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Abstract: In the last few years, the treatment of patients with non-small cell lung cancer (NSCLC) has
impressively benefitted from immunotherapy, in particular from the inhibition of immune checkpoints such
as programmed cell death-1 (PD-1) and programmed cell death ligand-1 (PD-L1). However, despite the
significant survival benefit for some patients with advanced NSCLC, the objective response rates (ORRs)
remain relatively low no more than 20-30% with a large proportion of patients demonstrating primary
resistance. Although the selection of NSCLC patients for the first-line treatment is currently guided by the
expression of PD-L1 in tumor cells as detected by immunohistochemistry, this is not the case for the second-
line setting. Moreover, the sensitivity and specificity of PD-L1 expression is modest which has prompted
the search for additional predictive biomarkers. In this context, the assessment of the tumor mutational
burden (TMB), defined as the total number of nonsynonymous mutations in the coding regions of genes, has
recently emerged as an additional powerful biomarker to select patients for immunotherapy. The purpose of
our review is to highlight the recent advances as well as the challenges and perspectives in the field of TMB
and immunotherapy for patients with NSCLC.
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Definition of tumor mutational burden (TMB) neoantigens, that are not subject to immune tolerance (2).
The presentation of tumor-specific neoantigens on major

TMB can be defined as the total number of nonsynonymous histocompatibility complex molecules is essential for the

mutations in the tumor exome (1). Tumor cells are recognition of tumors by the T-cells. Patient-specific
genetically unstable and harbor high levels of somatic neoantigens that develop following somatic mutations

mutations which may result in the expression of have been shown to induce a T-cell response (3,4). The

© Journal of Thoracic Disease. All rights reserved. jtd.amegroups.com F Thorac Dis 2019;11(Suppl 1):S71-S80


https://crossmark.crossref.org/dialog/?doi=10.21037/jtd.2018.11.102

S§72

production of neoantigens is not necessarily correlated to
a higher proportion of somatic mutations, but the latter
may increase the odds of developing neoantigens (5). The
prevalence of somatic mutations is considerably variable
between different types of tumor, with non-small cell lung
cancer (NSCLC) having among the highest mutation
frequency of 0.1 to 100 mut/Mb (1,6).

As such, tumors with high nonsynonymous TMB express
large numbers of abnormal proteins, which are recognized
by the immune system as neoantigens (7). These tumors
may be eligible to successful immune-mediated destruction
if their T-cell-dependent immune responses against tumor
cells could be overreached (8).

With the growing interest in TMB, different studies
investigated the possible links between TMB and
characteristics of NSCLC patients. As such, TMB correlates
with patients' gender, being higher in men, and tobacco
consumption, with higher levels identified in active smokers (9).
Indeed, dominant C > A mutations, caused by tobacco
smoking and exposure to polycyclic aromatic hydrocarbons
are responsible for DNA damage, and increase the risk of lung
cancer by increasing TMB and therefore the possibility of
having a mutant driver compared to non-smoking controls for
which the presence of a mutant oncogene driver is sufficient to
induce tumorigenesis. Microsatellite instability or functional
loss of DNA repair genes lead to high TMB, but the biologic
significance of such event still remains unclear (5).

Other studies have also shown that TMB may be
associated with certain mutations regularly found in
NSCLCs. In a large dataset, the mean TMB and the
proportion of patients with a TMB of >10 or >20 mut/Mb
was significantly higher for KRAS mutated patients
(10.3 mut/Mb) than in EGFR, ALK, ROSI or MET exon
14 mutated patients (3.1 to 6.2 mut/Mb). This low TMB
could be related to the low efficacy of immune checkpoint
inhibitors (ICIs) in these NSCLC cases (10).

Mean TMB was similar for BRAF mutated patients
compared to KRAS mutated patients (9.7 versus 10.3 mut/Mb),
and all adenocarcinoma patients show a comparable TMB to
these patient groups (mean 9.1 mut/Mb), whereas patients
with squamous cell carcinoma have a relatively higher mean

TMB (11.3 mut/Mb) (11).

Clinical utility of TMB in patients with NSCLC
treated by immunotherapy

In the last decade, immunotherapy using ICIs such as
monoclonal antibodies targeting programmed cell death-1
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(PD-1) and programmed cell death ligand-1 (PD-L1)
has become a standard of care treatment for patients with
advanced or metastatic NSCLC in first and later treatment
lines (12). However, the overall response rate (ORR) with
ICIs barely reaches 20% and a considerable proportion of
patients will undergo disease progression within the first
weeks of treatment (13). Moreover, the optimal selection
of NSCLC patients who will benefit most from treatment
with ICIs is far from being well-defined (14). The PD-L1
expression as a predictive biomarker in NSCLC patients
has shown some value for predicting response to ICIs in
some clinical trials. While the efficacy on overall survival
(OS) of nivolumab and atezolizumab was independent
from PD-L1 expression, pembrolizumab was associated
with prolonged OS in comparison with chemotherapy
in the first-line treatment of advanced NSCLC with a
PD-L1 expression >50% of tumor cells and in second-
line treatment of tumors with a PD-L1 expression >1% of
tumor cells. In addition, durvalumab was responsible for a
longer progression-free survival (PFS) in comparison with
placebo after chemoradiotherapy in patients with stage
IIT NSCLC independently of the PD-L1 expression (15).
Finally, neoadjuvant administration of nivolumab in
patients with early-stage NSCLC was associated with few
immediate adverse events, did not delay planned surgery,
and led to a major pathological response regardless of PD-
L1 expression (16). Therefore, the use of PD-L1 expression
as a robust predictive biomarker has been confounded with
a number of biological and technological variables which
has prompted the establishment of improved biomarkers
for better stratification of NSCLC patients treated by ICIs
(17,18). Alongside PD-L1 expression, FDA only approved
mismatch repair deficiency as a predictive biomarker for
ICIs blockade with pembrolizumab (19).

Most recently, several NSCLC clinical trials have provided
evidence that TMB correlates with the clinical response of
ICls, offering a new perspective for predicting ICIs treatment
outcomes of NSCLC patients in the near future.

The first evidence of correlation between high
nonsynonymous mutational burden and improved
objective response rate (ORR), durable clinical benefit
(DCB), and PFS obtained with immunotherapy was
demonstrated by using whole-exome sequencing (WES)
in advanced NSCLC from two independent retrospective
cohorts of patients treated with pembrolizumab, and
their matched normal DNA (8). Patients with a partial
response or stable disease for more than six months
showed a median number of non-synonymous mutations

7 Thorac Dis 2019;11(Suppl 1):S71-S80



Journal of Thoracic Disease, Vol 11, Suppl 1 January 2019

of 302 versus 148 in patients with no DCB. TMB was
higher in advanced NSCLC patients with a DCB than
in those with an NDCB (median, 8.5 vs. 6.6 mut/Mb).
TMB was also greater in patients with a complete response
(8.5 mut/Mb) or partial response versus those with stable
disease and those with progressive disease (6.6 mut/Mb for
both stable disease and progressive disease) (8,20).

In the open phase III trial CheckMate-026 which
compared nivolumab to platinum-based chemotherapy, less
than 100 mut/Mb was defined as low TMB, a medium TMB
was between 100 and 242 mut/Mb and a high TMB was
considered beyond 243 mut/Mb. In the third category the
median PFS was longer (9.7 vs. 5.8 months) and the ORR
was higher in the nivolumab group than in chemotherapy
group (47% wvs. 28%). In addition, patients in the nivolumab
group with both high TMB and a PD-L1 expression >50%
TCs had a higher response rate (75%) than those with only
one of these factors (32% among patients with a high TMB
only and 34% among those with a PD-L1 expression level
of 250% only) or neither factor (16%) (21).

Furthermore, the CheckMate-227 study evaluated
multiple hypotheses in a population of patients with
advanced NSCLC based on the efficacy of nivolumab or
the combination of nivolumab and ipilimumab as first-
line therapy. By grouping patients with >13 mut/Mb
and a PD-L1 expression >1% TCs, this study found no
significant difference in PFS between patients treated
with chemotherapy (5.6 months) and those treated with
nivolumab alone (4.2 months) (HR, 0.95; 97.5% CI,
0.61 to 1.48; P=0.78) (22). However, this study provided
evidence that TMB correlates with the clinical response
to the combination of nivolumab and ipilimumab and
demonstrated a significant primary endpoint PFS benefit in
the TMB group, whereas PFS benefit was seen regardless
of the PD-L1 status of all patients suggesting that TMB
may be more robust than the PD-L1 expression to predict
clinical response following treatment with combination
regimens (22). These findings were independently validated
in a retrospective study of 75 patients with NSCLC
treated with nivolumab and ipilimumab as part of the
CheckMate-012 study, suggesting that the combination
immunotherapy may be particularly effective in patients
with high TMB but may be insufficient to overcome the
negative predictive impact of low TMB (23).

Finally, a large retrospective analysis across seven
atezolizumab monotherapy trials showed that high TMB
(>16 mut/Mb) assessed with the FoundationOne CDx
(F1CDx; Foundation Medicine, Cambridge, USA) assay

© Journal of Thoracic Disease. All rights reserved.

jtd.amegroups.com

S73

in tumor tissue is associated with improved ORR and
duration of response across different advanced solid tumors,
including NSCLC, and several lines of therapy. Importantly,
the significant association between TMB and atezolizumab
efficacy occurred regardless of the PD-L1 status in NSCLC
patients (24,25).

Overall, TMB appears as a novel effective biomarker,
irrespective of the PD-L1 expression, for predicting
response to ICIs as monotherapy, but it can also play a key
role in the choice of a combination of ICIs in patients with
advanced NSCLC.

In the future, immunotherapy may also include
perioperative use as highlighted by two recent studies which
explored the clinical value of TMB in resectable NSCLC
patients. Induction of a systemic immune response before
resection of the primary tumor could lead to immunologic
memory that may improve protection against tumor growth
and recurrence over a long term (26). In a pilot study of 21
patients with early-stage NSCLC treated with nivolumab
before surgery, 45% of the patients achieved a major
histological response at the time of the planned surgical
resection, which was highly associated with an increased
TMB (sequence alterations; mean, 311+55 vs. 74£60,
P=0.01) 27).

A second study evaluated the clinical value of TMB from
the Lung Adjuvant Cisplatin Evaluation (LACE)-Bio-II
study, which analyzed 908 specimens of early-stage NSCLC
from patients treated in three adjuvant clinical trials (28).
The TMB was measured using a targeted panel of 1,538
genes by analysis of the TCGA atlas and was significantly
correlated with the TMB calculated through WES. In this
study, tumors with a high nonsynonymous TMB >8 mut/Mb
had a favorable outcome in terms of DFS, OS and lung
cancer-specific survival. However, the predictive effect
of TMB on response to chemotherapy was only modest
in terms of survival (28). In another cohort, NSCLC
patients with lower TMB had improved responses, but the
correlations between TMB and response to chemotherapy
or survival needs further independent validation (21).
Moreover, these findings raise several important questions
on whether cancer recurrence will be prevented, whether
recurrent tumr clones will still be responsive to ICIs, and
whether molecular resistance pathways will emerge within
recurrent tumors (26).

Measurement of TMB in tumor tissue

WES is a comprehensive method, considered as the
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gold standard method for assessing TMB. Using NGS
technology, WES allows the detection of somatic mutations
presents within the entire exome (~2% of the human
genome, i.e., 30 to 50 Mb of coding sequences) (29). WES
provides a comprehensive picture of all mutations that may
have a role in tumor progression at a lower cost than whole
genome sequencing. However, despite the proven utility of
WES in measuring TMB and predicting response to PD-1/
PD-L1 blockade, it has several limitations such as the high
cost, large input DNA amount, or workflow and analysis
complexity unfitted for the clinical setting. Thus, protocols
for optimal WES analysis require a minimum amount of
tumor material, between 150 and 250 ng of genomic DNA,
which may be difficult to obtain on biopsies that are too
small or do not contain enough tumor cells (30). Also, it is
recommended to sequence in parallel non-tumor tissue in
order to be able to identify tumor-specific variants, which
necessarily leads to increased costs and additional required
material not available in every clinical scenario (31).

Moreover, the ability of WES technology to detect
DNA alterations depends of the sequencing depth and the
variant frequency within the tumor. At a coverage of 50x,
95% of short insertions and deletion and single nucleotides
variants can be detected with a variant allele frequency of
only 15% (32). However, these numbers do not take into
consideration the intra-tumor heterogeneity and aneuploidy
as well as the contamination with non-tumor cells. Thus,
samples with low purity and high tumor heterogeneity will
require deeper sequencing to maintain high sensitivity (33).

Thus, as for the whole genome sequencing, the WES
analysis can be difficult to implement in routine practice
due to its high cost or turnaround time and technological
complexity. The targeted gene panel sequencing was
recently evaluated as an alternative approach for clinical
use (30). Targeted mutation analysis of selected “driver”
genes made the promise to deliver results at a lower cost
and decreased turnaround time. In addition, targeted gene
panels can generate deeper sequencing compared to WES
and could, while using less amounts of DNA, improve
mutation detection sensitivity (23).

A recent study evaluated TMB results from over
2,000 Japanese patients with solid tumors using WES
and a targeted gene panel (409 genes). TMB levels were
divided into three groups: low (<5 mutations/Mb), high
(320 mutations/Mb), and intermediate (the margin
between these intervals) (34). The TMBs calculated using
the two platforms was highly correlated. However, the
estimated T'MB based on panel sequencing was significantly
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overestimated in samples harboring lower TMB levels,
suggesting that the available targeted gene panel could
accurately estimate TMB in tumors with high-frequency
mutations. Overall, the TMB analysis using the targeted gene
panel was strongly correlated with the WES platform (34).

Another retrospective study compared the performance
of both WES and a custom hybridization capture-based
NGS assay (MSK-IMPACT, 341 genes; Memorial Sloan
Kettering Cancer Center, New York, USA) to measure
TMB in 49 patients with advanced NSCLC treated with
PD-1/PD-L1 inhibitors (20). TMB assessed by targeted
NGS was highly correlated with TMB assessed by WES,
and was higher in patients with DCB or complete/partial
response than in patients with no durable benefit or
stable/progressive disease. These results demonstrated
that targeted NGS may accurately estimate TMB, while
high TMB may improve benefit to ICIs. Interestingly,
TMB did not correlate with PD-L1 expression, and both
biomarkers had similar predictive capacity, suggesting
that the integration of both TMB and PD-L1 expression
into multivariable predictive clinical models should result
in increased predictive power to estimate the response to
immunotherapy (20).

As described above, PFS was significantly longer with first-
line nivolumab plus ipilimumab than with chemotherapy
among patients with NSCLC and a high TMB measured
with the F1CDx assay in tumor specimens (22). F1CDx is a
NGS-based in vitro diagnostic device designed to detect
substitutions, insertion and deletion alterations (indels), and
copy number alterations in 324 genes and selected gene
rearrangements, as well as genomic signatures including
microsatellite instability and TMB using DNA isolated
from formalin-fixed paraffin embedded (FFPE) tumor tissue
specimens (35).

Furthermore, the performance of a commercially
available targeted NGS panel and workflow for TMB
analysis (Oncomine™ Mutation Load Research Assay,
TML; Thermo Fisher Scientific, Waltham, USA)
interrogating 409 cancer-related genes, spanning ~1.7 Mb
of the genome, was recently reported in a set of 30 FFPE
tumor samples including colon, renal, gastric, endometrial,
and lung tissues (36). TMB was measured by counting
somatic single-base substitutions per Mb at >10% allele
frequency in single, non-matched, tumor DNA samples.
This study was the first to demonstrate the feasibility of a
commercial targeted NGS panel and data analysis pipeline
for TMB evaluation in clinical FFPE tumor samples (36).

Overall, TMB estimation through targeted gene
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sequencing shows up as an interesting effective option in
contrast to WES, with reduced costs and turnaround time
required for investigation, which are essential criteria to
consider for the transfer in the clinical setting of these
technologies.

Assessment of TMB in circulating tumor DNA

While TMB analysis is generally performed on tumor
tissue DNA, it is noteworthy that the TMB can also be
evaluated from circulating tumor DNA (ctDNA) (37).
Initial studies have investigated the association between the
hypermutated blood-derived c¢tDNA and the response to
ICIs, demonstrating a significant PFS benefit in patients
with high levels of genomic alterations (38).

Furthermore, Fabrizio et 4l. recently described an assay
to calculate TMB from ctDNA in the blood (bTMB; i.e.,
394 genes), compared TMB between tissue (tT'MB) and
blood (bTMB), and evaluated variant-level concordance
between the bTMB assay and a CLIA-validated ctDNA
assay, FoundationACT (FACT; i.e., 62 genes) (39). They
further demonstrated the clinical utility of the bTMB
assay across a retrospective study of 794 NSCLC patients
from two randomized clinical trials evaluating PFS and OS
between atezolizumab and chemotherapy (39). This pilot
study of 259 patients enrolled in the OAK and POPLAR
trials demonstrated an overall agreement of 81.5 % and
a positive percent agreement of 61.3% between the
394-gene blood panel and the FoundationOne panel in
tumor tissue. However, when bTMB was restricted to the 62
gene FACT assay, the positive percent agreement decreased
to 17%, suggesting that a sufficiently sized panel is required
to sensitively identify patients with high TMB. In addition,
patients with bTMB >14 mut/Mb were considered high
and demonstrated significant enrichment for both PFS and
OS in the phase 2 POPLAR study evaluating atezolizumab
versus chemotherapy. Within POPLAR, the PFS HR
for bTMB high patient was 0.57. Applying the bTMB
cutoff of 14 mut/Mb, the panel was validated in the OAK
cohort population, while the PFS HR was 0.65. Moreover,
when samples demonstrated high bTMB, the overlap of
TMB variants between blood and tissue was 70%. Blood
samples tested with both bTMB and FACT assays revealed
that 93% of variants were detected in both assays across
overlapping regions, with >99% of variants detected in
both platforms with variant allele frequency >1% (39).
In addition, the clinical validation of bTMB was recently
reported in a prospective, randomized phase III clinical
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trial, BFAST, evaluating atezolizumab versus chemotherapy
as first line in advanced NSCLC patients (40). This study
included 583 samples from the OAK trial and 211 samples
from the POPLAR study. In both study populations, a
bTMB >16 mut/Mb was associated to increased PFS and
OS when patient received atezolizumab compared to
docetaxel, regardless of the PD-L1 status in tumor tissue.

Interestingly, this study also showed that tTMB and
bTMB, while being positively correlated, had a positive
percentage of agreement of only 64%. The assays detected
overlapping but not identical variants in the DNA isolated
from asynchronous matching plasma and tumor tissue
samples, suggesting that tumor heterogeneity may be the
main source of discordances.

The development of ultrasensitive technologies may
pave the way for routine detection of low allelic frequency
mutations, e.g., for detection of minimal TMB in
ctDNA (41). For instance, Newman ez /. used the CAncer
Personalized Profiling by deep Sequencing (CAPP-Seq)
method, an ultrasensitive technology optimized for low
DNA inputs able to enrich 139 genes frequently mutated
in solid tumors, with a coverage of approximately 125 kb by
NGS (41). This study evaluated the relationship between
the number of detected mutations by WES and CAPP-Seq.
To infer the number of non-synonymous mutations that the
CAPP-Seq method was expected to find in tumor tissue,
the number of mutations identified in plasma DNA was
considered the reference. Thus, there were a strong positive
correlation between the WES data and those obtained
by CAPP-Seq (r=0.93). A TMB of ~200 mutations,
considered as the standard for high TMB measured
by WES, corresponded to >5 mutations detected with
CAPP-Seq. Thus, CAPP-Seq may achieve robust
assessment of bTMB and can be tuned to deliver suitable
sensitivity and specificity (41).

Overall, the assessment of TMB in ctDNA represents
an appealing non-invasive option, allowing patients who
cannot benefit from tissue biopsy, in light of restricted
tumor material or excessively degraded health state, a
long-lasting follow-up when treated by ICIs. However,
this approach comes with several disadvantages; the main
one remains that ctDNA is found in very small quantities,
and indistinguishable from circulating non-tumor DNA.
Another parameter that could potentially have consequences
on the analysis of the bTMB would be the false positive
plasma genotyping, due to the presence of non-tumor
mutations harbored by hematopoietic cells (42,43). It seems
that most 74K2 mutations, some 7TP53 mutations and
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rare KRAS mutations detected in ¢fDNA are not derived
from the tumor but from clonal hematopoiesis (42). We
can reasonably imagine that these observations could have
an effect in the TMB calculation, even more when using
targeted gene panels.

Additional work is needed to better understand the
dynamics and biology of bTMB and its relevance within the
context of immunotherapy for NSCLC patients.

Current challenges for TMB analysis

Tumor tissue biopsies used for TMB analysis are often fixed
with formaldehyde to preserve tissue and cell morphology.
However, this fixative is known to induce various crosslinks
which are a main source of sequencing artifacts, notably
through DNA fragmentation, denaturation and cytosine
deamination. It may be interesting to carry out a specific
preparation of samples to minimize these artefacts which may
complicate the analysis of NGS results, in particular for low
frequency mutations. For instance, microdissection for tumor
enrichment or decross-linking by heat treatment prior to
DNA extraction may be used to limit such artefacts (44).

NGS technology has enabled the rapid development
of TMB analysis. However, certain limitations persist, in
particular due to the time needed to carry out these analyses
and the quantities of material required. Thus, in 2018, the
time needed to perform a TMB analysis was between 1 to
2 weeks, with a cost of 2,500 to 5,000 US dollars, although
we can hope that this price will decrease with time. NGS
technology is thus 5 to 10 times more expensive than
PD-L1 immunohistochemical analysis and uses 10 times
more equipment. For example, the FoundationOne assay,
one FFPE block or 10 unstained tumor slides cut at 4-5 pm
thickness with a minimum of 25 mm’ surface area and at
least 20% of tumor, are required (35).

Furthermore, it is not always possible to perform a TMB
analysis for a patient; as seen above, this requires sufficient
quality and quantity of material. The percentage of patients
enrolled in clinical trials is lower for TMB than for PD-LI.
For example, in the Checkmate 568 trial, 88% of patients
were evaluable for PD-L1 but only 34% were evaluable for
TMB (20,22,40).

Even when the sample’s content used for TMB analysis
is low in tumor cells (<10%), it is presently conceivable to
achieve greater sensitivity by using targeted platforms and
all the more particularly when the coverage is expanded
(x500 or x1,000). Greater coverage is achieved in targeted
panels rather than with WES. For example, Rivzi er al.
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achieved an average sequencing coverage of 232x using
WES and 744x using the MSK-IMPACT panel (8,20).

To determine the TMB in NSCLC patients, several
panel sizes were investigated. The most commonly used,
the MSK-IMPACT panel, includes 468 genes. Three
other panels have also recently been marketed; the
FoundationOne panel, targeting 315 genes; the Oncomine
Tumor Mutation Load Assay (409 genes) and the TruSight
Tumor 170 (170 genes). However, the uncertainty area
associated with the TMB estimation increases rapidly
when the panel size decreases; similarly, the coefficient of
variation increases rapidly when the targeted gene panel is
less than 1-1.5 Mb, which is the minimum size required for
a panel of more than 300 genes (30,45).

Lung tumor is one of the two cancer types with the
highest TMB with a median TMB of 7.2 mut/Mb across
more than 18,000 lung cancer cases, with approximately
12% of the patients showing more than 20 mut/Mb. The
WES study from Rizvi et al. defined the cut-off point
that combined maximal sensitivity (100%) with maximal
specificity (67%) at 178 non-synonymous mutations in
advanced NSCLC patients (8). For example, PFS among
advanced NSCLC patients with a high TMB greater
than or equal to 10 mut/Mb was significantly longer with
nivolumab plus ipilimumab than with chemotherapy (22).
Overall, three TMB categories emerge for tumor
classification from various studies. The first corresponds to
tumors with a significant TMB (>10 mut/Mb), the second
includes tumors with low TMB (<5 mut/Mb) and the last
corresponds to tumors that do not fit into either of these
two categories. This third “class” of tumors reflects the
need to validate an optimal cutoff to reduce this zone of
uncertainty. Furthermore, TMB analysis is not standardized
for different tests and the cutoff for positivity varies
between >7.4 to >20 mut/Mb when measured by NGS.
More prospective clinical trials are needed to correctly
determine the threshold. Moreover, the harmonization
between thresholds with the different assays remains a key
question.

In addition, TMB does not represent direct proof of
immunogenicity and does not precisely foresee the dynamic
immune reaction (5). Because TMB is a metric variable, a
cutoff score must be set as a predictive objective criterion.
Until the biologic links between TMB and immunogenicity
are understood, any cutoff score remains arbitrary and
should be interpreted with caution in the clinic (5).

Furthermore, the production of neoantigens is not linked
to germline and non-synonymous mutations, which are
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therefore excluded from the TMB calculation, but rather to
the presence of non-synonymous mutations. To eliminate
the biases due to these non-synonymous and germline
mutations, the ideal situation would be to compare these
results with the TMB measured on non-tumor samples.
However, this would require an additional amount of tissue,
and it seems difficult to set up in clinical practice. Various
solutions have been proposed to minimize these biases;
compare the patient data obtained with databases containing
the most common germline and synonyms mutations.
However, to be effective in all patients, these databases must
be sufficiently representative of the different ethnic groups.
Patients with unusual ethnic backgrounds will therefore be
at risk for false positive results. Garofalo ez al. suggest that
genomic data should be analyzed by clinicians to reduce the
number of false positives, but this manual filtering is time
consuming in a routine clinical setting (46).

The inclusion of synonymous and germline mutations in
the TMB analysis, or the exclusion of variants known to be
oncogenic drivers and germline polymorphisms may explain
the variability between studies. Thus, there is a need of
standardization to compare the results obtained in different
studies. In the study conducted by Qiu ez 4/. the need for
standardization was demonstrated by the presence of a
significant gap between the numbers of mutations reported
by different suppliers. The aligner used to align reads to a
reference genome and, more importantly, the variant caller
or parameters that are used to identify single-nucleotide
variants are responsible of modification in the mutation rates
in bioinformatics pipelines. The raw data (FASTQ files)
obtained from the different WES commercial sources with
the same data analysis pipeline [Genome Analysis Toolkit
(GATK)/Mutect-based pipeline] gave more consistent
results (47).

Finally, guidelines regarding turnaround times for
predictive assays recommend 3 workdays from a request
for testing to receipt by a reference laboratory and testing
results within 10 workdays (48). There are questions about
the possibility of clinical routine transfer of the different
TMB assays within the recommended turnaround times.

Perspectives

"TMB is not the only parameter bound to the responsiveness
of immunotherapy and other biological criteria ought to
likewise be considered.

TMB includes both clonal (present throughout
the tumor) and subclonal (present in only part of the
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tumor cells) neoantigens (49). It has been demonstrated
that especially tumors with a high TMB as well as low
neoantigens subclonal fraction (<5%) had the most DCB
with pembrolizumab (49). In a series of 31 tumors from
NSCLC patients treated with pembrolizumab, only clonal
and not subclonal neoantigens were recognized by T-cells.
This aspect is not negligible since chemotherapy seems
to increase TMB as well as the proportion of subclonal
neoantigens; which, as mentioned above, are not recognized
by the T-cells (49). A recent study identified genomic
correlates of response to ICIs beyond mutational burden,
including somatic events in individual driver genes, certain
global mutational signatures, and specific HLA-restricted
neoantigens, while the response rate was higher when
dealing with tumors with clonal mutations (i.e., less intra-
tumoral heterogeneity) (50).

Moreover, it is necessary to consider not only the
number of new neoantigens, but also their “fitness”. This
will be possible by using information on the frequency of a
clone, but also T-cell recognition probability and by using
the amplitude of MHC presentation (51).

Furthermore, the impact of TMB on outcomes of
patients treated with targeted therapies has been recently
explored. TMB seems to be negatively associated with
clinical outcomes in metastatic EGFR mutant NSCLC
patients treated with EGFR inhibitors, suggesting the need
for combining predictive testing for EGFR mutant status
along with TMB analysis in these patients (52).

Finally, although immunotherapy development for
SCLC has got behind that for NSCLC, and the efficacy
appears to be lower than for NSCLC, recent encouraging
results have been demonstrated with combinatorial ICIs

in patients with small-cell lung cancer harboring high
TMB (53,54).

Conclusions

Immunotherapy treatments have revolutionized the
management of patients with NSCLC. However, the main
difficulty remains in the decision to assign these treatments
to a patient, and to determine early their response. The
relative inability of PD-L1 immunohistochemical analysis
in these areas has demonstrated the need to develop new
predictive biomarkers; hence the growing interest in "TMB
analysis. Thus, based on the current state-of-the-art TMB
seems to be an interesting predictive biomarker and it
appears as an essential parameter in future approaches for
selecting patients who may benefit from immunotherapy.
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Nonetheless, TMB currently is used as a complementary
predictive tool without sufficient power to replace PD-L1
testing in the routine clinical setting, at least not before
solving the diagnostic complexity, the limitation of sample
resources, costs and potential delays in patient care.
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