
SUPPLEMENTAL METHODS 

RNA extraction, RNA sequencing, and quantitative real-time PCR 

 
Total RNA was extracted from FFPE samples using the AllPrep DNA/RNA FFPE kit 

(Qiagen) per the manufacturer’s guidelines. One microgram of extracted RNA was allocated for 

library preparation following the dUTP strand-specific protocol, with ribosome RNA removed 

using the Ribo-Zero rRNA Removal Kit (Human) (Illumina, San Diego, USA). 50bp single-end 

reads were generated on an Illumina HiSeq 4000 platform at The University of Chicago 

Functional Genomics Facility. The quality of raw paired-end (PE) reads was assessed by FastQC 

(v0.11.5).1 Reads were aligned to human reference transcriptome (GRCh38) with Gencode gene 

annotation (v28)2 using Kallisto (v0.43.1).3 Transcript abundance was quantified at transcript 

level specifying strand-specific protocol by Kallisto and summarized into gene level by tximport 

(v1.6.0).4 Lowly expressed genes were defined as those with CPM (counts per million of mapped 

reads) ≤ 2 in a sample and removed from further analysis. Genes with CPM > 2 in at least 6 

samples were kept for normalization by TMM (trimmed mean of M values) method, followed by 

log2-transformation. Differentially expressed genes (DEGs) between PD-L1 altered and PD-L1 

not altered groups were identified using Linear Models for Microarray Data (limma) voom 

method with precision weights (v3.34.5).5 Significant DEGs were defined as those that passed 

filters of FDR-adjusted P < 0.05, and fold change ≥ 1.5 or ≤ -1.5.  

GO (Gene Ontology)6 biological processes and KEGG pathways 7 significantly enriched 

within the DEGs were identified using enrichGO and enrichKEGG function from Bioconductor 

package clusterProfiler (v3.6.0),8 respectively. The prediction of upstream regulators in IPA was 

performed in accordance with previous studies.9 Gene set enrichment analysis (GSEA)10 was 
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performed using the javaGSEA desktop software to compare biologically relevant gene 

signatures in PD-L1 gene-altered and not altered samples. Specifically, log2 transformed 

expression data was ranked according to the default Signal2Noise ranking metric, and GSEA 

was performed using datasets in the Hallmark,11 Biocarta, and C2 gene sets from the Molecular 

Signature Database (MSigDB) (v6.2).10 The statistical significance of the enrichment score was 

calculated by using default software settings, and permuting the phenotype labels 1000 times.10,12  

Five hundred nanograms of extracted mRNA was also used to synthesize cDNA (Applied 

Biosystems high capacity cDNA reverse transcription kit) for quantitative real-time PCR of PD-

L1 transcripts. Primer pairs were generated across joining exons to avoid amplification of 

contaminating genomic DNA. Relative expression of PD-L1 was assessed and normalized 

against a housekeeping gene (β-actin) using the Viia7 Applied Biosystem qPCR system. 

DNA extraction and whole exome sequencing 

 
DNA was isolated from FFPE samples using the AllPrep DNA/RNA FFPE kit (Qiagen) 

per the manufacturer’s guidelines. Corresponding germline DNA was obtained from peripheral 

blood mononuclear cells using the DNeasy Blood and Tissue kit (Qiagen). Whole exomes and 

untranslated regions (UTR) were captured using the Agilent SureSelect Human All Exon V6 

plus UTR kit (Agilent Technologies, Santa Clara, USA). 101bp PE reads were generated on an 

Illumina HiSeq 2500 instrument at Theragen Etex Bio Institute (Seoul, South Korea). Raw 

sequencing data were analyzed by an in-house pipeline constructed for WES analyses of paired 

or unpaired cancer genomes. The quality of raw reads was assessed by FastQC (v0.11.5),1 and 

preprocessed to trim adaptors and low-quality bases using Trimmomatic (v0.36)13 and merge 3’ 

overlapping mates using FLASH (v1.2.11).14 Reads were aligned to the decoy version of human 
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reference genome (GRCh38.d1.vd1) using BWA-MEM (v0.7.17)15 with soft-clipping option 

activated by default. Read duplicates were marked using Sambamba (v0.6.7),16 and alignments 

of mapping quality <30 were removed. Read alignment was further refined for 

insertions/deletions (indels) realignment and base quality score recalibration (BQSR) using 

GATK4 (v4.0.4.0).17,18 Putative somatic mutations were identified using the GATK4-MuTect2 19 

following GATK’s best practice protocol.18 For the 19 tumors with matched normal tissues, 

variants were called using paired tumor-normal mode. For the 2 tumors without matched normal 

tissue available, we first generated a Panel of Normal (PON) using the normal samples of the 

other 19 tumors as recommended by GATK protocols, and then called somatic variants with this 

PON variant file as the control. The raw variant calls were post-processed by multiple filtering 

steps implemented in GATK4, followed by stringent downstream custom filters. The resulting 

high-quality variants were further filtered to remove potential germline variants identified as 

those at allele frequency (AF) ≥ 0.0001 in gnomMAD database (Genome Aggregation 

Database).20  

Variants that passed all filters were carried on for annotation using ANNOVAR (April 

2018 release).21 Somatic mutation burden was calculated by the total number of somatic 

mutations that were predicted to cause a protein sequence change, including non-synonymous, 

stopgain, and stoploss SNVs (single-nucleotide variants), frameshift and non-frameshift indels, 

and variants that modify splicing sites. Putative neoantigens derived from protein-changing 

somatic mutations in each lymphoma specimen were predicted using netMHCpan (v4.0),22 and 

filtered by gene expression from RNAseq data. Patients’ MHC class I haplotypes were predicted 

from WES of germline DNA using Optitype (v1.3.1).23 9-mer mutant peptides were predicted 

using a sliding window approach centered at the mutated site of the protein sequence, and those 
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with a predicted binding affinity to HLA-A molecule <500 nM were selected as putative 

neoantigens.  

External validation dataset 

 
Preprocessed log2 ratios of hybridization probe intensities from Affymetrix SNP 6.0 

arrays,24 non-silent somatic mutations from whole exome sequencing in mutation annotation 

format (MAF),25 gene expression FPKM (Fragments Per Kilobase of transcript per Million 

mapped reads)26 values from RNAseq, and clinical data were downloaded for patients with 

DLBCL in a previously published study27 as an external validation cohort from the National 

Cancer Institute’s Genomic Data Commons data portal.28 A total of 476 cases were included in 

the analysis. 

Identification of PD-L1 amplified cases in external dataset  

 
The log2 ratios of hybridization probe intensities in the 476 DLBCL cases27 were 

segmented using a circular binary segmentation (CBS) algorithm in DNAcopy (v1.56.0).29 

Discrete chromosomal regions with significant copy number variations (amplifications or 

deletions) were identified at a 99% confidence level in each sample using the Genomic 

Identification of Significant Targets in Cancer algorithm (GISTIC) (v2.0).30 Patients with a 

GISTIC score of 2 at the PD-L1 locus, corresponding to a log2 copy ratio ≥ 0.9 above baseline 

were classified as “amplified” (n = 21, 4.5%). Patients with a GISTIC score of 1 at the PD-L1 

locus, corresponding to a log2 copy ratio ≥ 0.1 above the baseline, were classified as “copy gain” 

(n = 46, 9.6%). Those with a GISTIC score of 0 or lower, corresponding to a log2 copy ratio < 

0.1 above baseline, were classified as “non-amplified” (n = 409, 85.9%). The amplified group 
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(referred to hereafter as “PD-L1 amplified”) and non-amplified group were included in further 

analyses. 

Clinical characterization and survival analysis 

 
Clinical characteristics were extracted for the 476 DLBCL cases from Supplementary 

Data Appendix 2 of the published study,27 matched to PD-L1 amplification group assignments, 

and compared between PD-L1 amplified and non-amplified cases by Fisher’s exact test or 

Student’s t-test (R v3.5.1).31 Differences in the probability of overall survival (OS) and 

progression-free survival (PFS) between PD-L1 amplified and non-amplified cases was tested by 

log-rank test using the R package survival (v2.43).32 One and two year OS and PFS landmark 

analyses were performed using the R package landest (v1.0).33 

Somatic mutation analysis 

 
  A total of 48745 non-silent somatic mutations identified in the 476 DLBCL cases were 

re-annotated using Oncotator (v1.9).34 24980 driver mutations that occurred at a significantly 

higher rate than expected background mutational rates (defined as q-score < 0.1) were identified 

using MutSig2CV (v3.11).35 The frequency of driver mutations in each sample was compared 

between PD-L1 amplified and non-amplified cases by Fisher’s exact test (R v3.5.1). Benjamini 

and Hochberg (BH) FDR method was used for multiple testing correction of P-values.36,37 Total 

tumor mutational burden (TMB) was assessed by the total number of non-silent protein-coding 

somatic mutations and compared between PD-L1 amplified and non-amplified cases by non-

parametric Wilcoxon rank-sum test (R v3.5.1). 
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RNAseq gene expression analysis 

 
Preprocessed normalized and log2-transformed FPKM values derived from RNA 

sequencing experiments for the 476 DLBCL cases27 were used for the identification of 

differentially expressed genes (DEGs) and pathways between PD-L1 amplified and non-

amplified cases. Raw RNAseq FastQ files were not yet released at the time of this study. Out of 

25066 genes total, 17981 genes with log2-FPKM > 5 in at least 10 samples were kept for further 

analysis. Significant DEGs were identified using limma (v3.38.3),38 filtered by FDR-corrected P 

< 0.05, and expression fold change ≥ 1.5 or ≤ -1.5. Gene ontology (GO)6 terms and Kyoto 

Encyclopedia of Genes and Genomes (KEGG)7 pathways significantly enriched in genes of 

interest were identified using clusterProfiler (v3.10.1)8 at FDR-corrected P < 0.20. Using the 

significant DEGs as downstream target molecules in Ingenuity Pathway Analysis (IPA, © 

Qiagen, accessed Feb 6, 2019) causal network analysis,9 the upstream regulators were identified 

in accordance with previous studies.6,7,9 Gene set enrichment analysis (GSEA) was performed 

using the javaGSEA desktop software to compare biologically relevant gene signatures between 

PD-L1 amplified and non-amplified cases. In brief, log2-transformed gene expression data were 

ranked higher to lower according to the default Signal2Noise ranking metric, and GSEA was 

performed using Hallmark, Biocarta, and C2 curated gene sets from the Molecular Signatures 

Database (MSigDB v6.2).10,11 The statistical significance of the enrichment score was accessed 

using default software settings with 1000 permutations.10,12   

RESULTS: ANALYSIS OF EXTERNAL DATASET 

Identification and characterization of PD-L1 amplified cases 
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Using the gene-centric and broad peak results from GISTIC analysis, 21 samples (4.5%) 

were identified as PD-L1 amplified (see Supplemental Methods). JAK2, which also resides on 

the 9p24.1 cytoband, was co-amplified in 19 (90.4%) of 21 amplified samples. PD-L1 amplified 

cases were associated with significantly increased PD-L1 expression (P = 2.3e-21, limma DEG 

analysis) (supplemental Figure 8), consistent with prior reports 39,40. For the current analysis, we 

focused exclusively on the extreme phenotypes (21 PD-L1 amplified cases versus 409 PD-L1 

non-amplified cases). PD-L1 amplified cases were significantly associated with the activated B-

cell (ABC) gene expression subtype, higher international prognostic index score, and higher 

LDH levels (supplemental Table 3). No strong association with PD-L1 amplification was 

detected for age, sex, or genetic subgroup (as defined in Schmitz et al27). Overall survival (OS) 

was significantly inferior at one year in the PD-L1 amplified group compared to the PD-L1 non-

amplified group (55.7% vs 83.7%, P = 0.04, log-rank test). No significant differences were 

detected in one-year progression-free survival (PFS) or two-year OS and PFS between the two 

groups. 

PD-L1 amplifications and somatic mutations 

 
No significant differences were detected in driver mutation frequency between PD-L1 

amplified and non-amplified cases after correction for multiple testing. No significant differences 

were detected in total tumor mutational burden (TMB) between the PD-L1 amplified and non-

amplified groups (supplemental Figure 10, P = 0.34, Wilcoxon rank-sum test). 

PD-L1 amplifications and gene expression patterns 
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The PD-L1 amplified group demonstrated significantly higher gene expression of PD-L1, 

CD8A, and CD4 relative to the non-amplified group (supplemental Figure 8). 488 significantly 

differentially expressed genes (DEGs) were identified comparing the two groups at FDR-

corrected p-value < 0.05, and fold change ≥ 1.5 or ≤ -1.5 (supplemental Figure 9A). Gene 

ontology analysis of the PD-L1 amplified group’s differentially expressed genes found the 

highest overlap in neutrophil-related pathways, followed by phagocytosis and T-cell activation 

(supplemental Figure 9B). IPA upstream regulator causal network analysis identified significant 

activation in the transcriptional programs of NF-𝜅𝜅B (Z-score 2.93, P = 6.37e-6), TNF (Z-score 

4.16, P = 3.06e-13) and IFNG (Z-score = 5.42, P = 4.35e-30) in the PD-L1 amplified group 

(supplemental Figure 9C). GSEA found significant activation in the Hallmark TNF signaling via 

NF-𝜅𝜅B pathway, as was seen in our primary tumor analysis (Figure 3E; supplemental Figure 

9D). 

To investigate the influence of activated B-cell (ABC) enrichment in the PD-L1 

amplified subgroup, we repeated the same analysis comparing PD-L1 amplified (n = 21) to 

ABC-only non-amplified cases (n = 219). 1705 significant DEGs were identified using the same 

thresholds described above. IPA upstream regulator causal network analysis identified similar 

results as that of all non-amplified samples. For example, activation in NF-𝜅𝜅B complex (Z-score 

= 5.267, P = 3.2e-10), TNF (Z-score = 6.325, P = 5.15e-32) and IFNG (Z-score = 6.752, P = 

2.54e-41) pathways was observed within the PD-L1 amplified group relative to ABC-only non-

amplified cases. GSEA analysis also found significant activation in the Hallmark TNF signaling 

via NF-𝜅𝜅B pathway within PD-L1 amplified samples (P = 0.019). Collectively these results 

suggest that the differential gene expression seen between PD-L1 amplified and non-amplified 

cases are independent of gene expression subgroup enrichment. 



SUPPLEMENTAL TABLES 
 
Supplemental Table 1. Treatment status of samples used for study experiments. 

 



 

 



Supplemental Table 2. Differentially expressed genes between PD-L1 altered and PD-L1 
not altered DLBCLs. 

 



 



 

 

 

 

 



Supplemental Table 3. Baseline characteristics of PD-L1 amplified DLBCLs in an external 

dataset. 

 
PD-L1 amplified  
(n=21) 

PD-L1 non-amplified 
(n=409) P-value 

Mean age (SD) 58.8 (16.2) 61.2 (14.6) NS 

Female sex 7 (33%) 167 (41%) NS 

Cell of origin    

     ABC 13 (62%) 202 (49%) 
0.03 

     GCB 1 (5%) 119 (29%) 

IPI score    

    High 2 (10%) 63 (15%) 

0.03     Intermediate 14 (67%) 152 (37%) 

     Low 1 (5%) 89 (22%) 

Stage    

    Stage 1 0 47 (11%) 

NS 
    Stage 2 7 (33%) 100 (24%) 

    Stage 3 3 (14%) 102 (25%) 

    Stage 4 8 (38%) 112 (27%) 

LDH elevated 13 (62%) 163 (40%) 0.02 

Genetic subtype    

    BN2 4 (19%) 74 (18%) 
NS 

    EZB 1 (5%) 49 (12%) 



    MCD 0 48 (12%) 

    N1 2 (10%) 13 (3%) 

 
 
 
SUPPLEMENTAL FIGURES 
 
 

 
 

Supplemental Figure 1. Residual PD-L1 disomic lymphoma cells in DLBCL specimens 

according to PD-L1 locus status. Percentage of residual PD-L1 disomic lymphoma cells in 

DLBCLs with the indicated mechanism of PD-L1 gene alteration as assessed by FISH is shown 

(***P  < 0.001, Mann-Whitney U test). 

 

 
 



 
Supplemental Figure 2. Representative IHC images for PD-L1, CD8, and HLA class I and 

II in PD-L1 gene-altered and PD-L1 not altered cases.  IHC images depicting CD8+ T cell 

infiltration and expression of HLA I/II and PD-L1 in representative DLBCLs with PD-L1 

disomy, copy gain or amplification. The PD-L1 disomic DLBCL specimen (top row) was largely 

devoid of CD8+ T cells, exhibited normal HLA class I and II staining, and was PD-L1 negative. 

The DLBCL case harboring a relative PD-L1 copy gain (middle row) contained numerous CD8+ 

T cells, was negative for class I and II HLA staining (note positive HLA class I staining of 

infiltrating non-malignant immune cells), and displayed moderately-intense PD-L1 expression. 

Finally, the PD-L1 gene-amplified DLBCL specimen (bottom row) was robustly infiltrated by 

CD8+ T cells, had reduced HLA class I expression compared to surrounding non-malignant cells, 

was negative for HLA class II, and exhibited very intense and diffuse PD-L1 expression. 

 



 
 
Supplemental Figure 3. CD4+ T cell infiltration in PD-L1 altered versus not altered 

DLBCLs. Numbers of CD4+ T cells/hpf in PD-L1 altered and PD-L1 not altered DLBCLs as 

assessed by IHC (P = 0.30, Mann-Whitney U test). 

 
 
 

 
Supplemental Figure 4. Combined HLA class I and II cell surface expression according to 

PD-L1 locus status. Percentage of DLBCLs with normal, reduced, or absent HLA class I and/or 

II expression as assessed by IHC according to PD-L1 locus status (*P = 0.028, Fisher’s exact 

test). 



 

 
 
Supplemental Figure 5. PD-L1 mRNA expression according to PD-L1 locus status.  Relative 

PD-L1 mRNA expression compared to a housekeeping gene (ACTB) was assessed by 

quantitative PCR in PD-L1 gene-altered and not altered DLBCLs (n=47).  Experiments were 

performed in triplicate with the average being depicted (***P = 0.004, Mann-Whitney U test). 

 

 

 
 
Supplemental Figure 6. Predicted HLA-A neo-antigen burden in PD-L1 gene-altered 

versus not altered DLBCL (P = 0. 853, Mann-Whitney U test). 

 
 
 



 
 

Supplemental Figure 7. One-year OS is significantly worse in the PD-L1 amplified group, 

with non-significant observed differences in PFS in a validation dataset. Overall survival and 

progression free survival were not significantly different between the PD-L1 amplified and non-

amplified groups over the entire course of follow-up (OS P = 0.2, PFS, P = 0.3 with log-rank 

test). P-value from landmark survival analysis at one year using the Kaplan-Meier estimator is 

shown for OS (P = 0.04, log-rank test) and PFS (P = 0.07, log-rank test).  

 



 
Supplemental Figure 8. PD-L1 gene amplifications are associated with increased expression 

of PD-L1, CD8A and CD4 in a validation dataset. Gene expression of PD-L1, CD8A, and 

CD4 was compared between PD-L1 amplified (n = 21) and non-amplified groups (n = 409). 

Violin plots of (A) PD-L1, (B) CD8A, (C) CD4 gene expression in PD-L1 amplified versus non-

amplified DLBCLs. The mean is marked with a horizontal bar, and width of the violin plot 

corresponds to the number of samples with that y-value. Significance testing was performed in 

the entire gene expression cohort with limma and Ebayes as described above, reported here for 

the individual genes. 

 



 
Supplemental Figure 9. RNA sequencing identifies differentially-expressed genes in PD-L1 

amplified relative to PD-L1 non-amplified DLBCLs in a validation dataset. (A) Volcano plot 

summarizing 488 differentially expressed genes (DEG) in DLBCLs with vs without PD-L1 gene 

amplifications (FDR-adjusted P < 0.05, fold change ≥1.5 or ≤ -1.5) in 430 previously-published 

RNAseq profiles.27 (B) GO analysis performed on the 488 DEGs. GO terms significantly 

enriched in DLBCLs with PD-L1 gene amplifications are denoted by red dots. (C) Ingenuity 

Pathway Analysis revealing predicted upstream regulators of gene expression activated (positive 

z-score) or inhibited (negative z-score) in DLBCLs with PD-L1 amplifications relative to those 

without. Vertical line indicates the position of P = 0.05 on the x-axis. (D) GSEA demonstrating 

enrichment of NF-κB-regulated genes in PD-L1 amplified compared to PD-L1 non-amplified 

DLBCLs. 
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Supplemental Figure 10. Tumor mutational burden in PD-L1 gene-amplified and non-

amplified DLBCLs in a validation dataset. Total tumor mutational burden (TMB), defined as 

non-silent protein-changing somatic mutations per sample, was compared between PD-L1 

amplified (n = 21) and non-amplified samples (n = 409) (P = 0.34, Wilcoxon rank sum test). The 

mean is marked with a horizontal bar, and the width of the violin plot corresponds to the number 

of samples with a given y-value.  

 



 

Supplemental Figure 11. Coronal PET images before and after pembrolizumab therapy for patient 

included in Figure 5C. 
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