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Introduction

The immune system plays a pivotal role not only in can-
cer recognition but also in monitoring cells for neoantigen 
expression and modulating antitumor activity [1]. Recently, 
the use of immune checkpoint inhibitors (ICIs), such as cyto-
toxic T lymphocyte-associated antigen 4 [2,3], programmed 
cell death receptor-1 (PD-1) and its ligand (PD-L1) [4,5], has 
shown remarkable clinical benefits in the treatment of mela-
noma, lung, renal cell, and prostate cancers [6-8]. However, 
since only a subset of patients respond to ICIs [9], it is of para-
mount importance to identify biomarkers that predict treat-
ment response and outcomes, allowing more efficient and 

timely treatment. 
Defective DNA mismatch repair and PD-L1 expression 

are the only two predictive biomarkers for immunotherapy  
approved by the Food and Drug Administration [10]. Sev-
eral studies have demonstrated that the presence of these 
biomarkers is associated with greater numbers of somatic 
mutations and tumor neoantigens, influencing the sensitiv-
ity of different tumor types (e.g., melanoma, non-small cell 
lung cancer, and mismatch-repair deficient tumors) to ICIs 
[11]. Tumor mutational burden (TMB), an indirect measure of  
tumor-derived neoantigens, is measured through whole-
exome sequencing (WES) or cancer gene panels and is  
another extensively studied biomarker that shows promising 
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Purpose  Current variability in methods for tumor mutational burden (TMB) estimation and reporting demonstrates the urgent need 
for a homogeneous TMB assessment approach. Here, we compared TMB distributions in different cancer types using two customized 
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Materials and Methods  TMB spectra of 295- and 1021-gene panels in multiple cancer types were compared using targeted next-
generation sequencing (NGS). The TMB distributions across a diverse cohort of 2,332 cancer cases were then investigated for their 
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tors (ICIs) and their homologous recombination DNA damage repair (HR-DDR) and programmed death-ligand 1 (PD-L1) expression 
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in patients with squamous cell carcinoma and esophageal carcinoma according to the classification of histopathology and cancer 
types, respectively. Twenty-three out of 103 patients (22.3%) were HR-DDR–positive and could benefit from ICI therapy; out of those 
23 patients, seven patients had high TMB (p=0.004). Additionally, PD-L1 expression was not associated with TMB or treatment  
response among patients receiving ICIs. 
Conclusion  Targeted NGS assays demonstrated the ability to evaluate TMB in pan-cancer samples as a tool to predict response to 
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potential in predicting treatment response to ICIs [12,13]. The 
homologous recombination DNA damage repair (HR-DDR) 
pathway mutations have also been identified as potential 
indicators of the treatment response to anticancer therapies 
[14]. To date, no research has been conducted to assess the 
correlation between HR-DDR status and TMB or whether 
these biomarkers could jointly better stratify patients regard-
ing their predicted ICI response. 

To better understand the TMB across the spectrum of  
human cancers, we performed a cohort study of 2,332 cancer 
patients who underwent 295- and 1021-gene panel genetic 
testing using a next-generation sequencing (NGS) platform 
at the Sun Yat-sen University Cancer Center (SYSUCC) in 
Guangzhou, China. This study aimed to characterize TMB in 
detail across various cancer types and understand the signifi-
cance of combining TMB and HR-DDR status in predicting 
ICI treatment response using PD-L1 expression as the refer-
ence. 

Materials and Methods
 
1. Patient selection

Data from 2,332 patients who underwent genomic pro-
filing with hybridization capture-based NGS assay from 
January 1, 2017, to January 31, 2020 at the SYSUCC were 
retrospectively retrieved. Eligible patients were defined as 
those with a pathologically confirmed cancer diagnosis. We 
collected clinical data concerning age, sex, smoking status, 

percentage of PD-L1 membranous staining of tumor cells, 
cancer stage, and family history for all patients. 

A subset of patients (n=222) received immunotherapy and 
their treatment response was characterized as complete or 
partial response (CR/PR), stable disease (SD), or progressive 
disease based on the Response Evaluation Criteria in Solid 
Tumor ver. 1.1 criteria (ref). We defined the effectiveness of 
ICI treatment as durable clinical benefit (DCB) or no dura-
ble benefit (NDB). DCB was defined as CR/PR or SD for at 
least one month, whereas NDB was defined as disease pro-
gression within 1 month after the start of ICI treatment. The 
study protocol is summarized in Fig. 1. 

2. Tumor samples and targeted NGS
Paraffin-embedded tumor biopsy or surgical samples were 

retrieved from all patients, with a minimum of 20% tumor 
cells within each tissue for sequencing, which was assessed 
by the examination of hematoxylin and eosin–stained slides 
by a pathologist (Y.-F.F.). We used two targeted sequenc-
ing assays, including the 295 OncoScreen panel containing 
whole exons of 287 genes and selected introns of 22 genes 
(Burning Rock Biotech Ltd., Guangzhou, China) (S1 Table)  
and the 1021-gene panel containing whole exons and  
selected introns of 288 genes and selected regions of 733 
genes (Geneplus-Beijing, Beijing, China) (S1 Table). These 
two gene panels are reliable and have a good correla-
tion in evaluating TMB when compared to TMB assessed  
using WES, respectively (S2 Fig.). Briefly, DNA was extracted 
from the retrieved tumor samples and matched peripheral 
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Fig. 1.  Flowchart illustrating the analytic workflow of the study comprising of TMB calculations from the 295- and 1021-customized  
sequencing panels. HR-DDR, homologous recombination DNA damage repair; NGS, next-generation sequencing; TMB, tumor mutational 
burden.

2,332 Cases between January 2017 and 
January 2020 enrolled in this study

The comprehensive comparison of TMB
based on clinical characteristics

To explore the rational of TMB and
HR-DDR status in use of immunotherapy

using the targeted NGS

OncoScreen 295-Gene panel
(Burning Rock Biotech Ltd. China)

1,740 Cases between January 2017 and 
August 2019 enrolled in this study

1021-Gene panel
(Geneplus-Beijing, Beijing, China)

592 Cases between August 2019 and 
January 2020 enrolled in this study
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blood or adjacent tissue samples and were used for TMB  
assessment and filtering germline mutations across multi-
ple cancer types. DNA fragmentation was conducted using 
a Covaris M220 Focused-ultrasonicator (Woburn, MA), fol-
lowed by end-repair, phosphorylation, and adaptor ligation. 
Barcoded libraries were generated and sequenced for all  

exons, and selected introns of a custom panel of 295 (for 1,740 
patients) and 1,021 (for 592 patients) genes, respectively. All 
indexed libraries were sequenced to a minimal unique cover-
age depth of 100× on a NextSeq 500 platform (Illumina, San 
Diego, CA) and Gene+Seq-2000 (Geneplus-Beijing Institute, 
Suzhou, China). Adaptor sequences and low-quality reads 

Hai-Yun Wang, Pan-cancer Analysis of TMB and HR-DDR

Table 1.  Baseline characteristics of 1,740 and 592 patients across multiple tumor types sequenced with 295- and 1021-gene panels, respec-
tively

Characteristic Total 295-Gene panel 1021-Gene panel p-value

No. of patients 2,332 ( 1,740 ( 592 (
Age, median (range, yr) 55 (1-92) 55 (1-92) 54 (1-86) 
Age at the diagnosis (yr)    
    < 20 60 (2.6) 52 (3.0) 8 (1.4) 0.076
    20-29 87 (3.7) 65 (3.7) 22 (3.7) 
    30-39 226 (9.7) 159 (9.1) 67 (11.3) 
    40-49 424 (18.2) 313 (18.0) 111 (18.8) 
    50-59 668 (28.7) 490 (28.2) 178 (30.1) 
    60-69 602 (25.8) 450 (25.9 152 (25.7) 
    ≥ 70 264 (11.3) 211 (12.1) 53 (9.0) 
    Unknown 1 (  1 ( 
Sex     
    Male 1,253 (53.7) 975 (56.0) 278 (47.0) < 0.001
    Female 1,079 (46.3) 765 (44.0) 314 (53.0) 
Cell differentiationa)    
    Well differentiated  81 (3.5) 67 (3.9) 14 (2.4) 0.001
    Moderately differentiated  824 (35.3) 588 (33.8) 236 (39.9) 
    Poorly differentiated 1,013 (43.4) 750 (43.1) 263 (44,4) 
    Unknown  414 (17.8) 334 (19.3) 79 (13.3) 
TNM stage    
    I 126 (5.4) 85 (4.9) 41 (6.9) 0.007
    II 202 (8.7) 157 (9.0) 45 (7.6) 
    III 424 (18.2) 320 (18.4)  104 (17.6) 
    IV 1,087 (46.6) 835 (48.0) 252 (42.6) 
    Unknown  493 (21.1) 343 (19.7)  150 (25.3) 
Smoking historyb)    
    Never  1,720 (73.8) 1,250 (71.8) 470 (79.4) 0.001
    Current/Former 383 (16.4) 309 (17.8)  74 (12.5) 
    Unknown  229 (9.8) 181 (10.4) 48 (8.1) 
Family tumor history    
    No  1,665 (71.4) 1,191 (68.4) 474 (80.1) < 0.001
    The first degree relatives who had 274 (11.8) 191 (11.0) 83 (14.0) 
    The other relatives who had 50 (2.1) 40 (2.3) 10 (1.7) 
    Unknown  343 (14.7) 318 (18.3) 25 (4.2) 
Patients with tumor history    
    No  585 (25.0) 10 (0.6) 572 (96.6) < 0.001
    Yes 73 (3.1) 53 (3.1) 20 (3.4) 
    Unknown  1,667 (71.9) 1,677 (96.4) 0 ( 
Values are presented as number (%). TNM, tumor-node metastasis. a)Only indicating tumors from epithelial origins, b)Never smoking his-
tory defined as less than 100 cigarettes in lifetime, former smoker defined as more than 10 pack-years and quit more than 15 years ago, 
current smoker defined as using tobacco at the time of study enrollment.

VOLUME 53 NUMBER 4 OCTOBER 2021     975



were removed, and the clean reads in the FASTQ format 
were mapped to the reference human genome (hg19) using 
the Burrows-Wheeler Aligner (ver. 0.7.10-r1039). Local align-
ment optimization, variant calling, and annotation were 
performed using GATK (ver. 3.4-46-gbc02625), MuTect, and 
VarScan, respectively. To normalize the somatic TMB across 
the 295- and 1021-gene panels, the total number of mutations 
was divided by the number of coding regions captured in 
each panel (1.02 and 1.60 mega-bases [Mb], respectively). 

3. TMB assessment
The calculation of TMB was performed using Ion Reporter 

Analysis Software v5.10 (IR) using the Oncomine Tumor 
Mutation Load w2.0 workflow (Thermo Fisher Scientific, 
Waltham, MA). From both the 295- and 1021-gene panel 
targeted profiling samples, we calculated the numbers of 
somatic missense mutations, nonsense mutations, and cod-
ing indels by the number of exonic bases with at least 500× 
coverage, and display the findings as the number of muta-
tions per Mb of captured genome. Fusions, copy number 
variations, and non-coding mutations were not counted [15]. 
The default limit of detection was set at 5% allelic frequency 
and adjusted to 10%, depending on the presence of poten-
tial deamination artifacts. Subsequently, we examined the 
frequency of common oncogenic mutations, such as muta-
tions in TP53, KRAS, and PIK3CA, found in cancers and their  
association with TMB. We also analyzed the mutation status 
of homologous recombination deficiency (HRD) genes, which 
are defined as frame-shift mutations, premature stop codons,  
mutations shown to disrupt natural splicing, and point  
mutations [16] associated with the TMB spectrum in a subset 
of 222 patients.  

4. Immunohistochemistry for PD-L1 expression
Formalin-fixed, paraffin-embedded tissue blocks were 

sectioned at 4 µm for PD-L1 expression using monoclonal 
antibodies against Ventana PD-L1 (SP142 assay on Ven-
tana Benchmark Ultra, Ventana Medical Systems, Tucson, 
AZ), based on previously described methods [17]. The sec-
tions were then dried and adhered to the slides by baking 
at 60°C for 1 hour. Immunohistochemical staining was con-
ducted on automated platforms according to the manufac-
turer’s instructions. According to the current convention for 
PD-L1 expression assessment, the percentage of tumor cells 
with membranous staining was scored using the Olympus  
micro-scope by two pathologists (Y.-F.F. and Y.H.). In cases 
of disagreement, a consensus was reached after joint review  
using a multihead microscope. Different thresholds for PD-L1  
expression were determined to be ≤ 1% and > 1%. 

5. Statistical analysis
Descriptive statistics were used to characterize the demo-

graphic and clinical features of patients using the mean or 
median values for continuous variables. The significance 
of differences in baseline characteristics was assessed using  
the unpaired t test and Fisher exact test among patients 
tested using the two gene panels. The nonparametric Mann-
Whitney U test was used to test for differences in the median 
values of TMB between the 295- and 1021-gene panels. The 
correlations between TMB, HR-DDR status, and ICI treat-
ment response were examined using Spearman rank cor-
relation coefficients. All statistical analyses were performed 
using Stata ver. 14.0 (StataCorp LLC, College Station, TX), 
GraphPad Prism 7.04 (GraphPad Software Inc., San Diego, 
CA), and R ver. 3.3.3 software (http://www.R-project.org). A 
p-value < 0.05 was considered statistically significant.

Results

1. Patient characteristics
The demographic and clinical characteristics of the enrol-

led patients are detailed in Table 1. The median age at diag-
nosis was 55 years (range, 1 to 92 years); 53.7% of patients 
were male and 16.4% were current or former smokers. Smok-
ing status was known for 2,103 patients, including 383 smok-
ers (16.4%). The distribution of cancer types is illustrated in 
Fig. 2A. The most common cancer type was colorectal cancer 
(CRC; n=681, 29.2%), followed by lung cancer (n=510, 21.9%), 
melanoma (n=232, 10.0%), and gastric cancer (n=143, 6.3%). 
Histologically, 1,582 of the cases (67.8%) were adenocarci-
noma, irrespective of tumor origin (Fig. 2B). The other his-
topathological types included mesenchymal tumors, squa-
mous cell carcinoma, and adeno-squamous cell carcinoma. 

2. Landscape of TMB 
In total, 2,332 tumor samples were successfully sequenced 

using the 295- and 1021-gene panels. The overall median 
TMB was 6 (range, 2 to 227) and 7 (range, 2 to 802) mutations 
per Mb for the 295- and 1021-gene panels, respectively (p < 
0.001) (S3 Fig.). This correlation of the TMB value in the 295- 
and 1021-gene panel was similar (R2=0.9655) (S4 Fig.). Not 
surprisingly, sex and smoking status were associated with 
median TMB (p < 0.001 for sex and smoking status) (S5 Fig.).  

Among all cancer types, the median TMB ranged from 3 
to 10 with the lowest median of 3 (range, 2 to 9) noted in 
salivary gland carcinoma (n=46) and the highest median 
of 10 (range, 3 to 41) noted in esophageal carcinoma (n=19) 
(Fig. 3A, S6 Table). The median TMB was 7 (range, 2 to 802) 
among CRC patients, and was greater when using the 1021-
gene panel (median, 8; range, 2 to 802) than when using 
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the 295-gene panel (median, 7; range, 2 to 145) (p < 0.001)  
(Fig. 3B). Among patients with endometrial, gallbladder, 
liver, or gastric cancer, the difference in median TMB was 
also statistically significant when comparing the 295- and the 
1021-gene panels (p < 0.05) (Fig. 3B, S6 Table). Although a 
similar trend was also noted for lung cancer, the difference 
was not statistically significant (median, 6; range, 2 to 37 for 
the 295-gene panel; and median, 7; range, 2 to 55 for the 1021-
gene panel [p=0.3066]) (Fig. 3B). Comparisons of median 
TMB values for other cancer types are shown in S6 Table. 

The most common histological subtype was adenocarci-
noma (67.8%, 1,582/2,332). The median TMB was 6 among 
patients with adenocarcinoma, and there was a statistically 
significant difference between the two gene panels (median, 
6; range, 2 to 145; median, 7; range, 2 to 802; p < 0.001) (Fig. 
3C and D, S7 Table). The median TMB was 10 in squamous 
cell carcinoma when using the 1021-gene panel, which was 
higher than that when using the 295-gene panel (p=0.003) 
(Fig. 3, S7 Table). Relatively low median TMB values were 
found among patients with mesenchymal tumors (median, 
4; range, 2 to 227) and blastoma (median, 4; range, 2 to 12) 
(Fig. 3C), with no significant difference observed between 
the two panels (Fig. 3D). Please refer to S7 Table for more 
details.

In lung cancer, the most common histological subtype was 
adenocarcinoma (401/507, 79.1%). The median TMB was 
higher for squamous cell lung cancer than for adenocarcino-

ma (p=0.014) (S8A Fig.). Regarding CRC, there was no differ-
ence in median TMB between the left- and right-sided colon, 
irrespective of the gene panel used (p=0.129 and p=0.745) 
(S9A and S9B Fig.). 

Mutations in TP53 were observed among 1,241 of the 1,993 
patients analyzed (62.2%) (S10A Fig.). KRAS mutations were 
observed in 517 of the 1,993 patients (26.0%), including 304 
patients with CRC (58.8%), indicating that mutated KRAS 
was probably associated with higher TMB in CRC patients. 
PIK3CA mutations were enriched in nine out of 14 patients 
with a median TMB > 100. The relationship of mutation 
types and frequencies in the other main genes with TMB are 
summarized in S8A Fig. Mutations in ARID1A were most 
frequent among patients with high TMB (25.3%, 191/754), 
followed by BRCA2 (21.4%, 161/754) and ATM (19.0%, 
143/754) (S10B Fig.). 

3. TMB, HR-DDR status, and immunotherapy response
The characteristics of the 222 patients treated with ICIs are 

described in Table 2, mainly comprising patients with mela-
noma (n=107, 48.2%) and lung cancer (n=34, 15.3%). The lists 
of HR-DDR–related genes in each panel are included in S11 
Table, and the detailed mutations are shown in S12 Table. 
The prevalence of HR-DDR mutations was 15.8% (n=35), 
and the proportion of cases with DCB was 46.8% (n=103). We 
did not observe a significant difference in treatment response 
between cancer types in the subset of patients receiving ICIs 

Hai-Yun Wang, Pan-cancer Analysis of TMB and HR-DDR

Fig. 2.  The number of patients was calculated using the 295- and 1021-gene panels, and defined by cancer types (A) and pathological 
subtypes (B), respectively. SCC, squamous cell carcinoma. Unknown cancer types denote the sites of primary tumor were not available. 
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(S13 Table). Among the patients with colorectal cancer, 13 out 
of 16 patients had a DCB response, partially due to the posi-
tive status of the HR-DDR pathway (12/16) and high TMB 
in patients with TMB > 10 (14/16). However, there were no 
positive correlations between ICI treatment and HR-DDR–
positive status and/or high TMB in patients with melano-
ma or lung cancer. We found a higher median TMB among  
patients with HR-DDR mutations than among those without 
HR-DDR mutations (p < 0.001) (Fig. 4). Interestingly, patients 
with HR-DDR mutation and high TMB had better disease 
control than patients with low TMB (p < 0.001) (Fig. 4). Spe-

cifically, in the HR-DDR mutant subgroup, there were two 
CRC patients with Lynch syndrome that had a DCB with a 
median TMB of 79 and 80 Muts/Mb, respectively. Interest-
ingly, we found that 14 patients exhibited a median TMB 
value > 100, of whom eight patients had CRC. More impor-
tantly, 6 of 14 were patients with microsatellite instability–
high (MSI-H) mutations and four patients had POLE/POLD1 
mutations. The genomic landscapes of the remaining four 
patients without MSI-H or POLE/POLD1 mutations are also 
provided in S14 Fig. 

Among the 116 in whom PD-L1 expression could be evalu-

Cancer Res Treat. 2021;53(4):973-982

Fig. 3.  TMB distributions across the different cancer types and pathological subtypes. Overview of the median TMB (log10-transformed) 
across different cancers (A) and pathological types (C). The comparison of TMB value (log10-transformed) defined by two different gene 
panels in cancers (B) and pathological types (D). SCC, squamous cell carcinoma; TMB, tumor mutational burden.
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ated (S15 Fig., S16 Table), 52 patients were defined as hav-
ing PD-L1 expression ≤ 1% and had a median TMB of 5. 
The remaining 64 patients were classified as having PD-L1 
expression > 1% and had a median TMB of 5. There was no 
statistically significant correlation between TMB and PD-
L1 expression. No clear difference was detected in the ICI  
response by PD-L1 expression status, without taking TMB 
into account. 

Hai-Yun Wang, Pan-cancer Analysis of TMB and HR-DDR

Fig. 4.  The efficacy associated with TMB, HR-DDR mutation 
status PD-L1 expression among patients who received ICI treat-
ment. DCB, durable clinical benefit; HR-DDR, homologous 
recombination DNA damage repair; ICIs, immunotherapy  
inhibitors; NDB, no durable benefit; PD-L1, programmed death 
ligand-1; TMB, tumor mutational burden. 
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Table 2.  The characteristics of patients administrated by ICIs 
treatment

Characteristic No. (%)

No. of patients 222 (
Age, median (range, yr) 54 (2-87)
Sex  
    Male 122 (55.0)
    Female 100 (45.0)
Clinical TNM stage 
    I 2 (0.9)
    II 23 (10.4)
    III 43 (19.4)
    IV 98 (44.1)
    Could not be assessed 56 (25.2)
Tumor types  
    Cervical cancer 14 (6.3)
    Colorectal cancer 16 (7.2)
    Endometrial cancer 1 (0.5)
    Esophageal carcinoma 3 (1.4)
    Gallbladder cancer 2 (0.9)
    Gastric cancer 9 (4.1)
    Liver cancer 10 (4.5)
    Lung cancer 34 (15.3)
    Melanoma 107 (48.2)
    Ovarian cancer 3 (1.4)
    Pancreatic cancer  7 (3.2)
    Sarcoma  4 (1.8)
    Carcinoma of other sites 12 (5.4)
Smoking historya) 
    Never  174 (78.4)
    Current/Former 37 (16.7)
    Unknown  11 (4.9)
HR-DDR statusb) 
    Positive 35 (15.8)
    Negative 187 (84.2)
Treatment 
    Camrelizumab 11 (5.0)
    Nivolumab 39 (17.6)
    Nivolumab+Pembrolizumab 19 (8.6)
    Pembrolizumab 119 (53.6)
    Others 34 (15.3)
PD-L1 expression  
    ≤ 1% 55 (24.8)
    > 1% 70 (31.5)
    Unknown  97 (43.7)
Best overall response   
    CR/PR 36 (16.2)
    SD 68 (30.6)
    PD 91 (41.0)
    Unknown  27 (12.2)
(Continued)

Table 2.  Continued

Characteristic No. (%)

Clinical benefit  
    DCB 104 (46.8)
    NDB 92 (41.0)
    Unknown  27 (12.2)
CR, complete response; DCB, durable clinical benefit; HR-DDR, 
homologous recombination DNA damage repair; ICIs, immune 
checkpoint inhibitors; NDB, no durable benefit; PD, progres-
sion disease; PD-L1, programmed death-ligand 1; PR, partial 
response; SD, stable disease; TNM, tumor-node metastasis.  
a)Never smoking history defined as less than 100 cigarettes in 
lifetime; Former smoker defined as more than 10 pack-years 
and quit more than 15 years ago, and current smoker defined as  
using tobacco at the time of study enrollment, b)HR-DDR posi-
tive status defined as frame-shift mutations, premature stop 
codons, mutations shown to disrupt natural splicing, and point 
mutations. 
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Discussion

In this study, we evaluated and compared TMB distri-
butions using two commercially customized NGS panels 
in 2,332 cancer patients and further assessed the treatment 
response in relation to TMB and HRD status in a subset of 
patients who received ICI therapy (n=222). The novelty of 
this study includes a comprehensive description of TMB 
among more than 20 cancer types with detailed information 
on pathological subtypes. The finding of a better treatment 
response in relation to high TMB plus HR-DDR mutant sta-
tus among ICI-treated patients is another novelty. 

The targeted panel size has been linked to the accuracy 
of TMB estimation [15]. A sequencing panel comprising 
more than 300 cancer-related genes can help predict TMB, 
whereas a panel comprising fewer than 150 genes has poor 
performance [18]. However, Ma et al. [19] reported that the 
106-CDS (coding sequencings) mutation panel was also reli-
able in the estimation of TMB. We used both a 1.02-Mb (295 
genes) and a 1.60-Mb (1021 genes) NGS panel, which have 
been used previously in many investigations [14,19-23] and 
are both sufficient for accurate TMB estimation, in the pre-
sent study. The median TMB was similar (6 vs. 7 mutations/
Mb), indicating that diagnostic NGS panels targeting several 
hundred genes could accurately measure TMB and might be 
clinically useful.

The present results show that esophageal carcinoma pati-
ents had comparatively higher median TMB than other can-
cer patients, and most of these patients had squamous cell 
carcinoma. Smokers had a greater TMB than non-smokers. 
Many studies have demonstrated that smokers have high-
er TMB than non-smokers [24] and smoking is a major risk 
factor for lung squamous cell carcinoma [25]. Accordingly, 
we observed a higher TMB in patients with squamous cell 
lung cancer in the present study. Furthermore, a lower TMB 
was found in patients with salivary gland carcinoma than in  
patients with other cancers, in agreement with a previous 
study reporting low TMB (range, 3 to 6) in patients with sali-
vary gland carcinoma [26].

Mutations in a number of genes have been found to be 
responsible for increased TMB [27], which is important to 
better understand this key driver of cancer progression and 
its related molecular mechanisms. Altered microsatellite loci 
and increased TMB are known to correlate positively [28]. 
POLE/POLD1 is a key pathway for DNA replication in which 
defects can lead to an increased somatic mutation rate [29]. 
In the present study, the highest mutation rate was noted 
for TP53. This is similar to other studies showing that loss 
of TP53 following somatic mutation, copy number loss, and 
epigenetic silencing are very common in cancer and can 
be associated with increased mutation frequency [30]. Our 

study showed that KRAS gene mutations mostly occurred in 
CRC patients who commonly had a high TMB, which was 
in line with a previous study demonstrating that the medi-
an TMB was higher among KRAS-mutant patients than in 
KRAS-wild patients [31]. 

In addition to TMB, other molecular features have also 
been hypothesized to affect the treatment response of ICIs. 
For example, HR-DDR deficiency has been associated with 
a better response to platinum-based neoadjuvant therapy 
in breast cancer [32]. Perturbations of HR-DDR are con-
sidered deleterious to genomic integrity [16]. Several stud-
ies have reported that PD-1/PD-L1 expression has limited 
predictive power for treatment response to ICIs, although 
ICIs targeting PD-1/PD-L1 offer a novel treatment avenue 
in some cancer types, such as CRC, lung cancer, metastatic 
urothelial carcinoma, and melanoma [10,33,34]. In a clinical 
trial, TMB was shown to be more strongly associated with 
response to ICIs than PD-L1 expression [35]. To date, little 
has been reported regarding the relationship between altera-
tions of HR-DDR pathways, PD-L1 expression, and TMB. A 
recent study showed that neither TMB nor PD-L1 expression 
correlated with the ICI response and TMB was not signifi-
cantly associated with PD-L1 expression in metastatic renal 
cell carcinoma. However, an enrichment of mutations in 
HR-DDR in patients with disease control was notably dis-
played compared with the progression disease group [36]. 
In the present study, we described the correlations between 
HR-DDR status, PD-L1 expression, and TMB. Patients with 
HR-DDR–positive status had a higher TMB and better treat-
ment response to ICIs than patients with HR-DDR–negative 
status. There was no significant association between PD-L1 
expression and ICI response, indicating that HR-DDR and 
TMB might be better markers for ICI response than PD-L1 
expression. We also found that 11 out of 14 patients with a 
TMB > 100 had HR-DDR gene mutations, corroborating a  
recent study that found alterations in DDR genes were 
strongly associated with a clinical benefit in patients with 
metastatic urothelial carcinoma [33].  

The present study has two limitations. We did not use a 
TMB cutoff value in analyses mainly because it is a continu-
ous variable without a clearly defined cutoff point below 
which responses do not occur and above which a response 
is guaranteed. Each cancer type might have a specific cutoff 
value that may be identified with the accumulation of more 
cases of each cancer type in a subsequent study. The current 
study had a large sample size, whereas a small number of 
patients who lacked follow-up data were analyzed in the 
association of ICI response and TMB and HR-DDR status, 
which may limit the power of conclusions. A large cohort 
size is needed to determine the causal relationship between 
HR-DDR status and TMB. 
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Our findings show that two customized NGS assays target-
ing 1.02- and 1.6-Mb of the coding genome could accurately 
assess TMB in clinical settings, and patients with HR-DDR 
gene alterations are more likely to have higher TMB and  
experience better responses to ICIs. Additional investigation 
is warranted to evaluate the mechanisms that link together 
HR-DDR alterations, TMB, and responses to immunothera-
py, which might represent a useful predictive biomarker for 
ICI therapy. 
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