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SHORT REPORT

Identification and in vitro validation of neoantigens for immune activation against 
high-risk pediatric leukemia cells
Satbir Thakura, Mohit Jaina, Chunfen Zhanga, Candice Majora, Kevin J. Bielamowiczb, Norman J. Lacayoc, Olena Vasked, 
Victor Lewisa, Luis Murguia-Favelae, and Aru Narendrana

aDivision of Pediatric Oncology, Alberta Children’s Hospital, Calgary, Alberta, Canada; bDivision of Hematology/Oncology, Arkansas Children’s 
Hospital, Little Rock, Arkansas; cDepartment of Oncology, Stanford University School of Medicine, Stanford, California; dDepartment of Molecular, Cell 
and Developmental Biology, University of California Santa Cruz, Santa Cruz, California; eSection of Hematology and Immunology, Alberta Children’s 
Hospital, University of Calgary, Calgary, Alberta, Canada

ABSTRACT
There is experimental and clinical data to indicate the contribution of immune-escape mechanisms in 
relapsed/refractory pediatric leukemia. Studies have shown the accumulation of mutations that translate 
to peptides containing tumor-specific epitopes (neoantigens). The effectiveness of neoantigen-based 
vaccines has been shown in several clinical trials in adults. Though the initial results are encouraging, this 
knowledge must be developed to account for the uniqueness of pediatric cancer biology. We have 
completed the initial proof-of-concept analysis on a high-risk pediatric leukemia specimen and identified 
usable neoantigen sequences. We describe this approach, including the bioinformatics method and 
experimental model to verify their function that can be further broadened for personalized neoantigen 
prediction and testing for the generation of anticancer vaccines against high-risk pediatric leukemias.
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Immunotherapy has emerged as an effective therapy due to low 
toxicity, fewer side effects and effective clinical responses in several 
adult cancers. Neoantigens that are created by tumor-specific 
non-synonymous mutations carry the potential to serve as effec-
tive targets for immunotherapy.1 As neoantigens are expressed 
only in tumor cells, they are exempted from central tolerance and 
can elicit a robust immune response which is specific to tumor 
cells.2 Next-generation sequencing and development of algo-
rithms for the prediction of MHC-I binding epitopes have enabled 
the detection of tumor-specific mutations which can be used for 
the generation of personalized therapeutic cancer vaccines.3 These 
neoantigen-based vaccines activate cytotoxic T cells that could 
specifically recognize and kill cancer cells and provide immuno-
logical memory that can lead to long-term protection against the 
recurrence of cancer.4 Clinical trials testing personalized neoanti-
gen-based vaccines have been conducted in adult melanoma, 
glioblastoma, and breast cancer patients.3 These trials demon-
strated that neoantigen vaccines were able to induce tumor-spe-
cific CD4+ and CD8+ T cell response, depicting their potential for 
further development into a mainstream therapy.5–8

Despite the promising results in adult cancers, the antitu-
mor potential of neoantigen vaccines has not been well studied 
in pediatric cancers. In this study, we report personalized 
neoantigen peptides generated for a pediatric patient diag-
nosed with high-risk T cell acute lymphocytic leukemia (T- 
ALL) showing effective in vitro CD8+ T cell activity against the 
leukemic blasts, providing a practical treatment backbone for 
future novel immune therapeutic approaches for children with 
high-risk leukemias.

This study was approved by the local Institutional Review 
Board [#HREBA.CC-160286_REN5] and all patient samples 
were collected following parental informed consent. Bone mar-
row specimen from a 13-year-old who was diagnosed with T- 
ALL and presented with a mediastinal mass was collected during 
the diagnostic procedure and a leukemic blast enriched popula-
tion was prepared by Ficoll (GE Healthcare) density gradient 
centrifugation. Peripheral blood cells were obtained from blood 
collected one year following completion of treatment when the 
child had normal blood cell counts and no evidence of disease. 
These cells were used to generate normal RNA sequence and to 
perform ELISPOT assays as described below.

For the whole exome analysis, RNA was extracted from the 
patient’s leukemic blasts and normal blood cells using the 
Qiagen RNeasy kit (Qiagen). The sequencing and bioinfor-
matics analysis to identify neoantigen peptides were performed 
by MedGenome as described previously.9 Briefly, the Agilent 
SureSelect Human All Exome kit (50 Mb panel size) was used 
to generate libraries and sequence them on the HiSeq 2500 
platform (Illumina Inc.) to generate 2 × 75 bp paired-end data. 
Illumina Stranded mRNA library preparation kit with PolyA 
selection was used for RNA sequencing (Illumina Inc.). RNA- 
seq reads aligned to the human genome version GRCh38 using 
STAR v2.4.1 were used to compute the gene level expression 
counts. This involved counting the number of reads aligning 
concordantly within a pair and uniquely to each gene locus 
using gene models defined by NCBI and Ensembl gene annota-
tions, and RefSeq mRNA database. The gene expression was 
estimated using Cufflinks v2.2.1.
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Raw reads were assessed by FastQC for Phred score quality. 
Adapter trimming was performed by the cutadapt program 
(v2.5) (https://cutadapt.readthedocs.io/en/stable/index.html). 
Adapter-trimmed reads were then analyzed using the GATK 
good-practice workflow (Genome Analysis Toolkit, Broad 
Institute). Briefly, trimmed reads were aligned against human 
genome hg19 using BWA (Burrows-Wheeler Aligner)-MEM 
(Maximal Exact Matches) (v0.7.12).10 Aligned reads were 
further sorted and indexed using Samtools (v1.2).11 These 
binary alignment map (BAM) files were assessed for PCR 
duplicates, and likely duplicates were flagged using the 
MarkDuplicates tool of the Picard package (v1.140) in the 
GATK tool suite (Genome Analysis Toolkit, Broad Institute). 
The sequences were further realigned around known indels 
from population frequency databases and the base quality 
score was recalibrated. The somatic variants were identified 
using the Strelka2 program (v2.0.17) and annotated using the 
variant annotation pipeline VariMAT (v2.4.1), which were 
further filtered, and only on-target variants were considered 
to determine the Tumor Mutational Burden (TMB). Known 
germline variants reported in the population frequency data-
bases such as dbSNP, 1,000 G and ExAC at ≥0.1% were 
removed.12–14 The total number of exonic variants and Indels 
are shown in 

Potential immunogenic neoepitopes were predicted from 
somatic mutations by generating overlapping 9-mer peptides 
with the mutant amino acid occupying each of the nine posi-
tions of the peptide. Using patient’s HLA, the binding affinity 
of each of the 9-mer peptide was determined using 
NetMHCpan4.0.15 Peptides with binding affinities ≤1000 nM 
were selected for the further prioritization of epitopes for 
immune-proteasomal processing using NetChop 3.1 and trans-
porter associated with antigen processing (TAP) binding using 
the TAP processing module of IEDB. Peptides having protea-
somal cleavage score >10 and TAP binding affinity <0.5 were 
selected. The expression of the mutant transcript was assessed 
and expression >1 FPKM was used as a cutoff and the resultant 
peptides were rank ordered based on the composite immuno-
genicity score calculated from MHC class I binding affinities, 
expression of the somatic variants at the RNA level and TCR 
binding predictions.

The prioritized neoepitope peptides were assayed for T cell 
response using a primed CD8+ T cell and leukemia co-culture 
assay. Peripheral blood mononuclear cells (PBMCs) were iso-
lated from blood at one year post completion of treatment, 
using a standard Ficoll gradient. CD8+ T cells were isolated 
from PBMCs (RPMI 1640 + 10% FBS supplemented with IL-7 
10 ng/ml) using the MACS cell separation method (Miltenyi). 
Monocytes from PBMCs were isolated by the adherence 
method and differentiated into dendritic cells (DCs) in RPMI 
1640 + 10% FBS supplemented with GM-CSF 100 ng/ml and 
IL-4 25 ng/ml. DCs were pulsed overnight with the neoantigen 
peptides synthesized in a GMP facility (Shanghai Royobiotech 
Ltd.) at a concentration of 50 μg/ml. CD8+ T cells were co- 
cultured with the pulsed DCs for  fivedays (1:10 DC, CD8 
+ ratio) in RPMI 1640 + 10% FBS supplemented with IL-2 
10 ng/ml for priming. The primed CD8+T-cells were then co- 
cultured with thawed leukemia cells from the patient in a 1:1 
ratio (25,000 total cells/well) in RPMI 1640 + 10% FBS 

supplemented with IL-7 and IL-2 and interferon gamma 
(IFN-γ) production was analyzed by the ELISPOT assay 
(R&D systems) following the manufacturer’s protocol.

The RNA seq analysis identified the class I HLAs for the 
patient to be HLA-B07:02, HLA-C07:02, HLA-B58:01, HLA- 
A02:01, HLAC03:02, HLA-A01:01. The whole exome sequen-
cing of the patient’s leukemia cells and PBMCs identified 
somatic mutations which were orthogonally validated and 
assessed for expression of the mutated alleles by RNA-seq 
(Table 1). Our analysis showed that >99% of the total reads 
aligned to the reference genome for each sample. The average 
insert size of the aligned reads after applying filters such as for 
mapping quality, duplicate %, and cross mapping was ~160bp. 
Table 2 summarizes the analysis workflow for exomes and 
RNA sequencing data.

About 80% of exome and RNA sequencing reads mapped to 
target genes with an average depth of sequencing ranging from 
117–250X (Table 3). Somatic variant calling identified variants 
that were considered for further analysis to calculate the TMB. 

Table 1. Data summary of exome and RNA sequencing. Tables summarizing the 
(A) whole exome and (B) RNA sequencing data from the patient’s leukemia cells 
(Initial tumor) and normal PBMCs (Final normal).

(A)
Exome seq Initial tumor Final normal

Total reads 225,995,446 101,103,652
Total data (Gb) 22.60 10.11
Theoretical depth 448.49 200.64
Average read length (bp) 100 100
GC% 52.36 52.42
Average base quality (Phred) 38.75 38.83
Total data ≥Q30 (%) 92.95 93.21

(B)
RNA seq Initial tumor

Total reads 176,127,016
Total data (Gb) 17.61
Average read length (bp) 100
GC% 49.99
Average base quality (Phred) 39.68
Total data ≥Q30 (%) 96.29

Table 2. Read alignment summary for exomes and RNA sequencing. Tables 
summarizing alignment data from exome sequencing (A) and RNA sequencing 
(B) of patient’s leukemia cell (Initial tumor) and normal PBMCs (Final normal).

(A)
Exome seq Initial tumor Final normal

Total reads after preprocessing 225,995,396 101,103,622
Total aligned reads 225,584,786 

(99.82%)
100,959,910 

(99.86%)
Total passed alignment 218,518,588 

(96.69%)
97,739,805 

(96.67%)
Total cross mapped 515,172 (0.23%) 242,189 (0.24%)
Duplicate (%) 18.9 17.4
Overall mean insert size 161.16 158.09
Overall mean mapping quality 57.68 57.7

(B)
RNA seq Initial tumor

Total reads 176,127,016
Read count after adapter trimming 175,964,200
Read count after contamination 

removal
165,170,982

% Data loss 6.22
Reads aligned 161,516,678
Alignment (%) 97.79
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Table 4 shows a summary of somatic variants identified in this 
study. All the non-synonymous coding mutations (Frameshift, 
Missense, Nonsense, In-frame, Start loss, and Stop loss) were 
used to estimate the TMB of 0.34 mut/Mb for this patient. 
Table 4

For neoepitope prioritization, 9-mer overlapping pep-
tides covering each somatic variants were rank-ordered 
based on their composite immunogenicity score based on 
MHC class I binding affinities, mutant expressions and 
TCR binding predictions. Table 5 shows a list of the pep-
tides from the mutated genes that were tested for in vitro 
CD8+ T cell activation.

We next performed IFN-γ ELISPOT assay using autologous 
PBMCs and leukemia cells to determine the immunogenicity 
of the neoantigen peptides. Figure 1 indicates that all five 
peptides prioritized by the pipeline were able to induce a 
CD8+ T cell-specific immune response. A blinded manual 
evaluation of the ELISPOTs from three independent counts 
showed that peptide 2 (RMFWHLMPF) representing a 

missense mutation in STAT5B protein was most immuno-
genic. Peptide 4 (FPTNAFGDI) representing a missense muta-
tion in TRPM8 also showed significant activation of CD8+ T 
cells when co-cultured with patient leukemia cells. Peptides 1, 3 
and 5 showed low-moderate CD8+ T cell activation as indi-
cated by the number of IFN-γ ELISPOTs compared to cells 
alone and no peptide controls. Overall, these results indicate 
that the neoantigen peptides generated by the whole exome 
sequencing and bioinformatics pipeline were able to activate 
CD8+ T cells when co-cultured with the patient’s leukemia 
cells, indicating that these peptides have the potential to be 
used as neoantigen vaccines in the future.

Recently, there have been several clinical studies involving 
the use of neoantigen peptide-based vaccines for different types 
of cancers in adults, alone or in combination with immune 
checkpoint inhibitors.1,5,9 Although there are few active clinical 
trials that specifically aim at developing peptide-based vaccines 
for children,16,17 these studies have been limited largely to CNS 
tumors. Our study establishes a feasible experimental method 
to identify effective therapeutic neoantigen vaccines in high- 
risk pediatric leukemia patients. The aim is to generate effective 
personalized neoantigen-derived peptide vaccines using a com-
bination of bioinformatics and cell-based assays, potentially in 
combination with other therapeutic agents and protocols.

The identification of highly immunogenic peptide 
sequences that are expressed exclusively on cancer cells is the 
most important step in designing a cancer vaccine. While very 
few antigens meet these criteria, this is also impacted by the 
observation that pediatric malignancies in general carry fewer 
mutations and potential neoantigens in comparison to adult 
patients.18–20 This has been considered a critical limitation in 
the development of pediatric cancer-focused neoantigen vac-
cines in the past. Nevertheless, a recent report showed the 
potential of the approach to identify putative targetable neoe-
pitopes based on somatic missense mutations and gene fusions 
using whole-genome sequencing.15 The evaluation of the neoe-
pitope landscape of somatic alterations, missense mutations, 
and oncogenic gene fusions in 540 childhood cancer genomes 
and transcriptomes showed that >80% pediatric cancers (leu-
kemias, brain tumors and solid tumors) had at least one pre-
dicted neoepitope, indicating the potential of neoantigen 
vaccine therapies in pediatric oncology.21

The bioinformatics pipeline utilized in our report was effi-
cient in identifying mutations and predicting neoantigens that 
were unique to the patient’s leukemia cells. The resultant 9-mer 
neoantigen peptides were tested in an in vitro T cell activation 
assay to demonstrate that the predicted neoantigens were cap-
able to induce an immune response specific to the leukemia 
cells. Limitations of this pre-clinical study include the potential 
exclusion of the complex accessory immune cells and soluble 
components that may participate and contribute to the vaccine 
activity in patients. In addition, we have also not examined the 
utility of other agents and combinations that may enhance the 
vaccine response in the clinical setting, such as checkpoint 
inhibitors. Finally, additional studies are required to determine 
the most favorable dose and immunization regimens that may 
be necessary to optimize the efficacy of such neoantigen vac-
cines in patients. Despite these limitations, this report provides 
important proof-of-concept data to generate expanded studies 

Table 3. Summary of the target region for exome sequencing. Table summarizing 
coverage, depth of sequencing and on-target reads from patient’s leukemia cells 
(Initial tumor) and normal PBMCs (Final normal). A targeted mean coverage of 
117x for normal and 251x for tumor with 95.43% and 98.27%% bases covered at 
≥10x for normal and tumor respectively.

Exome seq Initial tumor Final normal

Panel length 50,390,601 50,390,601
Panel coverage (%) 99.76 99.44
Panel on target region avg. depth 251.18 117
Panel depth (1x-10x)(%) 1.73 4.57
Panel depth (11x-30x)(%) 4.26 10.44
Panel depth (31x-50x)(%) 4.57 11.03
Panel depth (51x-100x)(%) 12.22 26.5
Panel depth (>100x)(%) 76.97 46.91
Total on-target reads 146,907,960 68,167,709
On-target (%) 79.91 81.41

Table 4. Summary of passed and on-target somatic variants. Table summarizing 
the variants from selected reads that were reported from the whole exome 
sequencing of the patient’s leukemia cells (initial tumor). The on-target is calcu-
lated based on the coordinate of the target regions provided by the vendor. 
SNP = Single nucleotide polymorphism; Ts/Tv = Transitions/Transversions.

Exome seq DNA initial tumor

Total variants 49
Total SNPs 45
Total Indels 4
Total Transition 31
Total Transversion 14
Ts/Tv 2.21

Table 5. Top prioritized epitopes from the tumor sample. Table enlisting mutant 
peptides representing the top prioritized epitopes predicted from missense 
mutations reported in the patient’s leukemia cells.

Peptide Gene
Peptide 

mutation Chromosome Start Ref Alt

Tumor 
exome alt 
allele freq

1 HSD3B7 rpllpy(L) 
ll

16 30999272 G T 0.4821428

2 STAT5B rmfw(H) 
lmpf

17 40359729 T G 0.4175824

3 SPECC1 kpslels 
(G)m

17 20217299 A G 0.4729119

4 TRPM8 fpt(N) 
afgdi

2 234846106 G A 0.3943661

5 PAK2 qavldvl 
(R)f

3 196529982 A G 0.0379746
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using neoantigen peptide vaccines for the management of 
high-risk leukemias in children in the future.
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