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ABSTRACT
◥

Background: Data are scarce about tumor mutational burden
(TMB) as a biomarker in never smokers with non–small cell lung
cancer (NSCLC).

Methods: TMB was assessed by whole-genome sequencing
(WGS) and compared with in silico reduced whole-exome
sequencing (WES) and targeted commercial next-generation
sequencing (NGS) gene panels in 92 paired tumor-normal sam-
ples from never smokers who underwent NSCLC resection with
curative intent. Analyses were performed to test for association
with survival after surgery and to identify the optimal prognostic
TMB cutoff.

Results: Tumors of never smokers with NSCLC had low TMB
scores (median 1.57 mutations/Mb; range, 0.13–17.94). A TMB
cutoff of 1.70 mutations/Mb was associated with a 5-year overall

survival of 58% in the high-TMB (42% of cases) compared with 86%
in low-TMB patients (Wald P ¼ 0.0029). TMB scores from WGS
andWES were highly correlated (Spearman r¼ 0.93, P < 2.2e�16).
TMB scores from NGS panels demonstrated high intraindividual
fluctuations and identified high-TMB patients with 65% concor-
dance in average compared with WGS.

Conclusions: In resected NSCLC of never smokers, high TMB
was associatedwithworse prognosis.WES provided a good estimate
of TMBwhile targeted NGS panels seem to lack adequate depth and
resolution in the setting of low mutation burden.

Impact: TMB is a prognostic indicator of survival in resected
NSCLC from individuals who never smoked. In this setting of low
mutation counts, TMB can be accurately measured by WGS or
WES, but not NGS panels.

Introduction
Tumor mutation burden (TMB) is a biomarker across many tumor

types (1). However, its clinical utility in individuals with lung cancer
who never smoked is understudied. Herein, we evaluated TMB as a
potential prognostic biomarker in resected non—small cell lung cancer
(NSCLC) from never smokers. Identifying patients with poor out-
comes following surgery is important not only to improve prognostic
stratification, but also to eventually guide adjuvant therapies. In fact,
NSCLC from never smokers is characterized by a high frequency of
targetable drivers (2) and thus, unlikely to respond to immunother-
apy (3). In contrast, high TMB in never smokers without NSCLC
oncogenic drivers may benefit from immunotherapy. Comprehensive
genomic data, which are needed to derive accurate TMB estimation,
may also provide useful information about coexisting genomic altera-
tions influencing the depth and duration of response to targeted
therapies (4, 5).

There are many technical considerations in TMB analysis including
the sequencing panel size, the type ofmutations to incorporate, and the
cutoffs for the definition of high TMB. As reported previously, whole-
genome sequencing (WGS) is the gold standard to estimate TMB (6).
However, for logistic reasons (DNA quality and input, cost and ease of
analysis), whole-exome sequencing (WES) is the standard for TMB
estimation and clinical implementation is presently deemed to rely on
targeted next-generation sequencing (NGS) panels below approxi-
mately 700 genes (7, 8). The underlyingmutations in the calculation of
TMB are also a concern. Typical TMB counts considered only muta-
tions causing amino acid substitutions, that is, nonsynonymous
mutations with potentially immunogenic aberrations (9). Whether
other mutation types, such as small insertion-deletion (indels), frame-
shifts, splice sites, and synonymous variants, improve the performance
of TMB is still under investigation (10). In terms of cutoffs associated
with outcomes (survival and response to immunotherapy), it seems
that the specific thresholds of high TMB variedmarkedly across cancer
types (1, 11). To the best of our knowledge, no cutoffs have been
investigated in NSCLC of never smokers, which are known tumors to
be in the low stratum of TMB counts and thus likely associated with
decreased immunogenicity (12). Such cutoffs may be useful in the
future to identify never smokers with driver-negative NSCLC thatmay
benefit from immunotherapy.

Here, we investigated TMB derived from paired tumor-normal
WGS data from 92 never smokers that underwent surgery for NSCLC.
The goals of this study were threefold: First, to test whether whole-
genome TMB is a prognostic biomarker of survival after surgery in
never smokers with NSCLC. Second, to define a clinically relevant
TMB cutoff in never smokers with NSCLC. Finally, to evaluate the
correlation and agreement of TMB assessed by WGS compared with
more practical TMB scores derived from WES and NGS panels. This
study addresses important technical considerations of TMB analysis in

1Institut universitaire de cardiologie et de pneumologie de Qu�ebec – Universit�e
Laval, QuebecCity, Canada. 2Division ofCancer Epidemiology andGenetics, NCI,
Bethesda, Maryland. 3Department of Molecular Medicine, Laval University,
Quebec City, Canada.

Corresponding Author: Yohan Boss�e, Institut universitaire de cardiologie et de
pneumologie de Qu�ebec, 2725 chemin Sainte-Foy, Qu�ebec, Qu�ebec G1V 4G5,
Canada. Phone: 418-656-8711, ext. 3725; E-mail: yohan.bosse@criucpq.ulaval.ca

Cancer Epidemiol Biomarkers Prev 2022;31:2219–27

doi: 10.1158/1055-9965.EPI-22-0630

This open access article is distributed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0) license.

�2022 TheAuthors; Publishedby theAmericanAssociation for CancerResearch

AACRJournals.org | 2219

http://crossmark.crossref.org/dialog/?doi=10.1158/1055-9965.EPI-22-0630&domain=pdf&date_stamp=2022-11-10
http://crossmark.crossref.org/dialog/?doi=10.1158/1055-9965.EPI-22-0630&domain=pdf&date_stamp=2022-11-10


never smoker patients with NSCLC and assesses the clinical value of
this biomarker following lung cancer resection with curative intent
that might help to improve prognosis and guide adjuvant therapies.

Materials and Methods
Patients and tumor samples

All 92 never smoker patients underwent primary lung cancer
surgery with curative intent between 2000 and 2018 at the Institut
universitaire de cardiologie et de pneumologie de Qu�ebec – Universit�e
Laval (IUCPQ-UL). Last follow-ups took place in summer 2021. Blood
samples as well as fresh-frozen tumor specimens were obtained at
surgery. None received chemotherapy and/or radiotherapy prior to
sample collection. Corresponding clinical variables including demo-
graphics, pathology report, and smoking status were collected in our
local database. Staging was performed using the 8th edition of the
TNM Classification of Malignant Tumours. Patients’ medical charts
were abstracted for follow-up starting at the time of surgery, vital
status, date, and cause of death. Patients were observed until death or
last follow-up. Lung tissue samples were obtained in accordance with
the Institutional Review Board guidelines, which are consistent with
the Declaration of Helsinki. All patients provided written informed
consent to provide samples and clinical data to our local biobank, and
the ethics committee of the IUCPQ-UL approved the study.

WGS data
The workflow of this study is illustrated in Supplementary Fig. S1

and S2.WGSwas performed in tumor andmatched “normal” germline
(blood) DNA. BAM files were preprocessed following GATK best
practices and sequence reads weremapped to GRCh37 using Burrows-
Wheeler Aligner. Resulting CRAM files were then used for variant
calling using Sentieon’s genomics package (bioRxiv 115717v2). The
mean sequencing coverage was 32X for normal samples and 88X for
tumor samples.

Germline and somatic variant calling
Somatic variant calling was carried out using TNsnv, TNhaploty-

per2 (bioRxiv 115717) and TNscope (bioRxiv 250647) for single-
nucleotide variation (SNV) and TNhaplotyper2, TNscope and
Strelka (13) for indels. Each tool produced its own variant calling
format (VCF) files with corresponding SNVs and/or indels. We used
GRCh37 human reference genome for variant mapping.

Variant filtering and annotation
Filterswere applied toVCFfiles as described previously (14). Briefly,

only variants that passed the default filters implemented in variant
calling tools were retained. In addition, variant calling was considered
only at genomic positions with read depth >12 in tumor samples and
>6 in normal samples. Finally, the variant read count had to be >5 in
tumor samples and with variant allele frequency <0.02 in normal
samples. Using ANNOVAR (15), variants were retained if present in
1000 genome phase III v5, ExAC v0.3.1 and gnomAD v2.1.1 databases
with a minor allele frequency (MAF) <0.001. The MAF value was
chosen according to variant calling best practices (16). For both SNVs
and indels, filtered variants shared by at least twomutation caller tools
were used for TMB calculations to minimize type I and type II errors.
Variants were then annotated using ANNOVAR with dbSNP151,
1000 genome phase III v5, ExAC v0.3.1, and gnomAD v2.1.1 databases
to distinguish coding and noncoding variants. Homozygous and
heterozygous genotypes to normal and tumor samples, respectively,
were added to Strelka output files before using ANNOVAR.

Unmapped contigs (starting with GL000) acquired from variant
calling were excluded from analyses.

WGS TMB
TMB assessed by WGS (TMBWGS) was determined by the total

number of filtered and annotated coding and noncoding variants. We
considered coding variants as nonsynonymous, frameshifts, and splic-
ing variants. Other variant types from ANNOVAR annotation files
were considered as noncoding variants. TMBWGSwas also converted in
variants per megabase unit (mutations/Mb) by dividing the total
number of variants by the size of the human reference genome. Here
we applied the size of reference genome GRCh37 (17), which is
estimated at 3,000 Mb.

In silico WES and NGS panels
We achieved in silico WES (isWES) by downsampling WGS to

coding sequence regions comprised in GRCh37 reference exome
available from the GATK public server. Thus, WES was computa-
tionally generated from WGS data. The resulting length of the exome
was 32.8 Mb. Only coding variants that passed filters and annotation
were retained. WGS was also downsampled to gene list of commercial
NGS panels: FoundationOneCDx (F1CDx), Illumina TruSightOncol-
ogy 500 (TSO500), Memorial Sloan Kettering-Integrated Mutation
Profiling of Actionable Cancer Targets (MSK-IMPACT), NEOplus
RUO assay, Oncomine Tumor Mutation Load Assay (Oncomine
TML) and QIAseq TMB (QIAseq) (Supplementary Table S1). TMB
calculations for NGS panels factored in the total size of the gene coding
regions instead of the total panel size, as reported in the study
performed by Merino and colleagues (8).

Statistical analysis
Overall survival (OS) was calculated as the interval starting at the

date of surgery to the date of death of any cause or last follow-up. The
time interval for relapse-free survival (RFS) was from the day of
surgery to the date of first relapse or the last follow-up. For this
endpoint, patients had to come for at least one postsurgery visit to be
included in the analyses. The optimal TMB cutoff was obtained using
the bootstrapped Youden index with R library cutpointr (18). The
agreement in TMB between WGS and isWES was compared with
Pearson and Spearman correlations. These analyses were carried out
with RStudio statistical software version 4.1.1. Kaplan–Meier curves
and Cox proportional hazards analyses were performed to test the
association between TMB and survival using SAS 3.8 with a macro by
Jeff Meyers (19). Cox analyses were performed with and without
adjusting for pathologic stage. Other plots were produced with R
library ggplot (20). For NGS panels, the median TMB was used as the
cutoff to assess their specificity, sensitivity, positive predictive value
(PPV), and negative predictive value in relation with TMBWGS.

Mutational signature analysis
Mutational signatures were identified using default parameters in

SigProfilerExtractor (ref. 21; bioRxiv 2020.12.13.422570) v1.1.8 with
GRCh37 reference genome. This derives single-base substitutions
(SBS) signatures reported in the Catalogue Of Somatic Mutations In
Cancer.

Driver mutation analysis
Driver mutations were annotated using OpenCRAVAT (22) with

ClinVar v2021.10.01, dbSNP v154.0.2, gnomAD v2.2.0 and Cancer
Gene Census v85.0.12 databases. The driver genes considered were
EGFR, ERBB2, KRAS, BRAF, NRAS, MAP2K1, MAP2K4, TP53,
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PIK3CA, MET, ALK, EML4, ROS1, and RET. Each annotated variant
was manually verified to confirm their pathogenicity according to
OncoKB database (23), in which case they were confirmed positive.
Only drivers found in at least 1 patient were reported.

Clonal hematopoiesis variants assessment
To evaluate the presence of clonal hematopoiesis variants in tumor

samples that were potentially incorporated into the TMB value, we
annotated variants that passed filters using OpenCRAVAT with
ClinVar v2021.10.01, dbSNP v154.0.2, gnomAD v2.2.0, and Cancer
Gene Census v85.0.12 databases and searched for mutations in the
following genes commonly altered by clonal hematopoiesis (24):
ASXL1,BRCC3,CBL,CREBBP,DNMT3A,GNAS,GNB1, JAK2,NRAS,
PPM1D, RAD21, SETD2, SETDB1, SF3B1, SRSF2, TET2, and U2AF1.

Data availability
The data generated in this study are available upon request from the

corresponding author.

Results
Never smoker patients with lung cancer

The clinical characteristics of the 92 never smoker patients are
shown in Table 1. All patients were self-reported White French
Canadian (European ancestry), which was confirmed using WGS
data. The mean age at surgery is 66 � 10 years and 82% of patients
are female. Histologic types are adenocarcinoma (n ¼ 82; 89%),
sarcomatoid carcinoma (n ¼ 6; 7%), squamous cell carcinoma (n ¼
2; 2%), and adenosquamous carcinoma (n¼ 2; 2%). A positive history
of passive tobacco smoking is self-reported in 20% of cases. The
average duration of follow-up is 87 � 55 months and death rate at
5 years is 25%. As expected, higher tumor stages are negatively
associated with survival (Supplementary Fig. S3).

Somatic variant calling and TMB
Coding and noncoding variant count for all samples and by

histological subtypes are shown in Fig. 1A. Coding variants consist

Table 1. Demographic and clinical characteristics of never smoker patients with lung cancer.

Characteristics
All patients
n ¼ 92

TMB higha

n ¼ 39
TMB lowa

n ¼ 53

Age (years) 66 � 10 65 � 11 66 � 9
Sex

Female 75 (82) 27 (69) 48 (91)
Male 17 (18) 12 (31) 5 (9)

Body mass index (kg/m2) 25.7 � 4.4 24.6 � 3.7 26.4 � 4.7
Passive tobacco smoking 18 (20) 7 (18) 11 (21)
Histology

Adenocarcinoma 82 (89) 32 (82) 50 (94)
Squamous cell carcinoma 2 (2) 2 (5) 0
Adenosquamous carcinoma 2 (2) 1 (3) 1 (2)
Sarcomatoid carcinoma 6 (7) 4 (10) 2 (4)

Pathologic stage
IA 43 (47) 13 (33) 30 (57)
IB 15 (16) 8 (21) 7 (13)
IIA 1 (1) 0 1 (2)
IIB 17 (18) 8 (21) 9 (17)
III 15 (16) 9 (23) 6 (11)
IVb 1 (1) 1 (3) 0

Type of surgery
Lobectomy 69 (75) 29 (74) 40 (75)
Bilobectomy 5 (5) 3 (8) 2 (4)
Pneumonectomy 6 (7) 4 (10) 2 (4)
Wedge resection 4 (4) 2 (5) 2 (4)
Segmentectomy 8 (9) 1 (3) 7 (13)

Tumor size (cm)
≤3 57 (62) 20 (51) 37 (70)
>3–≤5 19 (20) 7 (18) 12 (23)
>5–≤7 12 (13) 8 (21) 4 (8)
>7 4 (4) 4 (10) 0

Deaths at 5 years 23 (25) 16 (41) 7 (13)
Follow-up censored at 5 years 16 (17) 4 (10) 12 (23)
Comorbidities

Hypertension 37 (40) 15 (38) 22 (42)
Diabetes 8 (9) 2 (5) 6 (11)
COPD 1 (1) 1 (3) 0
Asthma 6 (7) 3 (8) 3 (6)
Emphysema 1 (1) 1 (3) 0

Note: Continuous variables are presented as mean � SD. Discrete variables are presented as n (%).
aTMB high and low are defined as above or below 1.70 mutations/Mb, respectively.
bThis patient was originally classified as stage III with the 6th edition of AJCC Cancer Staging Manual, then later updated as stage IV with the 8th edition.
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of 0.13% to 1.75% of all variants. The median TMBWGS was 1.57
mutations/Mb with a range of 0.13–17.94. Supplementary Figure S4
shows the median number of SNVs and indels identified by the
different variant callers. A total of 17 potential clonal hematopoiesis
variants with VAF < 0.02 in normal samples were found in 15 tumor
samples (16.3% of patients) used for TMB assessment. However, these
mutationswere not found in normal samples (VAF¼ 0) and theirVAF
in tumor samples ranged from 0.093 to 0.344, suggesting their tumor
somatic origin.

TMBWGS and clinicopathologic characteristics
TMBWGS was not associated with histologic types, age, and sex

(P > 0.05; Supplementary Fig. S5A and S5B). Conversely, TMBWGS

increases with tumor stages and sizes (P < 0.001; Supplementary
Fig. S5C and S5D). The average TMBWGS of positive and negative
passive tobacco smoking history are 2.31 � 0.50 and 1.91 � 0.26,
respectively, and show no significant difference between the two
groups (Wilcoxon rank-sum P value ¼ 0.315). The most extreme
TMBWGS outlier, patient 20, was characterized by APOBEC muta-
tional signatures (SBS2 and SBS13), see Supplementary Fig. S6. In this
cohort of never smokers, 47.8% and 4.3% of tumors were EGFR and
KRAS positive, respectively (Fig. 1B). In the TMBWGS-high group,
51% (n¼ 20/39) were EGFR positive compared with 45% (n¼ 24/53)
in the TMBWGS-low group (Wilcoxon rank-sum P value < 0.001).
Overall, 77% (n¼ 30/39) TMBWGS-high patients and 57% (n¼ 30/53)

TMBWGS-low patients featured a driver mutation (Wilcoxon rank-
sum P value < 0.001).

Association between TMBWGS and patient outcomes
The optimal TMBWGS cutoff value using the Youden index was 1.70

� 0.11 mutations/Mb. This cutoff delineated two groups with distinct
survival (Fig. 2). The 5-year OS was 58% in high-TMBWGS compared
with 86% in low-TMBWGS (Wald P ¼ 0.0029). The median survival
rates were 93 and 216 months in high- and low-TMBWGS, respectively
(Fig. 2A). The association between TMB andOS remained statistically
significant (P < 0.05) following adjustment for the presence of EGFR
mutations or other oncogenic drivers. Similarly for RFS, Kaplan–
Meier curves were different for patients with high versus low TMB
(Supplementary Fig. S7).

To investigate the potential confounding effect of histology, the
analyses were repeated keeping only patients with adenocarcinoma
(n ¼ 82). In this histologic type, the Youden cutoff was also 1.70
mutations/Mb. The 5-year OS was 64% in high-TMBWGS compared
with 87% in low-TMBWGS (Wald P ¼ 0.0170; Fig. 2B). The median
survival rate was 167 months for high-TMBWGS and unreached for
low-TMBWGS (Fig. 2B).

The effect of downsampling to isWES and NGS panels
Figure 3 compares TMB measured by WGS, isWES, and NGS

panels. TMB assessed by isWES is generally lower than TMBWGS.

Figure 1.

A, All samples sorted by the number of variants and histologic subtypes. Bars are stacked for noncoding (yellow) and coding (green) variants. A y-axis break
separates above and below 500 variants. Histologic types are adenocarcinoma (n¼ 82), squamous cell carcinoma (n¼ 2), adenosquamous carcinoma (n¼ 2), and
sarcomatoid carcinoma (n ¼ 6). B, Most frequent and potentially oncogenic driver mutations.
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Both measures (TMBWGS and TMBisWES) are strongly correlated
(Spearman coefficient of 0.93 and Pearson coefficient of 0.98, both
with a P value <2.2e-16; Fig. 4A). This remains true after removing
extreme values (Fig. 4B). TMBWGS is on average 1.36-fold higher than
TMBisWES, as shown in Fig. 3. Figure 4C shows that 86 of 92 patients

have a lower TMBisWES than TMBWGS. On the basis of regression
formula presented in Fig. 4A, the optimal TMB cutoff by isWES
corresponds to 1.20 mutations/Mb (Fig. 5).

In contrast to isWES, TMB scores derived from in silico NGS
panels fluctuate considerably (Fig. 3). Supplementary Figure S8

Figure 2.

A, Kaplan–Meier plot of OS for all patients; high TMB HR is 3.54, and significance is measured byWald P values of 0.0011 and 0.0029 with and without adjusting for
pathologic stage, respectively. B, Kaplan–Meier plot of OS for patients with adenocarcinoma histology; high TMB HR is 3.45, and significance is measured by Wald
P values of0.0050 and0.0170with andwithout adjusting for pathologic stage, respectively. Highversus lowTMBWGS is defined asaboveor below 1.70mutations/Mb.
CI, confidence interval; HR, hazard ratio; OS, overall survival.

Figure 3.

isWES-based and NGS panel–based TMB estimates by tumors compared with WGS. isWES is represented by green lines and panels are represented by shapes.
Patients are sorted by TMBWGS. The WGS cutoff of 1.70 mutations/Mb is represented by a dashed red line. NEOplus RUO panel was not plotted on purpose as it is
similar to the MSK-IMPACT Panel (Supplementary Fig. S8).

Tumor Mutational Burden of Lung Cancer in Never Smokers
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shows TMB values by WGS compared with TMB estimated by
targeted sequencing panels. All panels are characterized by larger
interquartile range. The concordance to discriminate between high
and low TMB was then evaluated between NGS panels compared
with TMBWGS. The overall sensitivity of NGS panels was relatively
good (average of 80%), but specificity (average of 54%) and PPV
(average of 57%) are low (Supplementary Table S2). The percentage
of misclassified patients were 39% for F1CDx, 28% for TSO500, 42%
for MSK-IMPACT, 40% for NEOplus, 35% for Oncomine, and 26%
for QIAseq.

Discussion
The number of lung cancer surgeries performed in individuals

who never smoked is likely to increase in the coming years (25). In
this study, we demonstrated that TMB is a prognostic indicator of
OS in this population. Gold standard measurement of TMB using
WGS confirmed a relatively low TMB score in never smokers, but
with substantial interindividual variability. The optimal prognostic
threshold to define high- compared with low-TMBWGS was found at
1.70 mutations/Mb and strongly separated two groups of never
smokers with distinct OS rate at 5-year after surgery (58% vs. 86%,

Figure 4.

Comparison between TMBmeasured byWGS and isWES. All patients (A) and after excluding extreme values (B). The identity line is represented by a green dashed
line. C, Intraindividual differences in TMB measurement (base-10 log scale) between WGS and isWES.

Ruel et al.
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respectively). Importantly, in this setting of low mutation counts,
we demonstrated the transferability of using WES, reported as
isWES, to obtain TMB approximation comparable with the
ground truth detected by WGS. In general, TMB by isWES was
underestimated and we thus estimated that the corresponding
cutoff to distinguish patients with high and low TMB using WES
should be 1.20 mutations/Mb. In contrast, NGS panels were not
reliable for TMB estimation in never smokers. The misclassification
of low versus high TMB obtained using NGS panels were too
important to recommend clinical usage, even for NGS panel
spanning more than 400 genes or with sequencing panel size >1 Mb.

TMB is a biomarker of immunotherapy but is not recognized as a
prognostic biomarker. In pan-cancer analysis of 3,014 immune
checkpoint inhibitor (ICI)-na€�ve patients where TMB was estimated
from a 468 gene panel (MSK-IMPACT), high TMB defined by the
highest 20% in each histology was not associated with improved OS
(log-rank P ¼ 0.11; ref. 11). In the subset of non–ICI-treated
NSCLC, the top 20% of TMB (n ¼ 125) had a survival curve that
overlapped with the bottom 80% of TMB (n ¼ 498; log-rank P ¼
0.5). This suggests that TMB offered no prognostic value for all
comers with NSCLC. In contrast, in this lower spectrum of TMB
values of never smokers, we found a strong association of high TMB
with worse prognosis. From a biological standpoint, more DNA
damage caused by mutations is expected to decrease survival. On
the other hand, mutated proteins may provide additional oppor-
tunities for the immune system to recognize and kill tumor cells.
The ultimate survival outcome is thus highly dependent on the
interplay between immune cells and tumor, and it may thus be
difficult to predict prognosis using TMB alone. In this perspective,
TMB as a complementary biomarker to PD-L1 testing is a prom-
ising avenue.

In driver-negative NSCLC, there is a correlation between high TMB
and clinical benefit in response to ICI (9). In advanced NSCLC with a
positive smoking history in more than 90% of patients, high TMB was
established at 10 mutations/Mb (26). In the current study, only 1 of 92
(1%) patients had TMB above this threshold. This compares with
breast cancer where such hypermutated tumors occur in 5% of
cases (27). In fact, median TMB, the initially proposed method of
cancermutational burden classification (9), varies widely across cancer
types (1) and the median TMB in this study of lung cancer in never
smokers (1.57 mutations/MB) is similar to the range observed in other
solid tumors such as breast (2.6 mut/Mb; ref. 27), prostate (76
mutations with WES, �2 mut/Mb; ref. 28), and renal cell carcinomas
(1.76 mut/Mb; ref. 29).

We demonstrated that in this lower spectrum of TMB values, a
much lower threshold can improve prognostic stratification following
curative intent resection. This raises the possibility that the 10 muta-
tions/Mb cutoff used for ICI efficacy may need to be adapted in this
setting. The optimal cutoff associated with improved survival after ICI
treatment is also known to vary substantially across tumor types (11),
but to the best of our knowledge a threshold as low as 1 mutation/Mb
has never been reported. Obviously, other studies are needed to
demonstrate whetherTMB is a biomarker of immunotherapy response
in never smokers as well as to evaluate whether the cutoff associated
with prognosis is the same or different than the cutoff potentially
associated with ICI efficacy. Nevertheless, TMB in our study identified
a group of never smokers that may benefit from adjuvant therapy. As
TMB is a biomarker of immunotherapy, this class of drugs seems like of
reasonable choice of treatment in this subgroup of patients if no
targetable mutation is identified. Our study is thus opening the door
for considering ICI clinical trials in never smokers with high TMB
defined by a cutoff point adapted for this cancer type.

Figure 5.

Agreement in detecting never smokers with high TMB. A simple linear regression (y�x) is shown in red. TMBWGS (1.70 mutations/Mb) and TMBisWES (1.20
mutations/Mb) cutoffs are shown in purple and green, respectively. The TMBisWES cutoff corresponds to the intersection between the linear regression and the
TMBWGS cutoff.
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Previous studies have compared TMB values across tumor profiling
approaches ranging from small NGS panels toWES. UsingTheCancer
Genome Atlas (TCGA) dataset, Endris and colleagues (30) compared
the performance of three gene panels (Oncomine Comprehensive v3,
TruSight Tumor 170, Oncomine Tumor Mutational Load) and
observed a strong correlation between panel-based TMB estimation
compared with WES, especially for sequencing panel size of >1 Mb.
Using the same pan-cancer dataset, Buchhalter and colleagues (31)
concluded that panels of size between 1.5 and 3 Mb are optimal to
estimate TMB. Heeke and colleagues (32) compared TMB obtained
from three targeted sequencing panels (FoundationOne, Oncomine,
QIAseq) in 30 largely ever smoker patients with NSCLC. Strong
correlations in TMB values were observed between pairs of panels
(R2 > 0.79). However, this was substantially reduced in subsets of
tumors with TMB values ranging from 5 to 25 mutations/Mb (R2 <
0.25), which is within the range used to separate low and high TMB.
Poor agreement between pairs of panels was also observed using the
Bland–Altman method. The latter study highlighted discordance
across panels, especially for low TMB values, and that simple
correlation is a poor metric to compare panels. Similarly, Wu and
colleagues (33) demonstrated in TCGA that accuracy, defined by
correctly identifying either high or low TMB, outperformed cor-
relation in assessing the performance of panel-based TMB estima-
tion. The same study also showed that NGS panels TMB estimations
are less likely to be reliable in cancer types with intermediate to low
TMB levels. A study estimating TMB in circulating tumor DNA
(blood TMB) has suggested that a panel of 150 genes was sufficient
in patients with NSCLC (34). However, the minimum number of
genes needed to estimate TMB is known to vary by cancer types and
is negatively correlated with the median TMB, that is, cancer types
with lower TMB levels (e.g., lung cancer in never smokers) require
panels with more genes (33).

Our study is the first to use WGS-based TMB to assess the
performance of TMB approximation derived from WES and NGS
panels. Like ongoing TMB harmonization efforts (7, 8), we used tumor
sequencing data and downsampled the mutation calls to the exome
and gene list of commercial NGS panels to compare the tumor
profiling approaches. We confirmed strong correlation and accuracy
of WES compared with WGS, suggesting that WES is sufficient in
clinical practice for NSCLC in never smokers. In contrast, and as
expected for tumors at the lower spectrum of TMB counts, NGS
panels were not reliable to estimate TMB levels. In addition, the
proportion of patients misclassified as high and low TMB vary
substantially across NGS panels. Taken together, we propose WES
for accurate TMB estimation of lung cancer in never smokers, but
not NGS panels. Further research is needed to identify a panel size
threshold for accurate classification of high and low TMB in NSCLC
of never smokers.

This study has limitations. First, it was conducted in a research
setting with unfixed fresh-frozen tissues available and where TMB
measurements were successful in all patients. This may not reflect
samples encountered in clinical practice where a TMB failure rate is
expected andwhereWGS/WES testing is usually not available. Second,
WES and NGS panels were based on in silico and not experimental
data. Although we used high-coverage WGS in this study, WES and
NGS assays offer superior coverage and sensitivity for mutation
calling in targeted genes. Third, the main purpose of TMB is to
predict response to ICI. As standard of care, we were unable to
predict the response to ICI in our patients. Fourth, the performance
of TMB as a prognostic biomarker was not compared with PD-L1

protein expression by IHC or other genomic biomarkers. We have
not investigated blood TMB (bTMB) in the same patients, but this
will be explored as part of our research plan. In advanced NSCLC,
bTMB is emerging as a biomarker of response to immunothera-
py (34, 35). In early-stage NSCLC, with lower ctDNA shedding into
the bloodstream, bTMB estimations were found less consistent
compared with TMB from tissue (36). On the other hand, for
patients with complete surgical resection, as patients treated in the
current study, ctDNA analysis has been shown to detect molecular
residual disease and predict recurrence (37). Accordingly, with
further methodology improvements to enhance sensitivity of
ctDNA analysis, bTMB may become an attractive alternative in
postsurgery setting, especially for longitudinal disease monitoring.
Finally, there are still a lot of methodology issues to overcome to
generate a reproducible TMB score as well as uncertainties in its
clinical value in lung cancer management (6, 7).

In conclusion, we demonstrated a prognostic impact of TMB in
never smokers that underwent lung cancer surgery. High TMB set at a
cutoff of 1.70 mutations/Mb in this population was associated with
worse survival. TMB estimations from WES, but not NGS panels,
provided good concordance with WGS. Whether TMB can be a
predictive biomarker of response to checkpoint blockade in never
smokers deserves further investigations.
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