Information 
 
I received funding support from the American Society of Hematology Honors Award (2015) and 

the Howard Hughes Medical Institute Medical Research Fellows Program (2017-18).  

 

The Ben and Catherine Ivy Foundation, the Blavatnik Family Foundation, and the Mathers 

Foundation provided funding support for the personalized neoantigen vaccine trial for newly 

diagnosed glioblastoma. Dr. Catherine Wu is supported by the Broad Institute SPARC program, 

Broad Next10 Seed funding, the National Institutes of Health (NCI-1RO1CA155010-02, 

NHLBI-5R01HL103532-03), and is a scholar of the Leukemia and Lymphoma Society. Zhuting 

Hu was supported by the DFCI Center for Cancer Immunotherapy Research fellowship.   

Derin Keskin was supported by NIH/NCI R21 CA216772-01A1 and NCI-SPORE-

2P50CA101942-11A1. For complete list of funding support for all collaborators, please refer to 

our published manuscripts.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 55 

References 
 
1. Hodi FS, O'Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, et al. Improved 

survival with ipilimumab in patients with metastatic melanoma. N Engl J Med. 
2010;363(8):711-23. Epub 2010/06/08. doi: 10.1056/NEJMoa1003466. PubMed PMID: 
20525992; PubMed Central PMCID: PMC3549297. 

2. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, et al. Safety, 
activity, and immune correlates of anti-PD-1 antibody in cancer. N Engl J Med. 
2012;366(26):2443-54. Epub 2012/06/05. doi: 10.1056/NEJMoa1200690. PubMed PMID: 
22658127; PubMed Central PMCID: PMC3544539. 

3. Brahmer JR, Tykodi SS, Chow LQ, Hwu WJ, Topalian SL, Hwu P, et al. Safety and activity 
of anti-PD-L1 antibody in patients with advanced cancer. N Engl J Med. 
2012;366(26):2455-65. Epub 2012/06/05. doi: 10.1056/NEJMoa1200694. PubMed PMID: 
22658128; PubMed Central PMCID: PMC3563263. 

4. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD, et al. Combined 
Nivolumab and Ipilimumab or Monotherapy in Untreated Melanoma. N Engl J Med. 
2015;373(1):23-34. Epub 2015/06/02. doi: 10.1056/NEJMoa1504030. PubMed PMID: 
26027431; PubMed Central PMCID: PMC5698905. 

5. Wolchok JD, Chiarion-Sileni V, Gonzalez R, Rutkowski P, Grob JJ, Cowey CL, et al. 
Overall Survival with Combined Nivolumab and Ipilimumab in Advanced Melanoma. N 
Engl J Med. 2017;377(14):1345-56. Epub 2017/09/12. doi: 10.1056/NEJMoa1709684. 
PubMed PMID: 28889792; PubMed Central PMCID: PMC5706778. 

6. Wei SC, Levine JH, Cogdill AP, Zhao Y, Anang NAS, Andrews MC, et al. Distinct Cellular 
Mechanisms Underlie Anti-CTLA-4 and Anti-PD-1 Checkpoint Blockade. Cell. 
2017;170(6):1120-33 e17. Epub 2017/08/15. doi: 10.1016/j.cell.2017.07.024. PubMed 
PMID: 28803728; PubMed Central PMCID: PMC5591072. 

7. June CH, O'Connor RS, Kawalekar OU, Ghassemi S, Milone MC. CAR T cell 
immunotherapy for human cancer. Science. 2018;359(6382):1361-5. Epub 2018/03/24. doi: 
10.1126/science.aar6711. PubMed PMID: 29567707. 

8. Grupp SA, Kalos M, Barrett D, Aplenc R, Porter DL, Rheingold SR, et al. Chimeric antigen 
receptor-modified T cells for acute lymphoid leukemia. N Engl J Med. 2013;368(16):1509-
18. Epub 2013/03/27. doi: 10.1056/NEJMoa1215134. PubMed PMID: 23527958; PubMed 
Central PMCID: PMC4058440. 

9. Garfall AL, Maus MV, Hwang WT, Lacey SF, Mahnke YD, Melenhorst JJ, et al. Chimeric 
Antigen Receptor T Cells against CD19 for Multiple Myeloma. N Engl J Med. 
2015;373(11):1040-7. Epub 2015/09/10. doi: 10.1056/NEJMoa1504542. PubMed PMID: 
26352815; PubMed Central PMCID: PMC4646711. 



 56 

10. Porter DL, Levine BL, Kalos M, Bagg A, June CH. Chimeric antigen receptor-modified T 
cells in chronic lymphoid leukemia. N Engl J Med. 2011;365(8):725-33. Epub 2011/08/13. 
doi: 10.1056/NEJMoa1103849. PubMed PMID: 21830940; PubMed Central PMCID: 
PMC3387277. 

11. Rosenberg SA, Restifo NP. Adoptive cell transfer as personalized immunotherapy for 
human cancer. Science. 2015;348(6230):62-8. Epub 2015/04/04. doi: 
10.1126/science.aaa4967. PubMed PMID: 25838374; PubMed Central PMCID: 
PMC6295668. 

12. Kennedy R, Celis E. Multiple roles for CD4+ T cells in anti-tumor immune responses. 
Immunological reviews. 2008;222:129-44. Epub 2008/03/28. doi: 10.1111/j.1600-
065X.2008.00616.x. PubMed PMID: 18363998. 

13. Igney FH, Krammer PH. Immune escape of tumors: apoptosis resistance and tumor 
counterattack. Journal of leukocyte biology. 2002;71(6):907-20. Epub 2002/06/07. PubMed 
PMID: 12050175. 

14. Zanetti M. Tapping CD4 T cells for cancer immunotherapy: the choice of personalized 
genomics. J Immunol. 2015;194(5):2049-56. Epub 2015/02/25. doi: 
10.4049/jimmunol.1402669. PubMed PMID: 25710958. 

15. Six A, Mariotti-Ferrandiz ME, Chaara W, Magadan S, Pham HP, Lefranc MP, et al. The 
past, present, and future of immune repertoire biology - the rise of next-generation 
repertoire analysis. Frontiers in immunology. 2013;4:413. Epub 2013/12/19. doi: 
10.3389/fimmu.2013.00413. PubMed PMID: 24348479; PubMed Central PMCID: 
PMC3841818. 

16. Dash P, McClaren JL, Oguin TH, 3rd, Rothwell W, Todd B, Morris MY, et al. Paired 
analysis of TCRalpha and TCRbeta chains at the single-cell level in mice. The Journal of 
clinical investigation. 2011;121(1):288-95. Epub 2010/12/08. doi: 10.1172/JCI44752. 
PubMed PMID: 21135507; PubMed Central PMCID: PMC3007160. 

17. Han A, Glanville J, Hansmann L, Davis MM. Linking T-cell receptor sequence to functional 
phenotype at the single-cell level. Nature biotechnology. 2014;32(7):684-92. Epub 
2014/06/24. doi: 10.1038/nbt.2938. PubMed PMID: 24952902; PubMed Central PMCID: 
PMC4337815. 

18. Kobayashi E, Mizukoshi E, Kishi H, Ozawa T, Hamana H, Nagai T, et al. A new cloning 
and expression system yields and validates TCRs from blood lymphocytes of patients with 
cancer within 10 days. Nature medicine. 2013;19(11):1542-6. Epub 2013/10/15. doi: 
10.1038/nm.3358. PubMed PMID: 24121927. 

19. Villani AC, Shekhar K. Single-Cell RNA Sequencing of Human T Cells. Methods in 
molecular biology. 2017;1514:203-39. Epub 2016/10/28. doi: 10.1007/978-1-4939-6548-
9_16. PubMed PMID: 27787803. 



 57 

20. Zheng C, Zheng L, Yoo JK, Guo H, Zhang Y, Guo X, et al. Landscape of Infiltrating T 
Cells in Liver Cancer Revealed by Single-Cell Sequencing. Cell. 2017;169(7):1342-56 e16. 
Epub 2017/06/18. doi: 10.1016/j.cell.2017.05.035. PubMed PMID: 28622514. 

21. Coulie PG, Van den Eynde BJ, van der Bruggen P, Boon T. Tumour antigens recognized by 
T lymphocytes: at the core of cancer immunotherapy. Nature reviews Cancer. 
2014;14(2):135-46. Epub 2014/01/25. doi: 10.1038/nrc3670. PubMed PMID: 24457417. 

22. Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, et al. Mutational 
landscape determines sensitivity to PD-1 blockade in non-small cell lung cancer. Science. 
2015;348(6230):124-8. doi: 10.1126/science.aaa1348. PubMed PMID: 25765070. 

23. Snyder A, Makarov V, Merghoub T, Yuan J, Zaretsky JM, Desrichard A, et al. Genetic 
basis for clinical response to CTLA-4 blockade in melanoma. N Engl J Med. 
2014;371(23):2189-99. doi: 10.1056/NEJMoa1406498. PubMed PMID: 25409260. 

24. van Rooij N, van Buuren MM, Philips D, Velds A, Toebes M, Heemskerk B, et al. Tumor 
exome analysis reveals neoantigen-specific T-cell reactivity in an ipilimumab-responsive 
melanoma. Journal of clinical oncology : official journal of the American Society of Clinical 
Oncology. 2013;31(32):e439-42. Epub 2013/09/18. doi: 10.1200/JCO.2012.47.7521. 
PubMed PMID: 24043743; PubMed Central PMCID: PMC3836220. 

25. Sharma P, Hu-Lieskovan S, Wargo JA, Ribas A. Primary, Adaptive, and Acquired 
Resistance to Cancer Immunotherapy. Cell. 2017;168(4):707-23. Epub 2017/02/12. doi: 
10.1016/j.cell.2017.01.017. PubMed PMID: 28187290; PubMed Central PMCID: 
PMC5391692. 

26. Chen DS, Mellman I. Elements of cancer immunity and the cancer-immune set point. 
Nature. 2017;541(7637):321-30. Epub 2017/01/20. doi: 10.1038/nature21349. PubMed 
PMID: 28102259. 

27. Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity cycle. Immunity. 
2013;39(1):1-10. Epub 2013/07/31. doi: 10.1016/j.immuni.2013.07.012. PubMed PMID: 
23890059. 

28. van Elsas A, Hurwitz AA, Allison JP. Combination immunotherapy of B16 melanoma using 
anti-cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) and granulocyte/macrophage 
colony-stimulating factor (GM-CSF)-producing vaccines induces rejection of subcutaneous 
and metastatic tumors accompanied by autoimmune depigmentation. J Exp Med. 
1999;190(3):355-66. Epub 1999/08/03. PubMed PMID: 10430624; PubMed Central 
PMCID: PMC2195583. 

29. Li B, VanRoey M, Wang C, Chen TH, Korman A, Jooss K. Anti-programmed death-1 
synergizes with granulocyte macrophage colony-stimulating factor--secreting tumor cell 
immunotherapy providing therapeutic benefit to mice with established tumors. Clinical 
cancer research : an official journal of the American Association for Cancer Research. 



 58 

2009;15(5):1623-34. Epub 2009/02/12. doi: 10.1158/1078-0432.CCR-08-1825. PubMed 
PMID: 19208793. 

30. Soares KC, Rucki AA, Wu AA, Olino K, Xiao Q, Chai Y, et al. PD-1/PD-L1 blockade 
together with vaccine therapy facilitates effector T-cell infiltration into pancreatic tumors. 
Journal of immunotherapy. 2015;38(1):1-11. Epub 2014/11/22. doi: 
10.1097/CJI.0000000000000062. PubMed PMID: 25415283; PubMed Central PMCID: 
PMC4258151. 

31. Rosenberg SA, Yang JC, Schwartzentruber DJ, Hwu P, Marincola FM, Topalian SL, et al. 
Immunologic and therapeutic evaluation of a synthetic peptide vaccine for the treatment of 
patients with metastatic melanoma. Nature medicine. 1998;4(3):321-7. Epub 1998/03/21. 
PubMed PMID: 9500606; PubMed Central PMCID: PMC2064864. 

32. Banchereau J, Palucka AK, Dhodapkar M, Burkeholder S, Taquet N, Rolland A, et al. 
Immune and clinical responses in patients with metastatic melanoma to CD34(+) 
progenitor-derived dendritic cell vaccine. Cancer Res. 2001;61(17):6451-8. Epub 
2001/08/28. PubMed PMID: 11522640. 

33. Melero I, Gaudernack G, Gerritsen W, Huber C, Parmiani G, Scholl S, et al. Therapeutic 
vaccines for cancer: an overview of clinical trials. Nature reviews Clinical oncology. 
2014;11(9):509-24. Epub 2014/07/09. doi: 10.1038/nrclinonc.2014.111. PubMed PMID: 
25001465. 

34. Hu Z, Ott PA, Wu CJ. Towards personalized, tumour-specific, therapeutic vaccines for 
cancer. Nature reviews Immunology. 2018. Epub 2017/12/12. doi: 10.1038/nri.2017.131. 
PubMed PMID: 29226910. 

35. Schumacher TN, Schreiber RD. Neoantigens in cancer immunotherapy. Science. 
2015;348(6230):69-74. Epub 2015/04/04. doi: 10.1126/science.aaa4971. PubMed PMID: 
25838375. 

36. Chheda ZS, Kohanbash G, Okada K, Jahan N, Sidney J, Pecoraro M, et al. Novel and shared 
neoantigen derived from histone 3 variant H3.3K27M mutation for glioma T cell therapy. J 
Exp Med. 2018;215(1):141-57. Epub 2017/12/06. doi: 10.1084/jem.20171046. PubMed 
PMID: 29203539; PubMed Central PMCID: PMC5748856. 

37. Klebanoff CA, Wolchok JD. Shared cancer neoantigens: Making private matters public. J 
Exp Med. 2018;215(1):5-7. Epub 2017/12/23. doi: 10.1084/jem.20172188. PubMed PMID: 
29269561; PubMed Central PMCID: PMC5748868. 

38. Rajasagi M, Shukla SA, Fritsch EF, Keskin DB, DeLuca D, Carmona E, et al. Systematic 
identification of personal tumor-specific neoantigens in chronic lymphocytic leukemia. 
Blood. 2014;124(3):453-62. Epub 2014/06/04. doi: 10.1182/blood-2014-04-567933. 
PubMed PMID: 24891321; PubMed Central PMCID: PMC4102716. 



 59 

39. Hoof I, Peters B, Sidney J, Pedersen LE, Sette A, Lund O, et al. NetMHCpan, a method for 
MHC class I binding prediction beyond humans. Immunogenetics. 2009;61(1):1-13. Epub 
2008/11/13. doi: 10.1007/s00251-008-0341-z. PubMed PMID: 19002680; PubMed Central 
PMCID: PMCPMC3319061. 

40. Lundegaard C, Lund O, Nielsen M. Prediction of epitopes using neural network based 
methods. Journal of immunological methods. 2011;374(1-2):26-34. Epub 2010/11/05. doi: 
10.1016/j.jim.2010.10.011. PubMed PMID: 21047511; PubMed Central PMCID: 
PMCPMC3134633. 

41. Abelin JG, Keskin DB, Sarkizova S, Hartigan CR, Zhang W, Sidney J, et al. Mass 
Spectrometry Profiling of HLA-Associated Peptidomes in Mono-allelic Cells Enables More 
Accurate Epitope Prediction. Immunity. 2017;46(2):315-26. Epub 2017/02/24. doi: 
10.1016/j.immuni.2017.02.007. PubMed PMID: 28228285; PubMed Central PMCID: 
PMC5405381. 

42. Carreno BM, Magrini V, Becker-Hapak M, Kaabinejadian S, Hundal J, Petti AA, et al. A 
dendritic cell vaccine increases the breadth and diversity of melanoma neoantigen-specific T 
cells. Science. 2015;348(6236):803-8. doi: 10.1126/science.aaa3828. PubMed PMID: 
25837513; PubMed Central PMCID: PMC4549796. 

43. Ott PA, Hu Z, Keskin DB, Shukla SA, Sun J, Bozym DJ, et al. An immunogenic personal 
neoantigen vaccine for patients with melanoma. Nature. 2017;547(7662):217-21. Epub 
2017/07/06. doi: 10.1038/nature22991. PubMed PMID: 28678778; PubMed Central 
PMCID: PMC5577644. 

44. Sahin U, Derhovanessian E, Miller M, Kloke BP, Simon P, Lower M, et al. Personalized 
RNA mutanome vaccines mobilize poly-specific therapeutic immunity against cancer. 
Nature. 2017;547(7662):222-6. doi: 10.1038/nature23003. PubMed PMID: 28678784. 

45. Stern LJ, Brown JH, Jardetzky TS, Gorga JC, Urban RG, Strominger JL, et al. Crystal 
structure of the human class II MHC protein HLA-DR1 complexed with an influenza virus 
peptide. Nature. 1994;368(6468):215-21. Epub 1994/03/17. doi: 10.1038/368215a0. 
PubMed PMID: 8145819. 

46. Jones EY, Fugger L, Strominger JL, Siebold C. MHC class II proteins and disease: a 
structural perspective. Nature reviews Immunology. 2006;6(4):271-82. Epub 2006/03/25. 
doi: 10.1038/nri1805. PubMed PMID: 16557259. 

47. Lawrence MS, Stojanov P, Polak P, Kryukov GV, Cibulskis K, Sivachenko A, et al. 
Mutational heterogeneity in cancer and the search for new cancer-associated genes. Nature. 
2013;499(7457):214-8. doi: 10.1038/nature12213. PubMed PMID: 23770567; PubMed 
Central PMCID: PMC3919509. 



 60 

48. Nduom EK, Weller M, Heimberger AB. Immunosuppressive mechanisms in glioblastoma. 
Neuro-oncology. 2015;17 Suppl 7:vii9-vii14. doi: 10.1093/neuonc/nov151. PubMed PMID: 
26516226; PubMed Central PMCID: PMC4625890. 

49. Yan H, Parsons DW, Jin G, McLendon R, Rasheed BA, Yuan W, et al. IDH1 and IDH2 
mutations in gliomas. N Engl J Med. 2009;360(8):765-73. Epub 2009/02/21. doi: 
10.1056/NEJMoa0808710. PubMed PMID: 19228619; PubMed Central PMCID: 
PMC2820383. 

50. Hegi ME, Diserens AC, Gorlia T, Hamou MF, de Tribolet N, Weller M, et al. MGMT gene 
silencing and benefit from temozolomide in glioblastoma. N Engl J Med. 2005;352(10):997-
1003. PubMed PMID: 15758010. 

51. Gilbert MR, Wang M, Aldape KD, Stupp R, Hegi ME, Jaeckle KA, et al. Dose-dense 
temozolomide for newly diagnosed glioblastoma: a randomized phase III clinical trial. 
Journal of clinical oncology : official journal of the American Society of Clinical Oncology. 
2013;31(32):4085-91. Epub 2013/10/09. doi: 10.1200/JCO.2013.49.6968. PubMed PMID: 
24101040; PubMed Central PMCID: PMC3816958. 

52. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ, Janzer RC, et al. Effects of 
radiotherapy with concomitant and adjuvant temozolomide versus radiotherapy alone on 
survival in glioblastoma in a randomised phase III study: 5-year analysis of the EORTC-
NCIC trial. The Lancet Oncology. 2009;10(5):459-66. Epub 2009/03/10. doi: 
10.1016/S1470-2045(09)70025-7. PubMed PMID: 19269895. 

53. Pitter KL, Tamagno I, Alikhanyan K, Hosni-Ahmed A, Pattwell SS, Donnola S, et al. 
Corticosteroids compromise survival in glioblastoma. Brain : a journal of neurology. 
2016;139(Pt 5):1458-71. Epub 2016/03/30. doi: 10.1093/brain/aww046. PubMed PMID: 
27020328; PubMed Central PMCID: PMC5006251. 

54. Chinot OL, Wick W, Mason W, Henriksson R, Saran F, Nishikawa R, et al. Bevacizumab 
plus radiotherapy-temozolomide for newly diagnosed glioblastoma. N Engl J Med. 
2014;370(8):709-22. Epub 2014/02/21. doi: 10.1056/NEJMoa1308345. PubMed PMID: 
24552318. 

55. Gilbert MR, Dignam JJ, Armstrong TS, Wefel JS, Blumenthal DT, Vogelbaum MA, et al. A 
randomized trial of bevacizumab for newly diagnosed glioblastoma. N Engl J Med. 
2014;370(8):699-708. Epub 2014/02/21. doi: 10.1056/NEJMoa1308573. PubMed PMID: 
24552317; PubMed Central PMCID: PMC4201043. 

56. Ostrom QT, Gittleman H, Xu J, Kromer C, Wolinsky Y, Kruchko C, et al. CBTRUS 
Statistical Report: Primary Brain and Other Central Nervous System Tumors Diagnosed in 
the United States in 2009-2013. Neuro-oncology. 2016;18(suppl_5):v1-v75. Epub 
2017/05/06. doi: 10.1093/neuonc/now207. PubMed PMID: 28475809. 



 61 

57. Ostrom QT, Bauchet L, Davis FG, Deltour I, Fisher JL, Langer CE, et al. The epidemiology 
of glioma in adults: a "state of the science" review. Neuro-oncology. 2014;16(7):896-913. 
Epub 2014/05/21. doi: 10.1093/neuonc/nou087. PubMed PMID: 24842956; PubMed 
Central PMCID: PMC4057143. 

58. Lynes J, Sanchez V, Dominah G, Nwankwo A, Nduom E. Current Options and Future 
Directions in Immune Therapy for Glioblastoma. Frontiers in oncology. 2018;8:578. Epub 
2018/12/21. doi: 10.3389/fonc.2018.00578. PubMed PMID: 30568917; PubMed Central 
PMCID: PMC6290347. 

59. Brown CE, Alizadeh D, Starr R, Weng L, Wagner JR, Naranjo A, et al. Regression of 
Glioblastoma after Chimeric Antigen Receptor T-Cell Therapy. N Engl J Med. 
2016;375(26):2561-9. Epub 2016/12/29. doi: 10.1056/NEJMoa1610497. PubMed PMID: 
28029927; PubMed Central PMCID: PMC5390684. 

60. Bouffet E, Larouche V, Campbell BB, Merico D, de Borja R, Aronson M, et al. Immune 
Checkpoint Inhibition for Hypermutant Glioblastoma Multiforme Resulting From Germline 
Biallelic Mismatch Repair Deficiency. Journal of clinical oncology : official journal of the 
American Society of Clinical Oncology. 2016;34(19):2206-11. Epub 2016/03/24. doi: 
10.1200/JCO.2016.66.6552. PubMed PMID: 27001570. 

61. Johanns TM, Miller CA, Dorward IG, Tsien C, Chang E, Perry A, et al. Immunogenomics 
of Hypermutated Glioblastoma: A Patient with Germline POLE Deficiency Treated with 
Checkpoint Blockade Immunotherapy. Cancer discovery. 2016;6(11):1230-6. Epub 
2016/11/04. doi: 10.1158/2159-8290.CD-16-0575. PubMed PMID: 27683556; PubMed 
Central PMCID: PMC5140283. 

62. Reardon DA, Omuro A, Brandes AA, Rieger J, Wick A, Sepulveda J, et al., editors. 
Randomized phase 3 study evaluating the efficacy and safety of nivolumab vs bevacizumab 
in patients with recurrent glioblastoma: Checkmate 143. 5th Quadrennial Meeting of the 
World Federation of Neuro-Oncology Societies (WFNOS); 2017; Zurich, Switzerland: 
Oxford University Press. 

63. Weller M, Butowski N, Tran DD, Recht LD, Lim M, Hirte H, et al. Rindopepimut with 
temozolomide for patients with newly diagnosed, EGFRvIII-expressing glioblastoma (ACT 
IV): a randomised, double-blind, international phase 3 trial. The Lancet Oncology. 
2017;18(10):1373-85. Epub 2017/08/29. doi: 10.1016/S1470-2045(17)30517-X. PubMed 
PMID: 28844499. 

64. Woroniecka K, Chongsathidkiet P, Rhodin KE, Kemeny HR, Dechant CA, Farber SH, et al. 
T Cell Exhaustion Signatures Vary with Tumor Type and are Severe in Glioblastoma. 
Clinical cancer research : an official journal of the American Association for Cancer 
Research. 2018. Epub 2018/02/14. doi: 10.1158/1078-0432.CCR-17-1846. PubMed PMID: 
29437767. 



 62 

65. Johanns TM, Bowman-Kirigin JA, Liu C, Dunn GP. Targeting Neoantigens in 
Glioblastoma: An Overview of Cancer Immunogenomics and Translational Implications. 
Neurosurgery. 2017;64(CN_suppl_1):165-76. Epub 2017/09/14. doi: 
10.1093/neuros/nyx321. PubMed PMID: 28899059; PubMed Central PMCID: 
PMC6287409. 

66. Schumacher T, Bunse L, Pusch S, Sahm F, Wiestler B, Quandt J, et al. A vaccine targeting 
mutant IDH1 induces antitumour immunity. Nature. 2014;512(7514):324-7. Epub 
2014/07/22. doi: 10.1038/nature13387. PubMed PMID: 25043048. 

67. Hilf N, Kuttruff-Coqui S, Frenzel K, Bukur V, Stevanovic S, Gouttefangeas C, et al. 
Actively personalized vaccination trial for newly diagnosed glioblastoma. Nature. 2018. 
Epub 2018/12/21. doi: 10.1038/s41586-018-0810-y. PubMed PMID: 30568303. 

68. Keskin DB, Anandappa AJ, Sun J, Tirosh I, Mathewson ND, Li S, et al. Neoantigen vaccine 
generates intratumoral T cell responses in phase Ib glioblastoma trial. Nature. 2018. Epub 
2018/12/21. doi: 10.1038/s41586-018-0792-9. PubMed PMID: 30568305. 

69. Wen PY, Macdonald DR, Reardon DA, Cloughesy TF, Sorensen AG, Galanis E, et al. 
Updated response assessment criteria for high-grade gliomas: response assessment in neuro-
oncology working group. J Clin Oncol. 2010;28(11):1963-72. PubMed PMID: 20231676. 

70. Okada H, Weller M, Huang R, Finocchiaro G, Gilbert MR, Wick W, et al. Immunotherapy 
response assessment in neuro-oncology: a report of the RANO working group. Lancet 
Oncol. 2015;16(15):e534-42. doi: 10.1016/S1470-2045(15)00088-1. PubMed PMID: 
26545842; PubMed Central PMCID: PMC4638131. 

71. Fisher S, Barry A, Abreu J, Minie B, Nolan J, Delorey TM, et al. A scalable, fully 
automated process for construction of sequence-ready human exome targeted capture 
libraries. Genome biology. 2011;12(1):R1. doi: 10.1186/gb-2011-12-1-r1. PubMed PMID: 
21205303; PubMed Central PMCID: PMC3091298. 

72. Gnirke A, Melnikov A, Maguire J, Rogov P, LeProust EM, Brockman W, et al. Solution 
hybrid selection with ultra-long oligonucleotides for massively parallel targeted sequencing. 
Nature biotechnology. 2009;27(2):182-9. doi: 10.1038/nbt.1523. PubMed PMID: 19182786; 
PubMed Central PMCID: PMC2663421. 

73. Chapman MA, Lawrence MS, Keats JJ, Cibulskis K, Sougnez C, Schinzel AC, et al. Initial 
genome sequencing and analysis of multiple myeloma. Nature. 2011;471(7339):467-72. doi: 
10.1038/nature09837. PubMed PMID: 21430775; PubMed Central PMCID: PMC3560292. 

74. Berger MF, Lawrence MS, Demichelis F, Drier Y, Cibulskis K, Sivachenko AY, et al. The 
genomic complexity of primary human prostate cancer. Nature. 2011;470(7333):214-20. 
doi: 10.1038/nature09744. PubMed PMID: 21307934; PubMed Central PMCID: 
PMC3075885. 



 63 

75. Cibulskis K, McKenna A, Fennell T, Banks E, DePristo M, Getz G. ContEst: estimating 
cross-contamination of human samples in next-generation sequencing data. Bioinformatics. 
2011;27(18):2601-2. doi: 10.1093/bioinformatics/btr446. PubMed PMID: 21803805; 
PubMed Central PMCID: PMC3167057. 

76. DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C, et al. A framework 
for variation discovery and genotyping using next-generation DNA sequencing data. Nature 
genetics. 2011;43(5):491-8. doi: 10.1038/ng.806. PubMed PMID: 21478889; PubMed 
Central PMCID: PMC3083463. 

77. Saunders CT, Wong WS, Swamy S, Becq J, Murray LJ, Cheetham RK. Strelka: accurate 
somatic small-variant calling from sequenced tumor-normal sample pairs. Bioinformatics. 
2012;28(14):1811-7. doi: 10.1093/bioinformatics/bts271. PubMed PMID: 22581179. 

78. Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M, Lander ES, Getz G, et al. 
Integrative genomics viewer. Nature biotechnology. 2011;29(1):24-6. Epub 2011/01/12. doi: 
10.1038/nbt.1754. PubMed PMID: 21221095; PubMed Central PMCID: 
PMCPMC3346182. 

79. Ramos AH, Lichtenstein L, Gupta M, Lawrence MS, Pugh TJ, Saksena G, et al. Oncotator: 
cancer variant annotation tool. Human mutation. 2015;36(4):E2423-9. doi: 
10.1002/humu.22771. PubMed PMID: 25703262. 

80. Torres-Garcia W, Zheng S, Sivachenko A, Vegesna R, Wang Q, Yao R, et al. PRADA: 
pipeline for RNA sequencing data analysis. Bioinformatics. 2014;30(15):2224-6. doi: 
10.1093/bioinformatics/btu169. PubMed PMID: 24695405; PubMed Central PMCID: 
PMC4103589. 

81. Falk K, Rotzschke O, Stevanovic S, Jung G, Rammensee HG. Allele-specific motifs 
revealed by sequencing of self-peptides eluted from MHC molecules. Nature. 
1991;351(6324):290-6. Epub 1991/05/23. doi: 10.1038/351290a0. PubMed PMID: 
1709722. 

82. Miyama T, Kawase T, Kitaura K, Chishaki R, Shibata M, Oshima K, et al. Highly 
functional T-cell receptor repertoires are abundant in stem memory T cells and highly 
shared among individuals. Scientific reports. 2017;7(1):3663. Epub 2017/06/18. doi: 
10.1038/s41598-017-03855-x. PubMed PMID: 28623251; PubMed Central PMCID: 
PMC5473819. 

83. Park J, Takeuchi A, Sharma S. Characterization of a new isoform of the NFAT (nuclear 
factor of activated T cells) gene family member NFATc. The Journal of biological 
chemistry. 1996;271(34):20914-21. Epub 1996/08/23. PubMed PMID: 8702849. 

84. Safran M, Kim WY, O'Connell F, Flippin L, Gunzler V, Horner JW, et al. Mouse model for 
noninvasive imaging of HIF prolyl hydroxylase activity: assessment of an oral agent that 
stimulates erythropoietin production. Proceedings of the National Academy of Sciences of 



 64 

the United States of America. 2006;103(1):105-10. Epub 2005/12/24. doi: 
10.1073/pnas.0509459103. PubMed PMID: 16373502; PubMed Central PMCID: 
PMC1324998. 

85. Britten CM, Meyer RG, Kreer T, Drexler I, Wolfel T, Herr W. The use of HLA-A*0201-
transfected K562 as standard antigen-presenting cells for CD8(+) T lymphocytes in IFN-
gamma ELISPOT assays. Journal of immunological methods. 2002;259(1-2):95-110. Epub 
2001/12/04. PubMed PMID: 11730845. 

86. Biernacki MA, Tai YT, Zhang GL, Alonso A, Zhang W, Prabhala R, et al. Novel myeloma-
associated antigens revealed in the context of syngeneic hematopoietic stem cell 
transplantation. Blood. 2012;119(13):3142-50. Epub 2012/01/24. doi: 10.1182/blood-2011-
11-388926. PubMed PMID: 22267603; PubMed Central PMCID: PMC3321874. 

87. Keskin DB, Reinhold BB, Zhang GL, Ivanov AR, Karger BL, Reinherz EL. Physical 
detection of influenza A epitopes identifies a stealth subset on human lung epithelium 
evading natural CD8 immunity. Proceedings of the National Academy of Sciences of the 
United States of America. 2015;112(7):2151-6. Epub 2015/02/04. doi: 
10.1073/pnas.1423482112. PubMed PMID: 25646416; PubMed Central PMCID: 
PMC4343122. 

88. Cai A, Keskin DB, DeLuca DS, Alonso A, Zhang W, Zhang GL, et al. Mutated BCR-ABL 
generates immunogenic T-cell epitopes in CML patients. Clinical cancer research : an 
official journal of the American Association for Cancer Research. 2012;18(20):5761-72. 
Epub 2012/08/23. doi: 10.1158/1078-0432.CCR-12-1182. PubMed PMID: 22912393; 
PubMed Central PMCID: PMC3759991. 

89. Trombetta JJ, Gennert D, Lu D, Satija R, Shalek AK, Regev A. Preparation of Single-Cell 
RNA-Seq Libraries for Next Generation Sequencing. Curr Protoc Mol Biol. 2014;107:4 22 
1-17. Epub 2014/07/06. doi: 10.1002/0471142727.mb0422s107. PubMed PMID: 24984854; 
PubMed Central PMCID: PMCPMC4338574. 

90. Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-efficient alignment of 
short DNA sequences to the human genome. Genome biology. 2009;10(3):R25. Epub 
2009/03/06. doi: 10.1186/gb-2009-10-3-r25. PubMed PMID: 19261174; PubMed Central 
PMCID: PMC2690996. 

91. Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data with or 
without a reference genome. BMC bioinformatics. 2011;12:323. Epub 2011/08/06. doi: 
10.1186/1471-2105-12-323. PubMed PMID: 21816040; PubMed Central PMCID: 
PMC3163565. 

92. Bolotin DA, Poslavsky S, Mitrophanov I, Shugay M, Mamedov IZ, Putintseva EV, et al. 
MiXCR: software for comprehensive adaptive immunity profiling. Nature methods. 
2015;12(5):380-1. Epub 2015/04/30. doi: 10.1038/nmeth.3364. PubMed PMID: 25924071. 



 65 

93. Engler C, Kandzia R, Marillonnet S. A one pot, one step, precision cloning method with 
high throughput capability. PloS one. 2008;3(11):e3647. Epub 2008/11/06. doi: 
10.1371/journal.pone.0003647. PubMed PMID: 18985154; PubMed Central PMCID: 
PMC2574415. 

94. Engler C, Gruetzner R, Kandzia R, Marillonnet S. Golden gate shuffling: a one-pot DNA 
shuffling method based on type IIs restriction enzymes. PloS one. 2009;4(5):e5553. Epub 
2009/05/14. doi: 10.1371/journal.pone.0005553. PubMed PMID: 19436741; PubMed 
Central PMCID: PMC2677662. 

95. Szymczak AL, Workman CJ, Wang Y, Vignali KM, Dilioglou S, Vanin EF, et al. 
Correction of multi-gene deficiency in vivo using a single 'self-cleaving' 2A peptide-based 
retroviral vector. Nature biotechnology. 2004;22(5):589-94. Epub 2004/04/06. doi: 
10.1038/nbt957. PubMed PMID: 15064769. 

96. Patil VS, Madrigal A, Schmiedel BJ, Clarke J, O'Rourke P, de Silva AD, et al. Precursors of 
human CD4(+) cytotoxic T lymphocytes identified by single-cell transcriptome analysis. 
Science immunology. 2018;3(19). Epub 2018/01/21. doi: 10.1126/sciimmunol.aan8664. 
PubMed PMID: 29352091. 

97. Currier JR, Kuta EG, Turk E, Earhart LB, Loomis-Price L, Janetzki S, et al. A panel of 
MHC class I restricted viral peptides for use as a quality control for vaccine trial ELISPOT 
assays. Journal of immunological methods. 2002;260(1-2):157-72. Epub 2002/01/17. 
PubMed PMID: 11792386. 

98. Mwau M, McMichael AJ, Hanke T. Design and validation of an enzyme-linked 
immunospot assay for use in clinical trials of candidate HIV vaccines. AIDS research and 
human retroviruses. 2002;18(9):611-8. Epub 2002/06/25. doi: 
10.1089/088922202760019301. PubMed PMID: 12079556. 

99. Dash P, Fiore-Gartland AJ, Hertz T, Wang GC, Sharma S, Souquette A, et al. Quantifiable 
predictive features define epitope-specific T cell receptor repertoires. Nature. 
2017;547(7661):89-93. Epub 2017/06/22. doi: 10.1038/nature22383. PubMed PMID: 
28636592; PubMed Central PMCID: PMC5616171. 

100. Yang X, Chen G, Weng NP, Mariuzza RA. Structural basis for clonal diversity of the human 
T-cell response to a dominant influenza virus epitope. The Journal of biological chemistry. 
2017;292(45):18618-27. Epub 2017/09/22. doi: 10.1074/jbc.M117.810382. PubMed PMID: 
28931605; PubMed Central PMCID: PMC5683187. 

101. Yarchoan M, Johnson BA, 3rd, Lutz ER, Laheru DA, Jaffee EM. Targeting neoantigens to 
augment antitumour immunity. Nature reviews Cancer. 2017;17(4):209-22. Epub 
2017/02/25. doi: 10.1038/nrc.2016.154. PubMed PMID: 28233802; PubMed Central 
PMCID: PMC5575801. 



 66 

102. Fesnak AD, June CH, Levine BL. Engineered T cells: the promise and challenges of cancer 
immunotherapy. Nature reviews Cancer. 2016;16(9):566-81. Epub 2016/08/24. doi: 
10.1038/nrc.2016.97. PubMed PMID: 27550819; PubMed Central PMCID: PMC5543811. 

103. Hu Z, Anandappa AJ, Sun J, Kim J, Leet DE, Bozym DJ, et al. A cloning and expression 
system to probe T cell receptor specificity and assess functional avidity to neoantigens. 
Blood. 2018. Epub 2018/08/29. doi: 10.1182/blood-2018-04-843763. PubMed PMID: 
30150207. 

104. Cohen CJ, Zhao Y, Zheng Z, Rosenberg SA, Morgan RA. Enhanced antitumor activity of 
murine-human hybrid T-cell receptor (TCR) in human lymphocytes is associated with 
improved pairing and TCR/CD3 stability. Cancer Res. 2006;66(17):8878-86. doi: 
10.1158/0008-5472.CAN-06-1450. PubMed PMID: 16951205; PubMed Central PMCID: 
PMCPMC2147082. 

105. Vigano S, Utzschneider DT, Perreau M, Pantaleo G, Zehn D, Harari A. Functional avidity: a 
measure to predict the efficacy of effector T cells? Clin Dev Immunol. 2012;2012:153863. 
Epub 2012/12/12. doi: 10.1155/2012/153863. PubMed PMID: 23227083; PubMed Central 
PMCID: PMCPMC3511839. 

106. Dutoit V, Rubio-Godoy V, Dietrich PY, Quiqueres AL, Schnuriger V, Rimoldi D, et al. 
Heterogeneous T-cell response to MAGE-A10(254-262): high avidity-specific cytolytic T 
lymphocytes show superior antitumor activity. Cancer Res. 2001;61(15):5850-6. Epub 
2001/08/02. PubMed PMID: 11479225. 

107. Hesse MD, Karulin AY, Boehm BO, Lehmann PV, Tary-Lehmann M. A T cell clone's 
avidity is a function of its activation state. J Immunol. 2001;167(3):1353-61. Epub 
2001/07/24. PubMed PMID: 11466353. 

108. Padovan E, Casorati G, Dellabona P, Meyer S, Brockhaus M, Lanzavecchia A. Expression 
of two T cell receptor alpha chains: dual receptor T cells. Science. 1993;262(5132):422-4. 
Epub 1993/10/15. PubMed PMID: 8211163. 

109. Glanville J, Huang H, Nau A, Hatton O, Wagar LE, Rubelt F, et al. Identifying specificity 
groups in the T cell receptor repertoire. Nature. 2017;547(7661):94-8. Epub 2017/06/22. 
doi: 10.1038/nature22976. PubMed PMID: 28636589; PubMed Central PMCID: 
PMC5794212. 

110. Yadav M, Jhunjhunwala S, Phung QT, Lupardus P, Tanguay J, Bumbaca S, et al. Predicting 
immunogenic tumour mutations by combining mass spectrometry and exome sequencing. 
Nature. 2014;515(7528):572-6. doi: 10.1038/nature14001. PubMed PMID: 25428506. 

111. Nielsen M, Lund O, Buus S, Lundegaard C. MHC class II epitope predictive algorithms. 
Immunology. 2010;130(3):319-28. Epub 2010/04/23. doi: 10.1111/j.1365-
2567.2010.03268.x. PubMed PMID: 20408898; PubMed Central PMCID: PMC2913211. 



 67 

112. Arbour KC, Mezquita L, Long N, Rizvi H, Auclin E, Ni A, et al. Impact of Baseline 
Steroids on Efficacy of Programmed Cell Death-1 and Programmed Death-Ligand 1 
Blockade in Patients With Non-Small-Cell Lung Cancer. Journal of clinical oncology : 
official journal of the American Society of Clinical Oncology. 2018;36(28):2872-8. Epub 
2018/08/21. doi: 10.1200/JCO.2018.79.0006. PubMed PMID: 30125216. 

113. Horvat TZ, Adel NG, Dang TO, Momtaz P, Postow MA, Callahan MK, et al. Immune-
Related Adverse Events, Need for Systemic Immunosuppression, and Effects on Survival 
and Time to Treatment Failure in Patients With Melanoma Treated With Ipilimumab at 
Memorial Sloan Kettering Cancer Center. Journal of clinical oncology : official journal of 
the American Society of Clinical Oncology. 2015;33(28):3193-8. Epub 2015/08/19. doi: 
10.1200/JCO.2015.60.8448. PubMed PMID: 26282644; PubMed Central PMCID: 
PMC5087335.  

114. Gustafson MP, Lin Y, New KC, Bulur PA, O'Neill BP, Gastineau DA, et al. Systemic 
immune suppression in glioblastoma: the interplay between CD14+HLA-DRlo/neg 
monocytes, tumor factors, and dexamethasone. Neuro-oncology. 2010;12(7):631-44. doi: 
10.1093/neuonc/noq001. PubMed PMID: 20179016; PubMed Central PMCID: 
PMC2940665. 

115. Giles AJ, Hutchinson MND, Sonnemann HM, Jung J, Fecci PE, Ratnam NM, et al. 
Dexamethasone-induced immunosuppression: mechanisms and implications for 
immunotherapy. Journal for immunotherapy of cancer. 2018;6(1):51. Epub 2018/06/13. doi: 
10.1186/s40425-018-0371-5. PubMed PMID: 29891009; PubMed Central PMCID: 
PMC5996496. 

116. Mangani D, Weller M, Roth P. The network of immunosuppressive pathways in 
glioblastoma. Biochemical pharmacology. 2017;130:1-9. doi: 10.1016/j.bcp.2016.12.011. 
PubMed PMID: 28017775. 

 

 
 
 
 
 
 
 
 
 
 
 
 



 68 

Figures 
 

 
Figure 1. Generation of a personal neoantigen-targeting vaccine for newly diagnosed 
glioblastoma patients with unmethylated MGMT promoter. (a) Somatic mutations were 
identified by Clinical Laboratory Improvement Amendments (CLIA)-certified whole exome 
sequencing (WES) of DNA from surgically resected glioblastoma and matched normal cells 
(PBMCs), and their expression was confirmed by tumor RNA-sequencing. Immunizing peptides 
were selected based on HLA class I binding predictions (Methods). Each patient was vaccinated 
with up to 20 long peptides, administered in non-rotating pools of 3-5 peptides. (b) Clinical 
event timeline for the 8 patients who received at least one vaccine dose, from surgery until time 
of death due to progressive disease. Blue bars demonstrate dexamethasone dose and duration. 
Grey bars indicate salvage therapy administered following progression. Median progression-free 
(PFS) and overall survival (OS) was 7.6 months (90% CI: 6.2-9.5) and 16.8 months (90% CI: 
9.6-21.3), respectively. 
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Figure 2. Vaccination induces circulating neoantigen-specific T-cell responses in patients 
who did not receive dexamethasone during vaccine priming. (a) Ex vivo IFNγ ELISPOT 
responses for PBMC stimulated with neoantigen-peptide pools (background subtracted; n = 3 
biologically independent samples, bars: mean ± SEM; Wilcoxon signed-rank test, two-sided 
without adjustment for multiple comparisons, see Methods for statistical analysis). (b) IFNγ 
secretion by neoantigen-reactive T-cell lines from Patients 7 and 8 shows discrimination between 
mutated and wildtype peptides, focusing on neoantigens generating CD4+ and CD8+ T-cell 
responses (n = 3 biological independent samples, bars: mean ± SD, SHANK2 responses detected 
ex vivo). (c) Dominant responses of CD4+ and CD8+ neoantigen-specific T-cell line from Patients 
7 and 8 are directed against endogenously processed and presented peptides, based on reactivity 
against autologous B cells nucleofected with minigenes (MG) encoding these neoantigens (n = 3 
biologically independent samples, bars: mean ± SD). All T-cell lines originated from week 8 or 
16 PBMCs; ELISPOT experiments were performed in triplicate wells per timepoint; SEM – 
standard error of mean; SD – standard deviation.  
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Figure 3. Increase in T-cell infiltrate evident in patients with circulating neoantigen-specific 
T-cell responses. (a) Multiplex immunofluorescence staining of five pairs of initial and relapse 
tumor specimens reveals increased T-cell infiltrates in patients who did not receive 
dexamethasone during vaccine priming (red) compared to those who did (blue), with 
representative sections shown. Sections show SOX2 (magenta) to stain tumor cells, CD8 (green) 
and CD4 (yellow). Infiltrates were determined by enumerating the mean number of CD4 and 
CD8 staining cells in 20X fields. The number of fields evaluated per sample was: 4 fields for Pt 
3 initial/relapse, Pt 4 initial, Pt 7 relapse, and Pt 8 initial/relapse; and 5 fields for Pt 4 relapse, Pt 
5 initial/relapse, and Pt 7 initial. Bars: mean ± SEM. P-values reported are two-sided and based 
on model F-tests. See Methods for statistical analysis. (b) No FOXP3 and CD25+ staining CD4+ 
cells detected in matched initial and relapse tumor sections, evaluated by multiplex 
immunofluorescence. (c) No correlation was observed between number of predicted neoantigens 
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and extent of T cell infiltrate in initial resection sample. (d) Expression levels (log2[TPM/10+1]) 
of selected marker genes for regulatory, cytotoxic, and naïve/memory T cell phenotypes; and 
expression of co-inhibitory receptors and effector cytokines based on scRNA-seq of tumor-
associated CD4+ and CD8+ T cells from Patient 7 relapse specimen (top panel). The average 
levels of these gene sets were used to define the expression scores of these signatures (bottom 
panel). (e) Enumeration of the numbers of single CD4+ and CD8+ tumor-associated T-cells 
expressing effector cytokines in Patient 7, based on scRNA-seq. CD4+ and CD8+ tumor-
associated T-cells in Patient 7 express multiple co-inhibitory receptors based on scRNA-seq. (f) 
CD4+ and CD8+ tumor-associated T-cells in Patient 7 express multiple co-inhibitory receptors 
based on scRNA-seq, with frequent co-expression of TIM3/TIGIT, TIM3/LAG3 on CD8+ T cells  
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Figure 4. A streamlined approach for identifying and reconstructing TCRs, and testing for 
specificity to candidate antigens.  T cells reactive against antigens are isolated by IFNγ 
secretion, and submitted for single-cell paired TCRαβ sequencing. (a) Dominant TCR 
clonotypes are individually cloned by joining variable chain plasmid library components and an 
on-demand oligonucleotide encoding the CDR3 regions (Extended Data Fig. 5b-d). Linker 
sequence includes furin, SGSG and F2A sequence. (b) TCRs are expressed in Jurkat∆αβ cells 
with an NFAT-luciferase construct (Jurkat∆αβ reporter cells) (Extended Data Fig. 5a and 5e). 
(c) TCRs are screened for specificity against candidate antigens, with detection based on IL-2 
secretion, CD69 expression or luciferase activity.  
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Figure 5. TCR sequences can be matched against pools of cognate viral peptides. (a) CEF-
reactive CD8+ T cells were sorted by IFNγ secretion assay from two healthy donor (Donor 1 and 
Donor 2) PBMCs stimulated with the CEF peptides using flow cytometry. (b) Deconvolution of 
the reactivities of Donor 1 and 2 PBMCs against individual peptides in the CEF pool using IFNγ 
ELISPOT. IFNγ secreting cells were quantified, as SFC per million of CEF-reactive T cells 
(right) (p-values computed by comparison to DMSO using one-sided two-sample t-test of square 
root of spot counts). (c) Paired TCRα and TCRβ read counts from the sequencing of CEF-
reactive single T cells. (d) Multiple paired TCRαβ sequences were enriched in CEF-reactive 
CD8+ T cells compared to non-reactive CD8+ T cells based on single-cell TCR sequencing (Red-
selected for downstream cloning and expression; solid red bars – selected on the basis of 
prevalence; open red bars - selected based on TRBV usage; open triangles –TCRs for which 
antigen specificity was identified). A TCR with sequences identical to a BMLF1-specific TCR 
sequence previously reported in literature is indicated. (e) Dominant TCRs were expressed on 
Jurkat∆αβ reporter cells by lentiviral transduction, with stabilized expression of CD3 verified by 
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flow cytometry. (f) Cognate antigens for CEF-reactive TCRs were determined by screening 
against individual peptides among the CEF peptide pool, with reactivity detected by IL-2 ELISA, 
CD69 staining or luciferase assay. (g) Comparison of the functional avidity of FluA M1-specific 
TCRs identified from Donors 1 and 2. FluA, influenza A; EBV, Epstein-Barr virus; HCMV, 
human cytomegalovirus; SFC, spot forming cell. 
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Figure 6. TCRαβ clonotypes are shared between tumor-associated T-cells and neoantigen-
reactive T-cells in peripheral blood, with select clones demonstrated to be specific for 
neoantigens targeted by the vaccine. (a) Schema of single-cell transcriptome and TCR analysis 
of T-cells isolated from the relapse tumor specimen, and from peripheral blood lymphocytes 
stimulated in vitro with Patient 7 immunizing neoantigens. (b) Select TCRαβ clones are shared 
between tumor-associated T-cells and neoantigen-reactive T-cells in the periphery. Each dot 
represents a single T-cell, and cells with identical TCRs are clustered together. (c) CD4+ TCRs 
H02 and F10, expressed in Jurkat∆αβ cells, are specific for mut-ARHGAP35, a neoantigen 
targeted by vaccination for Patient 7. H02 TCR responds predominantly to ASP34, while F10 
responds to ASP35. Two-sample two-sided t-tests with Welch correction used for comparison to 
negative control OVA; Top left n = 3 biologically independent samples, all others n = 2 
biologically independent samples, each with two technical replicates; bars: mean ± SD. (d) CD4+ 
ARHGAP35-specific H02 and F10 TCRs discriminate between mutant and wildtype form of 
peptide (n = 2 biologically independent samples, each with two technical replicates; bars: mean ± 
SEM). (e) Distribution of expression levels (log2[TPM/10+1]) for select genes in CD4+ 
infiltrating T-cells, highlighting the mut-ARHGAP35-specific T-cells, H02 and F10. (f) The 
ARHGAP35 mutation from Patient 7 tumor is present in both the initial and relapse tumor 
specimens, as visualized by the Integrated Genomics Viewer30  
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Supplementary Figures 
 

 
Extended Data Figure 1. Mutational landscape of patient GBM tumors. (a) The overall 
mutational landscape of the GBM tumors from 10 enrolled patients (top, number of mutations 
per megabase; bottom, distribution of nucleotide changes) and the presence of mutations in genes 
previously identified as recurrent in GBM samples from The Cancer Genome Atlas (TCGA) (n = 
290) by the MutSig2CV algorithm (middle; genes ordered on the basis of significance of 
recurrence reported in TCGA). (b) Numbers of mutations and predicted epitopes for all study 
subjects (Supplementary Table 4). Red lines — Patients for whom vaccines were generated (n = 
8); grey solid line — Patients taken off study before vaccine administration due to progressive 
disease (n = 1); grey dotted lines — Patients with insufficient mutation number to proceed with 
vaccine generation (n = 1). 
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Extended Data Figure 2. Mapping of CD4+ and CD8+ T cell responses to individual ASP 
and EPT to the immunizing peptides (IMP) for Patients 7 and 8. ASP and EPT covering the 
immunizing peptides are shown for the IMP(s) that induced T cell responses. Blue bold –
germline amino acid; Red bold –mutated amino acid. Blue underline – predicted class I epitopes 
(IC50 <500 nM) based on NetMHCpan 
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Extended Data Figure 3. Characterization of tumor expression markers, and HLA class I 
and class II in GBM. (a) Patient 7 GBM tumor cell line established from the relapse biopsy is 
positive for GBM tumor markers by IHC. (b) The Patient 7 GBM tumor cell line has low HLA-
class I expression that is upregulated by IFNγ treatment, and is negative for HLA-class II DR 
expression. This experiment was repeated four times. (c) Neoantigen-specific CD8+ T cells 
generated by vaccination of Patient 7 do not recognize Patient 7 GBM tumor cell line by TNFα 
ELISPOT assay, with or without IFNγ treatment to upregulate HLA-class I expression on tumor 
cells. Data was generated from one experiment with three replicate wells. Additional direct 
tumor recognition assays performed with IFNγ ELISPOT demonstrated similar results (data not 
shown). (d) IFNγ secretion by Patient 7 neoantigen-specific CD4+ T-cell line against autologous 
dendritic cells co-cultured with irradiated autologous glioblastoma. Class II blocking antibody 
attenuated the IFNγ response. All T-cell lines originated from week 16 PBMCs; ELISPOT 
experiments were performed in triplicate wells per timepoint. 
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Extended Data Figure 4. Analysis of tumor morphology and HLA class I and class II in 
GBM. (a) H&E staining of initial and post-vaccination resection samples, show most prominent 
changes for Patients 4, 7, and 8 including high levels of perivascular lymphocytes, extensive 
cystic changes, and necrosis post-treatment in Patient 7, low tumor content and patchy 
lymphocytic infiltration in Patient 8, and sarcomatous morphology with myomatous changes in 
Patient 4. (b) IHC analysis of HLA class I and II expression on diagnostic sections of GBM 
tumors from the 8 patients enrolled and vaccinated in the study. This experiment was performed 
once, with the available resection tissue.  
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Extended Data Figure 5. Sequences used in developing reporter cell line and TCR cloning 
pipeline. (a) NFAT-luciferase reporter construct. (b) Variable chain plasmid library constructs 
(examples used to clone EBNA3A-specific TCR). Complete sequences used to generate plasmid 
library included in Supplementary Table 8. (c) CDR3 oligonucleotide (example designed to 
clone EBNA3A-specific TCR). All CDR3 oligonucleotides used to clone viral-reactive TCRs are 
included in Supplementary Table 9. (d) Cloned TCR in pUC57-kanamycin vector (example 
shown is EBNA3A-specific TCR). (e) Cloned TCR in PEW vector (example shown is 
EBNA3A-specific TCR).  
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Extended Data Figure 6. The EBNA3A-specific TCR can be matched to its cognate peptide. 
(a) The EBNA3A-specific TCR (Extended Data Fig. 5b-e) was cloned from the plasmid 
library, and expressed in Jurkat∆αβ reporter cells by lentiviral transduction. Expression of the 
TCR on the reporter cells was verified by staining with EBNA3A tetramer, anti-Vβ5-1 and anti-
CD3 antibodies. (b) Specificity of the EBNA3A-specific TCR for cognate antigen was 
confirmed by detection of IL-2 secretion selectively following co-culture of reporter cells with 
B721.221-A*24:02 cells presenting EBNA3A peptide compared to control HLA-A*24:02 
restricted peptide BRLF1 (p = 0.014, two-sample t-test with Welch’s correction from two 
technical replicates). PMA/ionomycin stimulation was used as a positive control.  
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Extended Data Figure 7. Single-cell TCR sequencing analysis of tumor-associated T cells 
from Patient 7. (a) Single-cell TCR sequencing of tumor-associated T cells, CD4+ neoantigen 
pool-reactive T cells from peripheral blood ex vivo, and CD8+ neoantigen-reactive T cell lines 
(stimulated with mut-ARHGAP35 and mut-SLX4) show enrichment for particular clonotypes. (b) 
Sorting strategy for isolating neoantigen pool-reactive CD4+ T cells from peripheral blood ex 
vivo. (c) Six TCRs identified in both tumor-associated and neoantigen-reactive T cells from 
peripheral blood were successfully cloned and expressed in the reporter cell line, as verified by 
stabilized CD3 surface expression; this experiment was repeated twice in independent 
experiments. The CDR3 sequences of these TCRs are in Supplementary Table 9. (d) Largest 
CD8+ clone from Patient 7 peripheral blood (A04) was experimentally confirmed to be specific 
for EPT12A, the HLA class I predicted epitope of mut-ARHGAP35. Two-sample two-sided t-
tests with Welch correction used for the comparisons are indicated; n = 4 biologically 
independent replicates; bars: mean ± SD. (e) mut-ARHGAP35-specific clones (A04, H02, F10 
described in Fig. 6) do not demonstrate specific reactivity against dendritic cells pulsed with 
irradiated Patient 7 tumor cell line; n = 4 biologically independent replicates; bars: mean ± SD. 
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Extended Data Figure 8. Comparison of single-cell expression profiles of circulating 
neoantigen-stimulated CD4+ T cells and tumor-associated CD4+ T cells isolated from 
Patient 7. (a) Single-cell transcriptome analysis of CD4+ tumor-associated T cells (n = 185), 
freshly isolated at the time of relapse and neoantigen-reactive CD4+ cells isolated from post-
vaccination (week 16) peripheral blood (n = 104) in Patient 7 (excluding CD4 dropouts). Tumor-
associated T cells expressed more granzyme A than circulating neoantigen-reactive CD4+ cells, 
and showed higher expression of the co-inhibitory molecule TIGIT. (b) Significantly altered 
expression of CCR7, GZMA, LAG3, PD1 and TIGIT was detected between CD4+ cells from the 
blood vs brain (two-sided Wilcoxon rank sum test). The expression levels of mut-ARHGAP35 
specific single T cells (clones H02 [red cross] and F10 [green box]], as described in Fig. 6, are 
marked.  
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Extended Data Figure 9. Detection of mut-ARHGAP35-specific T cells in Patient 7, Week 
16. (a) Thawed PBMC from week 16, collected from Patient 7 revealed 60% of the live PBMCs 
to be CD3+ T cells. Data is representative of results from two independent experiments. (b) 
Thawed PBMCs from Patient 7 week 16 were tested ex vivo by ELISPOT, in which 2 x 105 
PBMCs were added per well, and exposed overnight to 10 µg/ml of peptides covering mut-
ARHGAP35 (ASP34 or ASP35 peptides), compared to negative control (OVA peptide). 
Experiment was performed once in triplicate wells. (c) Results of ex vivo ELISPOT (n = 3 
biologically independent samples, 200,000 PBMCs per well). Together, these results indicate 
that the frequencies of ASP35 and ASP34-reactive T cells were 39 and 29 (after subtracting 
background) per 360,000 T cells, respectively. Detection of ASP35-reactive T cells (F10) and 
ASP34-reactive T cells (H02) in brain at relapse was 1 each among 277 single intracranial T 
cells (Fig. 6c).  The rate of T cells recognizing immunizing neoantigens is highly enriched in the 
brain compared to the periphery, p=0.030 for ASP35 and p=0.023 for ASP34, two-sided Poisson 
test). 
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Supplementary Table Legends 
 
Supplementary Table 1. QC metrics of (a) whole-exome sequencing and (b) RNA sequencing 
for Patients 1-10 (excel) 
Supplementary Table 2. Somatic mutations identified from enrolled patients (excel) 
Supplementary Table 3. HLA types and summary of predicted neoantigens  
(a) HLA allotypes of enrolled patients 
(b) Number of identified somatic mutations, predicted HLA binders and immunizing peptides 
Supplementary Table 4. Patient characteristics 
(a) Patient demographics and treatment characteristics of eight vaccinated patients 
(b) Treatment-related adverse events in vaccinated patients 
Supplementary Table 5.  Expression and class I prediction related to immunizing peptides 
(excel) 
Supplementary Table 6. Antibody panels used in multiplex immunofluorescence analysis 
Supplementary Table 7. Single-cell RNA sequencing from Patient 7 tumor-associated T cells 
(a) Expression data for tumor-associated T cells from Patient 7 (CD4 and CD8 only). Each 
column represents individual wells containing single T cells which were sorted on the basis of T 
cell markers (gating: calcein AM+, exclusion−, CD45+, CD3+, CD8+ or CD4+; Fig. 3d).  
(b) Expression data for tumor-associated T cells from Patient 7 (CD4, CD8, and ND – not 
determined, which are cells unable to be resolved as CD4 or CD8 based on expression levels; 
Fig. 3d). (excel) 
Supplementary Table 8. Sequences of variable and constant TCR segments in plasmid library 
(a) TRAV and TRBC sequences used in Vα-Cβ library plasmids 
(b) TRBV and TRAC sequences used in Vβ-Cα library plasmids 
Supplementary Table 9. CDR3 oligonucleotide sequences (CDR3α, CDR3β) to clone TCRs  
Supplementary Table 10. Peptide sequences 
(a) EBNA3A and BRLF1 peptide sequences 
(b) CEF peptide sequences  
(c) ARHGAP35 peptide sequences 
Supplementary Table 11. Targeted TCR Sequencing (excel) 
Supplementary Table 12. TCR sequences from paired TCRαβ sequencing (excel) 
(a) TCR sequences of CEF-reactive T cells (Donor 1) 
(b) TCR sequences of CEF-reactive T cells (Donor 2) 
(c) TCR sequences of non-CEF-reactive T cells (Donor 1 and 2) 
Supplementary Table 13. TCR sequences from (a) patient 7 tumor associated T cells; patient 7 
neoantigen-reactive (b) CD4+ and (c) CD8+ T cells from peripheral blood (excel) 
Supplementary Table 14. Shared TCR sequences from peripheral blood and brain tumor used 
for TCR reconstruction 
(a) TCR Sequences for T cells clones detected in both Patient 7 relapse resected tumor specimen 
and neoantigen-reactive CD4+ T cells from peripheral blood 
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(b) TCR Sequences for T cells clones detected in both Patient 7 relapse resected tumor specimen 
and neoantigen-reactive CD8+ T cells from peptide-stimulated peripheral blood  

Supplementary Table 15. Comparison of CD4+ T cells in peripheral blood and brain tumor 
from Patient 7 (Extended Data Fig. 8a) (excel) 

 
**Excel data files for supplementary tables are available upon request  
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Supplementary Tables 
 
Supplementary Table 1. QC metrics of (a) whole-exome sequencing and (b) RNA sequencing 
for Patients 1-10 (excel) 
 
Supplementary Table 2. Somatic mutations identified from enrolled patients (excel) 
 
Supplementary Table 3. HLA types and summary of predicted neoantigens  
 
(a) HLA allotypes of enrolled patients 
 
GBM Pt HLA-A HLA-A HLA-B HLA-B 
Pt 1 01:01 25:01 18:01 08:01 
Pt 2 02:01 03:01 47:01 44:02 
Pt 3 01:01 02:01 27:12 44:02 
Pt 4 30:02 02:02 42:01 18:01 
Pt 5 02:01 02:01 18:01 44:02 
Pt 6 02:01 03:01 27:05 35:01 
Pt 7 68:01 24:02 35:02 35:03 
Pt 8 02:01 01:01 08:01 44:02 
Pt 9 32:01 03:01 44:03 07:02 
Pt 10 02:01 01:01 08:01 07:02 

 
(b) Number of identified somatic mutations, predicted HLA binders and immunizing peptides 
 

Patient 
Total 
Mutations 

Coding 
Non-Silent 

Mutations with > 
1 predicted 
binder 

Binders 
Predicted 

Peptides in 
vaccine 

1 124 77 31 55 13 
2 146 80 39 80 10 
3 82 49 27 62 20 
4 158 93 58 163 7 
5 145 70 33 71 11 
6 75 35 22 68 15 
7 123 62 33 60 17 
8 109 53 28 67 10 
9 103 56 30 61 NA 
10 77 32 15 30 NA 
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Supplementary Table 4. Patient characteristics 
(a) Patient demographics and treatment characteristics of eight vaccinated patients 
 
Characteristic Result (%) 
Age (median; years) 65 (range, 45-73) 
Female 6 (75) 
KPS  
  90 6 (75) 
  80 1 (13) 
  70 1 (13) 
Surgery  
  Subtotal resection 5 (63) 
  Gross total resection 3 (37) 
RTOG RPA Class  
  III 1 (13) 
  IV 2 (25) 
  V 5 (63) 
IDH1 wild-type 8 (100) 
On dexamethasone (2-4 mg/day) during 
vaccine priming 

6 (75) 

Absolute lymphocyte count (median; range) 988 (271-2450) 
Coding mutations per tumor (median; range) 59 (32-93) 
Surgery to 1st NeoVax (median weeks; range) 18.6 (17.1-25.0) 
Vaccination peptides/patient (median; range) 12 (7-20) 
Therapy post NeoVax progression  
   None 2 (25) 
   Bevacizumab + temozolomide 1 (13) 
   Bevacizumab + durvalumab 1 (13) 
   Bevacizumab monotherapy 4 (50) 
 
Abbreviations: IDH, isocitrate dehydrogenase; KPS, Karnofsky performance score; RPA,  
recursive partitioning analysis; RTOG, Radiation Therapy Oncology Group 
 
(b) Treatment-related adverse events in vaccinated patients 
 
Adverse Event Grade Attribution to 

NeoVax 
Number of Patients 
(%) 

Chills 1 Possibly 1 (13) 
Dizziness 1 Possibly 1 (13) 
Fatigue 2 Possibly 1 (13) 
Flushing 1 Possibly 1 (13) 
Headache 2 Possibly 1 (13) 
Myalgia 1 Probably 2 (25) 
Nausea 1 Possibly 1 (13) 
Injection site reaction 1 Probably 1 (13) 
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Supplementary Table 5.  Expression and class I prediction related to immunizing peptides 
(excel) 
 
Supplementary Table 6. Antibody panels used in multiplex immunofluorescence analysis  
 
Panel 1 
Primary Antibody Clone ID/Company Dilution Opal Kit Fluor Opal Fluor Dilution 

Anti-human 
CD274 (PD-L1) 

405.9A11, Gordan Freeman 
Lab 1:500 Opal 520 1:100 

Anti-PD-L2 D7U8C, Cell Signalling 1:100 Opal 540 1:250 

Anti-CD8 C8/144B, DAKO 1:5,000 Opal 570 1:250 

Anti-Sox2 D6D9, Cell Signalling 1:5,000 Opal 620 1:200 

Anti-PD-1 EH33, Gordon Freeman Lab 1:11,000 Opal 690 1:50 

Panel 2 
Primary Antibody Clone ID/Company Dilution Opal Kit Fluor Opal Fluor Dilution 

Anti-CD25 4C9, LS Bio 1:100 Opal 520 1:50 

Anti-CD4 4B12, DAKO 1:250 Opal 540 1:150 
Anti-human 
FOXP3 (Foxp3) 206D, Biolegend 1:2,000 Opal 570 1:150 

Anti-CD8 C8/144B, DAKO 1:5,000 Opal 620 1:100 

Anti-Sox2 D6D9, Cell Signalling 1:5,000 Opal 690 1:50 

Panel 3 
Primary Antibody Clone ID/Company Dilution Opal Kit Fluor Opal Fluor Dilution 

Anti-CD8 C8/144B, DAKO 1:5,000 Opal 520 1:100 

Anti-CD4 4B12, DAKO 1:250 Opal 540 1:200 

Anti-CD31 Polyclonal, Abcam 1:250 Opal 570 1:250 

Anti-LAG3 17B4, LS Bio 1:3,000 Opal 620 1:200 

Anti-Sox2 D6D9, Cell Signalling 1:5,000 Opal 690 1:50 

Panel 4 
Primary Antibody Clone ID/Company Dilution Opal Kit Fluor Opal Fluor Dilution 

Anti-human 
HLA-DP, DQ, 
DR (MHCII) 

CR3/43, DAKO 1:5,000 Opal 520 1:100 
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Anti-CD4 4B12, DAKO 1:250 Opal 540 1:200 

Anti-Sox2 D6D9, Cell Signalling 1:5,000 Opal 570 1:200 

Anti-CD8 C8/144B, DAKO 1:5,000 Opal 620 1:200 

Anti-CD3 Polyclonal, DAKO 1:1,000 Opal 690 1:50 

 
Supplementary Table 7. Single-cell RNA sequencing from Patient 7 tumor-associated T cells 
(a) Expression data for tumor-associated T cells from Patient 7 (CD4 and CD8 only). Each 
column represents individual wells containing single T cells which were sorted on the basis of T 
cell markers (gating: calcein AM+, exclusion−, CD45+, CD3+, CD8+ or CD4+; Figure 3d).  
(b) Expression data for tumor-associated T cells from Patient 7 (CD4, CD8, and ND – not 
determined, which are cells unable to be resolved as CD4 or CD8 based on expression levels; 
Figure 3d). (excel) 
 
Supplementary Table 8. Sequences of variable and constant TCR segments used in plasmid 
library  
 
(a) TRAV and TRBC sequences used in Vα-Cβ library plasmids 
The TRBC sequence used to construct our library is 6 bp shorter on the 5’ end than the sequence 
listed in IMGT. All TRAV sequences used to construct our library are approximately 16 bp 
shorter on the 3’ end from those listed in IMGT. The absent regions are included in the CDR3 
oligonucleotides. Single nucleotide changes (synonymous changes) were introduced to remove 
potential cut sites by restriction enzymes (highlighted). Sequences are from IMGT database, 
accessed in January 2015. 

Segment Leader Sequence Sequence 

Constant beta 
(Cβ)  

N/A CTGAACAAGGTGTTCCCACCCGAGGTCGCTGTGTTTGAGCCATCAGAAGCAGAGATCTC
CCACACCCAAAAGGCCACACTGGTGTGCCTGGCCACAGGCTTCTTCCCCGACCACGTGG
AGCTGAGCTGGTGGGTGAATGGGAAGGAGGTGCACAGTGGGGTCAGCACGGACCCGCA
GCCCCTCAAGGAGCAGCCCGCCCTCAATGACTCCAGATACTGCCTGAGCAGCCGCCTGA
GGGTTTCGGCCACCTTCTGGCAGAACCCCCGCAACCACTTCCGCTGTCAAGTCCAGTTCT
ACGGGCTCTCGGAGAATGACGAGTGGACCCAGGATAGGGCCAAACCCGTCACCCAGAT
CGTCAGCGCCGAGGCCTGGGGTAGAGCAGACTGTGGCTTTACCTCGGTGTCCTACCAGC
AAGGGGTCCTGTCTGCCACCATCCTCTATGAGATCCTGCTAGGGAAGGCCACCCTGTATG
CTGTGCTGGTCAGCGCCCTTGTGTTGATGGCCATGGTCAAGAGAAAGGATTTC 

BsaI site (changed from C to T) 

TRAV1-1 ATGTGGGGAGCTTT
CCTTCTCTATGTTTC
CATGAAGATGGGAG
GCACTGCA 

GGACAAAGCCTTGAGCAGCCCTCTGAAGTGACAGCTGTGGAAGGAGCCATTGTCCAGAT
AAACTGCACGTACCAGACATCTGGGTTTTATGGGCTGTCCTGGTACCAGCAACATGATG
GCGGAGCACCCACATTTCTTTCTTACAATGCTCTGGATGGTTTGGAGGAGACAGGTCGTT
TTTCTTCATTCCTTAGTCGCTCTGATAGTTATGGTTACCTCCTTCTACAGGAGCTCCAGAT
GAAAGACTCTGCCTCTTAC 

TRAV1-2 ATGTGGGGAGTTTT
CCTTCTTTATGTTTC
CATGAAGATGGGAG
GCACTACA 

GGACAAAACATTGACCAGCCCACTGAGATGACAGCTACGGAAGGTGCCATTGTCCAGAT
CAACTGCACGTACCAGACATCTGGGTTCAACGGGCTGTTCTGGTACCAGCAACATGCTG
GCGAAGCACCCACATTTCTGTCTTACAATGTTCTGGATGGTTTGGAGGAGAAAGGTCGTT
TTTCTTCATTCCTTAGTCGGTCTAAAGGGTACAGTTACCTCCTTTTGAAGGAGCTCCAGA
TGAAAGACTCTGCCTCTTAC 

TRAV2 ATGGCTTTGCAGAG AAGGACCAAGTGTTTCAGCCTTCCACAGTGGCATCTTCAGAGGGAGCTGTGGTGGAAAT
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CACTCTGGGGGCGG
TGTGGCTAGGGCTT
CTCCTCAACTCTCTC
TGGAAGGTTGCAGA
AAGC 

CTTCTGTAATCACTCTGTGTCCAATGCTTACAACTTCTTCTGGTACCTTCACTTCCCGGGA
TGTGCACCAAGACTCCTTGTTAAAGGCTCAAAGCCTTCTCAGCAGGGACGATACAACAT
GACCTATGAACGGTTCTCTTCATCGCTGCTCATCCTCCAGGTGCGGGAGGCAGATGCTGC
TGTTTAC 

TRAV3 ATGGCCTCTGCACC
CATCTCGATGCTTG
CGATGCTCTTCACA
TTGAGTGGGCTGAG
A 

GCTCAGTCAGTGGCTCAGCCGGAAGATCAGGTCAACGTTGCTGAAGGGAATCCTCTGAC
TGTGAAATGCACCTATTCAGTCTCTGGAAACCCTTATCTTTTTTGGTATGTTCAATACCCC
AACCGAGGCCTCCAGTTCCTTCTGAAATACATCACAGGGGATAACCTGGTTAAAGGCAG
CTATGGCTTTGAAGCTGAATTTAACAAGAGCCAAACCTCCTTCCACCTGAAGAAACCAT
CTGCCCTTGTGAGCGACTCCGCTTTGTAC 

TRAV4 ATGAGGCAAGTGGC
GAGAGTGATCGTGT
TCCTGACCCTGAGT
ACTTTGAGC 

CTTGCTAAGACCACCCAGCCCATCTCCATGGACTCATATGAAGGACAAGAAGTGAACAT
AACCTGTAGCCACAACAACATTGCTACAAATGATTATATCACGTGGTACCAACAGTTTCC
CAGCCAAGGACCACGATTTATTATTCAAGGATACAAGACAAAAGTTACAAACGAAGTGG
CCTCCCTGTTTATCCCTGCCGACAGAAAGTCCAGCACTCTGAGCCTGCCCCGGGTTTCCC
TGAGCGACACTGCTGTGTAC 

TRAV5 ATGAAGACATTTGC
TGGATTTTCGTTCCT
GTTTTTGTGGCTGC
AGCTGGACTGTATG
AGTAGA 

 

GGAGAGGATGTGGAGCAGAGTCTTTTCCTGAGTGTCCGAGAGGGAGACAGCTCCGTTAT
AAACTGCACTTACACAGACAGCTCCTCCACCTACTTATACTGGTATAAGCAAGAACCTG
GAGCAGGACTCCAGTTGCTGACGTATATTTTTTCAAATATGGACATGAAACAAGACCAA
AGACTCACTGTTCTATTGAATAAAAAGGATAAACATCTGTCTCTGCGCATTGCAGACACC
CAGACTGGGGACTCAGCTATCTAC 

BsaI site (T to A) 

TRAV6 ATGGAGTCATTCCT
GGGAGGTGTTTTGC
TGATTTTGTGGCTTC
AAGTGGACTGGGTG
AAG 

 

AGCCAAAAGATAGAACAGAATTCCGAGGCCCTGAACATTCAGGAGGGTAAAACGGCCA
CCCTGACCTGCAACTATACAAACTATTCCCCAGCATACTTACAGTGGTACCGACAAGATC
CAGGAAGAGGCCCTGTTTTCTTGCTACTCATACGTGAAAATGAGAAAGAAAAAAGGAAA
GAAAGACTGAAGGTCACCTTTGATACCACCCTTAAACAGAGTTTGTTTCATATCACAGCC
TCCCAGCCTGCAGACTCAGCTACCTAC 

TRAV7 ATGGAGAAGATGCG
GAGGCCTGTCCTAA
TTATATTTTGTCTAT
GTCTTGGCTGGGCA
AATGGA 

BsaI site (A to G) 

GAAAACCAGGTGGAGCACAGCCCTCATTTTCTGGGACCCCAGCAGGGAGACGTTGCCTC
CATGAGCTGCACGTACTCTGTCAGTCGTTTTAACAATTTGCAGTGGTACAGGCAAAATAC
AGGGATGGGTCCCAAACACCTATTATCCATGTATTCAGCTGGATATGAGAAGCAGAAAG
GAAGACTAAATGCTACATTACTGAAGAATGGAAGCAGCTTGTACATTACAGCCGTGCAG
CCTGAAGATTCAGCCACCTAT 

TRAV8-1 ATGCTCCTGTTGCTC
ATACCAGTGCTGGG
GATGATTTTTGCCCT
GAGAGATGCCAGA 

GCCCAGTCTGTGAGCCAGCATAACCACCACGTAATTCTCTCTGAAGCAGCCTCACTGGA
GTTGGGATGCAACTATTCCTATGGTGGAACTGTTAATCTCTTCTGGTATGTCCAGTACCC
TGGTCAACACCTTCAGCTTCTCCTCAAGTACTTTTCAGGGGATCCACTGGTTAAAGGCAT
CAAGGGCTTTGAGGCTGAATTTATAAAGAGTAAATTCTCCTTTAATCTGAGGAAACCCTC
TGTGCAGTGGAGTGACACAGCTGAGTAC 

TRAV8-2 ATGCTCCTGCTGCT
CGTCCCAGTGCTCG
AGGTGATTTTTACT
CTGGGAGGAACCAG
A 

GCCCAGTCGGTGACCCAGCTTGACAGCCACGTCTCTGTCTCTGAAGGAACCCCGGTGCT
GCTGAGGTGCAACTACTCATCTTCTTATTCACCATCTCTCTTCTGGTATGTGCAACACCCC
AACAAAGGACTCCAGCTTCTCCTGAAGTACACATCAGCGGCCACCCTGGTTAAAGGCAT
CAACGGTTTTGAGGCTGAATTTAAGAAGAGTGAAACCTCCTTCCACCTGACGAAACCCT
CAGCCCATATGAGCGACGCGGCTGAGTAC 

TRAV8-3 ATGCTCCTGGAGCT
TATCCCACTGCTGG
GGATACATTTTGTC
CTGAGAACTGCCAG
A 

GCCCAGTCAGTGACCCAGCCTGACATCCACATCACTGTCTCTGAAGGAGCCTCACTGGA
GTTGAGATGTAACTATTCCTATGGGGCAACACCTTATCTCTTCTGGTATGTCCAGTCCCC
CGGCCAAGGCCTCCAGCTGCTCCTGAAGTACTTTTCAGGAGACACTCTGGTTCAAGGCAT
TAAAGGCTTTGAGGCTGAATTTAAGAGGAGTCAATCTTCCTTCAATCTGAGGAAACCCTC
TGTGCATTGGAGTGATGCTGCTGAGTAC 

TRAV8-4 ATGCTCCTGCTGCT
CGTCCCAGTGCTCG
AGGTGATTTTTACC
CTGGGAGGAACCAG
A 

GCCCAGTCGGTGACCCAGCTTGGCAGCCACGTCTCTGTCTCTGAAGGAGCCCTGGTTCTG
CTGAGGTGCAACTACTCATCGTCTGTTCCACCATATCTCTTCTGGTATGTGCAATACCCC
AACCAAGGACTCCAGCTTCTCCTGAAGTACACATCAGCGGCCACCCTGGTTAAAGGCAT
CAACGGTTTTGAGGCTGAATTTAAGAAGAGTGAAACCTCCTTCCACCTGACGAAACCCT
CAGCCCATATGAGCGACGCGGCTGAGTAC 

TRAV8-6 ATGCTCCTGCTGCT
CGTCCCAGCGTTCC

GCCCAGTCTGTGACCCAGCTTGACAGCCAAGTCCCTGTCTTTGAAGAAGCCCCTGTGGA
GCTGAGGTGCAACTACTCATCGTCTGTTTCAGTGTATCTCTTCTGGTATGTGCAATACCC
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AGGTGATTTTTACC
CTGGGAGGAACCAG
A 

CAACCAAGGACTCCAGCTTCTCCTGAAGTATTTATCAGGATCCACCCTGGTTGAAAGCAT
CAACGGTTTTGAGGCTGAATTTAACAAGAGTCAAACTTCCTTCCACTTGAGGAAACCCTC
AGTCCATATAAGCGACACGGCTGAGTAC 

TRAV8-7 ATGCTCTTAGTGGT
CATTCTGCTGCTTG
GAATGTTCTTCACA
CTGAGAACCAGA 

ACCCAGTCGGTGACCCAGCTTGATGGCCACATCACTGTCTCTGAAGAAGCCCCTCTGGA
ACTGAAGTGCAACTATTCCTATAGTGGAGTTCCTTCTCTCTTCTGGTATGTCCAATACTCT
AGCCAAAGCCTCCAGCTTCTCCTCAAAGACCTAACAGAGGCCACCCAGGTTAAAGGCAT
CAGAGGTTTTGAGGCTGAATTTAAGAAGAGCGAAACCTCCTTCTACCTGAGGAAACCAT
CAACCCATGTGAGTGATGCTGCTGAGTAC 

TRAV9-1 ATGAATTCTTCTCC
AGGACCAGCGATTG
CACTATTCTTAATGT
TTGGGGGAATCAAT 

GGAGATTCAGTGGTCCAGACAGAAGGCCAAGTGCTCCCCTCTGAAGGGGATTCCCTGAT
TGTGAACTGCTCCTATGAAACCACACAGTACCCTTCCCTTTTTTGGTATGTCCAATATCCT
GGAGAAGGTCCACAGCTCCACCTGAAAGCCATGAAGGCCAATGACAAGGGAAGGAACA
AAGGTTTTGAAGCCATGTACCGTAAAGAAACCACTTCTTTCCACTTGGAGAAAGACTCA
GTTCAAGAGTCAGACTCCGCTGTGTAC 

TRAV9-2 ATGAACTATTCTCC
AGGCTTAGTATCTC
TGATACTCTTACTG
CTTGGAAGAACCCG
T 

GGAAATTCAGTGACCCAGATGGAAGGGCCAGTGACTCTCTCAGAAGAGGCCTTCCTGAC
TATAAACTGCACGTACACAGCCACAGGATACCCTTCCCTTTTCTGGTATGTCCAATATCC
TGGAGAAGGTCTACAGCTCCTCCTGAAAGCCACGAAGGCTGATGACAAGGGAAGCAAC
AAAGGTTTTGAAGCCACATACCGTAAAGAAACCACTTCTTTCCACTTGGAGAAAGGCTC
AGTTCAAGTGTCAGACTCAGCGGTGTAC 

TRAV10 ATGAAAAAGCATCT
GACGACCTTCTTGG
TGATTTTGTGGCTTT
ATTTTTATAGGGGG
AATGGC 

AAAAACCAAGTGGAGCAGAGTCCTCAGTCCCTGATCATCCTGGAGGGAAAGAACTGCAC
TCTTCAATGCAATTATACAGTGAGCCCCTTCAGCAACTTAAGGTGGTATAAGCAAGATA
CTGGGAGAGGTCCTGTTTCCCTGACAATCATGACTTTCAGTGAGAACACAAAGTCGAAC
GGAAGATATACAGCAACTCTGGATGCAGACACAAAGCAAAGCTCTCTGCACATCACAGC
CTCCCAGCTCAGCGATTCAGCCTCCTAC 

TRAV12-1 ATGATATCCTTGAG
AGTTTTACTGGTGA
TCCTGTGGCTTCAG
TTAAGCTGGGTTTG
GAGCCAA 

CGGAAGGAGGTGGAGCAGGATCCTGGACCCTTCAATGTTCCAGAGGGAGCCACTGTCGC
TTTCAACTGTACTTACAGCAACAGTGCTTCTCAGTCTTTCTTCTGGTACAGACAGGATTG
CAGGAAAGAACCTAAGTTGCTGATGTCCGTATACTCCAGTGGTAATGAAGATGGAAGGT
TTACAGCACAGCTCAATAGAGCCAGCCAGTATATTTCCCTGCTCATCAGAGACTCCAAG
CTCAGTGATTCAGCCACCTAC 

TRAV12-2 ATGAAATCCTTGAG
AGTTTTACTAGTGA
TCCTGTGGCTTCAG
TTGAGCTGGGTTTG
GAGCCAA 

CAGAAGGAGGTGGAGCAGAATTCTGGACCCCTCAGTGTTCCAGAGGGAGCCATTGCCTC
TCTCAACTGCACTTACAGTGACCGAGGTTCCCAGTCCTTCTTCTGGTACAGACAATATTC
TGGGAAAAGCCCTGAGTTGATAATGTTCATATACTCCAATGGTGACAAAGAAGATGGAA
GGTTTACAGCACAGCTCAATAAAGCCAGCCAGTATGTTTCTCTGCTCATCAGAGACTCCC
AGCCCAGTGATTCAGCCACCTAC 

TRAV12-3 ATGATGAAATCCTT
GAGAGTTTTACTGG
TGATCCTGTGGCTT
CAGTTAAGCTGGGT
TTGGAGCCAA 

CAGAAGGAGGTGGAGCAGGATCCTGGACCACTCAGTGTTCCAGAGGGAGCCATTGTTTC
TCTCAACTGCACTTACAGCAACAGTGCTTTTCAATACTTCATGTGGTACAGACAGTATTC
CAGAAAAGGCCCTGAGTTGCTGATGTACACATACTCCAGTGGTAACAAAGAAGATGGAA
GGTTTACAGCACAGGTCGATAAATCCAGCAAGTATATCTCCTTGTTCATCAGAGACTCAC
AGCCCAGTGATTCAGCCACCTAC 

TRAV13-1 ATGACATCCATTCG
AGCTGTATTTATATT
CCTGTGGCTGCAGC
TGGACTTGGTGAAT 

 

GGAGAGAATGTGGAGCAGCATCCTTCAACCCTGAGTGTCCAGGAGGGAGACAGCGCTGT
TATCAAGTGTACTTATTCAGACAGTGCCTCAAACTACTTCCCTTGGTATAAGCAAGAACT
TGGAAAAGGACCTCAGCTTATTATAGACATTCGTTCAAATGTGGGCGAAAAGAAAGACC
AACGAATTGCTGTTACATTGAACAAGACAGCCAAACATTTCTCCCTGCACATCACAGAG
ACACAACCTGAAGACTCGGCTGTCTAC 

BsaI site (C to A) 

TRAV13-2 ATGGCAGGCATTCG
AGCTTTATTTATGTA
CTTGTGGCTGCAGC
TGGACTGGGTGAGC
AGA 

GGAGAGAGTGTGGGGCTGCATCTTCCTACCCTGAGTGTCCAGGAGGGTGACAACTCTAT
TATCAACTGTGCTTATTCAAACAGCGCCTCAGACTACTTCATTTGGTACAAGCAAGAATC
TGGAAAAGGTCCTCAATTCATTATAGACATTCGTTCAAATATGGACAAAAGGCAAGGCC
AAAGAGTCACCGTTTTATTGAATAAGACAGTGAAACATCTCTCTCTGCAAATTGCAGCTA
CTCAACCTGGAGACTCAGCTGTCTAC 

TRAV14/DV4 ATGTCACTTTCTAG
CCTGCTGAAGGTGG
TCACAGCTTCACTG
TGGCTAGGACCTGG
CATT 

GCCCAGAAGATAACTCAAACCCAACCAGGAATGTTCGTGCAGGAAAAGGAGGCTGTGA
CTCTGGACTGCACATATGACACCAGTGATCCAAGTTATGGTCTATTCTGGTACAAGCAGC
CCAGCAGTGGGGAAATGATTTTTCTTATTTATCAGGGGTCTTATGACCAGCAAAATGCAA
CAGAAGGTCGCTACTCATTGAATTTCCAGAAGGCAAGAAAATCCGCCAACCTTGTCATC
TCCGCTTCACAACTGGGGGACTCAGCAATGTAC 

TRAV16 ATGAAGCCCACCCT GCCCAGAGAGTGACTCAGCCCGAGAAGCTCCTCTCTGTCTTTAAAGGGGCCCCAGTGGA
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CATCTCAGTGCTTG
TGATAATATTTATA
CTCAGAGGAACAAG
A 

GCTGAAGTGCAACTATTCCTATTCTGGGAGTCCTGAACTCTTCTGGTATGTCCAGTACTC
CAGACAACGCCTCCAGTTACTCTTGAGACACATCTCTAGAGAGAGCATCAAAGGCTTCA
CTGCTGACCTTAACAAAGGCGAGACATCTTTCCACCTGAAGAAACCATTTGCTCAAGAG
GAAGACTCAGCCATGTAT 

TRAV17 ATGGAAACTCTCCT
GGGAGTGTCTTTGG
TGATTCTATGGCTTC
AACTGGCTAGGGTG
AAC 

AGTCAACAGGGAGAAGAGGATCCTCAGGCCTTGAGCATCCAGGAGGGTGAAAATGCCA
CCATGAACTGCAGTTACAAAACTAGTATAAACAATTTACAGTGGTATAGACAAAATTCA
GGTAGAGGCCTTGTCCACCTAATTTTAATACGTTCAAATGAAAGAGAGAAACACAGTGG
AAGATTAAGAGTCACGCTTGACACTTCCAAGAAAAGCAGTTCCTTGTTGATCACGGCTTC
CCGGGCAGCAGACACTGCTTCTTAC 

TRAV18 ATGCTGTCTGCTTCC
TGCTCAGGACTTGT
GATCTTGTTGATATT
CAGAAGGACCAGT 

GGAGACTCGGTTACCCAGACAGAAGGCCCAGTTACCCTCCCTGAGAGGGCAGCTCTGAC
ATTAAACTGCACTTATCAGTCCAGCTATTCAACTTTTCTATTCTGGTATGTCCAGTATCTA
AACAAAGAGCCTGAGCTCCTCCTGAAAAGTTCAGAAAACCAGGAGACGGACAGCAGAG
GTTTTCAGGCCAGTCCTATCAAGAGTGACAGTTCCTTCCACCTGGAGAAGCCCTCGGTGC
AGCTGTCGGACTCTGCCGTGTAC 

TRAV19 ATGCTGACTGCCAG
CCTGTTGAGGGCAG
TCATAGCCTCCATC
TGTGTTGTATCCAG
CATG 

GCTCAGAAGGTAACTCAAGCGCAGACTGAAATTTCTGTGGTGGAGAAGGAGGATGTGAC
CTTGGACTGTGTGTATGAAACCCGTGATACTACTTATTACTTATTCTGGTACAAGCAACC
ACCAAGTGGAGAATTGGTTTTCCTTATTCGTCGGAACTCTTTTGATGAGCAAAATGAAAT
AAGTGGTCGGTATTCTTGGAACTTCCAGAAATCCACCAGTTCCTTCAACTTCACCATCAC
AGCCTCACAAGTCGTGGACTCAGCAGTATAC 

TRAV20 ATGGAGAAAATGTT
GGAGTGTGCATTCA
TAGTCTTGTGGCTTC
AGCTTGGCTGGTTG
AGTGGA 

GAAGACCAGGTGACGCAGAGTCCCGAGGCCCTGAGACTCCAGGAGGGAGAGAGTAGCA
GTCTTAACTGCAGTTACACAGTCAGCGGTTTAAGAGGGCTGTTCTGGTATAGGCAAGAT
CCTGGGAAAGGCCCTGAATTCCTCTTCACCCTGTATTCAGCTGGGGAAGAAAAGGAGAA
AGAAAGGCTAAAAGCCACATTAACAAAGAAGGAAAGCTTTCTGCACATCACAGCCCCTA
AACCTGAAGACTCAGCCACTTAT 

TRAV21 ATGGAGACACTCTT
GGGCCTGCTTATCC
TTTGGCTGCAGCTG
CAATGGGTGAGCAG
C 

BsaI site (C to A) 

AAACAGGAGGTGACGCAGATTCCTGCAGCTCTGAGTGTCCCAGAAGGAGAAAACTTGGT
TCTCAACTGCAGTTTCACTGATAGCGCTATTTACAACCTCCAGTGGTTTAGGCAGGACCC
TGGGAAAGGACTCACATCTCTGTTGCTTATTCAGTCAAGTCAGAGAGAGCAAACAAGTG
GAAGACTTAATGCCTCGCTGGATAAATCATCAGGACGTAGTACTTTATACATTGCAGCTT
CTCAGCCTGGTGACTCAGCCACCTAC 

BsaI site (T to A) 

TRAV22 ATGAAGAGGATATT
GGGAGCTCTGCTGG
GGCTCTTGAGTGCC
CAGGTTTGCTGTGT
GAGA 

GGAATACAAGTGGAGCAGAGTCCTCCAGACCTGATTCTCCAGGAGGGAGCCAATTCCAC
GCTGCGGTGCAATTTTTCTGACTCTGTGAACAATTTGCAGTGGTTTCATCAAAACCCTTG
GGGACAGCTCATCAACCTGTTTTACATTCCCTCAGGGACAAAACAGAATGGAAGATTAA
GCGCCACGACTGTCGCTACGGAACGCTACAGCTTATTGTACATTTCCTCTTCCCAGACCA
CAGACTCAGGCGTTTAT 

TRAV23/DV6 ATGGACAAGATCTT
AGGAGCATCATTTT
TAGTTCTGTGGCTTC
AACTATGCTGGGTG
AGTGGCCAACAGAA
GGAGAAAAGTGAC 

CAGCAGCAGGTGAAACAAAGTCCTCAATCTTTGATAGTCCAGAAAGGAGGGATTTCAAT
TATAAACTGTGCTTATGAGAACACTGCGTTTGACTACTTTCCATGGTACCAACAATTCCC
TGGGAAAGGCCCTGCATTATTGATAGCCATACGTCCAGATGTGAGTGAAAAGAAAGAAG
GAAGATTCACAATCTCCTTCAATAAAAGTGCCAAGCAGTTCTCATTGCATATCATGGATT
CCCAGCCTGGAGACTCAGCCACCTAC 

TRAV24 ATGGAGAAGAATCC
TTTGGCAGCCCCAT
TACTAATCCTCTGG
TTTCATCTTGACTGC
GTGAGCAGC 

ATACTGAACGTGGAACAAAGTCCTCAGTCACTGCATGTTCAGGAGGGAGACAGCACCAA
TTTCACCTGCAGCTTCCCTTCCAGCAATTTTTATGCCTTACACTGGTACAGATGGGAAAC
TGCAAAAAGCCCCGAGGCCTTGTTTGTAATGACTTTAAATGGGGATGAAAAGAAGAAAG
GACGAATAAGTGCCACTCTTAATACCAAGGAGGGTTACAGCTATTTGTACATCAAAGGA
TCCCAGCCTGAAGACTCAGCCACATAC 

TRAV25 ATGCTACTCATCAC
ATCAATGTTGGTCT
TATGGATGCAATTG
TCACAGGTGAAT 

GGACAACAGGTAATGCAAATTCCTCAGTACCAGCATGTACAAGAAGGAGAGGACTTCAC
CACGTACTGCAATTCCTCAACTACTTTAAGCAATATACAGTGGTATAAGCAAAGGCCTG
GTGGACATCCCGTTTTTTTGATACAGTTAGTGAAGAGTGGAGAAGTGAAGAAGCAGAAA
AGACTGACATTTCAGTTTGGAGAAGCAAAAAAGAACAGCTCCCTGCACATCACAGCCAC
CCAGACTACAGATGTAGGAACCTAC 

TRAV26-1 ATGAGGCTGGTGGC
AAGAGTAACTGTGT
TTCTGACCTTTGGA
ACTATAATT 

GATGCTAAGACCACCCAGCCCCCCTCCATGGATTGCGCTGAAGGAAGAGCTGCAAACCT
GCCTTGTAATCACTCTACCATCAGTGGAAATGAGTATGTGTATTGGTATCGACAGATTCA
CTCCCAGGGGCCACAGTATATCATTCATGGTCTAAAAAACAATGAAACCAATGAAATGG
CCTCTCTGATCATCACAGAAGACAGAAAGTCCAGCACCTTGATCCTGCCCCACGCTACG
CTGAGAGACACTGCTGTGTAC 
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TRAV26-2 ATGAAGTTGGTGAC
AAGCATTACTGTAC
TCCTATCTTTGGGTA
TTATGGGT 

GATGCTAAGACCACACAGCCAAATTCAATGGAGAGTAACGAAGAAGAGCCTGTTCACTT
GCCTTGTAACCACTCCACAATCAGTGGAACTGATTACATACATTGGTATCGACAGCTTCC
CTCCCAGGGTCCAGAGTACGTGATTCATGGTCTTACAAGCAATGTGAACAACAGAATGG
CCTCTCTGGCAATCGCTGAAGACAGAAAGTCCAGTACCTTGATCCTGCACCGTGCTACCT
TGAGAGATGCTGCTGTGTAC 

TRAV27 ATGGTCCTGAAATT
CTCCGTGTCCATTCT
TTGGATTCAGTTGG
CATGGGTGAGC 

ACCCAGCTGCTGGAGCAGAGCCCTCAGTTTCTAAGCATCCAAGAGGGAGAAAATCTCAC
TGTGTACTGCAACTCCTCAAGTGTTTTTTCCAGCTTACAATGGTACAGACAGGAGCCTGG
GGAAGGTCCTGTCCTCCTGGTGACAGTAGTTACGGGTGGAGAAGTGAAGAAGCTGAAGA
GACTAACCTTTCAGTTTGGTGATGCAAGAAAGGACAGTTCTCTCCACATCACTGCAGCCC
AGCCTGGTGATACAGGCCTCTAC 

TRAV29/DV5 ATGGCCATGCTCCT
GGGGGCATCAGTGC
TGATTCTGTGGCTTC
AGCCAGACTGGGTA
AACAGTCAACAGAA
GAATGAT 

GACCAGCAAGTTAAGCAAAATTCACCATCCCTGAGCGTCCAGGAAGGAAGAATTTCTAT
TCTGAACTGTGACTATACTAACAGCATGTTTGATTATTTCCTATGGTACAAAAAATACCC
TGCTGAAGGTCCTACATTCCTGATATCTATAAGTTCCATTAAGGATAAAAATGAAGATG
GAAGATTCACTGTCTTCTTAAACAAAAGTGCCAAGCACCTCTCTCTGCACATTGTGCCCT
CCCAGCCTGGAGACTCTGCAGTGTAC 

TRAV30 ATGGAGACTCTCCT
GAAAGTGCTTTCAG
GCACCTTGTTGTGG
CAGTTGACCTGGGT
GAGAAGC 

CAACAACCAGTGCAGAGTCCTCAAGCCGTGATCCTCCGAGAAGGGGAAGATGCTGTCAT
CAACTGCAGTTCCTCCAAGGCTTTATATTCTGTACACTGGTACAGGCAGAAGCATGGTGA
AGCACCCGTCTTCCTGATGATATTACTGAAGGGTGGAGAACAGAAGGGTCATGAAAAAA
TATCTGCTTCATTTAATGAAAAAAAGCAGCAAAGCTCCCTGTACCTTACGGCCTCCCAGC
TCAGTTACTCAGGAACCTAC 

TRAV34 ATGGAGACTGTTCT
GCAAGTACTCCTAG
GGATATTGGGGTTC
CAAGCAGCCTGGGT
CAGT 

AGCCAAGAACTGGAGCAGAGTCCTCAGTCCTTGATCGTCCAAGAGGGAAAGAATCTCAC
CATAAACTGCACGTCATCAAAGACGTTATATGGCTTATACTGGTATAAGCAAAAGTATG
GTGAAGGTCTTATCTTCTTGATGATGCTACAGAAAGGTGGGGAAGAGAAAAGTCATGAA
AAGATAACTGCCAAGTTGGATGAGAAAAAGCAGCAAAGTTCCCTGCATATCACAGCCTC
CCAGCCCAGCCATGCAGGCATCTAC 

TRAV35 ATGCTCCTTGAACA
TTTATTAATAATCTT
GTGGATGCAGCTGA
CATGGGTCAGT 

GGTCAACAGCTGAATCAGAGTCCTCAATCTATGTTTATCCAGGAAGGAGAAGATGTCTC
CATGAACTGCACTTCTTCAAGCATATTTAACACCTGGCTATGGTACAAGCAGGAACCTG
GGGAAGGTCCTGTCCTCTTGATAGCCTTATATAAGGCTGGTGAATTGACCTCAAATGGA
AGACTGACTGCTCAGTTTGGTATAACCAGAAAGGACAGCTTCCTGAATATCTCAGCATC
CATACCTAGTGATGTAGGCATCTAC 

TRAV36/DV7 ATGATGAAGTGTCC
ACAGGCTTTACTAG
CTATCTTTTGGCTTC
TACTGAGCTGGGTG
AGCAGT 

GAAGACAAGGTGGTACAAAGCCCTCTATCTCTGGTTGTCCACGAGGGAGACACCGTAAC
TCTCAATTGCAGTTATGAAGTGACTAACTTTCGAAGCCTACTATGGTACAAGCAGGAAA
AGAAAGCTCCCACATTTCTATTTATGCTAACTTCAAGTGGAATTGAAAAGAAGTCAGGA
AGACTAAGTAGCATATTAGATAAGAAAGAACTTTCCAGCATCCTGAACATCACAGCCAC
CCAGACCGGAGACTCGGCCATCTAC 

TRAV38-1 ATGACACGAGTTAG
CTTGCTGTGGGCAG
TCGTGGTGTCCACC
TGTCTTGAATCCGG
CATG 

BsaI site (C to G) 

GCCCAGACAGTCACTCAGTCTCAACCAGAGATGTCTGTGCAGGAGGCAGAGACTGTGAC
CCTGAGTTGCACATATGACACCAGTGAGAATAATTATTATTTGTTCTGGTACAAGCAGCC
TCCCAGCAGGCAGATGATTCTCGTTATTCGCCAAGAAGCTTATAAGCAACAGAATGCAA
CGGAGAATCGTTTCTCTGTGAACTTCCAGAAAGCAGCCAAATCCTTCAGTCTCAAGATCT
CAGACTCACAGCTGGGGGACACTGCGATGTAT 

TRAV38-2/DV8 ATGGCATGCCCTGG
CTTCCTGTGGGCAC
TTGTGATCTCCACCT
GTCTTGAATTTAGC
ATG 

GCTCAGACAGTCACTCAGTCTCAACCAGAGATGTCTGTGCAGGAGGCAGAGACAGTGAC
CCTGAGCTGCACATATGACACCAGTGAGAGTGATTATTATTTATTCTGGTACAAGCAGCC
TCCCAGCAGGCAGATGATTCTCGTTATTCGCCAAGAAGCTTATAAGCAACAGAATGCAA
CAGAGAATCGTTTCTCTGTGAACTTCCAGAAAGCAGCCAAATCCTTCAGTCTCAAGATCT
CAGACTCACAGCTGGGGGATGCCGCGATGTAT 

BsaI site (C to A) 

TRAV39 ATGAAGAAGCTACT
AGCAATGATTCTGT
GGCTTCAACTAGAC
CGCTTAAGTGGA 

AgeI site (G to C) 

GAGCTGAAAGTGGAACAAAACCCTCTGTTCCTGAGCATGCAGGAGGGAAAAAACTATA
CCATCTACTGCAATTATTCAACCACTTCAGACAGACTGTATTGGTACAGGCAGGATCCTG
GGAAAAGTCTGGAATCTCTGTTTGTGTTGCTATCAAATGGAGCAGTGAAGCAGGAGGGA
CGATTAATGGCCTCACTTGATACCAAAGCCCGTCTCAGCACCCTCCACATCACAGCTGCC
GTGCATGACCTCTCTGCCACCTAC 

TRAV40 ATGAACTCCTCTCT AGCAATTCAGTCAAGCAGACGGGCCAAATAACCGTCTCGGAGGGAGCATCTGTGACTAT
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GGACTTTCTAATTCT
GATCTTAATGTTTG
GAGGAACCAGC 

GAACTGCACATACACATCCACGGGGTACCCTACCCTTTTCTGGTATGTGGAATACCCCAG
CAAACCTCTGCAGCTTCTTCAGAGAGAGACAATGGAAAACAGCAAAAACTTCGGAGGC
GGAAATATTAAAGACAAAAACTCCCCCATTGTGAAATATTCAGTCCAGGTATCAGACTC
AGCCGTGTAC 

TRAV41 ATGGTGAAGATCCG
GCAATTTTTGTTGG
CTATTTTGTGGCTTC
AGCTAAGCTGTGTA
AGTGCCGCC 

AAAAATGAAGTGGAGCAGAGTCCTCAGAACCTGACTGCCCAGGAAGGAGAATTTATCA
CAATCAACTGCAGTTACTCGGTAGGAATAAGTGCCTTACACTGGCTGCAACAGCATCCA
GGAGGAGGCATTGTTTCCTTGTTTATGCTGAGCTCAGGGAAGAAGAAGCATGGAAGATT
AATTGCCACAATAAACATACAGGAAAAGCACAGCTCCCTGCACATCACAGCCTCCCATC
CCAGAGACTCTGCCGTCTAC 

 
(b) TRBV and TRAC sequences used in Vβ-Cα library plasmids 
The TRAC sequence used to construct our library is 14 bp shorter on the 5’ end than the 
sequence listed in IMGT. All TRBV sequences used to construct our library are approximately 
20 bp shorter on the 3’ end from those listed in IMGT. The absent regions are included in the 
CDR3 oligonucleotides. Single nucleotide changes (synonymous changes) were introduced to 
remove potential cut sites by restriction enzymes (highlighted). Sequences are from IMGT 
database, accessed in January 2015. 

Segment Leader Sequence Sequence 

Constant alpha 
(Cα)  

N/A TGACCCTGCCGTGTACCAGCTGAGAGACTCTAAATCCAGTGACAAGTCTGTCTGCCTATT
CACCGATTTTGATTCTCAAACAAATGTGTCACAAAGTAAGGATTCTGATGTGTATATCAC
AGACAAAACTGTGCTAGACATGAGGTCTATGGACTTCAAGAGCAACAGTGCTGTGGCCT
GGAGCAACAAATCTGACTTTGCATGTGCAAACGCCTTCAACAACAGCATTATTCCAGAA
GACACCTTCTTCCCCAGCCCAGAAAGTTCCTGTGATGTCAAGCTGGTCGAGAAAAGCTTT
GAAACAGATACGAACCTAAACTTTCAAAACCTGTCAGTGATTGGGTTCCGAATCCTCCTC
CTGAAAGTGGCCGGGTTTAATCTGCTCATGACGCTGCGGCTGTGGTCCAGC 

TRBV2  ATGGATACCTGGCT
CGTATGCTGGGCAA
TTTTTAGTCTCTTGA
AAGCAGGACTCACA 

GAACCTGAAGTCACCCAGACTCCCAGCCATCAGGTCACACAGATGGGACAGGAAGTGAT
CTTGCGCTGTGTCCCCATCTCTAATCACTTATACTTCTATTGGTACAGACAAATCTTGGG
GCAGAAAGTCGAGTTTCTGGTTTCCTTTTATAATAATGAAATCTCAGAGAAGTCTGAAAT
ATTCGATGATCAATTCTCAGTTGAAAGGCCTGATGGATCAAATTTCACTCTGAAGATCCG
GTCCACAAAGCTGGAGGACTCAGCCATGTAC 

TRBV3-1 ATGGGCTGCAGGCT
CCTCTGCTGTGTGG
TCTTCTGCCTCCTCC
AAGCAGGTCCCTTG 

GACACAGCTGTTTCCCAGACTCCAAAATACCTGGTCACACAGATGGGAAACGACAAGTC
CATTAAATGTGAACAAAATCTGGGCCATGATACTATGTATTGGTATAAACAGGACTCTA
AGAAATTTCTGAAGATAATGTTTAGCTACAATAATAAGGAGCTCATTATAAATGAAACA
GTTCCAAATCGCTTCTCACCTAAATCTCCAGACAAAGCTCACTTAAATCTTCACATCAAT
TCCCTGGAGCTTGGTGACTCTGCTGTGTAT 

TRBV4-1 ATGGGCTGCAGGCT
GCTCTGCTGTGCGG
TTCTCTGTCTCCTGG
GAGCAGTTCCCATA 

GACACTGAAGTTACCCAGACACCAAAACACCTGGTCATGGGAATGACAAATAAGAAGT
CTTTGAAATGTGAACAACATATGGGGCACAGGGCTATGTATTGGTACAAGCAGAAAGCT
AAGAAGCCACCGGAGCTCATGTTTGTCTACAGCTATGAGAAACTCTCTATAAATGAAAG
TGTGCCAAGTCGCTTCTCACCTGAATGCCCCAACAGCTCTCTCTTAAACCTTCACCTACA
CGCCCTGCAGCCAGAAGACTCAGCCCTGTAT 

TRBV4-2 ATGGGCTGCAGGCT
GCTCTGCTGTGCGG
TTCTCTGTCTCCTGG
GAGCGGTCCCCATG 

GAAACGGGAGTTACGCAGACACCAAGACACCTGGTCATGGGAATGACAAATAAGAAGT
CTTTGAAATGTGAACAACATCTGGGGCATAACGCTATGTATTGGTACAAGCAAAGTGCT
AAGAAGCCACTGGAGCTCATGTTTGTCTACAACTTTAAAGAACAGACTGAAAACAACAG
TGTGCCAAGTCGCTTCTCACCTGAATGCCCCAACAGCTCTCACTTATTCCTTCACCTACA
CACCCTGCAGCCAGAAGACTCGGCCCTGTAT 

TRBV4-3 ATGGGCTGCAGGCT
GCTCTGCTGTGCGG
TTCTCTGTCTCCTGG
GAGCGGGTGAGTTG
GTCCCCATG 

 

GAAACGGGAGTTACGCAGACACCAAGACACCTGGTCATGGGAATGACAAATAAGAAGT
CTTTGAAATGTGAACAACATCTGGGTCATAACGCTATGTATTGGTACAAGCAAAGTGCT
AAGAAGCCACTGGAGCTCATGTTTGTCTACAGTCTTGAAGAACGGGTTGAAAACAACAG
TGTGCCAAGTCGCTTCTCACCTGAATGCCCCAACAGCTCTCACTTATTCCTTCACCTACA
CACCCTGCAGCCAGAAGACTCGGCCCTGTAT 
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TRBV5-1 ATGGGCTCCAGGCT
GCTCTGTTGGGTGC
TGCTTTGTCTCCTGG
GAGCAGGCCCAGTA 

AAGGCTGGAGTCACTCAAACTCCAAGATATCTGATCAAAACGAGAGGACAGCAAGTGA
CACTGAGCTGCTCCCCTATCTCTGGGCATAGGAGTGTATCCTGGTACCAACAGACCCCAG
GACAGGGCCTTCAGTTCCTCTTTGAATACTTCAGTGAGACACAGAGAAACAAAGGAAAC
TTCCCTGGTCGATTCTCAGGGCGCCAGTTCTCTAACTCTCGCTCTGAGATGAATGTGAGC
ACCTTGGAGCTGGGGGACTCGGCCCTTTAT 

TRBV5-3 ATGGGCCCCGGGCT
CCTCTGCTGGGAAC
TGCTTTATCTCCTGG
GAGCAGGCCCAGTG 

GAGGCTGGAGTCACCCAAAGTCCCACACACCTGATCAAAACGAGAGGACAGCAAGTGA
CTCTGAGATGCTCTCCTATCTCTGGGCACAGCAGTGTGTCCTGGTACCAACAGGCCCCGG
GTCAGGGGCCCCAGTTTATCTTTGAATATGCTAATGAGTTAAGGAGATCAGAAGGAAAC
TTCCCTAATCGATTCTCAGGGCGCCAGTTCCATGACTGTTGCTCTGAGATGAATGTGAGT
GCCTTGGAGCTGGGGGACTCGGCCCTGTAT 

TRBV5-4 ATGGGCCCTGGGCT
CCTCTGCTGGGTGC
TGCTTTGTCTCCTGG
GAGCAGGCTCAGTG 

GAGACTGGAGTCACCCAAAGTCCCACACACCTGATCAAAACGAGAGGACAGCAAGTGA
CTCTGAGATGCTCTTCTCAGTCTGGGCACAACACTGTGTCCTGGTACCAACAGGCCCTGG
GTCAGGGGCCCCAGTTTATCTTTCAGTATTATAGGGAGGAAGAGAATGGCAGAGGAAAC
TTCCCTCCTAGATTCTCAGGACTCCAGTTCCCTAATTATAGCTCTGAGCTGAATGTGAAC
GCCTTGGAGCTGGACGACTCGGCCCTGTAT 

BsaI site (T to A) 

TRBV5-5 ATGGGCCCTGGGCT
CCTCTGCTGGGTGC
TGCTTTGTCTCCTGG
GAGCAGGCCCAGTG 

GACGCTGGAGTCACCCAAAGTCCCACACACCTGATCAAAACGAGAGGACAGCAAGTGA
CTCTGAGATGCTCTCCTATCTCTGGGCACAAGAGTGTGTCCTGGTACCAACAGGTCCTGG
GTCAGGGGCCCCAGTTTATCTTTCAGTATTATGAGAAAGAAGAGAGAGGAAGAGGAAA
CTTCCCTGATCGATTCTCAGCTCGCCAGTTCCCTAACTATAGCTCTGAGCTGAATGTGAA
CGCCTTGTTGCTGGGGGACTCGGCCCTGTAT 

TRBV5-6 ATGGGCCCCGGGCT
CCTCTGCTGGGCAC
TGCTTTGTCTCCTGG
GAGCAGGCTTAGTG 

GACGCTGGAGTCACCCAAAGTCCCACACACCTGATCAAAACGAGAGGACAGCAAGTGA
CTCTGAGATGCTCTCCTAAGTCTGGGCATGACACTGTGTCCTGGTACCAACAGGCCCTGG
GTCAGGGGCCCCAGTTTATCTTTCAGTATTATGAGGAGGAAGAGAGACAGAGAGGCAAC
TTCCCTGATCGATTCTCAGGTCACCAGTTCCCTAACTATAGCTCTGAGCTGAATGTGAAC
GCCTTGTTGCTGGGGGACTCGGCCCTCTAT 

TRBV5-7 ATGGGCCCCGGGCT
CCTCTGCTGGGTGC
TGCTTTGTCCCCTAG
GAGAAGGCCCAGTG 

GACGCTGGAGTCACCCAAAGTCCCACACACCTGATCAAAACGAGAGGACAGCACGTGA
CTCTGAGATGCTCTCCTATCTCTGGGCACACCAGTGTGTCCTCGTACCAACAGGCCCTGG
GTCAGGGGCCCCAGTTTATCTTTCAGTATTATGAGAAAGAAGAGAGAGGAAGAGGAAA
CTTCCCTGATCAATTCTCAGGTCACCAGTTCCCTAACTATAGCTCTGAGCTGAATGTGAA
CGCCTTGTTGCTAGGGGACTCGGCCCTCTAT 

TRBV5-8 ATGGGACCCAGGCT
CCTCTTCTGGGCAC
TGCTTTGTCTCCTCG
GAACAGGCCCAGTG 

GAGGCTGGAGTCACACAAAGTCCCACACACCTGATCAAAACGAGAGGACAGCAAGCGA
CTCTGAGATGCTCTCCTATCTCTGGGCACACCAGTGTGTACTGGTACCAACAGGCCCTGG
GTCTGGGCCTCCAGTTCCTCCTTTGGTATGACGAGGGTGAAGAGAGAAACAGAGGAAAC
TTCCCTCCTAGATTTTCAGGTCGCCAGTTCCCTAATTATAGCTCTGAGCTGAATGTGAAC
GCCTTGGAGCTGGAGGACTCGGCCCTGTAT 

TRBV6-1 ATGAGCATCGGGCT
CCTGTGCTGTGTGG
CCTTTTCTCTCCTGT
GGGCAAGTCCAGTG
AAT 

GCTGGTGTCACTCAGACCCCAAAATTCCAGGTCCTGAAGACAGGACAGAGCATGACACT
GCAGTGTGCCCAGGATATGAACCATAACTCCATGTACTGGTATCGACAAGACCCAGGCA
TGGGACTGAGGCTGATTTATTACTCAGCTTCTGAGGGTACCACTGACAAAGGAGAAGTC
CCCAATGGCTACAATGTCTCCAGATTAAACAAACGGGAGTTCTCGCTCAGGCTGGAGTC
GGCTGCTCCCTCCCAGACATCTGTGTAC 

TRBV6-2 

 

 

ATGAGCCTCGGGCT
CCTGTGCTGTGGGG
CCTTTTCTCTCCTGT
GGGCAGGTCCAGTG 

 

AATGCTGGTGTCACTCAGACCCCAAAATTCCGGGTCCTGAAGACAGGACAGAGCATGAC
ACTGCTGTGTGCCCAGGATATGAACCATGAATACATGTACTGGTATCGACAAGACCCAG
GCATGGGGCTGAGGCTGATTCATTACTCAGTTGGTGAGGGTACAACTGCCAAAGGAGAG
GTCCCTGATGGCTACAATGTCTCCAGATTAAAAAAACAGAATTTCCTGCTGGGGTTGGA
GTCGGCTGCTCCCTCCCAAACATCTGTGTAC 

TRBV6-3 ATGAGCCTCGGGCT
CCTGTGCTGTGGGG
CCTTTTCTCTCCTGT
GGGCAGGTCCAGTG 

 

AATGCTGGTGTCACTCAGACCCCAAAATTCCGGGTCCTGAAGACAGGACAGAGCATGAC
ACTGCTGTGTGCCCAGGATATGAACCATGAATACATGTACTGGTATCGACAAGACCCAG
GCATGGGGCTGAGGCTGATTCATTACTCAGTTGGTGAGGGTACAACTGCCAAAGGAGAG
GTCCCTGATGGCTACAATGTCTCCAGATTAAAAAAACAGAATTTCCTGCTGGGGTTGGA
GTCGGCTGCTCCCTCCCAAACATCTGTGTAC 

TRBV6-4 ATGAGAATCAGGCT
CCTGTGCTGTGTGG
CCTTTTCTCTCCTGT

ATTGCTGGGATCACCCAGGCACCAACATCTCAGATCCTGGCAGCAGGACGGCGCATGAC
ACTGAGATGTACCCAGGATATGAGACATAATGCCATGTACTGGTATAGACAAGATCTAG
GACTGGGGCTAAGGCTCATCCATTATTCAAATACTGCAGGTACCACTGGCAAAGGAGAA
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GGGCAGGTCCAGTG GTCCCTGATGGTTATAGTGTCTCCAGAGCAAACACAGATGATTTCCCCCTCACGTTGGCG
TCTGCTGTACCCTCTCAGACATCTGTGTAC 

TRBV6-5 ATGAGCATCGGCCT
CCTGTGCTGTGCAG
CCTTGTCTCTCCTGT
GGGCAGGTCCAGTG 

AATGCTGGTGTCACTCAGACCCCAAAATTCCAGGTCCTGAAGACAGGACAGAGCATGAC
ACTGCAGTGTGCCCAGGATATGAACCATGAATACATGTCCTGGTATCGACAAGACCCAG
GCATGGGGCTGAGGCTGATTCATTACTCAGTTGGTGCTGGTATCACTGACCAAGGAGAA
GTCCCCAATGGCTACAATGTCTCCAGATCAACCACAGAGGATTTCCCGCTCAGGCTGCTG
TCGGCTGCTCCCTCCCAGACATCTGTGTAC 

TRBV6-6 ATGAGCATCAGCCT
CCTGTGCTGTGCAG
CCTTTCCTCTCCTGT
GGGCAGGTCCAGTG 

AATGCTGGTGTCACTCAGACCCCAAAATTCCGCATCCTGAAGATAGGACAGAGCATGAC
ACTGCAGTGTACCCAGGATATGAACCATAACTACATGTACTGGTATCGACAAGACCCAG
GCATGGGGCTGAAGCTGATTTATTATTCAGTTGGTGCTGGTATCACTGATAAAGGAGAA
GTCCCGAATGGCTACAACGTCTCCAGATCAACCACAGAGGATTTCCCGCTCAGGCTGGA
GTTGGCTGCTCCCTCCCAGACATCTGTGTAC 

TRBV6-7 ATGAGCCTCGGGCT
CCTGTGCTGTGTGG
CCTTTTCTCTCCTGT
GGGCAGGTCCAATG 

AATGCTGGTGTCACTCAGACCCCAAAATTCCACGTCCTGAAGACAGGACAGAGCATGAC
TCTGCTGTGTGCCCAGGATATGAACCATGAATACATGTATCGGTATCGACAAGACCCAG
GCAAGGGGCTGAGGCTGATTTACTACTCAGTTGCTGCTGCTCTCACTGACAAAGGAGAA
GTTCCCAATGGCTACAATGTCTCCAGATCAAACACAGAGGATTTCCCCCTCAAGCTGGA
GTCAGCTGCTCCCTCTCAGACTTCTGTTTAC 

TRBV6-8 ATGAGCCTCGGGCT
CCTGTGCTGTGCGG
CCTTTTCTCTCCTGT
GGGCAGGTCCCGTG 

AATGCTGGTGTCACTCAGACCCCAAAATTCCACATCCTGAAGACAGGACAGAGCATGAC
ACTGCAGTGTGCCCAGGATATGAACCATGGATACATGTCCTGGTATCGACAAGACCCAG
GCATGGGGCTGAGACTGATTTACTACTCAGCTGCTGCTGGTACTACTGACAAAGAAGTC
CCCAATGGCTACAATGTCTCTAGATTAAACACAGAGGATTTCCCACTCAGGCTGGTGTCG
GCTGCTCCCTCCCAGACATCTGTGTAC 

TRBV6-9 ATGAGCATCGGGCT
CCTGTGCTGTGTGG
CCTTTTCTCTCCTGT
GGGAGGGTCCAGTG 

AATGCTGGTGTCACTCAGACCCCAAAATTCCACATCCTGAAGACAGGACAGAGCATGAC
ACTGCAGTGTGCCCAGGATATGAACCATGGATACTTGTCCTGGTATCGACAAGACCCAG
GCATGGGGCTGAGGCGCATTCATTACTCAGTTGCTGCTGGTATCACTGACAAAGGAGAA
GTCCCCGATGGCTACAATGTATCCAGATCAAACACAGAGGATTTCCCGCTCAGGCTGGA
GTCAGCTGCTCCCTCCCAGACATCTGTATAC 

TRBV7-1 ATGGGCACAAGGCT
CCTCTGCTGGGCAG
CCATATGTCTCCTG
GGGGCAGATCACAC
A 

GGTGCTGGAGTCTCCCAGTCCCTGAGACACAAGGTAGCAAAGAAGGGAAAGGATGTAG
CTCTCAGATATGATCCAATTTCAGGTCATAATGCCCTTTATTGGTACCGACAGAGCCTGG
GGCAGGGCCTGGAGTTTCCAATTTACTTCCAAGGCAAGGATGCAGCAGACAAATCGGGG
CTTCCCCGTGATCGGTTCTCTGCACAGAGGTCTGAGGGATCCATCTCCACTCTGAAGTTC
CAGCGCACACAGCAGGGGGACTTGGCTGTGTAT 

TRBV7-2 ATGGGCACCAGGCT
CCTCTTCTGGGTGG
CCTTCTGTCTCCTGG
GGGCAGATCACACA 

GGAGCTGGAGTCTCCCAGTCCCCCAGTAACAAGGTCACAGAGAAGGGAAAGGATGTAG
AGCTCAGGTGTGATCCAATTTCAGGTCATACTGCCCTTTACTGGTACCGACAGAGCCTGG
GGCAGGGCCTGGAGTTTTTAATTTACTTCCAAGGCAACAGTGCACCAGACAAATCAGGG
CTGCCCAGTGATCGCTTCTCTGCAGAGAGGACTGGGGGATCCGTCTCCACTCTGACGATC
CAGCGCACACAGCAGGAGGACTCGGCCGTGTAT 

TRBV7-3 ATGGGCACCAGGCT
CCTCTGCTGGGCAG
CCCTGTGCCTCCTG
GGGGCAGATCACAC
A 

GGTGCTGGAGTCTCCCAGACCCCCAGTAACAAGGTCACAGAGAAGGGAAAATATGTAG
AGCTCAGGTGTGATCCAATTTCAGGTCATACTGCCCTTTACTGGTACCGACAAAGCCTGG
GGCAGGGCCCAGAGTTTCTAATTTACTTCCAAGGCACGGGTGCGGCAGATGACTCAGGG
CTGCCCAACGATCGGTTCTTTGCAGTCAGGCCTGAGGGATCCGTCTCTACTCTGAAGATC
CAGCGCACAGAGCGGGGGGACTCAGCCGTGTAT 

TRBV7-4 ATGGGCACCAGGCT
CCTCTGCTGGGTGG
TCCTGGGTTTCCTA
GGGACAGATCACAC
A  

GGTGCTGGAGTCTCCCAGTCCCCAAGGTACAAAGTCGCAAAGAGGGGACGGGATGTAG
CTCTCAGGTGTGATTCAATTTCGGGTCATGTAACCCTTTATTGGTACCGACAGACCCTGG
GGCAGGGCTCAGAGGTTCTGACTTACTCCCAGAGTGATGCTCAACGAGACAAATCAGGG
CGGCCCAGTGGTCGGTTCTCTGCAGAGAGGCCTGAGAGATCCGTCTCCACTCTGAAGAT
CCAGCGCACAGAGCAGGGGGACTCAGCTGTGTAT 

TRBV7-6 ATGGGCACCAGTCT
CCTATGCTGGGTGG
TCCTGGGTTTCCTA
GGGACAGATCACAC
A 

GGTGCTGGAGTCTCCCAGTCTCCCAGGTACAAAGTCACAAAGAGGGGACAGGATGTAGC
TCTCAGGTGTGATCCAATTTCGGGTCATGTATCCCTTTATTGGTACCGACAGGCCCTGGG
GCAGGGCCCAGAGTTTCTGACTTACTTCAATTATGAAGCCCAACAAGACAAATCAGGGC
TGCCCAATGATCGGTTCTCTGCAGAGAGGCCTGAGGGATCCATCTCCACTCTGACGATCC
AGCGCACAGAGCAGCGGGACTCGGCCATGTAT 

TRBV7-7 ATGGGTACCAGTCT
CCTATGCTGGGTGG
TCCTGGGTTTCCTA
GGGACAGATCACAC

GGTGCTGGAGTCTCCCAGTCTCCCAGGTACAAAGTCACAAAGAGGGGACAGGATGTAAC
TCTCAGGTGTGATCCAATTTCGAGTCATGCAACCCTTTATTGGTATCAACAGGCCCTGGG
GCAGGGCCCAGAGTTTCTGACTTACTTCAATTATGAAGCTCAACCAGACAAATCAGGGC
TGCCCAGTGATCGGTTCTCTGCAGAGAGGCCTGAGGGATCCATCTCCACTCTGACGATTC
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A AGCGCACAGAGCAGCGGGACTCAGCCATGTAT 

TRBV7-8 ATGGGCACCAGGCT
CCTCTGCTGGGTGG
TCCTGGGTTTCCTA
GGGACAGATCACAC
A 

GGTGCTGGAGTCTCCCAGTCCCCTAGGTACAAAGTCGCAAAGAGAGGACAGGATGTAGC
TCTCAGGTGTGATCCAATTTCGGGTCATGTATCCCTTTTTTGGTACCAACAGGCCCTGGG
GCAGGGGCCAGAGTTTCTGACTTATTTCCAGAATGAAGCTCAACTAGACAAATCGGGGC
TGCCCAGTGATCGCTTCTTTGCAGAAAGGCCTGAGGGATCCGTCTCCACTCTGAAGATCC
AGCGCACACAGCAGGAGGACTCCGCCGTGTAT 

TRBV7-9 ATGGGCACCAGCCT
CCTCTGCTGGATGG
CCCTGTGTCTCCTG
GGGGCAGATCACGC
A 

GATACTGGAGTCTCCCAGAACCCCAGACACAAGATCACAAAGAGGGGACAGAATGTAA
CTTTCAGGTGTGATCCAATTTCTGAACACAACCGCCTTTATTGGTACCGACAGACCCTGG
GGCAGGGCCCAGAGTTTCTGACTTACTTCCAGAATGAAGCTCAACTAGAAAAATCAAGG
CTGCTCAGTGATCGGTTCTCTGCAGAGAGGCCTAAGGGATCTTTCTCCACCTTGGAGATC
CAGCGCACAGAGCAGGGGGACTCGGCCATGTAT 

TRBV9 ATGGGCTTCAGGCT
CCTCTGCTGTGTGG
CCTTTTGTCTCCTGG
GAGCAGGCCCAGTG 

 

GATTCTGGAGTCACACAAACCCCAAAGCACCTGATCACAGCAACTGGACAGCGAGTGAC
GCTGAGATGCTCCCCTAGGTCTGGAGATCTCTCTGTGTACTGGTACCAACAGAGCCTGGA
CCAGGGCCTCCAGTTCCTCATTCAGTATTATAATGGAGAAGAGAGAGCAAAAGGAAACA
TTCTTGAACGATTCTCCGCACAACAGTTCCCTGACTTGCACTCTGAACTAAACCTGAGCT
CTCTGGAGCTGGGGGACTCAGCTTTGTAT 

BsaI site (C to T) 

TRBV10-1 ATGGGCACGAGGCT
CTTCTTCTATGTGGC
CCTTTGTCTGCTGTG
GGCAGGACACAGG 

GATGCTGAAATCACCCAGAGCCCAAGACACAAGATCACAGAGACAGGAAGGCAGGTGA
CCTTGGCGTGTCACCAGACTTGGAACCACAACAATATGTTCTGGTATCGACAAGACCTG
GGACATGGGCTGAGGCTGATCCATTACTCATATGGTGTTCAAGACACTAACAAAGGAGA
AGTCTCAGATGGCTACAGTGTCTCTAGATCAAACACAGAGGACCTCCCCCTCACTCTGG
AGTCTGCTGCCTCCTCCCAGACATCTGTATAT 

TRBV10-2 ATGGGCACCAGGCT
CTTCTTCTATGTGGC
CCTTTGTCTGCTGTG
GGCAGGACACAGG 

GATGCTGGAATCACCCAGAGCCCAAGATACAAGATCACAGAGACAGGAAGGCAGGTGA
CCTTGATGTGTCACCAGACTTGGAGCCACAGCTATATGTTCTGGTATCGACAAGACCTGG
GACATGGGCTGAGGCTGATCTATTACTCAGCAGCTGCTGATATTACAGATAAAGGAGAA
GTCCCCGATGGCTATGTTGTCTCCAGATCCAAGACAGAGAATTTCCCCCTCACTCTGGAG
TCAGCTACCCGCTCCCAGACATCTGTGTAT 

TRBV10-3 ATGGGCACAAGGTT
GTTCTTCTATGTGGC
CCTTTGTCTCCTGTG
GACAGGACACATG 

GATGCTGGAATCACCCAGAGCCCAAGACACAAGGTCACAGAGACAGGAACACCAGTGA
CTCTGAGATGTCACCAGACTGAGAACCACCGCTATATGTACTGGTATCGACAAGACCCG
GGGCATGGGCTGAGGCTGATCCATTACTCATATGGTGTTAAAGATACTGACAAAGGAGA
AGTCTCAGATGGCTATAGTGTCTCTAGATCAAAGACAGAGGATTTCCTCCTCACTCTGGA
GTCCGCTACCAGCTCCCAGACATCTGTGTAC 

TRBV11-1 ATGAGCACCAGGCT
TCTCTGCTGGATGG
CCCTCTGTCTCCTGG
GGGCAGAACTCTCA 

GAAGCTGAAGTTGCCCAGTCCCCCAGATATAAGATTACAGAGAAAAGCCAGGCTGTGGC
TTTTTGGTGTGATCCTATTTCTGGCCATGCTACCCTTTACTGGTACCGGCAGATCCTGGGA
CAGGGCCCGGAGCTTCTGGTTCAATTTCAGGATGAGAGTGTAGTAGATGATTCACAGTT
GCCTAAGGATCGATTTTCTGCAGAGAGGCTCAAAGGAGTAGACTCCACTCTCAAGATCC
AGCCTGCAGAGCTTGGGGACTCGGCCATGTAT 

TRBV11-2 ATGGGCACCAGGCT
CCTCTGCTGGGCGG
CCCTCTGTCTCCTGG
GAGCAGAACTCACA 

GAAGCTGGAGTTGCCCAGTCTCCCAGATATAAGATTATAGAGAAAAGGCAGAGTGTGGC
TTTTTGGTGCAATCCTATATCTGGCCATGCTACCCTTTACTGGTACCAGCAGATCCTGGG
ACAGGGCCCAAAGCTTCTGATTCAGTTTCAGAATAACGGTGTAGTGGATGATTCACAGT
TGCCTAAGGATCGATTTTCTGCAGAGAGGCTCAAAGGAGTAGACTCCACTCTCAAGATC
CAGCCTGCAAAGCTTGAGGACTCGGCCGTGTAT 

TRBV11-3 ATGGGTACCAGGCT
CCTCTGCTGGGTGG
CCTTCTGTCTCCTGG
TGGAAGAACTCATA 

GAAGCTGGAGTGGTTCAGTCTCCCAGATATAAGATTATAGAGAAAAAACAGCCTGTGGC
TTTTTGGTGCAATCCTATTTCTGGCCACAATACCCTTTACTGGTACCTGCAGAACTTGGG
ACAGGGCCCGGAGCTTCTGATTCGATATGAGAATGAGGAAGCAGTAGACGATTCACAGT
TGCCTAAGGATCGATTTTCTGCAGAGAGGCTCAAAGGAGTAGACTCCACTCTCAAGATC
CAGCCTGCAGAGCTTGGGGACTCGGCCGTGTAT 

TRBV12-3 ATGGACTCCTGGAC
CTTCTGCTGTGTGTC
CCTTTGCATCCTGGT
AGCGAAGCATACA 

GATGCTGGAGTTATCCAGTCACCCCGCCATGAGGTGACAGAGATGGGACAAGAAGTGAC
TCTGAGATGTAAACCAATTTCAGGCCACAACTCCCTTTTCTGGTACAGACAGACCATGAT
GCGGGGACTGGAGTTGCTCATTTACTTTAACAACAACGTTCCGATAGATGATTCAGGGA
TGCCCGAGGATCGATTCTCAGCTAAGATGCCTAATGCATCATTCTCCACTCTGAAGATCC
AGCCCTCAGAACCCAGGGACTCAGCTGTGTAC 

TRBV12-4 ATGGGCTCCTGGAC
CCTCTGCTGTGTGTC
CCTTTGCATCCTGGT

GATGCTGGAGTTATCCAGTCACCCCGGCACGAGGTGACAGAGATGGGACAAGAAGTGA
CTCTGAGATGTAAACCAATTTCAGGACACGACTACCTTTTCTGGTACAGACAGACCATG
ATGCGGGGACTGGAGTTGCTCATTTACTTTAACAACAACGTTCCGATAGATGATTCAGG
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AGCAAAGCACACA GATGCCCGAGGATCGATTCTCAGCTAAGATGCCTAATGCATCATTCTCCACTCTGAAGAT
CCAGCCCTCAGAACCCAGGGACTCAGCTGTGTAC 

TRBV12-5  ATGGCCACCAGGCT
CCTCTGCTGTGTGG
TTCTTTGTCTCCTGG
GAGAAGAGCTTATA 

GATGCTAGAGTCACCCAGACACCAAGGCACAAGGTGACAGAGATGGGACAAGAAGTAA
CAATGAGATGTCAGCCAATTTTAGGCCACAATACTGTTTTCTGGTACAGACAGACCATG
ATGCAAGGACTGGAGTTGCTGGCTTACTTCCGCAACCGGGCTCCTCTAGATGATTCGGG
GATGCCGAAGGATCGATTCTCAGCAGAGATGCCTGATGCAACTTTAGCCACTCTGAAGA
TCCAGCCCTCAGAACCCAGGGACTCAGCTGTGTAT 

TRBV13 ATGCTTAGTCCTGA
CCTGCCTGACTCTG
CCTGGAACACCAGG
CTCCTCTGCCATGTC
ATGCTTTGTCTCCTG
GGAGCAGTTTCAGT
G 

GCTGCTGGAGTCATCCAGTCCCCAAGACATCTGATCAAAGAAAAGAGGGAAACAGCCA
CTCTGAAATGCTATCCTATCCCTAGACACGACACTGTCTACTGGTACCAGCAGGGTCCAG
GTCAGGACCCCCAGTTCCTCATTTCGTTTTATGAAAAGATGCAGAGCGATAAAGGAAGC
ATCCCTGATCGATTCTCAGCTCAACAGTTCAGTGACTATCATTCTGAACTGAACATGAGC
TCCTTGGAGCTGGGGGACTCAGCCCTGTAC 

TRBV14 ATGGTTTCCAGGCT
TCTCAGTTTAGTGTC
CCTTTGTCTCCTGGG
AGCAAAGCACATA 

GAAGCTGGAGTTACTCAGTTCCCCAGCCACAGCGTAATAGAGAAGGGCCAGACTGTGAC
TCTGAGATGTGACCCAATTTCTGGACATGATAATCTTTATTGGTATCGACGTGTTATGGG
AAAAGAAATAAAATTTCTGTTACATTTTGTGAAAGAGTCTAAACAGGATGAGTCCGGTA
TGCCCAACAATCGATTCTTAGCTGAAAGGACTGGAGGGACGTATTCTACTCTGAAGGTG
CAGCCTGCAGAACTGGAGGATTCTGGAGTTTAT 

TRBV15 ATGGGTCCTGGGCT
TCTCCACTGGATGG
CCCTTTGTCTCCTTG
GAACAGGTCATGGG 

GATGCCATGGTCATCCAGAACCCAAGATACCAGGTTACCCAGTTTGGAAAGCCAGTGAC
CCTGAGTTGTTCTCAGACTTTGAACCATAACGTCATGTACTGGTACCAGCAGAAGTCAAG
TCAGGCCCCAAAGCTGCTGTTCCACTACTATGACAAAGATTTTAACAATGAAGCAGACA
CCCCTGATAACTTCCAATCCAGGAGGCCGAACACTTCTTTCTGCTTTCTTGACATCCGCT
CACCAGGCCTGGGGGACACAGCCATGTAC 

TRBV16 ATGAGCCCAATATT
CACCTGCATCACAA
TCCTTTGTCTGCTGG
CTGCAGGTTCTCCT 

GGTGAAGAAGTCGCCCAGACTCCAAAACATCTTGTCAGAGGGGAAGGACAGAAAGCAA
AATTATATTGTGCCCCAATAAAAGGACACAGTTATGTTTTTTGGTACCAACAGGTCCTGA
AAAACGAGTTCAAGTTCTTGATTTCCTTCCAGAATGAAAATGTCTTTGATGAAACAGGTA
TGCCCAAGGAAAGATTTTCAGCTAAGTGCCTCCCAAATTCACCCTGTAGCCTTGAGATCC
AGGCTACGAAGCTTGAGGATTCAGCAGTGTAT 

TRBV18 ATGGACACCAGAGT
ACTCTGCTGTGCGG
TCATCTGTCTTCTGG
GGGCAGGACTCTCA 

BsaI (T to A) 

AATGCCGGCGTCATGCAGAACCCAAGACACCTGGTCAGGAGGAGGGGACAGGAGGCAA
GACTGAGATGCAGCCCAATGAAAGGACACAGTCATGTTTACTGGTATCGGCAGCTCCCA
GAGGAAGGTCTGAAATTCATGGTTTATCTCCAGAAAGAAAATATCATAGATGAGTCAGG
AATGCCAAAGGAACGATTTTCTGCTGAATTTCCCAAAGAGGGCCCCAGCATCCTGAGGA
TCCAGCAGGTAGTGCGAGGAGATTCGGCAGCTTAT 

TRBV19 ATGAGCAACCAGGT
GCTCTGCTGTGTGG
TCCTTTGTTTCCTGG
GAGCAAACACCGTG 

GATGGTGGAATCACTCAGTCCCCAAAGTACCTGTTCAGAAAGGAAGGACAGAATGTGAC
CCTGAGTTGTGAACAGAATTTGAACCACGATGCCATGTACTGGTACCGACAGGACCCAG
GGCAAGGGCTGAGATTGATCTACTACTCACAGATAGTAAATGACTTTCAGAAAGGAGAT
ATAGCTGAAGGGTACAGCGTCTCTCGGGAGAAGAAGGAATCCTTTCCTCTCACTGTGAC
ATCGGCCCAAAAGAACCCGACAGCTTTCTAT 

TRBV20-1 ATGCTGCTGCTTCT
GCTGCTTCTGGGGC
CAGGTATAAGCCTC
CTTCTACCTGGGAG
CTTGGCAGGCTCCG
GGCTT 

GGTGCTGTCGTCTCTCAACATCCGAGCTGGGTTATCTGTAAGAGTGGAACCTCTGTGAAG
ATCGAGTGCCGTTCCCTGGACTTTCAGGCCACAACTATGTTTTGGTATCGTCAGTTCCCG
AAACAGAGTCTCATGCTGATGGCAACTTCCAATGAGGGCTCCAAGGCCACATACGAGCA
AGGCGTCGAGAAGGACAAGTTTCTCATCAACCATGCAAGCCTGACCTTGTCCACTCTGA
CAGTGACCAGTGCCCATCCTGAAGACAGCAGCTTCTAC 

TRBV24-1 ATGGCCTCCCTGCT
CTTCTTCTGTGGGG
CCTTTTATCTCCTGG
GAACAGGGTCCATG 

GATGCTGATGTTACCCAGACCCCAAGGAATAGGATCACAAAGACAGGAAAGAGGATTA
TGCTGGAATGTTCTCAGACTAAGGGTCATGATAGAATGTACTGGTATCGACAAGACCCA
GGACTGGGCCTACGGTTGATCTATTACTCCTTTGATGTCAAAGATATAAACAAAGGAGA
GATCTCTGATGGATACAGTGTCTCTCGACAGGCACAGGCTAAATTCTCCCTGTCCCTAGA
GTCTGCCATCCCCAACCAGACAGCTCTTTAC 

TRBV25-1 ATGACTATCAGGCT
CCTCTGCTACATGG
GCTTTTATTTTCTGG
GGGCAGGCCTCATG 

GAAGCTGACATCTACCAGACCCCAAGATACCTTGTTATAGGGACAGGAAAGAAGATCAC
TCTGGAATGTTCTCAAACCATGGGCCATGACAAAATGTACTGGTATCAACAAGATCCAG
GAATGGAACTACACCTCATCCACTATTCCTATGGAGTTAATTCCACAGAGAAGGGAGAT
CTTTCCTCTGAGTCAACAGTCTCCAGAATAAGGACGGAGCATTTTCCCCTGACCCTGGAG
TCTGCCAGGCCCTCACATACCTCTCAGTAC 
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TRBV27 ATGGGCCCCCAGCT
CCTTGGCTATGTGG
TCCTTTGCCTTCTAG
GAGCAGGCCCCCTG 

GAAGCCCAAGTGACCCAGAACCCAAGATACCTCATCACAGTGACTGGAAAGAAGTTAA
CAGTGACTTGTTCTCAGAATATGAACCATGAGTATATGTCCTGGTATCGACAAGACCCA
GGGCTGGGCTTAAGGCAGATCTACTATTCAATGAATGTTGAGGTGACTGATAAGGGAGA
TGTTCCTGAAGGGTACAAAGTCTCTCGAAAAGAGAAGAGGAATTTCCCCCTGATCCTGG
AGTCGCCCAGCCCCAACCAGACCTCTCTGTAC 

TRBV28 ATGGGAATCAGGCT
CCTGTGTCGTGTGG
CCTTTTGTTTCCTGG
CTGTAGGCCTCGTA 

 

GATGTGAAAGTAACCCAGAGCTCGAGATATCTAGTCAAAAGGACGGGAGAGAAAGTTT
TTCTGGAATGTGTCCAGGATATGGACCATGAAAATATGTTCTGGTATCGACAAGACCCA
GGTCTGGGGCTACGGCTGATCTATTTCTCATATGATGTTAAAATGAAAGAAAAAGGAGA
TATTCCTGAGGGGTACAGTGTCTCTAGAGAGAAGAAGGAGCGCTTCTCCCTGATTCTGG
AGTCCGCCAGCACCAACCAGACATCTATGTAC 

TRBV29-1 ATGCTGAGTCTTCT
GCTCCTTCTCCTGG
GACTAGGCTCTGTG
TTC 

AGTGCTGTCATCTCTCAAAAGCCAAGCAGGGATATCTGTCAACGTGGAACCTCCCTGAC
GATCCAGTGTCAAGTCGATAGCCAAGTCACCATGATGTTCTGGTACCGTCAGCAACCTG
GACAGAGCCTGACACTGATCGCAACTGCAAATCAGGGCTCTGAGGCCACATATGAGAGT
GGATTTGTCATTGACAAGTTTCCCATCAGCCGCCCAAACCTAACATTCTCAACTCTGACT
GTGAGCAACATGAGCCCTGAAGACAGCAGCATATAT 

TRBV30 ATGCTCTGCTCTCTC
CTTGCCCTTCTCCTG
GGCACTTTCTTTGG
GGTCAGA 

TCTCAGACTATTCATCAATGGCCAGCGACCCTGGTGCAGCCTGTGGGCAGCCCGCTCTCT
CTGGAGTGCACTGTGGAGGGAACATCAAACCCCAACCTATACTGGTACCGACAGGCTGC
AGGCAGGGGCCTCCAGCTGCTCTTCTACTCCGTTGGTATTGGCCAGATCAGCTCTGAGGT
GCCCCAGAATCTCTCAGCCTCCAGACCCCAGGACCGGCAGTTCATCCTGAGTTCTAAGA
AGCTCCTTCTCAGTGACTCTGGCTTCTAT 

 
Supplementary Table 9. CDR3 oligonucleotide sequences (CDR3α, CDR3β) used to clone 
TCRs 
 
TCR Vα-Cβ Library Vβ-Cα 

Library 
Oligo Sequence 

EBNA3A TRAV8-1 TRBV5-1 TCTAGATGGGGATCCGGTCTCTGTACTTCTGTGCTGGTCGCCTCGTTGATCAG
GGCGGTAAACTGATCTTCGGACAGGGAACGGAGTTATCTGTGAAACCCAATA
TCCAGAACCCTGACTGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTG
GTGGTGGTTCTGGTGGTGGTCTCTTTTATCTTTGCGCTTCTAGTATCGGCCTGG
CCGGCTATGAGCAGTACTTCGGGCCGGGCACCAGGCTCACGGTCACAGAGGA
CCTTGAGACCAATCAAATCGGATCC 

D1.1 TRAV38-2/DV8 TRBV7-9 TCTAGATGGGGATCCGGTCTCTGTATTTCTGTGCTTATATTCAGGGAGCCCAG
AAGCTGGTATTTGGCCAAGGAACCAGGCTGACTATCAACCCAAATATCCAGA
ACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGGTGGTG
GTTCTGGTGGTGGTCTCTTGTATCTCTGTGCCAGCAGCTTAGGTGGGGGGGAG
GGAGGCCAGTCCTACGAGCAGTACTTCGGGCCGGGCACCAGGCTCACGGTCA
CAGAGGACCTAGAGACCAATCAAATCGGATCC 

D1.2 TRAV21 TRBV10-2 TCTAGATGGGGATCCGGTCTCTCTACCTCTGTGCTGTCCTCATGGATAGCAAC
TATCAGTTAATCTGGGGCGCTGGGACCAAGCTAATTATAAAGCCAGATATCC
AGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGGTG
GTGGTTCTGGTGGTGGTCTCTTGTATTTCTGCGCCAGCAGTTCGGACGGGATG
AACACTGAAGCTTTCTTTGGACAAGGCACCAGACTCACAGTTGTAGAGGACC
TAGAGACCAATCAAATCGGATCC 

D1.3 TRAV5 TRBV29-1 TCTAGATGGGGATCCGGTCTCTCTACTTCTGTGCAGAGAGTACAGGCAAACTA
ATCTTTGGGCAAGGGACAACTTTACAAGTAAAACCAGATATCCAGAACCCTG
ACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGGTGGTGGTTCTG
GTGGTGGTCTCTTATATCTCTGCAGCGTTGGGACCGGGGGCACTAATGAAAAA
CTGTTTTTTGGCAGTGGAACCCAGCTCTCTGTCTTGGAGGACCTAGAGACCAA
TCAAATCGGATCC 

D1.4 TRAV12-2 TRBV19 TCTAGATGGGGATCCGGTCTCTCTACCTCTGTGCCGGCGACTTTGAAGGCTCT
GGCAACACAGGCAAACTAATCTTTGGGCAAGGGACAACTTTACAAGTAAAAC
CAGATATCCAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTG
GTTCTGGTGGTGGTTCTGGTGGTGGTCTCTTCTATCTCTGTGCCAGTAGCATCA
GGTCCGCCTACGAGCAGTACTTCGGGCCGGGCACCAGGCTCACGGTCACAGA
GGACCTAGAGACCAATCAAATCGGATCC 

D1.5 TRAV4 TRBV12-3 TCTAGATGGGGATCCGGTCTCTGTACTACTGCCTCGTGCCCCGGAGAGATGAC
AAGATCATCTTTGGAAAAGGGACACGACTTCATATTCTCCCCAATATCCAGAA
CCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGGTGGTGG
TTCTGGTGGTGGTCTCTTGTACTTCTGTGCCAGCAGTCCTACCAGGGGCGGGG
GACTTGAAAAACTGTTTTTTGGCAGTGGAACCCAGCTCTCTGTCTTGGAGGAC
CTAGAGACCAATCAAATCGGATCC 
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D1.6 TRAV19 TRBV19 TCTAGATGGGGATCCGGTCTCTATACTTCTGTGCTCTGAGTGAGGCGGGGACA
GGAGGAAGCTACATACCTACATTTGGAAGAGGAACCAGCCTTATTGTTCATCC
GTATATCCAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGG
TTCTGGTGGTGGTTCTGGTGGTGGTCTCTTCTATCTCTGTGCCAGTAGTATATT
CGGGGGGAAAGAGCAGTTCTTCGGGCCAGGGACACGGCTCACCGTGCTAGAG
GACCTAGAGACCAATCAAATCGGATCC 

D1.7 TRAV3 TRBV19 TCTAGATGGGGATCCGGTCTCTGTACTTCTGTGCTGTGAGAGATCCATTTCGG
AATTCAGGAAACACACCTCTTGTCTTTGGAAAGGGCACAAGACTTTCTGTGAT
TGCAAATATCCAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTC
TGGTTCTGGTGGTGGTTCTGGTGGTGGTCTCTTCTATCTCTGTGCCAGTAGTAC
TTATTCGGGGAGTGGGACTGAAGCTTTCTTTGGACAAGGCACCAGACTCACA
GTTGTAGAGGACCTAGAGACCAATCAAATCGGATCC 

D1.8 TRAV27 TRBV19 TCTAGATGGGGATCCGGTCTCTCTACCTCTGTGGGTATGGAGGAAGCCAAGG
AAATCTCATCTTTGGAAAAGGCACTAAACTCTCTGTTAAACCAAATATCCAGA
ACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGGTGGTG
GTTCTGGTGGTGGTCTCTTCTATCTCTGTGCCAGTAGTATTCGTTCGAGCTACG
AGCAGTACTTCGGGCCGGGCACCAGGCTCACGGTCACAGAGGACCTAGAGAC
CAATCAAATCGGATCC 

D1.9 TRAV13-1 TRBV19 TCTAGATGGGGATCCGGTCTCTCTACTTCTGTGCAGCAAGCGGGGGAGGAAG
CCAAGGAAATCTCATCTTTGGAAAAGGCACTAAACTCTCTGTTAAACCAAAT
ATCCAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCT
GGTGGTGGTTCTGGTGGTGGTCTCTTCTATCTCTGTGCCAGTAGTCCCCGGTCG
GGTATCGAGCAGTACTTCGGGCCGGGCACCAGGCTCACGGTCACAGAGGACC
TAGAGACCAATCAAATCGGATCC 

D2.1 TRAV21 TRBV10-2 TCTAGATGGGGATCCGGTCTCTCTACCTCTGTGCTGTCCTCATGGATAGCAAC
TATCAGTTAATCTGGGGCGCTGGGACCAAGCTAATTATAAAGCCAGATATCC
AGAACCCTGACTGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGGTG
GTGGTTCTGGTGGTGGTCTCTTGTATTTCTGCGCCAGCCAAGCGGACGGGATG
AACACTGAAGCTTTCTTTGGACAAGGCACCAGACTCACAGTTGTAGAGGACC
TTGAGACCAATCAAATCGGATCC 

D2.2 TRAV38-2/DV8 TRBV11-1 TCTAGATGGGGATCCGGTCTCTGTATTTCTGTGCTTATAGGAGTATGTATTCA
GGAGGAGGTGCTGACGGACTCACCTTTGGCAAAGGGACTCATCTAATCATCC
AGCCCTATATCCAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTT
CTGGTTCTGGTGGTGGTTCTGGTGGTGGTCTCTTGTATCTCTGTGCCAGCAGCC
TAGGGTACGGCAATCAGCCCCAGCATTTTGGTGATGGGACTCGACTCTCCATC
CTAGAGGACCTAGAGACCAATCAAATCGGATCC 

D2.3 TRAV2 TRBV9 TCTAGATGGGGATCCGGTCTCTTTACTACTGTGCTGTGGACAACCAGGCAGGA
ACTGCTCTGATCTTTGGGAAGGGAACCACCTTATCAGTGAGTTCCAATATCCA
GAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGGTGG
TGGTTCTGGTGGTGGTCTCTTGTATTTCTGTGCCAGCAGCGTAGAAGGGACGT
TCAACGGCTACACCTTCGGTTCGGGGACCAGGTTAACCGTTGTAGAGGACCTA
GAGACCAATCAAATCGGATCC 

D2.4 TRAV12-1 TRBV27 TCTAGATGGGGATCCGGTCTCTCTACCTCTGTGTGGTGAACAAACCTAACGAC
TACAAGCTCAGCTTTGGAGCCGGAACCACAGTAACTGTAAGAGCAAATATCC
AGAACCCTGACTGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGGTG
GTGGTTCTGGTGGTGGTCTCTTGTACTTCTGTGCCAGCAGCAGTGGGACTAGC
GGGTATTACAATGAGCAGTTCTTCGGGCCAGGGACACGGCTCACCGTGCTAG
AGGACCTTGAGACCAATCAAATCGGATCC 

D2.5 TRAV38-1 TRBV19 TCTAGATGGGGATCCGGTCTCTGTATTTCTGTGCTTTCATGACGAATGCTGGT
GGTACTAGCTATGGAAAGCTGACATTTGGACAAGGGACCATCTTGACTGTCC
ATCCAAATATCCAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTT
CTGGTTCTGGTGGTGGTTCTGGTGGTGGTCTCTTCTATCTCTGTGCCAGTAGTG
CCGGAAGCTATGGCTACACCTTCGGTTCGGGGACCAGGTTAACCGTTGTAGA
GGACCTAGAGACCAATCAAATCGGATCC 

D2.6 TRAV12-3 TRBV29-1 TCTAGATGGGGATCCGGTCTCTCTACCTCTGTGCAATGCACTCTAATAACGAC
TACAAGCTCAGCTTTGGAGCCGGAACCACAGTAACTGTAAGAGCAAATATCC
AGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGGTG
GTGGTTCTGGTGGTGGTCTCTTATATCTCTGCAGCGTCCCAGGCCTTTTGAACA
CTGAAGCTTTCTTTGGACAAGGCACCAGACTCACAGTTGTAGAGGACCTAGA
GACCAATCAAATCGGATCC 
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Supplementary Table 10. Peptide sequences 
 

(a) EBNA3A and BRLF1 peptide sequences 
HLA Allele Virus/Antigen Name Peptide Sequence 
A*24:02 EBV EBNA3A246–254 RYSIFFDYM 
A*24:02 EBV BRLF-1198–206 TYPVLEEMF 
 

 (b) CEF peptide sequences  
HLA Allele Virus/Antigen Name Peptide Sequence 
A*01  Influenza A  VSDGGPNLY 

 
Influenza A  CTELKLSDY 

A*02  Influenza M  GILGFVFTL 

 
Influenza A  FMYSDFHFI 

 
EBV LMP2A  CLGGLLTMV 

 
EBV BMLF1259-267  GLCTLVAML 

A*02:01  HCMV pp65  NLVPMVATV  
A*68  Influenza NP  KTGGPIYKR  
A*03  Influenza NP  RVLSFIKGTK  

 
Influenza A  ILRGSVAHK  

 
EBV  RVRAYTYSK 

 
EBV  RLRAEAQVK  

A*03, A*11, A*06  Influenza M  SIIPSGPLK 
A*11  EBV EBNA 4NP  AVFDRKSDAK  

 
EBV  IVTDFSVIK  

 
EBV  ATIGTAMYK 

A*24  EBV RTA  DYCNVLNKEF 
B*07  Influenza NP  LPFDKTTVM  

 
EBV  RPPIFIRRL 

B*08  Influenza NP  ELRSRYWAI 

 
EBV BZLF-1  RAKFKQLL  

 
EBV EBNA 3A  FLRGRAYGL  

 
EBV EBNA 3  QAKWRLQTL  

B*18 HCMV SDEEEAIVAYTL 
B*27  Influenza NP  SRYWAIRTR 

 
Influenza M  ASCMGLIY 

 
EBV EBNA 3C  RRIYDLIEL  

B*35  EBV EBNA3A  YPLHEQHGM  

 
CMV pp65  IPSINVHHY 

B*44  EBV  EENLLDFVRF  

 
HCMV  EFFWDANDIY  

B*07:02  HCMV TPRVTGGGAM 
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(c) ARHGAP35 peptide sequences (Patient 7 immunizing peptide) 
 
Peptide Name Peptide Type Peptide Sequence 
IMP12 Immunizing Peptide  HNLDLAEKDFMVNTVAGAMK 
ASP34 Assay Peptide  HNLDLAEKDFMVNTV 
ASP35 Assay Peptide LAEKDFMVNTVAGAMK 
EPT12A Epitope Peptide MVNTVAGAMK 
 
Supplementary Table 11. Targeted TCR Sequencing (excel) 
 
Supplementary Table 12. TCR sequences from paired TCRαβ sequencing (excel) 
(a) TCR sequences of CEF-reactive T cells (Donor 1) 
(b) TCR sequences of CEF-reactive T cells (Donor 2) 
(c) TCR sequences of non-CEF-reactive T cells (Donor 1 and 2) 
 
Supplementary Table 13. TCR sequences from (a) patient 7 tumor associated T cells; patient 7 
neoantigen-reactive (b) CD4+ and (c) CD8+ T cells from peripheral blood (excel) 
 
Supplementary Table 14. Shared TCR sequences from peripheral blood and brain tumor used 
for TCR reconstruction 
 
(a) TCR Sequences for T cells clones detected in both Patient 7 relapse resected tumor specimen 
and neoantigen-reactive CD4+ T cells from peripheral blood 
 
 TRAV 

Allele 
CDR3α  Sequence TRBV 

Allele 
CDR3β Sequence 

H02 TRAV9-2 CALSSQTGANNLFF TRBV5-1 CASSLVSPSSGSYTGELFF 

C02 TRAV38-1 CASRGSQGNLIF TRBV19 CASSRTGADYSNQPQHF 
F10 TRAV13-1 CAASSNNNDMRF TRBV12-4 CASSLVRGSTEAFF 
G07 TRAV35 CAGRRITGGGNKLTF TRBV14 CASSQGIAGQGADTQYF 
 
 (b) TCR Sequences for T cells clones detected in both Patient 7 relapse resected tumor specimen 
and neoantigen-reactive CD8+ T cells from peptide-stimulated peripheral blood  
 
 TRAV 

Allele 
CDR3α Sequence TRBV 

Allele 
CDR3β Sequence 

A07 TRAV16 CALSGWDTDKLIF TRBV2 CASTPDRDGQETQYF 
G06 TRAV5 CAETLTFTYGNNRLAF TRBV5-6 CASSFSADEQYF 
 
Supplementary Table 15. Comparison of CD4+ T cells in peripheral blood and brain tumor 
from Patient 7 (Extended Data Figure 8a) (excel) 
 
 
 


