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Figure S1. Hierarchical cluster analysis of the somatic mutations by histology 

 

 
 

Heatmap of somatic variant allele frequencies (VAF) shows the hierarchical cluster of the three 

histologies.
1
 Each column refers to a variant. The mutation effects and high confidence (HC) status are 

annotated in the bottom. 
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Figure S3. MSH4 mutations in MSI-high colorectal cancer patients 

 
 

TCGA 
A B Neither A Not B B Not A Both Log2 Odds Ratio p-Value q-Value 

MSH4 MLH1 48 3 12 0 <-3 0.524 0.698 

MSH4 MSH2 50 3 10 0 <-3 0.59 0.698 

MSH4 MSH6 50 3 10 0 <-3 0.59 0.698 

MSH4 PMS2 53 3 7 0 <-3 0.698 0.698 

 

DFCI 
A B Neither A Not B B Not A Both Log2 Odds Ratio p-Value q-Value 

MSH4 MSH2 81 5 4 1 2.018 0.295 0.615 

MSH4 MSH6 75 5 10 1 0.585 0.549 0.615 

MSH4 MLH1 74 5 11 1 0.428 0.583 0.615 

MSH4 PMS2 73 5 12 1 0.283 0.615 0.615 

 

We evaluated the mutational status of MSH4 in two independent datasets of MSI-high patients with 

colorectal cancer from the cancer genome atlas (TCGA) (n=63) and the Dana Farber Cancer Institute 

(DFCI) (n=91). Together with MSH4 we included MLH1, MSH2, MSH6 and PMS2 as they are 

proxies for MSI status. Results (OncoPrint) show that 5% and 7% of the MSI positive patients from 

TCGA and DFCI, respectively, have mutations in the MSH4 gene (Figure S6). Furthermore, we used 

cBioportal to evaluate the co-occurrence of MSH4 mutations with mutations in MLH1, MSH2, MSH6 

and PMS2. In neither of the dataset we found significant co-occurrence of mutations in MSH4 with 

mutations in the other genes we analyzed. 
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Figure S4. Neoantigen prediction 

 

 
 
A “Christmas Light Plot” was created to help visualize and prioritize mutations with neoantigen based on several 
factors such as predicted binding affinities, expression level, binding HLA classes, and the mutation’s 
clonal/subclonal status. x-axis - variant allele fraction (VAF) in WES, which can be used to infer clonal status; y-

axis - the predicted binding affinity of the mutant peptide. Each dot represents a mutation with its highest ranked 

peptide with the following characteristics displayed: size – the overall gene expression level by RNASeq, shape 

– HLA binding classes (I, II, or both); vertical bar –difference between mutant and wildtype binding affinities; 

color –based on the mutant/wildtype binding and RNA expression, all peptides were classified into several 

ranking groups. The 1
st 

ranked group (brown color) is the peptides that have strong binding in mutant (<150) and 

specific (mutant/wildtype<0.9, and for non-Cancer Gene Census genes, also require wildtype-mutant>100), and 

are highly expressed in RNASeq (see RNASeq “stringent” requirements in the Methods). Gene symbols are only 
displayed for neoantigens selected for experimental validation. 
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Figure S5. Weighted repertoire dendrogram of tumor associated T cell clones 

 
 

Weighted Repertoire Dendrogram visualization of tumor associated TCR repertoire detectable in blood 

pre (blue) and post (red) treatment. Branching represents relatedness of sequences within 

select repertoire along with relative frequency of clones (size of node). Amino acid sequences for select 

clones are shown. 
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Methods 
 

Immunohistochemistry 

Formalin-fixed paraffin sections were cut at 4 µm, placed on charged slides, and dried at 60°C for one 

hour.  Slides were cooled to room temperature and added to the Dako Omnis autostainer, where they 

were deparaffinized with Clearify (American Mastertech; catalog #CACLEGAL) and rinsed in water. 

Flex TRS High (Dako; catalog #GV804) was used for target retrieval for 30 minutes.  Slides were 

incubated with primary antibodies: CD8 (Dako #M7103, 1:50, 10 mins); CD3 (Dako #A0452, 1:125, 

20 mins); PD-L1 (SP142, Abcam #ab228462, 1:75, 60 mins). Mouse (Dako #GV821) or Rabbit (Dako 

#GV809) Linker was applied for 10 minutes followed by HRP for 15 mins (Dako GV823). DAB 

(Diaminobenzidine) (Dako; catalog #K3468) was applied for 5 minutes for visualization. Slides were 

counterstained with Hematoxylin for 8 minutes then placed into water. After removing slides from the 

Omnis they are dehydrated, cleared and coverslipped. The PD-L1 expression was assessed using 

VENTANA PD-L1 SP142 Assay Scoring Algorithm (presence of discernible PD-L1 staining of any 

intensity in tumor-infiltrating immune cells covering the percentage of tumor area occupied by tumor 

cells, associated intratumoral, and contiguous peritumoral stroma). 

 

MSI testing 

Four sets of fluorescently-labeled primers were used for amplification of five markers (BAT-25, BAT-

26, D2S123, D5S346, and D17S250). Internal lane size standards added to PCR products assured 

accurate sizing of alleles and to adjust for run-to-run variation. PCR products were separated by 

capillary electrophoresis using ABI PRISM 3500xl Genetic Analyzer and output data was analyzed 

with GeneMapper Software 5 (both Applied Biosystems, Foster City, CA). 

 

Bulk tumor sequencing  

Fresh frozen tissue was extracted for RNA and DNA using Qiagne miRNeasy Mini Kit and QIAamp 

DNA mini kit respectively. RNA sequencing was performed using Illumina TruSeq Stranded RNA 

with RiboZero Gold, following manufacture’s protocol.  Exome Sequencing was performed using 

Agilent SureSelect XT low input with Human V6 capture baits, following manufacture’s 
protocol.  Libraries sequenced on Illumina NovaSeq 6000 using 100 cycle paired end sequencing. 

  

  

Three different histology sequencing 

The three different histologies were marked separately by the GU pathologist on the FFPE slides. RNA 

and DNA were extracted from the three different histologies using Beckman Coulter Formapure 

extraction kit.  RNA sequencing was performed using Agilent SureSelectXT RNA Direct with Human 

V6+UTR capture baits, following manufacture’s protocol.  Exome Sequencing was performed using 

Agilent SureSelect XT low input with Human V6 capture library, following manufacture’s 
protocol.  Libraries sequenced on Illumina NextSeq500 using 75 cycle paired end sequencing. 
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Somatic mutation calling from WES 

Somatic mutation calling began by utilizing high quality paired-end reads passing Illumina RTA filter 

aligned to the NCBI human reference genome (GRCh37) using Burrows-Wheeler Alignment tool 
2
.  

PCR duplicated reads were marked and removed by using Picard (http://picard.sourceforge.net/).  

Putative mutations were identified by running variation detection module of Bambino 
3
 and Strelka 

4
, 

and then further filtered as previously described 
5
. All putative SNVs are combined and further filtered 

based on a standard set of criteria to remove the following common types of false calls: (1) the 

alternative allele is present in the matching normal sample and the contingency between the tumor and 

normal samples is not statistically significant; (2) the mutant alleles are only present in one stand and 

the strand bias is statistically significant; (3) the putative mutation occurs at a site with systematically 

dropped base quality scores; (4) the reads harboring the mutant allele are associated with poor mapping 

quality. The identified somatic mutations were compared to the public human germline databases 

including dbSNP 
6
, 1000 Genomes Project 

7, National Heart, Lung, and Blood Institute’s Exome 
Sequencing Project 

8
 to further exclude remaining germline polymorphisms. All mutations were 

manually reviewed to ensure accuracy and annotated using ANNOVAR 
9
 with NCBI RefSeq database. 

Visualization of MSH4 mutation in lollipop plot was generated as previously described.
10

 The 

prediction of functional effect of the mutation was performed using PolyPhen-2.
11

 Tumor mutational 

burden was calculated based on 2166 altering and truncating mutations in the 58947532 bp 

capture regions. 

Neoantigen Prediction 

For each missense single nucleotide variants (SNVs), we generate all peptides containing the mutated 

amino acid with length ranged from 9 to 14 using transcript information from RefSeq 
12

, and also the 

matched wildtype peptides. HLA typing of the patients are predicted in-silico using WES and RNASeq 

data. Class I and II binding affinities for each combination of peptide/HLA type are predicted using 

netMHCpan 
13-15

. For a mutant peptide to be considered as neoantigen, we require: 1) mutant binding 

affinity score is less than 150; 2) the ratio of binding affinity between mutant and the matched wildtype 

peptides is less than 0.9; 3) the difference between mutant and wildtype binding affinity is at least 100, 

except for peptides from any Cancer Census genes 
16

. In further filtering, we followed a set of 

previously described neoantigen expression requirements, defined as: 1) at least two supporting reads 

in RNASeq; 2) minimum variant allele fraction of 4% for mutations with at least three reads or 20% for 

mutations with exact two supporting reads; 3) no significant strand bias (P < 0.05) 
17

. 

 

Gene Set Enrichment Analysis 

The Gene Set Enrichment Analysis (GSEA) was performed for the mRNA expression comparison 

between the different histology samples. The log2 fold changes from the comparison were used as a 

rank in the GSEA analysis. The R package "fgsea" was used to perform the analysis 

(https://www.biorxiv.org/content/10.1101/060012v1). 
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TCR-seq 

TCR sequencing was performed on tumor DNA, and pre/post treatment blood DNA.  Libraries were 

prepared using Adaptive Biotechnologies immunoSeq kit and sequenced on an Illumina MiSeq v3 

flowcell. 

 

Analysis of TCR repertoire 

 

Metrics of the complete TCR repertoire in each sample, including the number of productive 

rearrangements, productive clonality and clonal frequencies were determined using the immunoSEQ 

Analyzer software. All other analyses were performed using the LymphoSeq package and custom 

scripts in the R statistical software environment. Dissimilarity between sample repertoires was 

calculated using the Morisita-Horn Index, using the vegan package. Differential clone frequencies 

between samples were determined using the binomial method. For differential analysis, only those 

clones observed with at least 5 cumulative read counts were considered. 

 

Weighted Repertoire Dendrogram 

 

TCR repertoires were visualized using immunoMAP.
18

 Only productive sequences with a frequency > 

0.01% in the tumor were considered for analysis. Sequence distances were calculated based on 

sequence alignments scores using a PAM10 scoring matrix and gap penalty of 30. Circles were 

overlaid at the end of the branches corresponding to the CDR3 sequences with diameters proportional 

to the frequency of the sequence in the blood pre (blue) and post (red) treatment.  
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