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Supplemental Information for Methods 

Generation of neoantigen peptides 

The raw sequence data reported in this paper had been deposited in the Genome Sequence Archive 

in National Genomics Data Center, Beijing Institute of Genomics (China National Center for 

Bioinformation), Chinese Academy of Sciences, under accession number HRA000171 that is 

publicly accessible at http://bigd.big.ac.cn/gsa-human. 

Tumor neoantigens were predicted and prioritized by in-house bioinformatics pipeline iNeo-SUITE, 

which consists modules of sequencing read filtering, genome alignment, mutation calling, HLA typing, 

MHC affinity prediction, gene expression profiling, vaccine peptide sequence design and 

prioritization based on therapeutic potency. FastQC (v0.11.4) was used for sequencing data quality 

control. Reads with quality score below 15 or more than 4 N bases were discarded (1) . The qualified 

reads were then mapped to the human reference HG38 (Human Genome version 38) by using 

Burrows-Wheeler Aligner software (BWA, v0.7.12). Next, comparing to normal sample, tumor 

somatic mutations were identified by integrating the mutation calling results from Mutect (v2.0), 

Varscan 2 (v.3.5.19) (2-5), Strelka (1.0.11) and somatic-sniper (v1.0.5.0). Then, somatic mutation 

candidates were ranked based on their reliability, and were further manually inspected in Integrative 

Genomics Viewer (IGV v.1.0.6) according to their alignment profile. Sanger sequencing was later 

implemented on somatic mutations approved by IGV. Meanwhile, germline mutations in both normal 

and tumor samples were identified by GATK haplotypecaller. The database of Single Nucleotide 

Polymorphism (dbSNP) (https://www.ncbi.nlm.nih.gov/snp/) and 1000 Genome datasets were used 

to filter out high population frequency (PF) mutations (PF > 1%) from somatic mutation candidates. 

Next, the mutations were further annotated by Variation Effect Predictor (VEP, ensemble v89) (5-7). 

Using the reference sequences from IMGT datasets (6), HLA typing and quantification was done by 

OptiType (v1.3.1), Polysolver (V4), PHLAT (release 1.1) and in-house software iNeo-HLA. 

Subsequently, the flanking sequences of transcripts were extracted from reference database 

according to gene annotations, and involved mutations and their neighboring somatic/germline 

mutations were substituted. Peptide sequences were translated according to the reading frame of 

genes. To predict the neo-epitopes within those peptides, all possible segments that contain 

mutation-induced amino acid(s) were further extracted with length ranges from 8 to 16 amino acids 

(8-11 mer for HLA class I and 12-16 mer for HLA class II).  

The HLA class I neo-epitopes were predicted by in-house software iNeo-PRED, which is a deep-

learning and machine-learning integrated predictor trained on datasets from IEDB and mass 

spectrometry (MS) profiling of HLA ligands. The average AUC of iNeo-PRED tested by using IEDB 

benchmark datasets (including 66 datasets) was 0.948, which outperformed the most of tools 

including netMHCpan3.0/4.0 and MHCflurry. The improvement of AUC by iNeo-PRED was 

statistically significant. In another independent validation dataset, which covered 118 HLA alleles, 

iNeo-PRED reached highest AUC in 116 HLA alleles comparing to NetMHCpan4.0 and 3.0. The 

HLA class II neo-epitopes were predicted by NetMHCIIPan (v3.1) (8).  

As for the prevalence of somatic mutations in transcriptomic level, RNA-seq data was used to 

calculate the allelic frequency of mutations, and to provide transcriptomic expression of involved 

genes. If RNA-seq data was not available, TCGA dataset of the matched tumor type was used to 

estimate the transcriptomic expression of gene with mutations. 

After identifying all the neo-epitope candidates, in-house software iNeo-PRIOR was used to rank 

mutations based on their therapeutic potency, which systematically considered several factors that 
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might represent the immunogenicity and tumor characteristics, including the number of neo-epitopes, 

the predicted strength of affinity between neo-epitopes and MHC molecules,  the level of 

heterologous changes of mutant peptide sequences, the prevalence of mutations in tumor 

cells/clones (allele frequency in both genomic and transcriptomic levels), the transcriptomic 

expression of the mutant genes, and the expression of HLA alleles. Generally, iNeo-PRIOR 

outputted a score for each mutation which stood for the therapeutic potency for neoantigen vaccines. 

Mutations achieved high scores preferred to be clonal mutations with high transcriptomic expression 

and high probability to generate multiple neoantigens with strong immunogenicity. It was based on a 

mathematical formula as follows: 

ii)()(*)(*)(*)(*)(_ 654321 MfHfMifEfArfAgfscoreiNeo 
 

Where iNeo_score is the score used to select mutations, Ag stands for genomic allele frequency of 

the mutation, Ar stands for transcriptomic allele frequency, E stands for the gene expression, H 

stands for the heterologous level of mutant peptide, Mi and Mii stand for the quantity and quality of 

epitopes presented by MHC I molecules and MHC II molecules respectively. Generally, we would 

choose mutations whose scores ranked at the top, and also consider the reliability of the mutation 

(manually examination and Sanger sequencing) and the gene function (whether the mutation was in 

an oncogenic or cancer-driver gene).  

In-house software iNeo-DESIGN was applied to automatically design vaccine peptide sequences 
(length ranges from 15 to 30 amino acids) containing neo-epitopes of both HLA class I and II. The 
safety risk (potential peptide toxicity and bioactivity) and synthesis difficulty of the vaccine peptides 
were also evaluated and optimized accordingly. The potential toxicity of vaccine peptide was 
predicted by a module included in iNeo-DESIGN. We collected over 10,000 toxic peptides from 
Uniprot (https://www.uniprot.org/) and TOXIN-PRED 
(http://crdd.osdd.net/raghava/toxinpred/index.html), then used LDA and random forest algorithm to 
extract the features from peptide sequences. A model was trained to classify peptides into toxic or 
non-toxic groups. The predictive power of this module was tested on an independent validation 
dataset, and its recall rate was 0.86 and AUC was 0.88 (a patent application had been filed in China 
[No.201911365601.1]). Additionally, to ensure the identification of known toxic peptide, the similarity 
of the vaccine peptide sequences to known toxic peptides was evaluated by BLAST alignment 
against toxic peptide database. In addition, in order to avoid the risk of undesired side-effect, the 
vaccine peptide sequences with evident similarity to any known pharmaceutical peptides or bioactive 
peptides were discarded. Also, vaccine peptides with highly similar sequences to other human 
proteins were filtered out. 
Finally, the customized long peptides were manufactured by chemical synthesis at GMP-like 

standard and clinical-grade (bacteria-free, >95.0% purity and quantities of bacterial endotoxin less 

than 10 EU/mg). The water solubility of peptides was tested after synthesis, and the insoluble 

peptides were removed from iNeo-Vac-P01. 

IFN-γ enzyme-linked immunospot (ELISpot) assay 

Peripheral blood (10-30 mL) was collected from each patient, followed by the isolation of peripheral 

blood mononuclear cells (PBMCs) by Ficoll/Hypaque density-gradient centrifugation (GE Healthcare). 

IFN-γ ELISpot assays were performed with Human IFN-γ precoated ELISpot kit (DAKEWEI). Briefly, 

after adding 200μL serum-free medium into each well, the plate was incubated at room temperature 

for 5-10 minutes before discarding the solution. 100 μL cell suspension was added to each well at a 

density of 2×10
5
 cells per well, followed by the addition of 5-10 μg/mL neoantigen peptides into 

experimental wells respectively or 2 μg/mL of CEF peptide into positive control wells. Then the 

mixtures were incubated at 37 °C for 16-24 hours. 200 μL pre-cooled deionized water was added 
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into each well to lyse at 4 °C for 10 minutes. The plates were washed for 6 times before the addition 

of 100 μL biotin-labeled antibody and then incubated at 37 °C for 1 hour. After washing the plates, 

100 μL enzyme-labeled avidin working solution was added into each well and incubated at 37 °C for 

1 hour. AEC solution mix was then added into each well after washing the plates, and the plates 

were kept in dark for 25 minutes at room temperature before adding deionized water to stop reaction. 

ELISpot plate was then placed in an automatic plate reader to adjust appropriate parameters, spot 

count, and statistical analysis. The samples with 4 more spots per 10
5
 PBMCs than negative control 

were defined as positive, others were considered as negative. Furthermore, in order to better stratify 

the response, positive response was divided into 3 categories based on the increased number of 

spots comparing to negative control: weak (4 to 10 spots per 10
5
 PBMCs), medium (10 to 50 spots 

per 10
5
 PBMCs) and strong (50 more spots per 10

5
 PBMCs).  

T cell receptor sequence 

To observe the change of T cell population, T cell receptor (TCR) β chain was sequenced for each 

patient before and after vaccination. RNA extraction of PBMCs was performed by RNeasy Plus Mini 

Kit (Qiagen). One common forward primer adaptor and one reverse primer corresponding to the 

constant (C) regions of each TCRα and β were designed to facilitate PCR amplification of cDNA 

sequences in a less biased manner. Samples were analyzed by High-throughput sequencing of TCR 

using ImmuHub TCR profiling system at a deep level (ImmuQuad Biotech). Briefly, a 5’ RACE 

unbiased amplification protocol was used. This protocol uses unique molecular identifiers (UMIs) 

introduced in the course of cDNA synthesis to control bottlenecks and eliminate the errors of PCR 

and sequencing. Sequencing was performed on an Illumina HiSeq system with PE150 mode 

(Illumina). One common adaptor with UMI was added on the 5’ of cDNA during the first-strand cDNA 

synthesis. One reverse primer corresponding to the constant (C) regions of each of the TCRα and β 

was designed to facilitate PCR amplification of cDNA sequences in a less biased manner. The UMIs 

attached to each raw sequence reads were applied for PCR, resulting in sequencing error correction 

and PCR duplication removing. V, D, J and C segments were mapped with IMGT. CDR3 regions 

were extracted, and clonotype assembled for all clones. The special nucleotide/amino acid 

sequences of CDR3 region of TCR β subunit were determined. Those with out-of-frame or stop 

codon sequences were removed from the identified TCRβ repertoire. We further defined amounts of 

each TCRβ clonotype by adding numbers of TCRβ clones sharing the same nucleotide sequence of 

CDR3 region. 

“New high abundant clones” was defined as the clones which were absent or with a frequency of 

less than 0.001% of all clones sequenced in the blood sample before vaccination, but were with a 

frequency of no less than 0.5% of all clones sequenced in the blood samples after vaccinations. 

“Clones with considerably increased abundance” was defined as the clones that were with a 

frequency of less than 0.5% of all clones sequenced in the blood sample before vaccination, and 

increased the frequency by no less than 2% after vaccinations. Either of these two circumstance was 

considered as “relatively high abundant novel clones of peripheral T cells detected after vaccination”. 

Multiplexed immunofluorescence 

To examine the tumor infiltrated T cells, multiplexed immunofluorescence (IF) was performed by 

staining 4 μm thick formalin-fixed, paraffin-embedded whole tissue sections with standard, primary 

antibodies sequentially and paired with a unique fluorochrome, followed by staining with DAPI. 

Deparaffinized slides were incubated with anti-CD4 antibody (#AB133616, Abcam) for 30 minutes 

and then treated with horseradish peroxidase (HRP) polymer-conjugated goat anti-mouse and anti-
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rabbit Ig G secondary antibody (#BX10001, 
MJS

BioLynx Inc.) for 10 minutes. IF labeling was 

developed for 10 minutes, using Alexa Fluor™ 488 labeled Tyramide (Thermofisher, B40953) per 

manufacturer’s direction. After each step mentioned above, slides were washed in Tris buffer (5 

minutes). Slides were transferred to preheated citrate solution (90°C) before being heat-treated in a 

microwave set at 20% of maximum power for 15 minutes. Slides were then cooled in the same 

solution to room temperature. The same process was repeated for the following 

antibodies/fluorescent dye staining, in the order: anti-Granzyme B (#AB4059, Abcam)/ Alexa Fluor™ 

546 labeled Tyramide, anti-CD8 (#BX50036, 
MJS

BioLynx Inc.)/ Alexa Fluor™ 647 labeled Tyramide. 

Each slide was then treated with 2 drops of DAPI (#D1306, Thermofisher), washed in distilled water, 

and covered with coverslips. Slides were air dried, mounted with Prolong Diamond Anti-fade 

mounting medium (#P36965, Thermofisher), and observed with Aperio Versa 8 tissue imaging 

system (Leica). Images of the samples were analyzed using Indica Halo software (Version 

2.3.2089.52) (9,10). 

Cytometric analysis of T-lymphocyte activity through surface biomarker 

Antibodies were purchased from Biolegend, as shown in Table A. PBMCs were isolated, and T cells 

were labeled following manual instruction. In brief, the corresponding antibodies were added into a 

blank flow tube, mixed with 100 μL T cell sample thoroughly, and then incubated in dark for 15 

minutes. 2 mL of erythrocyte lysate (Zhejiang Bozhen Biotechnology Co., Ltd.) was added into the 

sample, mixed entirely, and then incubated in dark for 10 minutes. The sample was centrifuged at 

500×g for 5 minutes, and 1620 μL of supernatant (440 μL remained) was removed. Next, 10 μL of 

absolute count microspheres was added into the tube and mixed well. The sample was ready for 

cytometric analysis. 

Table A: Antibodies for flow cytometry 

Fluorescence Antibody Clone 

FITC CD279（PD-1） EH12.2H7 

PE CD197（CCR7） G043H7 

PerCP/Cy5.5 CD4 OKT4 

PE/Cy7 CD45RA HI100 

APC CD38 HB-7 

A700 CD8 SK1 

APC/Cy7 CD3  

BV421 HLA-DR  

BV510 CD45  

BV605 CD152（CTLA-4） BNI3 

 

Cytometric Bead Array (CBA) Analysis of Cytokines 

The concentrations of serum cytokines were measured by CBA, according to the manufacture’s 

protocol (Hangzhou Saiji Biotechnology Co., Ltd). Th1/Th2 cytokine kit was applied. In brief, 25 μL 

solution of captured microspheres was added into a blank flow tube, followed by the addition of 25 

μL buffer solution of microspheres. The mixture was incubated in dark for 30 minutes. 25 μL 

fluorescence detection reagent and 25 μL serum were added successively. The solution was vortex-

mixed and then incubated in dark for 2.5 hours. After the addition of 1mL of PBS solution, the 

sample was centrifuged at 200×g for 5 minutes. Following the removal of supernatant, 100 μL PBS 
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solution was added to resuspend the sample. The samples were tested by flow cytometer, and the 

acquired data were analyzed using FlowJo V10 software. 

 
Supplemental Information for Results 

As displayed in Supplementary Fig. S2, all patients showed statistical significant increase of ELISpot 

spots after vaccination (p-value < 0.05), except patient P006 and P019 showed no increase after 

treatment mainly owning to the noisy background at baseline. To evaluate the specificity of the 

responses detected, 6 wild-type peptides were tested (Table S8 [8B-wild-type for P005, 3-wild-

type for P019, 7-wild-type and 12-wild-type for P020, 9-wild-type and 24-wild-type for P022]), 

whose corresponding mutant peptides showed strong-to-medium response. All of 6 wild-type 

peptides showed negative results. Although no more patients’ peripheral blood samples could 

be obtained for wild-type peptide’s ELISpot test due to their poor physical conditions; by 

combining all of the existing data shown in Fig. 1B, S2 and Supplementary Table S8, we to some 

extend had proved the efficacy of peptide vaccines, in terms of peptide specific immune response.  

Our findings demonstrated that several mutant genes, including MUC2/6, ZFHX3, ABL1 and CBL 

could be predictive for therapeutic response (Supplementary Fig. S3). Patients with SD lasting more 

than 3 months were considered with better response than the others. The gene mutation evaluated 

in the study indicated a similar significant role of mucins as in a previous study, in which mucins 

have been noticed to promote progression of primary liver cancer (11). Aberrant expression of 

mucins could contribute to loss of epithelial cell polarity and promote Epithelial-Mesenchymal 

Transition (EMT), which led to enhanced cell motility and invasion ability, a key step for 

tumorigenesis (12-14). ZFHX3 is a tumor suppressive transcription factor that is normally localized to 

nucleus but has been detected in the cytoplasm in several cancers. C. J. Walker et al. found that 

patients with ZFHX3 mutation had higher-grade tumors and tended to have more frequent 

lymphovascular space invasion. These patients had reduced recurrence-free and overall survival 

(15). Similarly, in our study, we found that the mutation of ZFHX3 gene could be more likely related 

to faster disease progression and poor response. ABL1 plays an important role in many key 

processes linked to cell growth and survival. And the loss of function mutations in ABL1 might result 

in tumor metastasis. CBL is an E3-ubiquitin ligase that regulates the internalization and degradation 

of activated RTKs. The loss of function mutations in CBL might result in the increase of target RTK 

activation in tumor cells, and act as oncogenic drivers. However, we found that the mutation of CBL 

was related to good response, which requires further investigations (Supplementary Fig. S3B).  

We also found the copy number variations of tumor necrosis factor receptor superfamily (TNFRSF), 

Melanoma-associated antigens (MAGE) families and Sex determining region Y-box protein 3 (SOX3) 

were relatively associated with better response (Supplementary Fig. S3C). Both SOX3 and TNFRSF 

were involved in cell proliferation, migration, invasion and cell apoptosis. As shown in our results, the 

gain-copy-number of TNFRSF and loss-copy-number of SOX3 displayed better response. Moreover, 

Akcakanat et al. illustrated that the lack of MAGE-A expression had a prognostic value in estimating 

the overall survival rate of all patients (16). Patients with MAGE-A negative tumors had also been 

noticed to have a slightly better response in our study.  

In addition, the change of peripheral T cells during treatment might provide clues to predict clinical 

response, since T cells play a major role in anti-tumor response. We analyzed the proportions of 

effector CD8+ T cells in peripheral blood samples pre- and post-vaccinations. The proportions of the 
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effector CD8+ T cells to total T cells had a relatively higher boost in the peripheral blood samples of 

patients with better clinical response, implying that the clinical efficacy might be consistent with CTLs’ 

proliferation (Supplementary Fig. S6A). Similarly, for patients with better clinical response, the level 

of IFN-γ in their peripheral blood samples not only increased after treatment and peaked in the fifth 

priming vaccination; but also maintained at a relatively higher level after priming phase, compared to 

that of patients with poor response (Supplementary Fig. S6B). On the contrary, a continuous 

increase of IL-6 during treatment was observed in the peripheral blood samples of patients with poor 

response (Supplementary Fig. S6C). Furthermore, the proportions of peripheral active CD4 positive 

cells, CD4 and CTLA4 double positive cells, as well as CD8 and CTLA4 double positive cells to total 

T cells were higher in the group of patients with good response than in the group of those with poor 

response. The proportions of CD4 and PD-1 double positive cells, as well as CD8 and PD-1 double 

positive cells to total T cells were the opposite (Supplementary Fig. S6D). Although only limited 

statistically significant differences were confirmed in these results owning to the relatively small 

sample size, our results had implied some potential predictive biomarkers for clinical response, 

which required further studies with broader patient cohorts. 
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Supplementary Fig. S1. Diagram of the personalized neoantigen peptide vaccine workflow. To 

generate personal, multi-peptide neoantigen vaccines for patients with advanced malignant tumor, 

somatic mutations were identified by WES. Vaccine peptides were selected on the basis of HLA 

binding prediction, allele frequency, gene expression, and reliability of mutation. Each patient 

received 5 to 20 long peptides in two to four pools.  
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Supplementary Fig. S2. Comparison of ELISpot results among pre- and post-vaccination time 

points for each patient. ELISpot assays were performed on patients’ samples obtained at different 

time points pre- and post- vaccination. Student’s T test was applied for statistical analysis. *, **, ***, 

**** and “ns” indicated p <=0.05, p <=0.01, p <=0.001, p <=0.0001 and p>0.05 respectively by T-test. 

“n/a” indicated no enough data for statistical analysis. 
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Supplementary Fig. S3. Multiplexed IF on FFPE samples. The images of multiplexed 

immunofluorescence (IF) performed on patient P008, P013 and P015’s FFPE samples obtained 

before and after vaccination. CD8 (red in P008 and P013, pink in P015), CD4 (green), Granzyme B 

(yellow) and DAPI (blue) were shown for each sample.  
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Supplementary Fig. S4. H&E staining to identify the location of tumor cells in each sample. 

For P008, P013 and P015, H&E staining of pre- and post-vaccination FFPE samples. Corresponding 

tumor areas were circled with black lines in the images of low power lens and zoom-in views. Since 

the adjacent slice of post-vaccination sample of P008 was not available, H&E staining images 

obtained from Department of Pathology in Sir Run Run Shaw Hospital were used instead. 
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Supplementary Fig. S5. Some gene mutations and copy number variations may associate 

with clinical response. (A) Distribution of tumor mutation burden (TMB). (B) Color-coded gene 

mutation types across sequenced samples. The distribution of gene mutations is related to response. 

SD lasting more than 3 months was defined as good response, while SD less than 3 months as poor 

response. (C) Variation of copy number per sample. Copy number gain was purple, while copy 

number loss was dark blue. 
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Supplementary Fig. S6. Vaccination induced strong T cell response and higher secretion of 

IFN-γ in patients with good response. (A) The proportions of effector CD8+ T cells ratio to total T 

cells in peripheral blood were detected by flow cytometry. Fold changes of post vaccination 

compared with baseline were calculated. The baseline was normalized as zero. No more data of 

patients in poor response was available after 6 months, because they had dropped out of the study. 

(B) The concentrations of IFN-γ and (C) IL-6 in peripheral blood were detected by flow cytometry. (D) 

The proportions of several T cell subsets ratio to total T cells were detected by flow cytometry. * and 

** indicated p < 0.1 and p < 0.05 respectively by T-test. 

 

 

 

 

 


