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Abstract: Although immune checkpoint inhibitors have changed the treatment paradigm of a variety
of cancers, including non-small-cell lung cancer, not all patients respond to immunotherapy in the
same way. Predictive biomarkers for patient selection are thus needed. Tumor mutation burden
(TMB), defined as the total number of somatic/acquired mutations per coding area of a tumor genome
(Mut/Mb), has emerged as a potential predictive biomarker of response to immune checkpoint
inhibitors. We found that the limited use of TMB in clinical practice is due to the difficulty in its
detection and compounded by several different biological, methodological and economic issues. The
incorporation of both TMB and PD-L1 expression or other biomarkers into multivariable predictive
models could result in greater predictive power.
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1. Introduction
1.1. Etiopathogenesis of Lung Cancer

Lung cancer is the most common cause of death from cancer worldwide, with only
30-40% of tumors diagnosed at an early and resectable stage of disease [1]. Non-small-cell
lung carcinoma (NSCLC) is any type of epithelial lung cancer other than small-cell lung
carcinoma (SCLC).

About 85% of all lung cancers are NSCLC, and they are usually less sensitive to
chemotherapy than SCLC. Only 20-25% of patients present at diagnosis with early stage
NSCLC and mainly undergo resection with curative intent. The vast majority present
with advanced disease, and chemotherapy, targeted therapy and immunotherapy are the
principal treatment strategies.

Smoking is by far the main risk factor for lung cancer [2]. Other causes include radon
exposure, exposure to substances such as asbestos, nickel, chromium, beryllium, soot, and
tar, a family history of lung cancer, and air pollution [3].

NSCLC is usually classified on the basis of the 8th edition of the TNM classification
for non-small lung cancer, as follows: early, non metastatic disease (stages IA-IIIA tumors),
locally advanced disease confined to the thoracic cavity (stage IIIB), or distant metastasis
outside of the thoracic cavity (stage IV) [4].

Survival rates decrease significantly for stage I through IV as the disease progresses.
The five-year survival rate for stages I, II, III and IV is 47%, 30%, 10%, and 1%, respec-
tively [1,5].

1.2. Biomarkers Used in Patient Selection for Treatment with Immune Checkpoint Inhibitors

Although immune checkpoint inhibitors (ICIs) have changed the treatment paradigm
for a variety of cancers, including NSCLC, not all patients respond to immunotherapy
in the same way. The identification of biomarkers that are predictive of response to ICIs
would help to improve the outcome of NSCLC patients. The only biomarker approved
for patient selection in clinical practice is PD-L1 expression, evaluated by immunohis-
tochemistry (IHC) [6-8]. This methodology is inexpensive and can be performed using
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standard histopathology equipment. The PD-L1/tumor proportion score is fundamen-
tal to stratify patients for first-line treatment of advanced NSCLC; the cut-off is 50% for
pembrolizumab [9] and 1% for nivolumab plus ipilimumab [10]. However, while some
studies [11-13] have reported better survival for patients with higher PD-L1 expression
levels, other trials [14,15] have shown that a benefit from immunotherapy is achieved
regardless of PD-L1 expression. However, inconsistencies have been observed in trials of
patients enrolled with similar criteria, treated with the same inhibitor and selected using
the same diagnostic antibody. Moreover, it has been seen that the type of test impacts a
patient’s response to therapy and varies according to the country where it is performed [16].

The recommendation of the Food and Drug Administration (FDA) includes the use of
a specific anti-PD-L1 clone, whereas European Medicines Agency (EMA) guidelines advise
the use of validated IHC test. This opens up the possibility of different methods of assay
validation among laboratories, i.e., the use of companion diagnostic versus non-companion
diagnostic tests. However, the lack of specific guidelines could lead to discrepancies in
technical and/or clinical validation procedures for PD-L1 testing.

1.3. Role of Tumor Mutation Burden (TMB)
1.3.1. TMB Definition

TMB is defined as the total number of somatic/acquired mutations per coding area
of a tumor genome (Mut/Mb). It is known that the number of mutations can vary across
different tumor types. Tumors with a high mutation burden have the potential to generate
a larger number of neoantigens, making them more immunogenic [17].

Non-synonymous mutations have the potential to generate neoantigens recognized
by the host immune system, leading to an antitumor immune response. Mechanisms
responsible for DNA mutation induction include mismatch repair (MMR) deficiency,
exposure to environmental mutagens (tobacco smoke and UV light) and virus infections.

Previous studies have shown that TMB could be a potential predictive biomarker of
response to ICIs [18], but problems in its detection have arisen due to various biological,
methodological and economic issues. TMB is, in fact, highly dynamic and changes in
primary tissue and metastasis. It may also be heterogeneous within the same tumor lesion.
Another common problem is the number of cells present in small biopsies, often insufficient
for the correct evaluation of TMB.

1.3.2. TMB Detection

To overcome these issues, some studies have highlighted the possibility of evaluating
TMB in blood. The ability to assess the tumor genome in a simple blood sample has
several advantages with respect to tissue biopsy collection. The blood represents a ready-
made source of diagnostic material that is less susceptible to potential sampling biases
associated with tissue biopsies of a specific single site. The use of blood-based detection
of DNA has increased rapidly and numerous techniques can be used to assess mutations
in cell-free DNA (cfDNA), such as allele-specific PCR, digital droplet PCR and panel-
based NGS [19]. The first blood-based assay (cobas EGFR Mutation Test v2, Genentech,
San Francisco, CA, USA) was recently approved by the FDA for EGFR gene mutation
detection. Although the main blood-based assays used for predictive biomarker detection
are PCR-based, some authors have shown that NGS is also a robust approach. However,
the majority of these NGS panels have a relatively limited genomic content and have not
been analytically or clinically validated. Thus, although the calculation of TMB from blood
has been widely promoted, robust, validated tests to measure TMB using cfDNA have yet
to be developed [20].

Qiu and colleagues analyzed the performance of two plasma-based commercial TMB
assays, including the effect of two different collection methods. Their results suggested
that the two plasma-based TMB assays were highly correlated, and that they were also
both correlated with a tissue-based TMB assay for relatively high TMB samples [21].



Int. J. Mol. Sci. 2021, 22, 6536

30f10

However, further studies are needed to confirm the reproducibility and clinical useful-
ness of TMB results obtained in tissue and liquid biopsies. The methodological issues are
due to the fact that different platforms and cut-offs for TMB evaluation have been used
and proposed.

Progenitor studies include whole-exome sequencing (WES). Campesato and col-
leagues concluded that cancer gene panels (CGPs) can be used to estimate mutational load
and to predict clinical benefit to PD-1 blockade, with a similar accuracy to that obtained
from WES [18].

To render TMB a usable biomarker for routine clinical practice, the concordance
between WES and gene panel assays has been studied by several authors using different
types of tests with different numbers and types of genes.

1.3.3. TMB Pitfalls
How Many Genes Need to Be Analyzed for “a Perfect” TMB?

Different cut-offs in terms of number of mutations (e.g., 9 or 15 Mut/MB) have been
proposed to ensure the highest sensitivity and specificity for the selection of immune
checkpoint-responsive patients. The lack of standardization in relation to the type and
number of genes to be considered affects the interpretation of results. The tests are often
company sponsored and depend on the platform available in the diagnostic laboratory.

From an economic point of view, one of the reasons for the non-routine use of TMB or
some large gene panels is the lack of test reimbursement. Not all laboratories and patients
can afford to pay 2500 euro or 2500 dollars for a molecular test without reimbursement.
The type of the chosen test depends on the country in which the patient lives.

Recently, the FDA approved the gene panel assay FoundationOne CDx12 and au-
thorized MSK-IMPACT for the profiling of solid tumors for molecular alterations. These
assays are available in the clinical setting, whereas other types of tests are only available for
research purposes. These assays differ in terms of their characteristics such as enrichment
approach, sequencing system, bioinformatic pipeline, number of genes and the types of
mutations analyzed (e.g., synonymous and/or nonsynonymous), and recommendations
for the interpretation of results.

The difficultly in standardizing a cut-off for TMB evaluation to select patients for
treatment with ICIs in different tumor types may be due to differences in tumor biol-
ogy and microenvironment [22]. Some findings suggest that different mutations induce
a different immunological response. Neoantigens derived from frameshift mutations,
insertion—deletion mutations, and mutations that influence RNA splicing are more im-
munogenic than non-synonymous single nucleotide mutations, which are also included
in the measurement of TMB [22-24]. Some studies have shown that tumor immunogenic-
ity and, consequently, response to ICIs, may be increased by a similarity between some
neoantigens and antigens derived from some pathogens, but the mutations responsible for
the production of these neoantigens have the same weight in TMB measurements as the
other less immunogenic mutations [25]. This observation may explain the limits of using
TMB as a predictive factor of the efficacy of treatment with ICIs. Moreover, mutational
clonality and human leukocyte antigen (HLA) locus heterozygosity, with their associated
neoantigen diversity, may play a predominant role in the development of anti-tumor im-
munity, but these parameters are not considered for TMB measurement [26,27]. Tumor
inflammation [28], cancer stemness and intra-tumoral heterogeneity also appear to influ-
ence the immune response and the efficacy of ICIs [29,30]. The meta-analysis carried out
by Lu and colleagues showed that the performance of TMB measurements in predicting
the efficacy of ICIs is lower than that of other biomarkers [31]. Although several cellular
components of the tumor microenvironment regulate anti-tumor immunity, their presence
is not considered to be a predictive biomarker for ICIs [32].

Given that differences in both tumor types and primary resistance mechanisms can
limit the usefulness of TMB scoring systems, dynamic TMB cut-offs should be considered
for different tumors. For this reason, immunological features of the tumor microenviron-
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ment should be taken into account in future research to improve the decision-making
process for immunotherapy [33].

1.3.4. TMB in Clinical Practice

Recently, pembrolizumab was approved by the FDA for the treatment of solid tumors
with high TMB. For this reason, a better definition of the biomarkers of sensitivity and
resistance to immunotherapy is fundamental. Inmunotherapy sequencing may play an
important role in maximizing the benefit of these compounds. Cytotoxic and mutagenic
chemotherapies often administered to cancer patients may increase the TMB. A tumor
with an initially low TMB may develop a high TMB (TMB-H). Given the recent approval
of pembrolizumab in patients with tumors with TMB > 10 muts/Mb, it is expected that
a higher number of patients will be treated with anti-PD-1 immunotherapy. Further
studies are needed to understand whether treatment failure with anti-PD-1 therapy in
earlier treatment lines impacts subsequent responses to combination immunotherapy
regimens. However, recent guidelines recommend using an ICI in combination with
platinum-based chemotherapy as first-line treatment for NSCLC. This is because PD-
L1, albeit “special”, is not a perfect marker and there has been wide variability in its
results in different studies due not only to technical problems (pre-analytical phases and
immunohistochemistry methodology) but also to its intrinsic limits as a marker. For
example, in a patient who lacks specific druggable driver mutations, response to a targeted
drug is highly improbable, whereas in a patient with PD-L1 < 1% or with low TMB
score, response to ICls is quite probable. A predictive biomarker for immunotherapy
needs to include multiple and dynamic variables that are difficult to be encompassed in a
single biological factor. Currently, predictive biomarkers for targeted therapy are defined
dichotomously as positive or negative (e.g., EGFR, ALK, ROS1). In the future, predictive
biomarkers for ICIs should be represented by a matrix of multiple variables, e.g., TMB
and tumor signatures, which could define an integrated “immunogram” [34]. Given that
immunotherapy is undergoing rapid development and evolution, the fine-tuning of an
integrated biomarker of sensitivity or resistance to ICIs should be considered urgent.

Great effort has made to establish guidelines to harmonize tumor TMB evaluation.
Recently, Merino and colleagues, by directly comparing panel-based TMB estimates from
different laboratories, characterized the theoretical variability of panel-based TMB estimates
and created guidelines on TMB reporting, analytic validation requirements and reference
standard alignment to maintain the consistency of TMB estimation across platforms [35].

In 2020, the European Society for Medical Oncology (ESMO) recommended the use
of NGS at three levels. Specifically, routine use of NGS in tumor samples of advanced
NSCLC, prostate cancer, ovarian cancer and cholangiocarcinoma is recommended. ESMO
advises the use of large multigene panels over that of small panels only when the extra
cost is affordable. Another recommendation concerns the use of off-label drugs, which
should include genomic evaluations only if an access program has been developed and
approval has been obtained at the national or regional level. Finally, an acceleration
of development is recommended for drugs in clinical research centers where multigene
sequencing is developed to screen patients for eligibility in clinical trials and to collect
data that could be used to optimize this technology and render it usable in clinical practice.
Methodological standardization is needed to introduce TMB assay into clinical practice. It
is important to raise awareness of all test considerations to ensure that reliable and accurate
TMB assessments can be made and compared across studies.

Given the complexity of the immune response and tumor biology, some authors have
compared and combined TMB with other biomarkers to find surrogate markers of TMB ca-
pable of accurately identifying patients who are more likely to respond to immunotherapies.
Jia and colleagues analyzed the transcriptome-based correlation between mutS homolog
2 (MSH2) and TMB [36] by combining three immunotherapeutic cohorts with two inde-
pendent Cancer Genome Atlas (TCGA) datasets. Using multivariate analysis, the authors
found that the expression of MSH2, one of the most important genes involved in the DNA
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mismatch repair (MMR) pathway, was associated with increased TMB. MSH2 expression
also showed a significantly positive association with smoking signature, whereas an inverse
association was found with MMR deficiency (MMRd) signature in lung adenocarcinoma
(LUAD). A high MSH2 expression was significantly related to increased PD-L1 expression
and CD8+ T cell infiltration. These findings suggest that, under these conditions, the tumor
microenvironment is prominently responsive to immunotherapy. The MSH2 assessment
may be less expensive, but also easier and faster, than TMB. The two biomarkers could be
complementary and used to identify responders versus non-responders.

Although it has been reported that TMB does not correlate with PD-L1 expression,
some authors have found that they have similar predictive capacity. TMB and PD-L1 ex-
pression could thus be incorporated into multivariable predictive models to have a greater
predictive power. However, it is natural to ask whether very low TMB limits the benefit of
ICIs. There is evidence to suggest that low TMB is associated with a benefit from ICIs in
some tumor types such as glioblastoma. Patients with this tumor type showed favorable
survival outcomes during immunotherapy despite very low TMB. Conversely, patients
with high TMB have a poor response to anti-PD-1 agents. This apparent contradiction can
be explained by tumor heterogeneity. The analysis of TMB from a single core biopsy may
not be fully representative of the actual overall TMB. Moreover, tumor heterogeneity may
be amplified by chemotherapy and radiotherapy, which can modify the mutational load in
various tumor sites.

Some patients may have high TMB and high PD-L1 or low TMB and low PD-L1,
while in others these may not be concordant. In fact, in our clinical experience we also
had a patient with low TMB but high PD-L1 expression. However, a biological expla-
nation for a concordance between PD-L1 and TMB has yet to be found. In our patient,
male, former light smoker, diagnosed with NSCLC, a histological sample was assessed
through FoundationOne® CDx, an NGS-based assay that identifies genomic findings
within hundreds of cancer-related genes. We found some gene alterations (BRAF G469V;
STK11 splice site 734 + 1G > T, RBM10 T852fs*28; TP53 V122£s*10), microsatellite stability
(MSS) and a low TMB (3 Muts/Mb). Moreover, PD-L1 expression, evaluated as (tumor
proportion score) TPS by immunohistochemistry, was 30% (Figure 1A,B). Treatment with
platinum-based chemotherapy was started, but after three cycles the patient progressed
and subsequently died.

As shown by Skoulidis et al., STK11 mutations are associated with negative PD-L1
expression and high TMB [37], which is the opposite of the molecular profile found in
one of our patients. Skoulidis’ patient also harbored a non-V600E BRAF mutation. We
know that BRAF mutations, including V600E and non-V600E, are generally associated
with high PD-L1 expression, low/intermediate TMB, and MSS [38], a molecular profile
similar to that seen in this case. On the basis of this observation, we can hypothesize
that PD-L1, TMB and MSS status were discordant with STK11 mutation, but concordant
with BRAF mutation, because BRAF mutation is an oncogene driver, which is dominant
with respect to mutations in STK11, a tumor suppressor gene. Thus, although PD-L1
expression, TMB and MSS status are influenced by both tumor suppressor genes and
oncogenes, an oncogene driver may dominate this influence. For this reason, the analysis
of TMB per se is not sufficient as a prognostic and predictive factor because it should
be considered within the whole molecular context that includes alterations in tumor
suppressor genes, oncogene drivers, immune checkpoint expression, tumor mutational
load, and microsatellite instability. The use of NGS assessment, like FoundationOne®
CDx, could be re-interpreted as a comprehensive evaluation of tumor biology and the
relationship between the various molecular alterations. In patient with high TMB and
concomitant high PDL1 expression, only one immune checkpoint inhibitor can be used,
whereas in the event of discordance between the two biomarkers, combined treatment
strategies are needed.
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(A)

(B)

Figure 1. Non-small-cell lung cancer stained by immunohistochemistry with SP263 Antibody: (A) PD-
L1-positive tumor cells (40x magnification); (B) PD-L1-positive tumor cells and immune cells (20 x

magnification).

1.4. Data on Lung Cancer Trials

Within the context of some clinical trials studying the efficacy of immune checkpoint
inhibitors in NSCLC patients, retrospective analyses were performed to assess the role
of TMB from tumor tissue. Among these, the phase III trial CheckMate 026 studied
nivolumab versus platinum-based chemotherapy in NSCLC patients with PD-L1 > 1%
expression. In this study, TMB was assessed by whole exome sequencing and classified as
low (0-100 mutations), medium (100242 mutations) or high (>242 mutations). High TMB
was associated with increased overall response rate (ORR) and longer progression-free
survival (PFS) in patients undergoing nivolumab with respect to chemotherapy. Moreover,
although TMB was not correlated with PD-L1 expression in this study, the ORR was
high (75%) in patients with high TMB and PD-L1 >50% [39]. In the CheckMate 227 trial,
nivolumab was also evaluated as a single agent. TMB cut-off was 13 mutations/Mb,
but PFS was not improved in patients treated with nivolumab monotherapy compared
to chemotherapy when both TMB and PD-L1 were high [40]. TMB was also evaluated
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in the POPLAR randomized phase 1II trial comparing second-/third-line atezolizumab
with docetaxel. Improved ORR, PFS and OS were observed in patients with an increased
TMB [41]. Finally, TMB was evaluated in the phase I trial CheckMate 012, which studied
the combination of nivolumab and ipilimumab in untreated NSCLC patients. A higher
TMB was observed in patients showing an objective response to treatment compared to
those with stable or progressive disease. In this study, high TMB was defined in more
than 158 mutations, which was the median value. Furthermore, in this study, TMB did not
correlate with PD-L1 expression [42]. Similar results were found in the aforementioned
trial, CheckMate 227, which included a comparison between nivolumab plus ipilimumab
and chemotherapy. With a cut-off of 10 mutations/Mb, high TMB was associated with
significantly improved ORR, one-year PFS and duration of response [40].

The development of small-cell lung cancer (SCLC) is usually the result of the inac-
tivation of tumor suppressor genes, such as TP53, Notch, RB1 or the amplification of
MYC oncogene [43]. However, SCLC cells appear to be dependent on a disruption of the
DNA damage response (DDR) repair pathway. In this kind of lung cancer, a high TMB is
associated with mutations in some genes of the DDR pathway, including homologous re-
combination, DSB, SSB, MMR and NHE] [44]. The high TMB in SCLC can also be induced
by the broad mutagenesis correlated with cigarette smoking, a well-known risk factor
for SCLC. However, the association of TMB with response to immunotherapy in SCLC
patients is conflicting on the basis of the findings from some clinical trials. For example, the
phase I/Il non-randomized trial CheckMate 032 showed an improvement in the ORR and
one-year OS rate in a cohort of SCLC patients with a high TMB, mainly in those treated
with the combination of nivolumab and ipilimumab [45]. Conversely, the phase III trial
IMpower133 did not report an improvement in the OS of patients with high TMB treated
with atezolizumab plus platinum-based chemotherapy with respect to those with low TMB
receiving the same treatment [46]. This discrepancy may be due to the different assays
and cut-offs used, but may also be a consequence of the addition of an anti-CTLA-4 to the
anti-PD-1. For this reason, prospective studies are needed to clarify the role of TMB in
patients with SCLC.

2. Conclusions

Despite promising results and efforts to standardize TMB calculation, it is still not
routinely used in clinical practice due to the poor reproducibility of TMB results among
laboratories, indicating the need for more harmonization studies. TMB detection in liquid
biopsy compared to its evaluation in tissue also warrants further investigation.

FDA approval of the use of pembrolizumab in solid tumors with high TMB score
opened the need to improve the definition of predictive biomarkers for treatment with IClIs.
Immunotherapy should also be used at a specific point in treatment sequence of NSCLC
because chemotherapy can be mutagenic and may thus induce a higher TMB score.

Although ICIs appear to be more effective in the first-line setting than in later treatment
lines regardless of the TMB score, it is still not known whether this has an impact on OS.
Given that PD-L1 expression and TMB score are not strictly associated with the efficacy
of immunotherapy, as opposed to the presence of driver mutations (e.g., EGFR, ALK,
ROS1) for targeted therapy, the search for a single biological marker should be substituted
with the use of a matrix of multiple interdependent and continuous variables to select
patients for immunotherapy. Some authors have proposed setting up an “immunogram”
to integrate the various immune components of the tumor microenvironment. TMB and
other tumor-derived or host-derived signatures could be part of this complex, multi-level
predictive biomarker for immunotherapy.

Author Contributions: Conceptualization, S.B.; data curation, S.B.; P.U.; G.B.; original draft prepa-
ration; S.B.; P.U.; G.B.; study supervision, S.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.



Int. J. Mol. Sci. 2021, 22, 6536 80f10

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Informed consent was obtained from the patient described here.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

S

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Frith, M.; Rolland, E.; Pignon, J.P.; Seymour, L.; Ding, K.; Tribodet, H.; Winton, T.; Le Chevalier, T.; Scagliotti, G.V.; Douillard, ].Y.;
et al. Pooled Analysis of the Effect of Age on Adjuvant Cisplatin-Based Chemotherapy for Completely Resected Non-Small-Cell
Lung Cancer. J. Clin. Oncol. 2008, 26, 3573-3581. [CrossRef]

Liu, X.; Conner, H.; Kobayashi, T.; Kim, H.; Wen, F.; Abe, S.; Fang, Q.; Wang, X.; Hashimoto, M.; Bitterman, P.; et al. Cigarette
smoke extract induces DNA damage but not apoptosis in human bronchial epithelial cells. Am. . Respir. Cell Mol. Biol. 2005, 33,
121-129. [CrossRef]

Field, R.W.; Withers, B.L. Occupational and Environmental Causes of Lung Cancer. Clin. Chest. Med. 2012, 33, 681-703. [CrossRef]
Travis, W.D.; Brambilla, E.; Nicholson, A.G.; Yatabe, Y.; Austin, ].H.M.; Beasley, M.B.; Chirieac, L.R.; Dacic, S.; Duhig, E.; Flieder,
D.B.; et al. WHO Panel. The 2015 World Health Organization Classification of Lung Tumors: Impact of Genetic, Clinical and
Radiologic Advances since the 2004 Classification. J. Thorac. Oncol. 2015, 10, 1243-1260. [CrossRef]

Zappa, C.; Mousa, S.A. Non-small cell lung cancer: Current treatment and future advances. Transl. Lung Cancer Res. 2016, 5,
288-300. [CrossRef]

D’Arcangelo, M.; D’Incecco, A.; Ligorio, C.; Damiani, S.; Puccetti, M.; Bravaccini, S.; Terracciano, L.; Bennati, C.; Minuti, G;
Vecchiarelli, S.; et al. Programmed death ligand 1 expression in early stage, resectable non-small cell lung cancer. Oncotarget 2019,
10, 561-572. [CrossRef] [PubMed]

Herbst, R.S.; Soria, J.C.; Kowanetz, M.; Fine, G.D.; Hamid, O.; Gordon, M.S.; Sosman, J.A.; McDermott, D.F.; Powderly, ].D.;
Gettinger, S.N.; et al. Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A in cancer patients. Nature 2014,
515, 563-567. [CrossRef] [PubMed]

Melosky, B.; Chu, Q.; Juergens, R.; Leighl, N.; McLeod, D.; Hirsh, V. Pointed Progress in Second-Line Advanced Non-Small-Cell
Lung Cancer: The Rapidly Evolving Field of Checkpoint Inhibition. J. Clin. Oncol. 2016, 34, 1676-1688. [CrossRef] [PubMed]
Reck, M.; Rodriguez-Abreu, D.; Robinson, A.G.; Hui, R.; Cs6szi, T.; Fiilop, A.; Gottfried, M.; Peled, N.; Tafreshi, A.; Cuffe, S.; et al.
KEYNOTE-024 Investigators. Pembrolizumab versus Chemotherapy for PD-L1-Positive Non-Small-Cell Lung Cancer. N. Engl. |.
Med. 2016, 375, 1823-1833. [CrossRef] [PubMed]

Hellmann, M.D.; Paz-Ares, L.; Bernabe Caro, R.; Zurawski, B.; Kim, S.W.; Carcereny Costa, E.; Park, K.; Alexandru, A.; Lupinacci,
L.; de la Mora Jimenez, E.; et al. Nivolumab plus Ipilimumab in Advanced Non-Small-Cell Lung Cancer. N. Engl. ]. Med. 2019,
381, 2020-2031. [CrossRef] [PubMed]

Borghaei, H.; Paz-Ares, L.; Horn, L.; Spigel, D.R.; Steins, M.; Ready, N.E.; Chow, L.Q.; Vokes, E.E; Felip, E.; Holgado, E.; et al.
Nivolumab versus Docetaxel in Advanced Nonsquamous Non-Small-Cell Lung Cancer. N. Engl. ]. Med. 2015, 373, 1627-1639.
[CrossRef] [PubMed]

Garon, E.B.; Rizvi, N.A.; Hui, R; Leighl, N.; Balmanoukian, A.S.; Eder, ].P; Patnaik, A.; Aggarwal, C.; Gubens, M.; Horn, L.;
et al. KEYNOTE-001 Investigators.Pembrolizumab for the treatment of non-small-cell lung cancer. N. Engl. ]. Med. 2015, 372,
2018-2028. [CrossRef] [PubMed]

Herbst, R.S.; Baas, P; Kim, D.W,; Felip, E.; Pérez-Gracia, J.L.; Han, J.Y.; Molina, J.; Kim, J.H.; Arvis, C.D.; Ahn, M.].; et al.
Pembrolizumab versus docetaxel for previously treated, PD-L1-positive, advanced non-small-cell lung cancer (KEYNOTE-010):
A randomised controlled trial. Lancet 2016, 387, 1540-1550. [CrossRef]

Brahmer, J.; Reckamp, K.L.; Baas, P.; Crino, L.; Eberhardt, W.E.; Poddubskaya, E.; Antonia, S.; Pluzanski, A.; Vokes, E.E.; Holgado,
E.; et al. Nivolumab versus Docetaxel in Advanced Squamous-Cell Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2015, 373,
123-135. [CrossRef] [PubMed]

Rittmeyer, A.; Barlesi, F.; Waterkamp, D.; Park, K.; Ciardiello, F; von Pawel, J.; Gadgeel, S.M.; Hida, T.; Kowalski, D.M.; OAK
Study Group.; et al. Atezolizumab versus docetaxel in patients with previously treated non-small-cell lung cancer (OAK): A
phase 3, open-label, multicentre randomised controlled trial. Lancet 2017, 389, 255-265. [CrossRef]

Bravaccini, S.; Ulivi, P. What's the best modality for patient selection for predicting response to PD-1/PD-L1 inhibitors? Transl.
Lung Cancer Res. 2020, 9, 158-159. [CrossRef]

Sharabi, A.; Kim, S.S.; Kato, S.; Sanders, P.D.; Patel, S.P.; Sanghvi, P.; Weihe, E.; Kurzrock, R. Exceptional Response to Nivolumab
and Stereotactic Body Radiation Therapy (SBRT) in Neuroendocrine Cervical Carcinoma with High Tumor Mutational Burden:
Management Considerations from the Center for Personalized Cancer Therapy at UC San Diego Moores Cancer Center. Oncologist
2017, 22, 631-637. [CrossRef]

Campesato, L.E.; Barroso-Sousa, R.; Jimenez, L.; Correa, B.R.; Sabbaga, J.; Hoff, PM.; Reis, L.E; Galante, P.A.; Camargo, A.A.
Comprehensive cancer-gene panels can be used to estimate mutational load and predict clinical benefit to PD-1 blockade in
clinical practice. Oncotarget 2015, 6, 34221-34227. [CrossRef]

Wan, ].C.M.; Massie, C.; Garcia-Corbacho, J.; Mouliere, E; Brenton, ].D.; Caldas, C.; Pacey, S.; Baird, R.; Rosenfeld, N. Liquid
biopsies come of age: Towards implementation of circulating tumour DNA. Nat. Rev. Cancer 2017, 17, 223-238. [CrossRef]


http://doi.org/10.1200/JCO.2008.16.2727
http://doi.org/10.1165/rcmb.2003-0341OC
http://doi.org/10.1016/j.ccm.2012.07.001
http://doi.org/10.1097/JTO.0000000000000630
http://doi.org/10.21037/tlcr.2016.06.07
http://doi.org/10.18632/oncotarget.26529
http://www.ncbi.nlm.nih.gov/pubmed/30728907
http://doi.org/10.1038/nature14011
http://www.ncbi.nlm.nih.gov/pubmed/25428504
http://doi.org/10.1200/JCO.2015.63.8049
http://www.ncbi.nlm.nih.gov/pubmed/26884577
http://doi.org/10.1056/NEJMoa1606774
http://www.ncbi.nlm.nih.gov/pubmed/27718847
http://doi.org/10.1056/NEJMoa1910231
http://www.ncbi.nlm.nih.gov/pubmed/31562796
http://doi.org/10.1056/NEJMoa1507643
http://www.ncbi.nlm.nih.gov/pubmed/26412456
http://doi.org/10.1056/NEJMoa1501824
http://www.ncbi.nlm.nih.gov/pubmed/25891174
http://doi.org/10.1016/S0140-6736(15)01281-7
http://doi.org/10.1056/NEJMoa1504627
http://www.ncbi.nlm.nih.gov/pubmed/26028407
http://doi.org/10.1016/S0140-6736(16)32517-X
http://doi.org/10.21037/tlcr.2019.12.06
http://doi.org/10.1634/theoncologist.2016-0517
http://doi.org/10.18632/oncotarget.5950
http://doi.org/10.1038/nrc.2017.7

Int. J. Mol. Sci. 2021, 22, 6536 9 of 10

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

Lam, V.K; Zhang, ]. Blood-based tumor mutation burden: Continued progress toward personalizing immunotherapy in non-small
cell lung cancer. |. Thorac. Dis. 2019, 11, 2208-2211. [CrossRef]

Qiu, P; Poehlein, C.H.; Marton, M.].; Laterza, O.F.; Levitan, D. Measuring Tumor Mutational Burden (TMB) in Plasma from
mCRPC Patients Using Two Commercial NGS Assays. Sci. Rep. 2019, 9, 114. [CrossRef]

Fumet, ].D.; Truntzer, C.; Yarchoan, M.; Ghiringhelli, F. Tumour mutational burden as a biomarker for immunotherapy: Current
data and emerging concepts. Eur. J. Cancer 2020, 131, 40-50. [CrossRef] [PubMed]

Chae, Y.K.; Viveiros, P.; Lopes, G.; Sukhadia, B.; Sheikh, M.M.; Saravia, D.; Florou, V.; Sokol, E.S.; Frampton, G.M.; Chalmers, Z.R.;
et al. Clinical and Immunological Implications of Frameshift Mutations in Lung Cancer. J. Thorac. Oncol. 2019, 14, 1807-1817.
[CrossRef]

Shen, L.; Zhang, ].; Lee, H.; Batista, M.T.; Johnston, S.A. RNA Transcription and Splicing Errors as a Source of Cancer Frameshift
Neoantigens for Vaccines. Sci. Rep. 2019, 9, 14184. [CrossRef]

Slansky, J.E.; Spellman, P.T. Alternative Splicing in Tumors-A Path to Immunogenicity? N. Engl. ]. Med. 2019, 380, 877-880.
[CrossRef] [PubMed]

Biittner, R.; Longshore, ].W.; Lopez-Rios, E; Merkelbach-Bruse, S.; Normanno, N.; Rouleau, E.; Penault-Llorca, F. Implementing
TMB measurement in clinical practice: Considerations on assay requirements. ESMO Open. 2019, 4, e000442. [CrossRef] [PubMed]
Heydt, C.; Rehker, J.; Pappesch, R.; Buhl, T.; Ball, M.; Siebolts, U.; Haak, A.; Lohneis, P; Biittner, R.; Hillmer, A.M.; et al. Analysis
of tumor mutational burden: Correlation of five large gene panels with whole exome sequencing. Sci. Rep. 2020, 10, 11387.
[CrossRef] [PubMed]

Samstein, R.M.; Lee, C.H.; Shoushtari, A.N.; Hellmann, M.D.; Shen, R.; Janjigian, Y.Y.; Barron, D.A.; Zehir, A.; Jordan, E.J.; Omuro,
A.; et al. Tumor mutational load predicts survival after immunotherapy across multiple cancer types. Nat. Genet. 2019, 51,
202-206. [CrossRef] [PubMed]

Miranda, A.; Hamilton, P.T.; Zhang, A.W.,; Pattnaik, S.; Becht, E.; Mezheyeuski, A.; Bruun, ].; Micke, P; de Reynies, A.; Nelson,
B.H. Cancer stemness, intratumoral heterogeneity, and immune response across cancers. Proc. Natl. Acad. Sci. USA 2019, 116,
9020-9029. [CrossRef] [PubMed]

Wolf, Y,; Bartok, O.; Patkar, S.; Eli, G.B.; Cohen, S.; Litchfield, K.; Levy, R.; Jiménez-Sanchez, A.; Trabish, S.; Lee, ].S.; et al.
UVB-Induced Tumor Heterogeneity Diminishes Immune Response in Melanoma. Cell 2019, 179, 219-235. [CrossRef]

Lu, S,; Stein, J.E.; Rimm, D.L.; Wang, D.W.; Bell, ].M.; Johnson, D.B.; Sosman, J.A.; Schalper, K.A.; Anders, R.A.; Wang, H.; et al.
Comparison of Biomarker Modalities for Predicting Response to PD-1/PD-L1 Checkpoint Blockade: A Systematic Review and
Meta-analysis. JAMA Oncol. 2019, 5, 1195-1204. [CrossRef]

Gajewski, T.F; Meng, Y.; Blank, C.; Brown, L; Kacha, A.; Kline, J.; Harlin, H. Immune resistance orchestrated by the tumor
microenvironment. Immunol. Rev. 2006, 213, 131-145. [CrossRef]

Strickler, J.H.; Hanks, B.A.; Khasraw, M. Tumor Mutational Burden as a Predictor of Immunotherapy Response: Is More Always
Better? Clin. Cancer Res. 2021, 27, 1236-1241. [CrossRef] [PubMed]

Blank, C.U.; Haanen, J.B.; Ribas, A.; Schumacher, T.N. The “cancer immunogram”. Science 2016, 352, 658-660. [CrossRef]
Merino, D.M.; McShane, L.M.; Fabrizio, D.; Funari, V.; Chen, S.J.; White, ].R.; Wenz, P,; Baden, J.; Barrett, ].C.; TMB Harmonization
Consortium.; et al. Establishing guidelines to harmonize tumor mutational burden (TMB): In silico assessment of variation
in TMB quantification across diagnostic platforms: Phase I of the Friends of Cancer Research TMB Harmonization Project. |.
ImmunoTher. Cancer 2020, 8, e€000147. [CrossRef] [PubMed]

Jia, M,; Yao, L.; Yang, Q.; Chi, T. Association of MSH2 Expression With Tumor Mutational Burden and the Immune Microenviron-
ment in Lung Adenocarcinoma. Front. Oncol. 2020, 10, 168. [CrossRef] [PubMed]

Skoulidis, F.; Goldberg, M.E.; Greenawalt, D.M.; Hellmann, M.D.; Awad, M.M.; Gainor, ].F; Schrock, A.B.; Hartmaier, R.J.;
Trabucco, S.E.; Gay, L.; et al. STK11/LKB1 Mutations and PD-1 Inhibitor Resistance in KRAS-Mutant Lung Adenocarcinoma.
Cancer Discov. 2018, 8, 822-835. [CrossRef]

Dudnik, E.; Peled, N.; Nechushtan, H.; Wollner, M.; Onn, A.; Agbarya, A.; Moskovitz, M.; Keren, S.; Popovits-Hadari, N.; Israel
Lung Cancer Group.; et al. BRAF Mutant Lung Cancer: Programmed Death Ligand 1 Expression, Tumor Mutational Burden,
Microsatellite Instability Status, and Response to Immune Check-Point Inhibitors. J. Thorac. Oncol. 2018, 13, 1128-1137. [CrossRef]
Carbone, D.P; Reck, M.; Paz-Ares, L.; Creelan, B.; Horn, L.; Steins, M.; Felip, E.; van den Heuvel, M.M.; Ciuleanu, T.E; Badin, E;
et al. CheckMate 026 Investigators. First-Line Nivolumab in Stage IV or Recurrent Non-Small-Cell Lung Cancer. N. Engl. ]. Med.
2017, 376, 2415-2426. [CrossRef]

Hellmann, M.D.; Ciuleanu, T.E.; Pluzanski, A.; Lee, J.S..; Otterson, G.A.; Audigier-Valette, C.; Minenza, E.; Linardou, H.; Burgers,
S.; Salman, P; et al. Nivolumab plus Ipilimumab in Lung Cancer with a High Tumor Mutational Burden. N. Engl. ]. Med. 2018,
378,2093-2104. [CrossRef]

Fehrenbacher, L.; Spira, A.; Ballinger, M.; Kowanetz, M.; Vansteenkiste, J.; Mazieres, J.; Park, K.; Smith, D.; Artal-Cortes, A.;
POPLAR Study Group.; et al. Atezolizumab versus docetaxel for patients with previously treated non-small-cell lung cancer
(POPLAR): A multicentre, open-label, phase 2 randomised controlled trial. Lancet 2016, 387, 1837-1846. [CrossRef]

Hellmann, M.D.; Nathanson, T.; Rizvi, H.; Creelan, B.C.; Sanchez-Vega, F.; Ahuja, A.; Ni, A.; Novik, ]J.B.; Mangarin, L M.B.;
Abu-Akeel, M,; et al. Genomic Features of Response to Combination Immunotherapy in Patients with Advanced Non-Small-Cell
Lung Cancer. Cancer Cell 2018, 33, 843-852. [CrossRef] [PubMed]


http://doi.org/10.21037/jtd.2019.05.68
http://doi.org/10.1038/s41598-018-37128-y
http://doi.org/10.1016/j.ejca.2020.02.038
http://www.ncbi.nlm.nih.gov/pubmed/32278982
http://doi.org/10.1016/j.jtho.2019.06.016
http://doi.org/10.1038/s41598-019-50738-4
http://doi.org/10.1056/NEJMcibr1814237
http://www.ncbi.nlm.nih.gov/pubmed/30811916
http://doi.org/10.1136/esmoopen-2018-000442
http://www.ncbi.nlm.nih.gov/pubmed/30792906
http://doi.org/10.1038/s41598-020-68394-4
http://www.ncbi.nlm.nih.gov/pubmed/32647293
http://doi.org/10.1038/s41588-018-0312-8
http://www.ncbi.nlm.nih.gov/pubmed/30643254
http://doi.org/10.1073/pnas.1818210116
http://www.ncbi.nlm.nih.gov/pubmed/30996127
http://doi.org/10.1016/j.cell.2019.08.032
http://doi.org/10.1001/jamaoncol.2019.1549
http://doi.org/10.1111/j.1600-065X.2006.00442.x
http://doi.org/10.1158/1078-0432.CCR-20-3054
http://www.ncbi.nlm.nih.gov/pubmed/33199494
http://doi.org/10.1126/science.aaf2834
http://doi.org/10.1136/jitc-2019-000147
http://www.ncbi.nlm.nih.gov/pubmed/32217756
http://doi.org/10.3389/fonc.2020.00168
http://www.ncbi.nlm.nih.gov/pubmed/32154170
http://doi.org/10.1158/2159-8290.CD-18-0099
http://doi.org/10.1016/j.jtho.2018.04.024
http://doi.org/10.1056/NEJMoa1613493
http://doi.org/10.1056/NEJMoa1801946
http://doi.org/10.1016/S0140-6736(16)00587-0
http://doi.org/10.1016/j.ccell.2018.03.018
http://www.ncbi.nlm.nih.gov/pubmed/29657128

Int. J. Mol. Sci. 2021, 22, 6536 10 of 10

43.

44.

45.

46.

Gazdar, A.F; Bunn, PA.; Minna, J.D. Small-cell lung cancer: What we know, what we need to know and the path forward. Nat.
Rev. Cancer 2017, 17, 725-737. [CrossRef] [PubMed]

Park, S.; Lee, H.; Lee, B.; Lee, S.H.; Sun, ].M.; Park, W.Y.; Ahn, ]J.S.; Ahn, M.].; Park, K. DNA Damage Response and Repair
Pathway Alteration and Its Association With Tumor Mutation Burden and Platinum-Based Chemotherapy in SCLC. J. Thorac.
Oncol. 2019, 14, 1640-1650. [CrossRef] [PubMed]

Hellmann, M.D.; Callahan, M.K.; Awad, M.M.; Calvo, E.; Ascierto, PA.; Atmaca, A.; Rizvi, N.A.; Hirsch, ER.; Selvaggi,
G.; Szustakowski, ].D.; et al. Tumor Mutational Burden and Efficacy of Nivolumab Monotherapy and in Combination with
Ipilimumab in Small-Cell Lung Cancer. Cancer Cell 2018, 33, 853-861. [CrossRef] [PubMed]

Horn, L.; Mansfield, A.S.; Szczesna, A.; Havel, L.; Krzakowski, M.; Hochmair, M.J.; Huemer, F.; Losonczy, G.; Johnson, M.L.;
Nishio, M.; et al. Impower 133 Study Group. First-Line Atezolizumab plus Chemotherapy in Extensive-Stage Small-Cell Lung
Cancer. N. Engl. |. Med. 2018, 379, 2220-2229. [CrossRef]


http://doi.org/10.1038/nrc.2017.87
http://www.ncbi.nlm.nih.gov/pubmed/29077690
http://doi.org/10.1016/j.jtho.2019.05.014
http://www.ncbi.nlm.nih.gov/pubmed/31125737
http://doi.org/10.1016/j.ccell.2018.04.001
http://www.ncbi.nlm.nih.gov/pubmed/29731394
http://doi.org/10.1056/NEJMoa1809064

	Introduction 
	Etiopathogenesis of Lung Cancer 
	Biomarkers Used in Patient Selection for Treatment with Immune Checkpoint Inhibitors 
	Role of Tumor Mutation Burden (TMB) 
	TMB Definition 
	TMB Detection 
	TMB Pitfalls 
	TMB in Clinical Practice 

	Data on Lung Cancer Trials 

	Conclusions 
	References

