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SUMMARY
Tumors with DNA damage repair (DDR) deficiency accumulate genomic alterations that may serve as neoan-
tigens and increase sensitivity to immune checkpoint inhibitor. However, over half of DDR-deficient tumors
are refractory to immunotherapy, and it remains unclear which mutations may promote immunogenicity in
which cancer types. We integrate deleterious somatic and germline mutations and methylation data of
DDR genes in 10,080 cancers representing 32 cancer types and evaluate the associations of these alterations
with tumor neoantigens and immune infiltrates. Our analyses identify DDR pathway mutations that are asso-
ciated with higher neoantigen loads, adaptive immune markers, and survival outcomes of immune check-
point inhibitor-treated animalmodels and patients. Different immune phenotypes are associatedwith distinct
types of DDR deficiency, depending on the cancer type context. The comprehensive catalog of immune
response-associated DDR deficiency may explain variations in immunotherapy outcomes across DDR-defi-
cient cancers and facilitate the development of genomic biomarkers for immunotherapy.
INTRODUCTION

DNA damage repair (DDR) deficiency (DDR-d) leads to increased

somatic mutations and accumulation of intracellular DNA frag-

ments that triggerantiviral immunesignals.Someof themutations

could function as tumor neoantigens and induce an antitumor im-

mune response.1 Thus, DDR-d tumors were assumed to show

increased immune infiltration andmay be particularly susceptible

to immune checkpoint inhibitor (ICI) therapy.While significant im-

provements in response to ICI were observed in subsets of DDR-

d tumors,2,3 roughly half of theDDR-dpatients donot benefit from

immunotherapy. It remains unclear which DDR-d tumors may

respond to ICI in which cancer types, impeding the development

of potential biomarkers.

DDR involves many genes that are organized into distinct

repair pathways, including damage sensors, single-strand repair

processes (base excision repair [BER], nucleotide repair [NER],

mismatch repair [MMR]), and double-strand repair mechanisms

(non-homologous end joining [NHEJ], microhomology-mediated

end joining [MMEJ], and homologous recombination [HR]). The

relationship between DDR-d and response to immunotherapy
Cell R
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is an active area of research in clinical trials.4 The US Food and

Drug Administration (FDA) has approved pembrolizumab (anti-

PD1 therapeutic antibody) to treat MMR-deficient (MMR-d) tu-

mors, as well as cancers with high tumor mutation burden

(TMB), regardless of histologic origin.5 However, while other

DDR-ds may also give rise to immunogenic tumors,4–8 the effec-

tiveness of immunotherapy in other forms of DDR-ds is not yet

clear. Furthermore, DDR-ds may arise through pathogenic

germline variants (e.g., inherited BRCA1/2 variants), somatic

mutations, or epigenetic silencing (methylation) of genes

involved in DNA repair.9–11 How different types of DDR impair-

ment influence the tumor immune microenvironment remain

largely unknown.

While both MMR-d and high TMB status can be used to select

a patient for immune checkpoint therapy, these predictive

markers are far from perfect.4 First, MMR deficiency is generally

confined to a fraction of tumors within a few cancer types (e.g.,

MMR to colorectal and endometrial cancers).4 Second, high

TMB is associated only with improved survival of selected can-

cer types and cohorts (e.g., head and neck cancer, non-small

cell lung cancer), and the criteria that define a high TMB status
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remain controversial.12 Third, while both MMR-d and high TMB

are associated with higher immunotherapy response rates,

R50% of these patients do not respond, highlighting the incom-

plete understanding of biological processes that determine

response.13,14 Many other DDR genes not included in the clas-

sical MMR-d panel are frequently mutated in various cancer

types.11 Elucidating the interactions between the different forms

of DDR-d and the immune cell composition of the affected can-

cer could identify therapeutic opportunities.9

The goal of this study was to investigate the relationship be-

tween various forms of DDR-d and tumor neoantigen loads,

tumor immune infiltration, and further explain the diverse immu-

nogenicity of DDR-d tumors and how those associations corre-

lated with ICI treatment outcomes in different cancer types.

We studied the effects of germline pathogenic/likely pathogenic

variants, somatic driver mutations of 80DDR genes in 9,738 non-

hypermutated and 342 hypermutated cases, and DNA methyl-

ation-mediated silencing of MMR genes. Germline and somatic

mutations across (i.e., MMR versus HR) and within (i.e.,

BRCA1 versus BRCA2) DDR pathways showed variable associ-

ations with TMB, neoantigen loads, and indel neoantigen

hotspots in a cancer-dependent manner. Several somatic muta-

tions of DDR pathways, but not germline variants, were signifi-

cantly associated with increased immune infiltration.

Deficiencies of different MMR genes showed cancer-specific

immune response, and we further showed in a murine model of

hepatocellular carcinoma that MLH1 knockout combined with

forced expression of tumor neoantigens improved the survival

of mice. Finally, we demonstrated the association between pa-

tient survival after ICI therapy and tumor immune infiltrate-asso-

ciated DDR-ds. Overall, these results identified immune

response-associated DDR-ds in a cancer-specific manner,

enabling better predictions of ICI response.

RESULTS

Germline and somatic DDR mutations in TCGA non-
hypermutated cases
We obtained germline and somatic mutation data and immune

gene expression results for 10,080 cancers representing 32

cancer types included in the PanCanAtlas projects in The Can-

cer Genome Atlas (TCGA; Table S1).10,15,16 The cancers were

categorized into 9,738 non-hypermutated and 342 hypermu-

tated groups15 that were analyzed separately because their

quantitatively and qualitatively distinct genome damage could

confound associations with immune phenotypes (Method de-

tails). The non-hypermutated cases harbored 783 germline

cancer predisposing variants (including pathogenic and likely

pathogenic variants, abbreviated as germline variants) and

28,179 somatic driver mutations (abbreviated as somatic
Figure 1. The frequencies of germline predisposing variants and som

permutator TCGA cases

(A) The frequencies of samples carrying germline predisposing variants or soma

(B) Percentage of cases with germline predisposing variants in DDR pathways.

(C) Percentage of cases with somatic driver mutations in DDR pathways.

(D) Comparison of the total numbers of germline predisposing variants and somat

Colors represent different DDR pathways.
mutations) according to the prioritized mutation calls from

the PanCanAtlas.10,15

In all of the subsequent analyses, we focused on 80 genes

involved in HR, NER, and MMR that were designated as core

DDR genes by the PanCanAtlas DDR project (Table S2).11 We

found that 4.1% and 7.2% of the 9,738 non-hypermutated can-

cers harbored germline variants and somatic mutations in these

80 genes, respectively. The germline variant and somatic muta-

tion frequencies differed across cancer types; ovarian cancer

(OV) showed the highest frequency (17.6%; cases may carry

multiple DDR variants) of carrying germline DDR variants, pre-

dominantly affecting BRCA1/2, while uterine corpus endometrial

carcinoma (UCEC) had the highest frequency (20.7%; casesmay

carry multiple DDR mutations) of somatic DDR mutations (Fig-

ure 1A). Most germline variants affected HR genes (e.g.,

BRCA1, BRCA2, PALB2) (Figure 1B), while somatic mutations

most commonly affected damage sensors (e.g., ATM, ATR,

CHEK2) and MMR genes (e.g., PMS2) (Figures 1C and 1D).

Associations between DDR mutations with TMB and
tumor neoantigen load
High TMB is emerging as a biomarker of immunotherapy, but the

sensitivity of high TMB tumors varied by cancer type.12 We

therefore assessed the association between TMB and neoanti-

gen load and germline variants and somatic mutations in the

core DDR genes in 32 cancer types using a multivariate linear

regression model, correcting for the age of diagnosis and the

population genetic background (Method details). Limiting the an-

alyses to non-hypermutated cases and genes with at least 4 car-

riers within cancer cohorts, we identified 4 and 24 significant

positive associations between germline variants and somatic

mutations with TMB, respectively (false discovery rate [FDR] <

0.05; Table S3). In the HR pathway, both germline (FDR =

1.1 3 10�4) and somatic mutations (FDR = 6.9 3 10�4) of

BRCA1 were significantly associated with higher TMB in breast

invasive carcinoma (BRCA) (Figure 2A), but germline variants

or somatic mutations in BRCA2 showed only a non-significant

trend for association with higher TMB after adjusting for multiple

comparisons (FDR > 0.072, p < 0.029). However, germline vari-

ants of BRCA2 and PALB2 were significantly associated with

elevated TMB in OV (FDR = 0.0034) and stomach adenocarci-

nomas (STAD, FDR = 0.032), respectively, while germline

BRCA1 variants showed only a non-significant trend for associ-

ation with higher TMB in OV (FDR = 0.061, p = 0.017). Somatic

mutations of MMR genes (PMS2, MLH1, and MSH2) and DNA

damage sensors (ATR, ATM, and CHEK2) and ERCC2 were

associated with higher TMB in UCEC, skin cutaneous melanoma

(SKCM), BRCA, kidney renal papillary cell carcinoma (KIRP),

colorectal adenocarcinoma (COADREAD), and urothelial

bladder carcinoma (BLCA) (FDR < 0.05; Figure 2A; Table S3).
atic driver mutations of DNA damage repair genes in 9,738 non-hy-

tic driver mutations in 80 core DDR genes.

ic driver mutations in DDR genes across 9,738 non-hypermutator TCGA cases.
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Figure 2. The associations between germline and somatic mutations of DNA damage repair genes with tumor mutation burden (TMB) and

neoantigen loads in non-hypermutated cases

(A) Germline and somatic association with TMB.

(B) Germline and somatic associations with SNV neoantigen loads.

(C) Germline and somatic association with indel neoantigen loads. The axes represent the coefficient obtained from the multivariate linear regression analyses.

(D) A schema showing the 13 prioritized DDRgenes, whichwere aggregated into 4 pathways for estimating the combined germline and somatic DDR associations

with TMB and neoantigen loads.

(E) The combinatorial germline and somatic DDR associations with TMB and neoantigen loads. The axes represent the coefficients from PLS-PM analysis.

For (A)–(C), and (E), each dot represents a cancer type. Red, blue, orange, and gray represent cancer types in the germline level, somatic level, both levels, and

neither level meeting the significance criteria of FDR < 0.05, respectively. The size of the dots represents�log10(FDR), which showed the more significant FDR of

either germline or somatic association. The solid gray line indicates equal germline versus somatic associations where the slope = 1.
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Germline MSH6 was also associated with elevated TMB in

UCEC (FDR = 0.0022). Overall, germline and somatic mutations

in HR genes showed associations with elevated TMB in BRCA,

OV, and STAD, although to a variable extent. In UCEC, SKCM,

and COADREAD, somatic mutations in MMR and damage

sensor genes showed the strongest associations with high
4 Cell Reports Medicine 2, 100276, May 18, 2021
TMB. These results indicate varying levels of functional impo-

tence for distinct DDR pathways in maintaining genome integrity

in different cancer types.

We next assessed associations between neoantigen load and

DDR gene alterations. Fourteen germline alterations (8 genes)

and 42 somatic alterations (13 genes) were significantly
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associated with elevated SNV-mediated neoantigen load, while

7 germline alterations (5 genes) and 47 somatic alterations (13

genes) were associated with elevated indel-mediated neoanti-

gen load (FDR < 0.05; Table S3) in non-hypermutated cases.

Germline and somaticBRCA1/2 andATRwere each significantly

associated with higher SNV and indel neoantigen loads in breast

cancer (FDR < 1.43 10�7; Figures 2B and 2C). Higher SNV neo-

antigen loads were found in the germline (FDR = 1.53 10�9) and

somatic (FDR = 6.7 3 10�15) BRCA2 carriers in OV. We also

found that germline BRCA2 variants were associated with higher

SNV and indel neoantigen loads in pancreatic adenocarcinoma

(PAAD, FDR = 2.9 3 10�18, < 1.0 3 10�50). Somatic mutations

of multiple MMR genes as well as POLE, POLQ, ATM, and

ATR were significantly associated with higher neoantigen loads

in UCEC, BRCA, lung adenocarcinoma (LUAD), and STAD

(FDR < 1.2 3 10�5). GermlineMSH6 was associated with higher

SNV neoantigens in UCEC (FDR < 1.0 3 10�50). MLH1 mutation

was strongly associated with high SNV and indel neoantigen

load in lung squamous cell carcinoma (LUSC), UCEC, and CO-

ADREAD (FDR < 1.03 10�28). Surprisingly, we also found asso-

ciations with lower neoantigen loads for DDR alterations,

including germline ATM variants in BRCA, prostate adenocarci-

noma (PRAD), LUAD, and BLCA (FDR < 0.011; Table S3), and

somaticBRCA1,ATM, andATRmutations in OV, liver hepatocel-

lular carcinoma (LIHC), and COADREAD (FDR < 0.043; Figures

2B and 2C; Table S3), respectively. Overall, the patterns of asso-

ciations of TMB and neoantigen load with germline and somatic

mutations in core DDR genes indicate a strong similarity; the mi-

nor discordances suggest either noise in the data or distinct DNA

damage profiles induced by different types of DDR-ds.

We adopted the partial least-squares pathmodeling (PLS-PM)

method to dissect the combinatorial effect of germline and so-

matic DDR mutations on TMB and neoantigen load. The PLS-

PM model was constructed with the 13 DDR genes associated

with higher TMB/neoantigen loads (germline or somatic regres-

sion coefficient > 1.5 and FDR < 0.05 in any cancer type),

including multiple HR (BRCA1/2, PALB2), MMR (MLH1, MSH2,

MSH3, MSH6, and PMS2), damage sensor (ATM, ATR, and

CHEK2), and DNA polymerase (POLE, POLQ) genes (Figure 2D).

These 4DDRpathways (13 genes)were also investigated for their

association with immune infiltration in the tumor microenviron-

ment in subsequent sections.We introduced two latent variables

representing the combined effects of (1) germline-affected genes

and (2) somatic-affected genes in the PLS-PM analysis and esti-

mated their relative contributions to TMB and neoantigen load

(Figure S1). PLS-PM revealed cancer types displaying variable

associations between germline and somatic DDR associations

with TMB and neoantigen loads (Figure 2E). In BRCA and OV,

germline variants (FDR < 0.0068) and somatic mutations (FDR <

0.012) showed a similar, independent contribution to TMB and

neoantigen loads. Strong associations between germline vari-

ants (FDR = 0.0012) and somatic mutations (FDR = 1.3 3 10�9)

and TMB were identified in STAD. In PAAD, germline variants

(FDR<0.0030) but not somaticmutations (FDR=1.0)were signif-

icantly associated with elevated TMB and neoantigen loads. For

other, non BRCA-associated cancer types, such as UCEC, CO-

ADREAD, BLCA, and KIRP, somatic mutations were associated

with higher TMB and neoantigen loads (FDR < 0.0020), while
germline variants showed minimal associations (Figure 2E),

potentially due to their rarity or limited functional consequences

in those cancer types.

DDR pathway-level alterations associated with tumor
neoantigens load and hotspots
Previous results suggested that mutations affecting DDR genes

within the same pathway frequently showed similar effects on

genome damages across cancer types, and thus, grouping

these genes by functional pathways may aid discovery in co-

horts with limited mutated cases. The 13 DDR genes associated

with higher TMB/neoantigen loads were grouped into 4 core

pathway annotations, as shown in Figure 2D. Based on this clas-

sification of DDR-ds, we examined how neoantigen loads may

be associated with germline variants and somatic mutations

affecting DDR genes. Carriers of somatic MMR mutations

showed higher predicted SNV neoantigen loads in UCEC, CO-

ADREAD, cervical squamous cell carcinoma and endocervical

adenocarcinoma (CESC), and BLCA (FDR < 0.037; Figure 3A)

and higher indel neoantigen loads in UCEC (FDR = 1.2 3 10�9;

Figure 3B). Somatic mutations of HR genes are associated

with higher indel neoantigen loads in UCEC, BRCA, and COAD-

READ, as well as higher SNV neoantigen loads in the same can-

cer types and BLCA (FDR < 0.047). Germline HR geneswere only

associated with higher SNVs (FDR = 3.0 3 10�5) and indel neo-

antigen loads in BRCA (FDR = 0.0068; Figures 3A and 3B). So-

matic mutations of damage sensor genes were associated with

increased SNV (FDR = 1.6 3 10�11) and indel (FDR = 1.2 3

10�7) neoantigen loads in UCEC (Figures 3A and 3B). Somatic

mutations of DNA polymerases were associated with increased

SNV neoantigen loads of UCEC (FDR = 2.1 3 10�4) and CESC

(FDR = 0.036; Figure 3B). No significant association was identi-

fied in other cancer types.

While neoantigens are commonly found in hypermutated MSI

tumors, whether non-hypermutated tumors may harbor poten-

tially targetable neoantigens remains less characterized. We

further investigated the associations of DDR mutations with 11

SNV and 178 indel neoantigen ‘‘hotspots’’ found in R5% of

TCGA non-hypermutated cases (Method details) in the pan-can-

cer, non-hypermutator cohort. A total of 56 (of 178) indel neoan-

tigen hotspots were significantly (FDR < 0.05) associated with

the DDR mutations (Figure 3C), whereas no enrichment of SNV

hotspots was identified. For example, DAZAP1 p.P257Rfs*78,

DOCK3 p.P1852Qfs*45, and RNF43 p.G659Vfs*41 were each

highly enriched in cases with somatic MMR mutations (FDR <

2.1 3 10�6) and DAZAP1 p.P257Rfs*78 was also associated

with germline MMR variants (Figure 3C; FDR = 0.0024). Notably,

RNF43 p.G659Vfs*41 has been shown to be an expressed,

immunogenic neoantigen associated with ICI-treated patient

outcomes.17,18 The enrichment of neoantigens associated with

non-hypermutated DDR-d cases suggests the possibility of

recognition by adaptive immunity, and their immunogenicity

warrants further investigation.

Immune infiltration associated with DDR-d
Within each cancer type, we compared gene expression-based

measures of adaptive immune response between cancers

affected by either germline or somatic alterations in DDR
Cell Reports Medicine 2, 100276, May 18, 2021 5
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Figure 3. The association between DNA damage repair pathway mutations and tumor neoantigens in non-hypermutated cases

(A) The distribution of SNV neoantigen loads in DDR mutant samples.

(B) The distribution of indel neoantigen loads in DDR mutant samples. Two-sided Wilcoxon rank-sum tests were applied to compare each mutant group with

DDR-wild-type (WT) cases and FDR adjusted. FDR < *0.01, **0.001, and ***0.0001.

(C) The enrichment of neoantigen hotspots in DDR mutant samples in the pan-cancer cohort. The heatmap shows the significant (FDR < 0.05, black box)

enrichment of neoantigens in DDRmutant samples. The value and color in each cell represent the percentage of cases with the listed neoantigen in DDRmutant

cases. DDR pathways annotated with prefix ‘‘s’’ indicate somatic mutations, and prefix ‘‘g’’ indicates germline variants in the DDR pathways, including mismatch

repair (MMR) (MLH1,MSH2,MSH3,MSH6, andPMS2), homologous recombination (HR) (BRCA1/2 andPALB2), sensor (ATM,ATR, andCHEK2) and polymerase

(POLE and POLQ).
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pathways (MUT [mutated]) versus cancers without alterations in

thesegenes (WT [wild type]) using amultivariate regressionmodel

corrected for demographic variables in 9,738 non-hypermutated

cancers (Method details). We identified 7 positive associations

(FDR < 0.05) between the somatic mutations in DDR pathways

with tumor-infiltrating lymphocytes (TILs, based on hematoxylin

and eosin [H&E] stained tissue image analysis)16 and immune

gene expression measures, including PD1/PD-L1 expression,

and the high cytolytic activity (CYT) score19 in UCEC (Table S4).

None of the germline DDR pathway alterations were significantly

associated with immune signatures (FDR > 0.43; Table S4). So-

maticmutationsof theMMRpathwaywereassociatedwithhigher

TILs, CYT scores, and PD1/PD-L1 expression in UCEC (FDR <

0.011; Figures 4A–4D). UCECcaseswith damage sensor somatic

mutations showed higher CYT scores (FDR = 0.031; Figure 4B)

and higher PD1 expression (FDR = 0.034; Figure 4C). Somatic

mutations of DNA polymerase in UCEC were associated with

higher PD-L1 expression (FDR = 0.049; Figure 4D). We also
6 Cell Reports Medicine 2, 100276, May 18, 2021
conducted a gene-level analysis using the multivariate model.

None of the germline DDR genes were associated with immune

signatures, and somatic mutations in MSH6, ATM, and MSH2

were associated with increased immune response in UCEC (Ta-

ble S5; FDR < 0.042).

To evaluate the concordance between DDR-associated

increased neoantigen load and higher immune infiltration, we

compared the correlation coefficients obtained from neoantigen

load and immune signature analyses (Method details). The asso-

ciations of somatic DDR mutation versus SNV neoantigen loads

were highly correlated with the association of somatic DDR mu-

tation versus immune signatures (TILs, CYT score, PD1 expres-

sion, and PD-L1 expression) (r > 0.46, p < 9.4 3 10�4; Figures

4E–4H). For indel neoantigen loads, we observed a similar pos-

itive correlation between DDR versus indel neoantigen and

DDR versus immune signatures (r > 0.50, p < 0.001; Figures

4I–4L) after removing an extremely low linear regression coeffi-

cient (�4.33, from damage sensor mutations in sarcoma
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Figure 4. The association between DNA damage repair mutations and tumor immune infiltrates in non-hypermutated cases

(A–D) Comparisons of the tumor immune infiltrate signatures in germline and somatic DDR mutated (MUT) and WT cases, including (A) tumor-infiltrating lym-

phocytes (TILs), (B) cytolytic activity (CYT) score, (C)PD1 expression, and (D)PD-L1 expression. Significance valueswere generated by linear regression adjusted

by patients’ age and genetic principal components and FDR corrected. Gray, blue, and red represent cancer types thatmeet the criteria of FDR < 0.05 (significant)

and FDR > 0.05 (none). The size of the dots represents �log10(FDR).

(E–H) Comparisons of the correlation coefficients of somatic DDR versus SNV neoantigen load with the somatic DDR versus immune signature, including (E) TILs,

(F) CYT score, (G) PD1 expression, and (H) PD-L1 expression.

(I–L) Comparison of the correlation coefficients of somatic DDR versus indel neoantigen load with the somatic DDR versus immune signature, including (I) TILs, (J)

CYT score, (K) PD1 expression, and (L) PD-L1 expression.

r represents the Pearson correlation coefficient. The color of the label represents the DDR pathways, including MMR (MLH1,MSH2,MSH3,MSH6, and PMS2),

HR (BRCA1/2 and PALB2), sensor (ATM,ATR, andCHEK2) and polymerase (POLE and POLQ). DDR genes annotated with prefix ‘‘s’’ indicate somatic mutations.

The axes indicate the correlation coefficients (coef) of linear regression adjusted by patients’ age and genetic components. Dots with significant associations

between DDR mutations and immune signatures were labeled in all of the panels.
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[SARC]). Similar correlations were not observed for germline

DDR variants (Figure S2). These results suggest that somatic

DDR-ds can be predictive of tumor immune infiltration, at least

partially through its association with greater neoantigen load.

Somatic DDR mutations associated with hypermutators
and microsatellite instability
DDR mutations, particularly those disrupting MMR, are thought

to drive microsatellite instability (MSI) and hypermutator pheno-

types.20We investigated howDDRmutationsmay be associated

with the hypermutator phenotype and MSI. Among the 342 hy-

permutator samples (3.4%of 10,080 TCGA cases),15 63.7% car-

ried at least 1 somatic mutation of 80 DDR genes, 2.9% carried

at least 1 germline variant, and 5.8% had both germline and
somatic alterations. At the gene level, somatic mutations of

ATM (22.2%) were most common in hypermutators, followed

by somatic BRCA2 (17.8%), POLQ (10.8%), and ATR (10.5%)

(Figure S3A). Somatic mutations of MMR genes, such as

MSH2, MLH1, MSH6, MSH3, and PMS2, were also found in

31.3% of hypermutators. We further analyzed the association

betweenmutation of 13 prioritized DDR genes and hypermutator

status within each cancer type, identifying 38 significant associ-

ations (FDR < 0.05; Figure S3B). Somatic mutations of multiple

DDR genes are associated with hypermutators of UCEC, COAD-

READ, and STAD. Germline BRCA1 variants were associated

with the hypermutated BRCA cases (FDR = 0.048; Figure S3B).

We also examined the associations between DDR genes

with MSISensor scores,21 a measure of MSI derived from the
Cell Reports Medicine 2, 100276, May 18, 2021 7
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whole-exome sequencing data. As expected, tumors with germ-

line variants or somatic mutations of the 13 prioritized DDR

genes had higher MSISensor scores than non-carrier cases in

UCEC, STAD, COADREAD, BRCA, and CESC (FDR < 0.0035;

Figure S3C). We next applied the germline/somatic PLS-PM

multivariate model to estimate the relative associations of DDR

genes and MSI scores. In the models for UCEC, STAD, and CO-

ADREAD, somatic mutations were significantly associated with

MSI scores (FDR < 1.20 3 10�2; Figures S3D–S3F). At the

gene level, POLE showed the highest contributions to the so-

matic latent variable in STAD (b = 0.61; Figure S3E) and COAD-

READ (b = 0.62; Figure S3F), while also contributing strongly in

UCEC (b = 0.46; Figure S3D). MSH3 showed the top somatic

contribution in UCEC (b = 0.59; Figure S3D) and was the third

contributor in STAD (b = 0.53; Figure S3E). These results re-

vealed the varied effect sizes on MSI associated with different

DDR mutations, which may result in different levels of neoanti-

gens and tumor immune response.

MMR deficiency affects tumor immune infiltrates in a
cancer-specific manner
Although mutations of four MMR genes (MLH1, MSH2, MSH6,

and PMS2) were incorporated into FDA-approved indications

for ICIs, over half of MMR-deficient tumors still do not respond

to immunotherapy,13,14 suggesting variable immunogenicity

across cases. We investigated the tumor neoantigens and im-

mune infiltrates in cases affected by germline variants/somatic

mutations (mut) and/or methylation (me) of 5 MMR genes:

MLH1, MSH3, MSH2, MSH6, and PMS2. In the pan-cancer

cohort of 10,080 cases (hypermutators and non-hypermutators),

the frequencies of MMR-d cases, affected MMR genes, and

alteration types varied across cancer types (Figure 5A). UCEC

had the highest portion of cases carrying MMR mutations and/

or methylation (36.5%), followed by 18.9% in STAD and 15.0%

in COADREAD. Notably, methylation of the MLH1 gene was

the most common MMR alteration, affecting 2.7% of total

TCGA cases. Mutations of MSH2, MSH6, and PMS2 affects

0.8%, 0.9%, and 0.6% of TCGA cases, respectively (Figure 5A).

We compared indel and SNV neoantigen loads in the MMR

gene carriers (including any of germline variants, somatic muta-

tions, and methylations) versus non-carriers (WT) within cancer

types (Figures 5B and 5C). Given the prevalence of co-occurring

alterations in MMR genes, we tested all single- and pair-gene al-

terations with at least four affected cases in one cancer cohort.

Cases with MLH1 alterations showed higher SNV neoantigens

in UCEC, COADREAD, STAD, CESC, BLCA, and LUSC (FDR <

0.044; Figure 5B) and associated with higher indel neoantigen

loads in UCEC, COADREAD, and CESC (FDR < 0.014; Fig-

ure 5C).MSH2mutations were associated with higher SNV/indel

neoantigen loads in UCEC and COADREAD (FDR < 0.022).

MSH2 alterations co-occurring with MSH3 and MSH6 were

associated with increased neoantigen loads in UCEC (FDR <

0.011). MSH6 mutations were associated with higher SNV neo-

antigen loads in UCEC, COADREAD, and BLCA (FDR < 0.010)

and higher indel neoantigen loads in UCEC (FDR = 0.0026; Fig-

ures 5B and 5C).

To delineate their independent associations, we applied a

multivariate regression model that includes both mutation and
8 Cell Reports Medicine 2, 100276, May 18, 2021
methylation of MLH1, MSH3, MSH2, MSH6, and PMS2 genes

as predictors of immune signatures, including TILs, PD1, PD-

L1 expression, and CYT score in COADREAD, STAD, and

UCEC (Figure 5D). For COADREAD, MLH1 methylation was

significantly associated with TILs, PD1 expression, PD-L1

expression, and CYT score (FDR = 0.029, 1.1 3 10�5, 2.5 3

10�13, and 9.6 3 10�13, respectively). For STAD, MLH1 methyl-

ation was positively associated with PD-L1 expression (FDR =

0.0011) and CYT score (FDR = 0.020). For UCEC, MSH2 muta-

tions were positively correlated with PD1 expression (FDR =

0.011) and CYT score (FDR = 0.0093). Mutations of MSH6

were also positively associated with TILs, PD1 expression, PD-

L1 expression, and CYT score (FDR = 0.00078, 6.0 3 10�5,

0.0025, 3.23 10�6, respectively) in UCEC (Figure 5D). These re-

sults delineated the cancer-specific immunogenic effects of

MMR genes that may require further considerations for their

biomarker applications.

The combinatorial effect of MLH1 deficiency and
neoantigen loads
The aforementioned results suggested a dominant immunogenic

effect ofMLH1 deficiency induced bymethylation ormutations in

COADREAD. We further stratified COADREAD cases into those

with high/low SNV or indel neoantigen loads based on the

respective average values dividing the data distribution (Fig-

ure S4A). As expected, most MLH1-deficient cases were en-

riched in the groups of high SNV (93.1%, odds ratio = 46.5, p <

2.2 3 10�6) and indel (92.7%, odds ratio = 19.1, p = 1.5 3

10�14) neoantigen loads (Figure S4B). However, MLH1 defi-

ciency and high neoantigen loads do not always co-occur, and

it remains unclear whetherMLH1 status can further stratify tumor

immunogenicity beyond neoantigen loads. We investigated the

distribution of immune signatures in COADREAD patients strat-

ified by MLH1 deficiency and neoantigen load, including MLH1

deficiency/high neoantigen load, MLH1-WT/high neoantigen

load, MLH1 deficiency/low neoantigen load, and MLH1-WT/

low neoantigen load. As expected, cases with both MLH1 defi-

ciency/high neoantigen load also exhibited the highest immune

signatures, including PD1/PD-L1 expression and TILs (Figures

6A–6H). For MLH1-WT cases, high SNV neoantigen loads were

also commonly associated with elevated immune response sig-

natures (Figure 6A–6D), whereas high indel neoantigen load was

only significantly associated with increased CYT score (Fig-

ure 6F). Critically, in most cases, MLH1 deficiency further strati-

fied neoantigen-high tumors for significantly higher

immunogenicity.

Previous reports havedemonstrated increased immunesurveil-

lance upon the inactivation ofMLH1 in syngeneic mouse models

of colorectal cancer.22 Given that MMR-d is now FDA approved

across cancer types as a biomarker for ICI, understanding its ef-

fect in a microsatellite stable (MSS) cancer type would be critical

to broaden the potential application of ICI. We experimentally

tested whether MLH1 deficiency could confer a survival benefit

in autochthonous MYC;sg-p53�/� hepatocellular carcinoma

(HCC) murine tumors. This model includes a transposon-based

vector to overexpress oncogeneMYC and a CRISPR-based vec-

tor to delete tumor suppressor p53. To mimic immunogenic neo-

antigenexpression, theMYC overexpression vectorwasmodified
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Figure 5. Genetic and epigenetic alterations of mismatch repair genes in 10,080 non-hypermutated and hypermutated cases

(A) The frequencies of TCGA samples carrying genetic (include germline variants and somatic mutations) and epigenetic alteration of MLH1, MSH3, MSH2,

MSH6, and PMS2 genes. The upper bar plot shows the frequency samples, with genetic alterations (mut) andmethylation (me) of MMR genes within each cancer

type. The right bar plot shows the frequency of genetic alterations andmethylation of each of the 6MMR genes across all 10,080 cases. The heatmap showed the

percentage of cases carrying alterations in each MMR gene in each cancer type, where the color and value indicate the frequency (%). Only cancer types with at

least 1 carrier of MMR alterations were shown.

(B and C) The neoantigen comparisons betweenMMR affected andWT cases, including (B) indel neoantigen loads and (C) SNV neoantigen loads. The alterations

of each gene shown in the x axis of (B) and (C) include germline variants, somatic mutations, and methylations.

(D) Themultivariate model associations of genomic alteration of individual MMR genes and immune signatures, including TILs, PD1, PD-L1 gene expression, and

CYT score. FDR < *0.01, **0.001, and ***0.0001.

Three MMR-d-enriched cancer types, COADREAD, STAD, and UCEC, were included in the analysis of D.

Cell Reports Medicine 2, 100276, May 18, 2021 9

Article
ll

OPEN ACCESS



A B C D

E F G H

I J

Figure 6. Neoantigen load and immunogenicity of MLH1-deficient tumor
(A–D) The distribution of immune signatures, including (A) TILs, (B) CYT score, (C)PD1, and (D)PD-L1 expression, in cases stratified byMLH1 deficiency (dMLH1),

MLH1-WT (wtMLH1), high (h), and low (l) SNV neoantigen load.

(E–H) The distribution of immune signatures, including (E) TILs, (F) CYT score, (G) PD1, and (H) PD-L1 expression, in cases stratified by dMLH1,wtMLH1, h, and l

indel neoantigen load. p valueswere estimated by the 2-sidedWilcoxon rank-sum test and FDR corrected. FDR < *0.01, **0.001, and ***0.0001. ns, not significant.

(I) Schematic of vectors injected into mice. The transposon-based vector overexpressing MYC and luciferase (Mycluc) or a luciferase fused to model antigens

(MyclucOS).

(J) The survival rate of mice in each group shown as well as median survival, includingMLH1WT group (Mycluc p53, n = 7),MLH1� group (Mycluc p53MLH1, n =

7), MLH1 WT + antigens group (MyclucOS p53, n = 9), and MLH1� + antigens group (MyclucOS p53 MLH1, n = 6). The log-rank Mantel-Cox test was used to

calculate the p values.

Article
ll

OPEN ACCESS
to also express either luciferase (luc) or a luc fused to three strong

murine T cell-activating antigens SIY, SIN, and SIINFEKL (lu-

cOS).23 To modelMlh1 deficiency in the context of SIY, SIN, and

SIINFEKL expression, we modified the single-guide (sg)-p53

CRISPR vector to incorporate an sgRNA to target the Mlh1

gene.22 We generated 3 separate tandem sg-p53;sg-Mlh1

CRISPR-based vectors, each harboring a unique guide RNA tar-

geting different portions of theMlh1 gene (Figure 6I). Using these

tools, we created 2 murine models of Mlh1-deficient HCC: the

non-immunogenic MYC-luc;sg-p53;sg-Mlh1 (Mycluc p53 MLH1)

and the immunogenic counterpart MYC-lucOS;sg-p53;sg-Mlh1
10 Cell Reports Medicine 2, 100276, May 18, 2021
(MyclucOSp53MLH1),whichexpresses the3antigens (Figure6I).

Controls for these conditions were the previously established

MYC-luc;sg-p53 (Mycluc p53) and MYC-lucO;g-p53 (MyclucOS

p53) mice.23

The expression of antigens (lucOS) in the context of MYC;sg-

p53�/� tumors led to a significant delay in tumorigenesis

compared to MYC-luc;sg-p53 tumors lacking the antigens (p =

0.021) due to the induction of antitumor immune response, as

previously reported.23 The introduction of Mlh1 deletion slightly

accelerated tumor formation in the absence of exogenous anti-

gen expression. However, in the presence of the antigens
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Figure 7. Association between survival outcomes of immune checkpoint inhibitor (ICI)-treated cases and DDR pathway mutations

(A) The heatmap shows the hazard ratio of DDR genes in theMSKCC ICI-treatment cohort. The x axis represents cancer types, and the y axis represents somatic

mutations in DDR genes, including MMR, HR, damage sensor (sensor), DNA polymerase (polymerase), and all of the 13 prioritized DDR genes (ALL). The value in

each cell denotes the hazard ratio. Hazard ratios >1 and <1 suggest the association of DDR mutations with worse and better survival, respectively. Hazard ratio

and p valueswere calculated usingmultivariable Cox proportional hazardsmodels. The black box indicates FDRmeets the criteria of <0.05 (significant). An empty

cell indicates that the analysis was not conducted due to insufficient carrier counts.

(B–D) Survival curve of MSKCC patients with and without somatic mutations in prioritized DDR genes, including (B). HR genes (BRCA1, BRCA2, and PALB2) in

COADREAD. (C) Damage sensor genes (ATM, ATR, and CHEK2) in brain lower-grade glioma (LGG), and (D) DNA polymerase genes (POLE, POLQ) in LUAD.

(E–H) Correlation between the DDR-survival association in the MSKCC cohort versus the DDR-immune infiltrate association in the TCGA cohort, including (E)

TILs, (F) CYT score, (G) PD1 expression, and (H) PD-L1 expression. r represents Pearson correlation coefficient.
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(lucOS), it produced a more pronounced antitumor effect (p =

0.0004) (Figure 6J). While the median survival was not reached

in either immunogenic condition (MyclucOS p53 and MyclucOS

p53 MLH1), there was a clear survival advantage in the Myclu-

cOS p53MLH1 group compared with the MyclucOS p53 group.

Similar to Germano et al.,22 this observation is consistent with an

enhanced antitumor immune response induced byMLH1 loss. In

parallel, MMR-mutated human HCC cases in the TCGA cohort

also showed significantly higherPD-1 gene expression (multivar-

iate regression, p = 0.023, data not shown in the figure), support-

ing MMR mutations can distinguish immunogenic tumors that

may show better survival upon ICI treatment among HCC.

DDR-ds predictive of immunotherapy outcomes
To test the association between DDR-d and immunotherapy out-

comes in patients, we obtained somatic mutations and clinical

outcomes data from ICI-treated patients at Memorial Sloan Ket-

tering Cancer Center Cancer (MSKCC),12 which included 12 can-

cer types totaling 1,525 caseswith complete information (Method

details). For cohorts with at least 4 mutated cases, we used a

multivariate Cox survival model to identify the associations be-

tween the 13 prioritized DDR genes and survival outcomes, ad-

justing for the patient’s age, gender, and different ICI drugs. No

significant (FDR<0.05) associationwas identifiedat the individual

gene level (Figure S5A). We also assessed associations at the
pathway level when we grouped the 13 genes into 4 DDR path-

ways, and at a combined DDR-d level when all 13 genes were

considered together.

At the pathway level, we identified 22 significant associations

of somatic DDRmutations and survival after immunotherapy in 8

of the 12 cancer types in the clinical data, and 15 (75.0%) of the

associations were toward better survival (Figure 7A). For

example, somatic mutations of MMR genes were associated

with better clinical outcomes in BLCA, LUAD, SKCM, and

STAD (FDR < 0.035), but associated with worse survival of

head and neck squamous cell carcinoma (HNSC) (FDR =

0.038). Somatic mutations of HR and DNA polymerase were

each associated with better survival in COADREAD and LUAD

(FDR < 0.026; Figures 7A–7C). Notably, HR mutations were

associated with worse survival of SKCM (FDR = 1.3 3 10�6),

while damage sensormutationswere associatedwithworse out-

comes in COADREAD, esophageal carcinoma (ESCA), and

lower-grade glioma (LGG) (FDR < 2.2 3 10�4; Figures 7A and

7D). Cases carrying mutations in any of the 13 prioritized DDR

genes (ALL), showed improved outcomes in BRCA, glioblastoma

(GBM), BLCA, LUAD, STAD, SKCM, and COADREAD (FDR <

1.4 3 10�5), but worse outcomes in ESCA and LGG (FDR =

0.0013 and 1.7 3 10�19, respectively) (Figure 7A). Compared

to BLCA, LUAD, and STAD, the mix of positive and negative

treatment outcomes found in HNSC, SKCM, and COADREAD
Cell Reports Medicine 2, 100276, May 18, 2021 11
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as well as worse outcomes in ESCA and LGG highlight the

importance of careful pathway and cancer type considerations

when stratifying patients based on DDR-d.

To verify whether the improved survival of DDR-d cases in the

MSKCC cohort was an ICI-associated effect, we examined the

associations between somatic DDR mutations and survival out-

comes of TCGA patients who did not receive immunotherapy,

using the same Cox regression model. We identified 42 signifi-

cant associations in 11 cancer types that had enough DDR-

mutated cases (n R 4) for survival analysis; 28 (66.7%) of them

showed worse (hazard ratio > 1) survival (Figure S5B). Somatic

mutation in any of the four DDR pathways contributed to worse

survival of LUSC, BRCA, COADREAD, and GBM, suggesting

the positive outcomes identified in ICI-treated DDR-d patients

of the same cancer types were likely specific to immunotherapy

effects. When considering the 13 prioritized DDR genes alto-

gether, mutation of DDR genes was associated with worse sur-

vival in 10 of 11 cancer types, except for BLCA (Figure S5B).

Thus, the DDR-ds that we identified to be associated with

improved ICI outcomes were likely predictive instead of purely

prognostic.

Finally, we investigated the concordance between the DDR-

associated ICI outcomes with the DDR-associated immune

response signatures identified in the TCGA data. The regression

coefficients of DDR mutations versus the 4 signatures, including

TILs, CYT score, and PD1/PD-L1 expression in TCGA, were

negatively correlated with the Cox regression coefficients of

DDR mutations versus ICI treatment outcome in MSKCC (r <

�0.23, p < 0.26; Figures 7E–7H). These negative correlations

confirmed that DDR-d tumors with high adaptive immune

response corresponded with those showing improved survival

upon ICI treatments, including DNA polymerase carriers in

BLCA, HNSC, and STAD, as well as MMR carriers in BLCA,

SKCM, and COADREAD. Notably, the tumors showing worse

immunotherapy outcomes in the MSKCC ICI cohort, including

damage sensor carriers in LGG and COADREAD, also showed

lower levels of immune infiltrate in TCGA, suggesting potential

immune evasion in these tumors that warrants further investiga-

tion (Figures 7E–7H). Overall, multiple DDR-ds were associated

with both elevated tumor immune infiltrates and benefit from

ICI treatment, and may be developed into biomarkers for

immunotherapy.

DISCUSSION

In this study, we present a comprehensive evaluation of the

immunogenic associations of germline-predisposing variants,

somatic driver mutations of 80 DDR genes grouped into DDR

pathways, and DNA methylations of MMR genes in 10,080

cancers (Figure 1). We also tested tumor immunogenicity in a

genetically engineered mlh1 mouse model and assessed the

predictive function of DDR pathway mutations in immuno-

therapy-treated cancer patients (Figures 6 and 7). Germline

and somatic mutations in HR genes were associated with higher

TMB and neoantigen loads in BRCA-associated cancers,

whereas somatic mutations affecting MMR, damage sensors,

and DNA polymerases were associated with high tumor neoan-

tigen hotspots and immune gene signatures acrossmany cancer
12 Cell Reports Medicine 2, 100276, May 18, 2021
types (Figures 2, 3, and 4). Among the MMR genes, our results

indicate greater importance for MLH1 methylation to induce

immunogenicity in colorectal cancer and MSH2/MSH6 muta-

tions in endometrial cancer (Figure 5). Overall, mutations in

DDR genes affecting HR, damage sensors, and DNA polymer-

ases were associated with increased immune infiltrations and

higher survival after immunotherapy in BLCA, LUAD, and

HNSC (Figure 7). These results suggest that different DDR

pathway aberrations could elicit different extents of immune re-

action in different cancer types.

HR deficiency has been shown to be associated with immuno-

genicity in breast cancer,24 but the association of BRCA1/2 mu-

tation and immunotherapy response in non-BRCA-associated

cancer types remains unknown.25 Our results show that somatic

mutations of BRCA1/2 genes were associated with higher TMB,

neoantigen loads, and hypermutator phenotypes even in of non-

germline BRCA-associated cancer types, including UCEC,

STAD, and COADREAD. BRCA1/2-deficient tumors also had

higher PD1 mRNA expression and CYT scores. Furthermore,

BLCA, LUAD, HNSC, and COADREAD patients with somatic

HR deficiency showed better survival after immunotherapy, sug-

gesting the potential utility of HR deficiency as a predictive for

these cancer types. However, some forms of HR deficiency in

BRCA-associated cancer types, such as germline BRCA1muta-

tion in OV and BRCA2 mutation in BRCA, showed limited

associations with TMB or neoantigen loads, and also failed to

demonstrate improved survival after immunotherapy in the

limited clinical cohorts available for this study.

MMR deficiency has been used as a predictive biomarker for

ICI treatment; yet, a large fraction of patients with MMR alter-

ations do not respond to immunotherapy.13,14 We found that

mutations in MMR genes showed strong gene- and cancer-spe-

cific variation in association with TMB, neoantigen load, and tu-

mor immune response. Methylation or mutations of MLH1 were

most strongly associatedwith higher immune infiltrates in COAD-

READ and were also associated with a higher level of PD-L1

expression and CYT score in STAD. In contrast, mutations of

MSH2 andMSH6 showed the most significant associations with

the immune infiltrates in UCEC. Most MLH1-deficient cancers

had higher SNV-mediated and indel-mediated neoantigen loads

andwere associatedwith higher immune gene expression. These

findings are consistent with recent studies using genetically engi-

neered mouse models showing higher antitumor immune

response in MMR-deficient cancers that also demonstrate high

indel mutational loads.22,26 The different levels of tumor immuno-

genicities associated with different MMR genes may explain

some variability of treatment response across MMR-deficient tu-

mors. Jointly considering the MMRmutation and SNV/indel neo-

antigen loads may better predict immunotherapy response.

Although POLE mutation status has been incorporated into

clinical studies for ICI,27,28 and inhibition of ATM and ATR was

shown to influence immunotherapy response inmodel systems,4

howDNA polymerase and damage sensor deficiencies affect the

tumor immunemicroenvironment and sensitivity to ICI therapy is

unclear. We found that mutations in genes of DNA damage

sensor (ATM, ATR, and CHEK2) and DNA polymerase (POLE

and POLQ) pathways could increase neoantigen load and MSI,

and are associated with greater immune infiltration. Somatic
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mutations of DNA polymerase were associated with better clin-

ical outcomes of patients who received ICI treatment. Notably,

the associations of DNA damage sensor mutations and ICI treat-

ment outcomes differed across cancer types, and associations

with decreased immune infiltrates and worse ICI treatment out-

comes were observed for COADREAD and LGG. DDR genes

including ATM, ATR, CHEK2, POLE, and POLQ could serve as

potential biomarkers of ICI response, but their distinct and can-

cer-specific effects need to be investigated further.

Overall, our analyses characterized the influence of multiple

DDR-ds on genome damage, tumor immune infiltrates, and ICI

treatment outcomes. The results provide candidate response

biomarkers that can inform the rational design of ICI trials across

multiple cancer types, potentially leading to improved immuno-

therapy options for DDR-d cancer cases.

Limitations of study
Several topics relevant to the immunogenicity of DDR-ds, for

example MMEJ, were not included in the scope of this study.

Statistical powers were limited for rare DDR-ds in our cohorts,

and the variable sample sizes of different cancer types result in

variable power to detect associations. In addition, our analyses

focus on hypotheses centered on adaptive immunity triggered

by DDR-d-associated TMB and neoantigens. However, we

recognize that DDR mutations may also affect other processes

not examined here, such as activation of cyclic GMP-AMP syn-

thase-stimulator of interferon genes (cGAS-STING) signaling

that also can lead to increased immune activation, even in the

absence of high neoantigen expression.29,30 Finally, observa-

tions based on human cohorts represent correlations, and the

causality between DDR-ds and tumor immune response re-

quires mechanistic investigations.
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Bacterial and virus strains
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Critical commercial assays

QIAquick Gel Extraction Kit QIAGEN Cat #28706
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Deposited data

TCGA germline variants Huang et al.10 https://gdc.cancer.gov/about-data/
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publications/mc3-2017

TCGA somatic mutation functional
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Bailey et al.15 https://gdc.cancer.gov/about-data/

publications/pancan-driver

Genetic principal components of TCGA
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Carrot-Zhang et al.32 Principle Component Analysis – WashU:

https://gdc.cancer.gov/about-data/

publications/CCG-AIM-2020

TCGA mRNA Expression The Cancer Genome Atlas Research

Network33
https://gdc.cancer.gov/about-data/

publications/pancanatlas

TCGA Genomic and immune signatures Thorsson et al.16 Download from Supplemental information

TCGA MSISensor score Li et al.34 Download from Supplemental information

TCGA DNA damage repair genes and

methylation

Knijnenburg et al.11 Download from Supplemental information

TCGA Hypermutators Bailey et al.15 https://gdc.cancer.gov/about-data/

publications/pancan-driver

Immunotherapy-treated cohort somatic

and clinical

Samstein et al.12 http://www.cbioportal.org/study/

summary?id=tmb_mskcc_2018

Experimental models: organisms/strains

C57BL/6 mice, female, wild-type Envigo N/A

Oligonucleotides

Mlh1 sgRNAs:

CACCGTCACCGTGATCAGGGTGCCC,

This paper N/A

Mlh1 sgRNAs:

CACCGCAACCAGGGCACCCTGATCA

This paper N/A

Mlh1 sgRNAs:
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This paper N/A

Recombinant DNA

pT3-EF1a-MYC-IRES-luciferase Ruiz de Galarreta et al.23 N/A

pT3-EF1a-MYC-IRES-luciferase-OS Ruiz de Galarreta et al.23 N/A

px330-tandem-sg-p53 This paper N/A

px330-sg-p53 Ruiz de Galarreta et al.23 N/A

Software and algorithms

R-project R-project35 https://www.r-project.org/

plspm R package Sanchez et al.36 https://github.com/gastonstat/plspm

survminer R package Kassambara et al.37 https://cran.r-project.org/web/packages/

survminer/index.html

In-house scripts This paper https://github.com/tao-qing/DDRImmune
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead contact, Dr. Kuan-

lin Huang (kuan-lin.huang@mssm.edu).

Materials availability
All unique materials and reagents generated in this study are available from the Lead Contact with a completed material transfer

agreement.

Data and code availability
The TCGA germline variants are available at https://gdc.cancer.gov/about-data/publications/PanCanAtlas-Germline-AWG. The

TCGA somatic mutations are available at https://gdc.cancer.gov/about-data/publications/mc3-2017. The immune signatures and

neoantigen data are available at https://gdc.cancer.gov/about-data/publications/panimmune. The in-house R scripts for regression

and PLSPM analysis are available at https://github.com/tao-qing/DDRImmune. Data supporting the findings of this study are avail-

able in the Article, Supplemental information, or from the authors upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cohort description and data compilation
TCGA germline predisposing variants

We obtained 853 germlines pathogenic/likely-predisposing variants of 10,389 TCGA cancer cases, as described by Huang et al.10

Somatic mutations

Somatic mutations of 10,295 cases were obtained from the PanCanAtlas Multi-Center Mutation Calling in Multiple Cancers (MC3)

dataset.31 The tumor mutation burden (TMB) was calculated as the mutation counts of all the somatic mutations divided by the total

length of the coding regions (https://api.gdc.cancer.gov/data/b1e303a5-a542-4389-8ddb-1d151218be75) for each TCGA individ-

ual. The somatic mutations of 299 cancer driver genes and the functional prediction information were obtained from the TCGA Pan-

CanAtlas driver project.15 The file ‘‘Mutation.CTAT.3D.Scores.txt’’ included mutation prediction score could be accessed through

https://gdc.cancer.gov/about-data/publications/pancan-driver. We only considered the nonsynonymous mutations in 299 cancer

driver genes, including missense, non-sense, frameshifting, in-frame shifting, or splice-site altering single-nucleotide changes or in-

dels. Mutations predicted as functional impact by at least one algorithm described in Bailey et al.15 or classified as truncations were

considered as somatic driver mutations. We collected 35,815 likely somatic driver mutations for analyses.

Genetic principal components of TCGA cohort

We obtain the principal components (PCs) calculated by the WashU analysis in the TCGA PanCanAtlas project (https://gdc.cancer.

gov/about-data/publications/CCG-AIM-2020).10,32 The downloaded PC data were calculated based on 298,004 common variants

(MAF > 0.15) with low missingness; PC1 and PC2 accounted for 51.6% and 29.2% of the variations across the first 20 PCs,32

and were included as covariates in the regression analysis.

DNA damage repair genes and methylation data

The 80 DNA damage repair genes and DNA methylation data indicating their methylation of promoter regions (upstream and down-

stream 1500bp flanking regions of Transcription Start Sites (TSSs) of all annotated transcripts by UCSC) in TCGAwere obtained from

Knijnenburg et al.11

Expression data

The batched-normalizedmRNA gene-expression data of TCGA samples were obtained from the PanCancer Atlas consortium, avail-

able at the publication page (https://gdc.cancer.gov/about-data/publications/pancanatlas).

Genomic and immune signatures

We integrated genomic and immune signatures of 10,260 TCGA individuals from Thorsson et al.,16 including SNV and Indel neoan-

tigens value, Lymphocyte Infiltration Signature (tumor-infiltrating lymphocytes, TILs). The cytolytic activity (CYT) score was calcu-

lated based on the average mRNA expression of GZMA and PRF1. The MSISensor scores reflected the status of microsatellite

instability status was obtained from Ding et al.34

Hypermutators

We obtained 344 TCGA hypermutated samples from TCGAPanCanAtlas driver project.15 Based on Bailey et al.,15 the hypermutators

were defined as samples with a mutation count greater than 1.5 times the interquartile range above the third quartile in their respec-

tive cancer types, and the number of mutations in a sample exceeds 1,000.

In our analysis, we only consider 10,080 TCGA cases included in both germline and somatic mutation calls that have clinical in-

formation, immune signatures, and mRNA expression data. Those samples include 9,738 non-hypermutated and 342 hypermutated

cancer cases. When assessing the DDR mutation frequencies in non-hypermutators, all the germline variants and 99.9% somatic
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mutations are heterozygous. Among those DDR-deficient tumors, 1.7% and 21.5% of cases carried germline and somatic mutation

in multiple DDR genes, respectively. About 9.8% of DDR-deficient cases carried multiple somatic mutations in one DDR genes while

DDR genes only have single germline variants.

Immunotherapy-treated cohort

Clinical and genomic data were download from Samstein et al.,12 which included 1,661 patients who had received at least one dose

of an ICI (targeting PD-1, PD-L1 or CTLA-4). Somatic exonicmutations were identified by theMSK-IMPACT panel, including 468 can-

cer genes. Cancer type with less than 20 patients in the cohort (e.g., uveal melanoma, chromophobe kidney cancer, papillary kidney

cancer) were excluded. After filtering, 1,525 patients who had somatic mutation calls and clinical outcomes remained. The threemost

common cancer types in the discovery cohort were melanoma (SKCM, n = 300), lung adenocarcinoma (LUAD, n = 297), and bladder

cancer (BLCA, n = 215).

Animal experiments
The 6-8 week old, wild-type, female, C57BL/6 mice were purchased from Envigo and used for all experiments. All murine experi-

ments were approved by the Icahn School of Medicine at Mount Sinai (ISMMS) Animal Care and Use Committee (protocol no.

2014-0229). Mice were kept within specific pathogen-free conditions with food and water provided as needed. All mice were exam-

ined before experiments to verify health and acclimation.

METHOD DETAILS

Association analyses of DDR mutations and genome damage/immune signatures
We perform multivariate linear regression analysis (Equation 1) by comparing gene-level germline and somatic alterations with the

neoantigens and TMB, respectively. Mutational status of DDR genes in each individual were transformed into binary matrix. We

assign 1 and 0 to case with and without mutation of a gene, respectively. The neoantigens and TMBwere transformed to a log2 scale

and were considered as dependent variable.

We identified 13-prioritized DDR genes that showed a strong positive correlation (coefficient > 1.5, FDR < 0.05) with TMB and SNV/

indel neoantigen loads. We classified those genes into four functional group including BRCA1, BRCA2, PALB2 (HR), MLH1, MSH2,

MSH3, MSH6, PMS2 (MMR), ATM, ATR, CHEK2 (Damage Sensor), and POLE, POLQ (DNA Polymerase) and further used in subse-

quent analyses.

Independent and joint contribution of germline and somatic mutations
We tailored a PLS-PM analysis to investigate the independent and joint contribution of germline variants and somatic mutations. The

PLS-PM is amultivariate data analysis method which introduces latent variables for analyzing systems of relationships betweenmul-

tiple variables. Thirteen genes (BRCA1, BRCA2, PALB2, MLH1, MSH2, MSH3, MSH6, PMS2, ATM, ATR, CHEK2, POLE, and POLQ)

were included in the PLS-PMmodel. We introduce two latent variables (germline and somatic), which indicates the combined effect

of germline variants and somatic mutations. The path coefficients of individual genes were estimated by ordinary least-squares in the

multiple regression. The coefficient of the latent variable was calculated by the ordinary least-squares type algorithm. We only

considered cancer types with at least four individuals carried germline variants or somatic mutations. For TMB and neoantigen anal-

ysis, we only performed PLS-PManalysis with 9,738 non-hypermutated cases. The PLS-PManalysis was performedwith the R pack-

age ‘‘plspm.’’36

Neoantigen load distribution and neoantigen hotspots enrichment in DDR-d cases
We grouped DDR genes by their pathway functions, including MMR, HR, Damage Sensors, and DNA Polymerase. Non-hypermu-

tated cases were assigned tomutated andwild-type if carried germline or somatic mutations. To avoid overlap, cases were excluded

if they carried mutations of more than two pathways. We compare the distribution of log2 transformed SNV/Indel neoantigen load in

germline (g) and somatic (s) affected cases in each DDR-pathway group versus the wild-type cases using the two-side Wilcox rank-

sum tests.

Given the low prevalence of individual neoantigens in human cancer, we analyzed neoantigen hotspots across all cancer types.

The SNV and indel neoantigen hotspots were defined as neoantigen identified inR 5% of 9,738 non-hypermutated cases. We esti-

mated the enrichment of neoantigen hotspots in cases with DDR mutation versus that of DDR wild-type cases using two-sided

Fisher’s exact tests.

Comparison of DDR-d versus immune signature association and DDR-d versus neoantigen load association
The association coefficients of DDR-d versus immune signature and DDR-d versus neoantigen load were estimated within each can-

cer type using multivariate linear regression in Equation 1 for each DDR pathway, including MMR, HR, Damage Sensors, and DNA

Polymerase. Then, we compared the two linear regression coefficient using Pearson’s correlation analysis. The Pearson’s correlation

coefficient (r) was used to measure of the strength of the association and the p value was estimated based on the Pearson product-

moment correlation coefficient.
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Hypermutators and microsatellite instability analysis
We investigate the enrichment of DDR alteration in hypermutators and their contribution to MSI in all 10,080 cases, including 342

hypermutators. We construct two-way contingency tables for gene status (1 and 0 represent mutant and wild-type, respectively)

and hypermutated status (1 means hypermutator, 0 means non-hypermutator). The two-sided Fisher’s exact test was used to eval-

uate the enrichment of germline variant and somatic mutation of the 13-prioritized DDR genes. MSIsensor score is estimated based

on the exome sequencing data, which represents themicrosatellite instability in tumor tissues.21 TheMSIsensor was transformed to a

log2 scale, and to avoid infinite values, a value of 0.01 was added to the MSIsensor value of each sample before log2 transformation.

We compared DDR mutated (MUT, with at least one germline variant or somatic mutations in any of 13 DDR genes) and wild-type

(WT, without DDR alteration) cases using Wilcoxon rank-sum test for each TCGA cancer type. PLS-PM analysis was performed

with the 13 DDR genes to estimate the germline and somatic contribution to MSI.

Determination of the mutational and epigenetic contribution to neoantigen and immune response
We evaluated germline variants, somatic mutations, and DNA methylations for six MMR genes (MLH1, MSH3, MSH2, MSH6, and

PMS2) in 32 TCGA cancer types. Given that germline variants rarely affect MMR genes, we merged germline variants with somatic

mutations annotated as ‘‘mut,’’ whereas ‘‘me’’ represented DNA methylation. We compared the neoantigen loads between cases

harbored any of the genomic alterations in an MMR gene with those without MMR alterations using two-sided Wilcoxon rank-

sum tests. To evaluate the effect of methylation andmutation of individual MMR genes to tumor immune infiltrate signatures, we per-

formed multivariate linear regression analyses of immune signatures against MMR alterations and covariates in COADREAD, STAD,

UCEC (Equation 2).

Immunotherapy clinical outcome analysis
We evaluated the predictive role of somatic mutations of 13 DDR genes for the clinical outcome of ICI treatment. The primary pre-

dictor was the presence or absence of the specific variant (compared to those without the mutation) in individual DDR genes or DDR

pathways (MMR, HR, Damage Sensor, DNA polymerase). Cox proportional hazards regression analysis was performed using the

survival package in R. Covariates were age group at diagnosis, sex, ICI class (anti-CTLA-4, anti-PD-1/PD-L1, or a combination).

Separate models were constructed for each cancer type. Kaplan-Meier plots were generated using the survminer and ggplot2 pack-

ages in R.37

To demonstrate that the immunogenicity of DDR-deficiency could further determine clinical outcomes of ICI treatment, we eval-

uate the concordance of DDR-d versus immune signature (TCGA) and DDR-d versus survival (MSKCC). We compared the TCGA

coefficient of DDR-d versus immune signature with the MSKCC hazard ratio using Pearson’s correlation analysis. Pearson’s corre-

lation coefficient (r) was used to measure the strength of the association, and Spearman’s Rho test (two-sided) was used to generate

the p value.

Vector design
The pT3-EF1a-MYC-IRES-luciferase and pT3-EF1a-MYC-IRES-luciferase-OS plasmids were generated previously.23 The px330-

tandem-sg-p53 was generated by introducing the U6-sg-p53 portion from px330-sg-p5322,38 into the original px330 vector opened

by XbaI and KpnI.

To generate the px330-sg-p53;sg-Mlh1 tandemCRISPR vectors, the px330-tandem-sg-p53 plasmidwas digestedwith BbsI (NEB,

Cat #R0539S), gel-purified using QIAquick Gel Extraction Kit (QIAGEN, Cat #28706). Single guide RNA (sgRNA) oligos targeting the

Mlh1 gene were phosphorylated (T4 Polynucleotide Kinase, NEB Cat #M0201S) and annealed (T4 DNA Ligase, NEB Cat #M0202S)

into the opened px330-tandem-mp53-1 vector. Three sgRNAs were used to target the Mlh1 gene: CACCGTCACCGTGAT

CAGGGTGCCC, CACCGCAACCAGGGCACCCTGATCA, and CACCGATTGGCAAGCATAAGCCATG. Each sgRNA was individually

cloned into the px330-tandem-sg-p53 vector, resulting in a total of three px330-sg-p53;-sg-Mlh1 tandemCRISPR vectors. Each vec-

tor was transformed into Stbl3 bacteria, colonies were chosen for QIAprep Spin Miniprep Kit (QIAGEN, Cat #27106), and sequences

were confirmed (Psomagen Inc, USA). EndoFree Plasmid Maxi Kits (QIAGEN, Cat #12362) were performed on the final px330-sg-

p53;sg-Mlh1 tandem CRISPR vectors.

Hydrodynamic tail vein injection
Optimizedconcentrationsof vectors, generally 10or 12mg/mouse,wereprepared in sterile 0.9%NaCl solution; theSB13 transposase-

encoding plasmid was included in the mix at a 4:1 ratio of the transposon-based vector. A volume corresponding to 10% of the body

weight of themouse was injected into the lateral tail vein in around 5 s. Vectors for hydrodynamic delivery were produced using Endo-

Free Plasmid Maxi Kits (QIAGEN, Cat #12362). All vector constructs were verified by sequencing and restriction enzyme digestion.

QUANTIFICATION AND STATISTICAL ANALYSIS

Multivariate regression analysis
We use a linear regression model to evaluate the effect of germline variants and somatic mutations on the TMB, neoantigens and

immune signatures with the ‘‘glm’’ function of the ‘‘base’’ package of the R-project.35 We use the glm parameter ‘‘family= gaussian()’’
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for regression analysis in R adjusting by age at diagnosis and population substructure (first two principal components of germline

genetic analysis, PC1, PC2). The model is:

Immune signature � genetic alterations 0;1ð Þ+Age+PC1+PC2 (Equation 1)

where immunogenic features include TMB, neoantigen loads, or immune gene expression/signatures, and genetic alterations include

germline predisposing variants or somatic driver mutations in the analyzed gene. Only genes with alterations harbored at least four

individuals will be included in the regression analysis for the cancer type.

We also use a linear regression model to evaluate the effect of individual MMR gene alterations on immune signatures with the

‘‘glm’’ function of the ‘‘base’’ package of the R-project.35 The MMR gene genomic alterations include germline or somatic mutations

(mut) and DNA methylations (me). We use the glm parameter ‘‘family= gaussian()’’ for regression analysis in R adjusting by age at

diagnosis and population substructure (first two principal components of germline genetic analysis, PC1, PC2).

Immune signature � mutMLH1+meMLH1+mutMSH3+mutMSH2+mutMSH6+mutPMS+Age+PC1+PC2 (Equation 2)

The immune signatures included TILs, PD1, PD-L1, and CYT score. Only genes with at least four individuals carried mutations or

methylation in the cancer cohort were included in the model.

Multiple comparison adjustment
All FDRs were calculated using the Benjamini & Hochberg method for multiple comparisons across all the cancer types. The signif-

icant associations were defined as FDR < 0.05, respectively. All the significant values shown in figures denote the FDR. Given some

association analyses have extremely small FDR, we set 1.0 3 10�50 as the minimum value of FDR for these less than 1.0 3 10�50.
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