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Materials and Methods 

Patient Samples, Sequencing, and Variant Detection 

The use of human tissues was approved by the institutional review board (IRB #00000029 – 

Expedited Protocol XPD-13-098) of St. Jude Children’s Research Hospital. Tumor samples were 

obtained from diagnostic bone marrow biopsies, whereas matched germline samples were 

obtained either from peripheral blood, bone marrow, or adjacent normal tissue. Bone marrow 

mononuclear cells (BMMCs) were isolated from bone marrow biopsy samples by density 

gradient centrifugation using Lymphoprep (StemCell Technologies) under sterile conditions in a 

biological safety cabinet. After removal of the mononuclear layer, cells were counted, adjusted to 

1-2 x107 cells/mL in 1-1.5 mL of cryopreservative media, and underwent program-controlled 

freezing in a Planer Kryo 560-16 freezer. Whole-genome sequencing was performed for each 

tissue type on all patients, and in some cases (N = 4 in this cohort) additional whole-exome 

sequencing (WES) was performed. mRNA sequencing was performed on tumor tissues only. The 

sequencing, alignment against the human reference genome, and the identification and validation 

of somatic non-synonymous mutations was described in detail elsewhere (71,72). Somatic gene 

fusions were identified with mRNA sequences using the “CICERO” algorithm as performed 

elsewhere (72). 

 

Neoepitope prediction 

Class I HLAs were inferred for each patient from diagnostic paired-end mRNA-Seq data using 

OptiType (73) configured with the IBM CPLEX optimizer and at 5 enumerations, and FPKM 

values were obtained using gencode annotations with featureCounts (74) and edgeR (75). Using 

these predicted HLAs, all tumor-specific nonsynonymous mutations and genomic fusions were 



 
 

 

computationally screened for antigenicity using the same tools as a pipeline described in detail 

elsewhere (36) and locally adapted for this study. For each mutation with a known reading 

frame, a sliding-window approach was used to generate all unique peptide sequences of lengths 

8-15aa that contained the tumor-specific amino acid at any position. Unique peptides were 

similarly generated for genomic fusions, instead sliding the two amino acids at the fusion 

junction along the peptide sequence window. The binding affinity between each of these peptides 

and each of the patient’s HLA class I alleles was modeled using NetMHCcons (76), which was 

chosen due to this algorithm’s high sensitivity and specificity across multiple HLA alleles 

(76,77). Based on criteria used in similar studies (30, 78), we classified peptides as either 

predicted strong binders (IC50 < 150 nM), intermediate binders (150 nM ≥ IC50 ≤ 500 nM), or 

non-binders (IC50 > 500 nM), and only predicted binders were considered further. For each 

putative neoepitope derived from a nonsynonymous mutation, the predicted binding affinity of 

the respective parent peptide (i.e., the germline peptide sequence without the tumor-specific 

amino acid) was also modeled for each of the patient’s HLA alleles. 

  

Flow Cytometry 

To determine the phenotype of tumor infiltrating lymphocytes, we performed flow cytometric 

analysis on CD8+ T-cell subsets (Naïve: CD3+CD8+CCR7+CD45RO-, Tcm: 

CD3+CD8+CCR7+CD45RO+, Teff/emra CD3+CD8+CCR7-CD45RO- and Tem: 

CD3+CD8+CCR7-CD45RO+) from thawed bone marrow samples obtained from patients with B-

ALL. BMMCs were initially stained with Live/Dead Aqua (Life Technologies) per 

manufacturer’s instructions. Briefly, cells were centrifuged, washed, and resuspended in 1 mL of 

PBS to which 1 µL of reconstituted dye was added. Cells were then incubated for 20-30 minutes 



 
 

 

at room temperature, protected from light. Following incubation, the cells were washed twice 

with 1 mL of staining buffer (1X DPBS, 2% FBS, 1mM EDTA, and 0.02% sodium azide). Cells 

were then stained for surface markers, as described above, in sorting buffer for 20 minutes at 

room temperature using the following human monoclonal antibodies (mAbs): APC/Cy7- CD3 

(BioLegend 344818, Clone SK7), PB-CD8a (Biolegend 301033, Clone RPA-T8), FITC-CCR7 

(BioLegend 353216, Clone G043H7), APC-CD45RO (BioLegend 304210, Clone UCHL1). 

Following surface staining, cells were washed twice, resuspended in 300 μL of staining buffer, 

and then analyzed using a custom-configured BD Fortessa using FACSDiva software (Becton-

Dickinson). Data were analyzed using FlowJo software (TreeStar). 

To determine the phenotype of tumor cells, we performed flow cytometric analysis on CD19+ B 

cells from thawed bone marrow samples obtained from patients with B-ALL. BMMCs were 

initially stained with Live/Dead Aqua (Life Technologies) as described above. Cells were also 

stained for various surface markers, using the following human mAbs: CD3 (APC/Fire750-

conjugated, BioLegend 344840, clone SK7; used as dump gate), CD8a (BV785-conjugated, 

BioLegend 301046, clone RPA-T8; used as dump gate), CD19 (PerCP/Cy5.5-conjugated, 

BioLegend 302230, clone HIB19), HLA-A2 (FITC-conjugated (BioLegend 343303) or BV421-

conjugated (BioLegend 343325), clone BB7.2), HLA-A30, A31 (biotin-conjugated, One 

Lambda), CD273 (APC-conjugated, BioLegend 329608, clone 24F.10C12), CD274 (PE-

conjugated, BioLegend 329706, clone 29E.2A3), Galectin-9 (FITC-conjugated, BioLegend 

348912, clone 9M1-3). Following surface staining, cells were washed twice, resuspended in 300 

μL of staining buffer, and then analyzed using a custom-configured BD Fortessa using 

FACSDiva software (Becton-Dickinson). Data were analyzed using FlowJo software (TreeStar). 

 



 
 

 

Peptide synthesis 

Peptides corresponding to patient-specific neoantigens were synthesized at the Peptide Synthesis 

Facility at St. Jude Children’s Research Hospital, GenScript, or the Immune Monitoring Core at 

Fred Hutchinson Cancer Research Center. All peptides were synthesized as free acids and were 

more than 80% pure. For functional assays, sterile stock solutions of 1 mM 15mer peptides were 

prepared from lyophilized peptides reconstituted in the manufacturer’s recommended solvent 

(ultrapure water or dimethyl sulfoxide) and stored at -20oC. On the day of the experiment, stock 

solutions were diluted in complete RPMI media (RPMI 1640 supplemented with 10% FBS, 100 

U/mL penicillin, 100 μg/mL streptomycin, 2mM glutamine, 1mM sodium pyruvate, 25 mM 

Hepes, and 1X non-essential amino acids) to a final concentration ranging from 1μM to 10 pM. 

For tetramer binding assays, 9-10mer peptides were synthesized by the Immune Monitoring Core 

at Fred Hutchinson Cancer Research Center and used to synthesize monomers and tetramers 

corresponding to patient-specific neoepitopes. 

  

Generation of lentiviral-transduced K562 aAPCs 

gBlock gene fragments, encoding HLA-A*02:01, HLA-A*30:02, HLA-B*15:03, HLA-B*18:01, 

or HLA-B*53:01 were obtained from Integrated DNA Technologies (IDT). Each HLA gBlock 

was cloned into the pLVX-EF1a-IRES-Puro bicistronic lentiviral expression vector (Clonetech). 

Lentivirus was generated by transfection of pLVX lentivirus vector containing an HLA insert, 

psPAX2 packaging plasmid, and pMD2.G envelope plasmid into 293T packaging cell line. Viral 

supernatant was harvested and filtered 24 and 48 hours after transfection. K562 cells (American 

Type Culture Collection (ATCC)) were transduced and selected with 2 μg/ml puromycin for one 

week in Iscove’s Modified Dulbecco’s Medium (IMDM; ATCC) containing 10% FBS. Routine 



 
 

 

assays for expression of single HLA class I molecules via flow cytometric analysis and for 

mycoplasma (Lonza) were conducted. 

  

Artificial APC (aAPC) functional assays using exogenous peptides 

BMMCs were thawed, resuspended to 2 x 106 cells/mL in complete RPMI media, and rested in 

an incubator (37oC, 5% CO2) for 2 hours with DNAse I (100 U/mL; Worthington Biochemicals). 

The BMMCs were examined for viability by trypan blue exclusion and adjusted to 5 x107 

cells/mL in separation buffer (PBS with 2% FBS and 1mM EDTA). CD8+ T cells were enriched 

by negative selection (>90% purity) using the EasySep Human CD8+ T Cell Isolation Kit 

(StemCell Technologies) according to the manufacturer’s instructions. Enriched CD8+ T cells (1-

2 x 105) were co-cultured with aAPCs (1-2 x 105) expressing a single patient-specific HLA 

molecule that were pulsed with 1 μM of the appropriate peptide (either patient-specific 15mer 

neoantigen or 15mer irrelevant peptide), and 1 μg/mL each of anti-human CD28/CD49d (BD 

Biosciences) for 1 hour in an incubator (37oC, 5% CO2). An unstimulated (CD28/CD49d) and 

positive control (SEB, 100 μg/mL or 1X eBioscience Cell Stimulation Cocktail, 

PMA/ionomycin) were included in each assay. Following the one-hour incubation, monensin 

(Golgistop, 0.7 μL/mL; BD Biosciences) and brefeldin A (GolgiPlug, 1 μl/mL; BD Biosciences) 

were added to the cell cultures and the cells were placed back into the incubator (37oC, 5% CO2) 

for an additional 5 hours. Following incubation, the cells were washed twice with PBS, and 

stained with live/dead fixable violet amine reactive dye (Invitrogen Corporation) according to the 

manufacturer’s instructions. The cells were then washed with staining buffer and stained with a 

cocktail of surface antibodies. The cells were washed with staining buffer, and then fixed and 

permeabilized using the Cytofix/Cytoperm kit (BD Biosciences) according to the manufacturer’s 



 
 

 

instructions. Following fixation and permeabilization, the cells were washed twice with 1X 

Perm/Wash buffer and stained with anti-IFNγ (FITC-conjugated, BD Biosciences, clone 

25723.11 or AF647-conjugated, BioLegend, clone 4S.B3) and anti-TNFα (APC-conjugated, BD 

Biosciences, clone 6401.1111 or BV605-conjugated, BioLegend, clone MAb11) or 

corresponding isotype control antibodies. Cytokine-responsive cells were determined by 

subtracting the amount of IFNγ and TNFα produced by CD8+ T cells stimulated with an 

irrelevant peptide from the amount produced when stimulating with a peptide corresponding to 

patient-specific tumor neoantigens and subsequently normalizing to the response obtained using 

a polyclonal source of stimulation (SEB and/or PMA/Ionomycin). 

 

Autologous tumor functional assays using exogenous peptides 

BMMCs were thawed, resuspended to 2 x 106 cells/mL in complete RPMI media, and rested in 

an incubator (37oC, 5% CO2) for 2-6 hours with DNAse I (100 U/mL; Worthington 

Biochemicals). The BMMCs were examined for viability by trypan blue exclusion and adjusted 

to 1-2 x 106 cells/mL. BMMCs (1-2 x106) were incubated with 1 μg/mL each of anti-human 

CD28/CD49d (BD Biosciences), 1 μM to 10 pM of the appropriate peptide (either patient-

specific 15mer neoantigen or 15mer irrelevant peptide; see Table S6), and CD107a (PE-

conjugated or BV650-conjugated, BioLegend, clone H4A3) and CD107b (PE-conjugated, 

BioLegend, clone H4B4) for 1 hour in an incubator (37oC, 5% CO2). An unstimulated 

(CD28/CD49d) and positive control (Staphylococcus enterotoxin B (SEB), 100 μg/mL or 1X 

eBioscience Cell Stimulation Cocktail, phorbol 12-myristate 13-acetate (PMA) and ionomycin) 

were included in each assay. Following the one-hour incubation, monensin (Golgistop, 0.7 

μL/mL; BD Biosciences) and brefeldin A (GolgiPlug, 1 μl/mL; BD Biosciences) were added to 



 
 

 

the cell cultures and the cells were placed back into the incubator (37oC, 5% CO2) for an 

additional 5 hours. Following incubation, the cells were washed twice with PBS, and stained 

with live/dead fixable violet amine reactive dye (Invitrogen Corporation) according to the 

manufacturer’s instructions. The cells were then washed with staining buffer (PBS containing 

1% FBS and 0.02% Sodium Azide) and stained with a cocktail of surface antibodies. The cells 

were washed with staining buffer, and then fixed and permeabilized using the Cytofix/Cytoperm 

kit (BD Biosciences) according to the manufacturer’s instructions. Following fixation and 

permeabilization, the cells were washed twice with 1X Perm/Wash buffer and stained with anti-

IFNγ (FITC-conjugated, BD Biosciences, clone 25723.11 or AF647-conjugated, BioLegend, 

clone 4S.B3) and anti-TNFα (APC-conjugated, BD Biosciences, clone 6401.1111 or BV605-

conjugated, BioLegend, clone MAb11) or corresponding isotype control antibodies. Cytokine-

responsive and degranulating cells were determined by subtracting the amount of IFNγ, TNFα, 

and CD107a/b produced by CD8+ T cells stimulated with an irrelevant peptide from the amount 

produced when stimulating with a peptide corresponding to patient-specific tumor neoantigens 

and subsequently normalizing to the response obtained using a polyclonal source of stimulation 

(SEB and/or PMA/Ionomycin). 

  

Generation of tandem minigene (TMG) constructs, and in-vitro-transcribed (IVT) RNA 

Minigenes were generated for each non-synonymous somatic mutation (and corresponding wild-

type sequence) to encode the mutated (or wild-type) amino acid flanked bilaterally with 12 wild-

type amino acids, resulting in a 25 amino acid peptide. TMG constructs were synthesized from 

multiple minigenes (2-7 per plasmid) arranged in tandem for a given patient. Each TMG 

construct was codon optimized, synthesized, and cloned into a pcDNA3.1 expression vector 



 
 

 

using available EcoRI and NotI cut sites (GenScript). TMG plasmids were linearized with the 

restriction enzyme SmaI (NEB), and each linearized plasmid was used as a template for in-vitro-

transcribed RNA using the mMESSAGE mMACHINE T7 Ultra Transcription Kit (Thermo 

Fisher Scientific) according to the manufacturer’s instructions. RNA was purified using the 

MEGAclear Transcription Clean-Up Kit (Thermo Fisher Scientific) according to the 

manufacturer’s instructions. Subsequently, RNA concentration was determined using a 

NanoDrop spectrophotometer and stored at -80oC until later use.       

 

Preparation of autologous tumor cells and CD8+TILs for TMG and IVT functional assays 

Autologous tumor cells (CD19+ B cells) were positively selected (>90% purity) from patient’s 

bone marrow samples using the EasySep Human CD19+ Positive Selection Kit II (StemCell 

Technologies) according to the manufacturer’s instructions. Enriched CD19+ tumor cells were 

cultured overnight in complete RPMI media, supplemented with multimeric CD40L (1000 

ng/mL; AdipoGen Life Sciences), IL-4 (10 ng/mL), IL-21 (10 ng/mL), and BAFF (10 ng/mL) 

(all cytokines from GenScript). Following positive selection of CD19+ tumor cells, the flow 

through was used to enrich for CD8+ T cells by negative selection (>85% purity) using the 

EasySep Human CD8+ T Cell Isolation Kit (StemCell Technologies) according to the 

manufacturer’s instructions. Enriched CD8+ T cells were cultured overnight in GT-T551 T cell 

culture media (Takara Bio), supplemented with recombinant human IL-2 (300 IU/mL; 

PeproTech). 

 

TMG plasmid DNA transfection of aAPCs 



 
 

 

aAPCs expressing a single patient-specific HLA molecule were transfected with corresponding 

mutant or wild-type (parent) TMG plasmid DNA using the Neon Transfection System (Thermo 

Fisher Scientific) according to the manufacturer’s instructions. Briefly, aAPCs were resuspended 

in the kit’s Resuspension Buffer R at a concentration of 1 x 107 cells/mL. The aAPCs were 

mixed with TMG plasmid DNA (1 μg plasmid DNA per 1 x 106 cells), aspirated into the 100 μL 

Neon Tip, and electroporated with 1,450 V for 10 ms and three pulses in the Neon device. 

Electroporated cells were transferred into 6-well plates containing 2 mL of IMDM media 

supplemented with 10% FBS, and incubated (37oC, 5% CO2) overnight for use in TMG co-

culture functional assays. Transfection efficiencies were routinely between 70-90%, on the basis 

of green fluorescent protein (GFP) expression 24 hours after transfection of aAPCs with control 

pcDNA3.1-GFP plasmid DNA (GenScript).  

 

TMG RNA transfection of autologous tumor cells 

Positively selected autologous tumor cells (CD19+ B cells) were transfected with either mutant 

or wild-type (parent) TMG RNA using the Lipofectamine MessengerMAX (Thermo Fisher 

Scientific) according to the manufacturer’s instructions. Briefly, 10 μg of the in-vitro-transcribed 

plasmid RNA was complexed to diluted Lipofectamine MessengerMAX Reagent in Opti-MEM 

reduced serum media. After a brief 5 minute incubation at room temperature, the RNA-lipid 

complex was added to 1 x 106  tumor cells in 6-well plates, and incubated (37oC, 5% CO2) 

overnight for use in TMG co-culture functional assays. Transfection efficiencies were routinely 

between 40-60%, as assessed by GFP expression at 24 hours after transfection of tumor cells 

with a control GFP-encoding RNA (TriLink BioTechnologies) or with in-vitro-transcribed RNA 

generated from the pcDNA3.1-GFP plasmid (GenScript). 



 
 

 

 

TMG co-culture functional assays    

Enriched CD8+ T cells from patient bone marrow samples or from healthy donor PBMCs were 

co-cultured with mutant or wild-type (parent) TMG-electroporated target cells at a ratio of 1:2 

aAPCs or 1:5 tumor cells in complete RPMI media, respectively. Additionally, mock-TMG cells 

(target cells electroporated or cultured with lipofectamine reagents in the absence of plasmid 

DNA or RNA, respectively) or CD8+ T cells alone, with or without PMA/Ionomycin, were used 

as controls. Co-cultured cells were incubated (37oC, 5% CO2) for two hours, after which 

monensin (Golgistop, 0.7 μL/mL; BD Biosciences) and brefeldin A (GolgiPlug, 1 μl/mL; BD 

Biosciences) were added to the cell cultures and the cells were placed back into the incubator 

(37oC, 5% CO2) for an additional 8-10 hours. Following incubation, the cells were washed twice 

with PBS, and stained with live/dead fixable violet amine reactive dye (Invitrogen Corporation) 

according to the manufacturer’s instructions. The cells were then washed with staining buffer 

and stained with a cocktail of surface antibodies. The cells were washed with staining buffer, and 

then fixed and permeabilized using the Cytofix/Cytoperm kit (BD Biosciences) according to the 

manufacturer’s instructions. Following fixation and permeabilization, the cells were washed 

twice with 1X Perm/Wash buffer and stained with anti-IFNγ (AF647-conjugated, BioLegend, 

clone 4S.B3) and anti-TNFα (BV605-conjugated, BioLegend, clone MAb11) antibodies. 

Cytokine-responsive CD8+ T cells were determined by subtracting the amount of IFNγ or TNFα 

produced by CD8+ T cells co-cultured with mock-TMG cells from the amount produced when 

co-culturing with mutant or wild-type (parent) TMG transfected cells and subsequently 

normalizing to the response by enriched CD8+ T cells stimulated with PMA/Ionomycin.  

 



 
 

 

TIL expansion and generation of tumor-reactive CD8+ T cell lines 

Tumor-reactive CD8+ T cells from two diagnostic patient (ERG009 and ETV078) specimens 

were generated by co-culturing 2-3 x 104 sorted CD8+ T cells with 8 x 104 autologous CD19+ 

tumor cells in GT-T551 T cell culture media (Takara Bio), supplemented with 10% human AB 

serum (Gemini Bio-Products),  recombinant human IL-2 (6,000 IU/mL, PeproTech,) and CD3 

stimulation (30 ng/mL anti-CD3 antibody, clone OKT3, Miltenyi Biotec; or Dynabeads Human 

T-Activator CD3/CD28, Thermo Fisher) for a total of 21 days. A negative control (non-

neoantigen expressing target) for each patient was included, in parallel, by co-culturing 2-3 x 104 

sorted CD8+ T cells with 8 x 104 aAPCs expressing patient-specific HLAs using the same 

culturing conditions and reagents outlined above. Tumor reactivity was determined by flow 

cytometry after 21 days of co-culturing by staining samples with Live/Dead Aqua (Life 

Technologies), an antibody against CD8a (BV785-conjugated, BioLegend 301046, clone RPA-

T8), and with pre-titrated mutant, wild-type, or irrelevant APC- and/or PE-conjugated tetramers 

as outlined below. 

     

Tetramer-binding assay 

Tetramers corresponding to patient-specific neoepitopes (9-10mers binding patient-specific HLA 

class I molecules; Table S4) were synthesized at the Immune Monitoring Core at Fred 

Hutchinson Cancer Research Center. Table S4 lists all of the 10mer-containing tetramers for the 

neoepitopes for ERG009 that successfully refolded. For several cases, we had greater success 

producing tetramers containing 9mers due to improper folding when using peptides of longer 

length, thus we focused on the 9mer containing tetramers for subsequent patient samples. For 

tetramer-binding assays, BMMCs were thawed, resuspended to 2 x 106 cells/mL in complete 



 
 

 

RPMI media, and rested in an incubator (37oC, 5% CO2) for 2 hours with DNAse I (100 U/mL; 

Worthington Biochemicals). After 2 washes with PBS, 2-4 x 106 cells were incubated (37oC, 5% 

CO2) for 30 mins in PBS containing 50 nM dasatinib. Subsequently, cells were stained with pre-

titrated mutant (cancer neoantigen bound to patient-specific HLA), wild-type (parent self-peptide 

bound to patient-specific HLA), and/or irrelevant (nonself-antigen bound to patient-specific 

HLA) APC- or PE-conjugated tetramers for 20 mins in the incubator (37oC, 5% CO2). After 2 

washes with PBS, anti-PE (BioLegend, clone PE001) or anti-APC (BioLegend, clone APC003) 

primary unconjugated antibodies were added to the cells. After 2 washes with staining buffer, 

cells were stained with a selection of the following cell surface monoclonal antibodies (mAbs): 

CD3 (APC/Fire750-conjugated, BioLegend 344840, clone SK7), CD4 (PerCP/Cy5.5-conjugated, 

BioLegend 317428, clone OKT4), CD14 (PerCP/Cy5.5-conjugated, BioLegend 301824, or 

PE/Cy7-cojugated, BD Biosciences 557742, clone M5E2), CD19 (PerCP/Cy5.5-conjugated, 

BioLegend 302230, clone HIB19), CD8a (BV785-conjugated, BioLegend 301046, clone RPA-

T8), CD45RO (BV605-conjugated, BioLegend 304238, clone UCHL1), CCR7 (FITC-

conjugated, BioLegend 353216, clone G043H7), PD-1 (PE- or PE/Cy7-conjugated, BioLegend 

329906/329918, clone EH12.2H7), TIM-3 (SuperBright436-conjugated, eBioscience 62-3109-

42, or PE/Cy7-conjugated, BioLegend 345014, clone F38-2E2), and/or CD45RA (BV421-

conjugated, BioLegend 304130, clone HI100). The cells were washed twice with PBS, and 

stained with live/dead fixable violet amine reactive dye (Invitrogen Corporation) according to the 

manufacturer’s instructions. The cells were then washed with staining buffer and analyzed on a 

custom-configured BD Fortessa using FACSDiva software (Becton-Dickinson). Data were 

analyzed using FlowJo software (TreeStar). The distinction of neoepitope-specific CD8+ T cells 

was restricted to those tetramer-positive CD8+ T cells that bound patient-specific neoepitope 



 
 

 

(mutant) tetramers with a 5-fold greater frequency than CD8+ T cells bound to either the parent 

(self-peptide containing) tetramer or to an irrelevant tetramer containing a patient associated 

HLA.   

  

Generation of retroviral-transduced SUP-T1 cells 

αβ TCR sequences were amplified from tetramer-sorted (HLA-A*30:02 PLCD3(311-319) mutant 

tetramer) single cells as described previously (79). gBlock gene fragments encoding the clonal 

TCRαβ were obtained from Integrated DNA Technologies (IDT). Each TCRαβ gBlock was 

cloned into the MSCV-IRES-Thy1.1 DEST retroviral expression vector (Addgene). 

Recombinant MSCV-IRES-Thy1.1 plasmids with full length TCRαβ inserts were isolated in 

small scale using a NucleoSpin Plasmid kit (Clontech) and in large scale, for transfection, using 

a Plasmid Midi kit (Qiagen) per the manufacturer’s instructions. TCRαβ and retroviral packaging 

vectors (5 μg of each) were co-transfected into Phoenix GP cell line (ATCC® CRL-3215) using 

Lipofectamine 3000 (ThermoFisher) per the manufacturer’s instructions. Supernatant was 

collected 24 and 48 hours after transfection and centrifuged at 2000g for 2 hours after overnight 

incubation with retrovirus concentrator (Retro-X, Clontech) at 4°C. The retrovirus pellets were 

resuspended in complete RPMI medium and stored at -20°C. SUP-T1 cells (ATCC CRL-1942) 

were cultured in the retrovirus-containing c-RPMI medium at 37°C and 5% CO2 for 72 hours. 

Routine assays for TCRαβ expression were performed using flow cytometric analysis, and 



 
 

 

neoepitope specificity of the TCRαβ-transduced SUP-T1 cells were verified using neoepitope-

specific tetramers. 

  

Fluidigm gene expression methods 

Single-cell gene expression experiments were performed using Fluidigm’s DynamicArray 

microfluidic chips (Fluidigm) following manufacturer’s instructions (Two-Step Single-cell gene 

expression using EvaGreen Supermix on Biomark HD System). Single cells were sorted from 

three patient samples using the Sony SY3200 into individual wells of 96-well plates that had 

been preloaded with 5 μL consisting of 1.2 μL 5X SuperScript VILO Reaction Mix (Thermo 

Fisher), 0.3 μL SUPERase-In (20 U/μL; Thermo Fisher), 0.25 μL 10% NP40 (Thermo Fisher), 

and nuclease free water (Teknova). Each plate contained two empty wells for use as non-

template controls (NTC). After successful sorting, the plates were incubated at 65°C for 90 

seconds, and chilled on ice for 5 minutes for RNA denaturation. The remaining components of 

the RT reaction were added to each well, including 0.15 μL 10X SuperScript Enzyme Mix 

(Thermo Fisher), 0.12 μL T4 Gene 32 Protein (NEB), and nuclease free water (Teknova). 

Thermal cycling conditions for the reverse transcription of single-cell mRNA into cDNA was 

25°C for 5 min, 50°C for 30 min, 55°C for 25 min, 60°C for 5 min, 70°C for 10 min, and then 

hold at 4°C. After reverse transcription, the cDNA was amplified using 1.5 μL of a pool of the 

designed primers (STA mix; Fluidigm), 7.5 μL TaqMan PreAmp Master Mix (Thermo Fisher), 

and 0.075 μL 0.5M EDTA (Thermo Fisher). The thermal cycling conditions were 95°C for 10 

min, 20 cycles of 96° for 5 sec and 60°C for 4 min, and then hold at 4°C. Amplified cDNA was 

then treated with Exonuclease I (NEB) to remove any unincorporated primers by adding 6 μL of 

4 U/μL Exonuclease I (20 U/μL Exonuclease I diluted with water and 10X Exonuclease I 



 
 

 

Reaction buffer). Thermal cycling conditions were 37°C for 30 min, 80°C for 15 min, and then 

hold at 4°C. The cDNA was then diluted 5-fold for loading onto the chip. 

The sample mix to be loaded onto the chip included 2.5 μL 2X Sso Fast EvaGreen Supermix 

with low ROX (Bio-Rad), 0.25 μL 20S DNA Binding Dye Sample Loading Reagent (Fluidigm), 

and 2.25 μL of the prepared cDNA. The assay mix loaded onto the chip included 2.5 μL 2X 

Assay Loading Reagent (Fluidigm), 1X DNA Suspension Buffer (Teknova), and 100 μM of each 

forward and reverse primer mix (Fluidigm). Each chip was primed immediately before loading 

the 5 μL of each sample mix and 5 μL of each assay mix onto the chip. The chips were then 

loaded using the IFC Controller HX (Fluidigm) and transferred to the Biomark HD real-time 

PCR reader to analyze using the GE Fast 96x96 PCR+Melt v2 protocol.  

  

Analysis and visualization of single-cell expression data 

Ct values were recovered from the BioMark HD, and data were then analyzed using the Fludigm 

Real-Time PCR Analysis software. The quality threshold was set to 0.65, and a linear derivative 

was used for baseline correction. Cells were removed from further analysis if they had low or 

absent ACTB and GAPDH expression (n=35). As positive controls, PBMC samples from 

healthy donors were sorted exactly as patient samples (CCR7-CD45RO+ and CCR7+CD45RO-) 

in bulk (at least 100 cells per well). Fluidigm reactions with Tm that did not match what was 

observed in the positive controls were excluded from analysis. Genes were removed if 

amplification was found in the non-template control wells (n=3), if there were several melting 

temperature curves (n=1), if median Ct values were <6 (n=1), or if there was no expression in 



 
 

 

any reaction (n=1). A list of the 88 DeltaGene assays used in this study with primer sequences is 

provided in Table S5. 

Ct values of filtered single-cell expression data were converted to expression thresholds (Et) and 

analysed using the MAST statistical framework (70) in R, which utilizes hurdle models designed 

specifically for single-cell expression data that take into account both the proportion of cells 

expressing a gene and the expression of the gene. Cells with a cellular detection rate in the 1% 

and 99% quantiles were filtered from further analysis, and missing data points were considered 

as zero-values unless otherwise indicated. 

To facilitate simultaneous analysis of transcript and protein expression, transcript data were 

combined with cell-specific protein expression data obtained from indexed flow cytometry by 

centering each measure on its mean and scaling to unit variance. Initial investigations of the data 

were conducted via Principal Components Analysis (PCA), using the two principal components 

that accounted for the greatest variation in the data to search for patterns related to patient 

identity and tetramer specificity. We then conducted cut-tree hierarchical clustering with Ward’s 

minimum variance method on the first two principal components in order to further investigate 

potential expression similarities among groups of cells, visually confirming the consistent 

separation of clusters by overlaying cluster membership on the PCA plot. We employed a 

sequential approach whereby we expanded the number of clusters iteratively to search for the 

largest value for which expression differences among putative clusters most closely resembled 

the published expression profiles of known CD8+ T cell subsets. Whereas two clusters broadly 

recapitulated differences typically observed between exhausted and non-exhausted CD8+ T cells, 

three clusters revealed an effector subset and a dysfunctional subset within the non-exhausted 

cluster, resulting in three broad functional groups supported by the literature: exhausted cells, 



 
 

 

effectors, and dysfunctional cells. Additional iterations of dendrogram cutting revealed putative 

subdivisions of various clusters, but we were unable to find literature supporting the biological 

relevance of these potential subpopulations. Heatmaps were generated using the R package NMF 

(80) with missing data points excluded, and rather than using the center-scaled data, the raw 

protein expression data were re-scaled to the full range of the Et data in order to visualize the 

heatmap using an absolute metric. 

  

Methylation 

Genomic DNA (100 ng) was subjected to bisulfite (BS) treatment using the EZ DNA 

methylation Gold kit (Zymo Research), which converts all unmethylated cytosines to uracils 

while protecting methylated cytosines from the deamination reaction. To perform loci-specific 

methylation analysis, bisulfite-modified DNA was PCR amplified with locus-specific primers for 

IFNγ, TCF7, and TBX21. The PCR product was gel extracted using the Zymoclean Gel DNA 

Recovery Kit (Zymo Research) and ligated overnight at 4oC to the pGEMT easy vector using T4 

DNA ligase following the manufacturer’s protocol (pGEM T vector system-I, Promega). XL-

Gold ultracompetent bacteria (Stratagene) were transformed with the ligated DNA and spread on 

LB agar plates containing Ampicillin, X-Gal, and IPTG and incubated for 16 hrs at 37oC. White 

colonies were selected and inoculated into 1ml of 2x LB broth, and incubated overnight at 37oC 

in a shaking incubator at 220 rpm. Plasmid DNA was isolated from the cultured bacteria using 

the Directpret 96 Miniprep Kit (Qiagen), and the genomic insert was Sanger sequenced. 



 
 

 

Sequencing results were analyzed using the QUMA online server to assess the extent of 

methylation at the selected loci (81). 

 

Code and Data availability 

Single-cell gene expression data have been submitted to the Gene Expression Omnibus 

(GSE130670) and single-cell protein data is provided in Table S8. All other sequencing data can 

be accessed via European Genome-Phenome Archive (www.ebi.ac.uk/ega/search/site/PCGP) and 

St Jude Pediatric Cancer (PeCan) Data Portal (https://pecan.stjude.org/home). The EGA numbers 

corresponding to the data in this manuscript are EGAD00001002654 and EGAS00001000514. 



 
 

 

 
Fig. S1. Experimental pipeline used to identify cancer neoepitopes. (A) (Step 1) Tumor material was 

analyzed against matched germline tissue to identify tumor-specific mutations using WES and/or WGS 

(Step 2). (Step 3) Expression of HLA class I genes was assessed from paired-end mRNA sequencing from 

tumor biopsies using OptiType. (Step 4) Neoepitope prediction was performed using NetMHCcons to 

determine the binding affinity between mutant peptides and patient-specific HLA class I alleles. (Step 5) 

Putative neoantigens and neoepitopes were experimentally validated for their ability to induce tumor -

specific CD8+ T cell responses by tetramer binding, cytokine production, and degranulation. (B) Number 

of somatic mutations (red) and putative neoeptiopes (black) from patients with B-ALL generated from 

WES and WGS data. (C) Number of putative neoepitopes with HLA binding affinity <150 nM (gray) and 

150 to 500 nM (black) from patients with B-ALL. (D) Flow cytometric analysis of BMMCs depicting the 

frequency of CD19+ tumor cells expressing HLA molecules for ERG009 (red histogram, HLA-A30) and 

ERG016 (blue histogram, HLA-A2).  



 
 

 

  



 
 

 

Fig. S2. Phenotypic characterization of CD8+ tumor infiltrating lymphocytes from human bone 

marrow samples. (A) Flow cytometric analysis of one representative patient depicting the gating strategy 

used to characterize the differentiation status (CCR7 and CD45RO expression), PD-1 expression, and 

TIM-3 expression. (B) Frequency of CD8+ T cells among total bone marrow cells from a healthy donor 

(control) and patient bone marrow samples. (C) Overlaid histogram plots show expression of PD-1 and 

TIM-3 in different CD3+CD8+ TIL subsets. CD8+ T cell subsets were defined as follows: TN cells, 

CD3+CD8+CCR7+CD45RO-; TCM cells, CD3+CD8+CCR7+CD45RO+; TEM cells, CD3+CD8+CCR7-

CD45RO+; TEFF/EMRA cells, CD3+CD8+CCR7-CD45RO-. (D) Flow cytometric analysis of PD-1 and 

TIM-3 on TEM CD8+ lymphocytes from a healthy donor (control) or patient bone marrow samples. (E) 

Flow dot plots depicting the expression of PD-1, TIM-3, 4-1BB, CCR7, CD45RA, and CD45RO on 

CD3+CD8+ TILs from healthy donor (control) and patient bone marrow samples. Summary frequency 

graphs (bottom) depict the differential expression of each marker between healthy donor and patient 

samples. Bone marrow from a single patient (ETV001) was not stained for marker CD45RA. 

 

  

  

  



 
 

 

Fig. S3. Generation of aAPCs expressing single patient-specific HLA class I molecules. 

Representative gating strategy used to identify HLA expression patterns among single HLA transduced 

K562 cells using monoclonal antibodies against b2-microglobulin, pan HLA-A,B,C molecules, HLA-

A30, HLA-Bw4, or HLA-Bw6. Overlaid histogram plots show expression of HLA-A*30:02, HLA-

B*15:03, HLA-B*18:01, and HLA-B*53:01 between the parental K562 cell line, and single HLA class I 

expressing stable cell lines (aAPCs). 

 

  

  



 
 

 

Fig. S4. Healthy donors exhibit negligible responses against endogenous neoantigens. Enriched CD8+ 

T cells from healthy donor PBMCs (ABH014 PBMC and ABH025 PBMC) were cultured overnight in 

GT-T551 T cell culture media supplemented with rhIL-2 (300 IU/mL). Following overnight incubation, 

enriched CD8+ T cells were co-cultured with RNA-transfected tumor cells from three patients at a 1:5 

effector to target ratio in complete RPMI media for a total of 12 hours. Co-cultured CD8+ T cells were 

subsequently subjected to intracellular flow cytometric analysis, and the frequency cytokine producing 

cells was determined. Flow dot plots depict the frequency IFNγ- and TNFα-positive CD8+ T cells.  



 
 

 

 



 
 

 

Fig. S5. Neoepitope tetramers are patient-specific and exhibit negligible nonspecific binding. Bone 

marrow cells from each patient were independently stained using an antibody cocktail and either an 

irrelevant (either nonself-antigen bound to patient-specific HLA or mutated neoantigen from a different 

patient), parent (wild-type self-peptide bound to patient-specific HLA), or mutant (cancer neoantigen 

bound to patient-specific HLA) tetramers. Flow dot plots depict the frequency of CD8+ TILs binding 

either a parent (blue shaded dot plots), irrelevant (gray shaded dot plots), or mutant (dot plots without 

shading) tetramer across all patients. Above each dot plot is a label indicating the specific tetramer (HLA 

allele and peptide) used for staining. 

  



 
 

 

 
Fig. S6. Phenotypic characterization of neoepitope-specific CD8+ TILs. PD-1low, PD-1mid, PD-1high, 

and PD-1high/TIM-3high expression on tetramer-positive CD3+CD8+ TILs from patients ERG009 (A), 

ETV001 (B), and ETV078 (C) determined by flow cytometric analysis. 

  



 
 

 



 
 

 

Fig. S7. Patient-specific transcriptional profiles. (A) Projection of principal components from single-

cell gene-expression data derived from tetramer-negative and tetramer-positive sorted CD45RO+CD8+ 

TIL subsets from patients ERG009, ETV001, and ETV078. Each circle represents an individual cell and 

each color represents the corresponding cluster number. (B) Heatmap visualizing unscaled expression of 

genes (transcript expression threshold values; Et) and scaled surface protein data (MFI) for sorted single-

cell tetramer-negative and tetramer-positive CD45RO+CD8+ TILs. Top margin color bars represent, from 

top to bottom, tetramer type, hierarchical cluster number (clusters 1-3), and patient IDs (ERG009, 

ETV001, and ETV078), respectively. Bolded gene name colors represent: transcription factors (black), 

inhibitory receptors (red), functional molecules (green), chemokine/chemokine receptors (blue), and 

transcriptional regulators (gray). 

 

  

  



 
 

 

 

Fig. S8. Phenotypic characterization of patient-specific CD19+ tumor cells. Galectin-9, PDL1, and 

PDL2 co-inhibitory receptor ligand expression on CD19+ tumor cells from ERG009, ERG016, ETV078, 

ETV084, and ETV085 or CD19+ BMMCs from control samples determined by flow cytometric analysis.  

  

  



 
 

 

Table S1. Patient ALL subtypes 

 
  
  



 
 

 

Table S2. FPKM values for HLA genes 

  



 
 

 

Table S3. Patient-specific neoepitopes 

 



 
 

 

Table S4. Tetramers used for specificity assays 

 



 
 

 

Table S5. Fluidigm primer list 

 
   



 
 

 

Table S6. Peptides for functional assays 

 
  



 
 

 

Table S7. Mutant allele frequencies (MAF) for sequenced mutations 

 
  



 
 

 

Table S8. Single-cell indexed FACS median fluorescence intensity (MFI) 
 
(Table too large to embed in this Word document, so provided as a separate file) 
 


