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Introduction

The introduction of cancer immunotherapy for the 
treatment of non-small cell lung cancer (NSCLC) has 
revolutionized treatment algorithms for advanced and 
metastatic patients and has massively improved survival 

rates for certain groups of patients. Pembrolizumab, a 

PD-1 blocking monoclonal antibody (mAB), has been 

approved by the Food and Drug Administration (FDA) 

for first-line treatment of NSCLC patients with a PD-

L1 tumor proportion score >50% and in second-line 
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treatment for patients with PD-L1 expression >1% (1). 
Additionally, it was recently shown to be beneficial in 
first-line treatment, irrespective of PD-L1 expression, 
when administered in combination with pemetrexed or 
carboplatin (2,3) and was consequently approved by the 
FDA as a first-line treatment (4). Additionally, nivolumab, 
another PD-1 blocking mAB, has been approved for 
the second line treatment of metastatic NSCLC after 
failed chemotherapy for patients with PD-L1 expression  
>1% (5). Furthermore, atezolizumab (an anti-PD-L1 mAB) 
has been approved for second-line treatment of metastatic 
NSCLC (6), and durvalumab (an anti-PD-L1 mAB) was also 
approved for the maintenance therapy of unresected stage III 
NSCLC after successful chemoradiotherapy (7). However, 
while the biological concept of immune checkpoint 
inhibition has been extensively studied, not all aspects of 
immunotherapy are fully understood at present (8). While 
many patients respond to the treatment and show stable 
disease over long periods (9-11), cancer immunotherapy 
is not effective in other patients or is even associated with 
tumor hyperprogression (12). The only biomarker that 
is currently used as surrogate marker for the selection 
of patients eligible for cancer immunotherapy, and 
FDA approved as a companion diagnostic test (CDx), is 
the expression of PD-L1 in tumor cells as detected by 
immunohistochemistry (IHC) (13). However, while all 
currently approved immunotherapy treatments in NSCLC 
target the PD1-PD-L1 interaction, the use of PD-L1 as a 
biomarker has its limitations (13). PD-L1 expression (>1% 
or >5%) has been reported in only 24–60% of NSCLC (14).  
Furthermore, high expression of PD-L1 (>50%) is limited 
to only 25–30% of all NSCLC (15-17) and the objective 
response rate (ORR) was for example only 44.8% in 
the PD-L1 >50% group in the KEYNOTE-024 trial 
which compared first line treatment of pembrolizumab 
in patients with PD-L1 >50% versus chemotherapy (17).  
Consequently, there are currently many challenges 
concerning the effective use of PD-L1 IHC as a biomarker 
to select patients for immunotherapy, and it is imperative 
that we find more robust biomarkers to be used either 
independently or in association with PD-L1 IHC (18,19). 
It has been speculated that the rise of tumor neoantigens 
might trigger the patients’ immune system to attack the 
tumor [(20,21) for review). Thus, it has been postulated that 
the emergence of these tumor neoantigens could serve as 
a predictor of response to cancer immunotherapy (22-24). 
For example, assessment of the tumor mutational burden 
(TMB), defined as the total number of nonsynonymous 

mutations in the coding regions of genes, including small 
indel variants, has recently been proposed to stratify 
patients for cancer immunotherapy (25). 

The aim of this review is to consider the suitability of 
TMB as a novel and strong biomarker for the assessment 
of patients who could be eligible to receive cancer 
immunotherapy in NSCLC and to discuss whether 
TMB is ready for prime-time clinical use. We discuss the 
research supporting the suitability of TMB, as well as the 
opposing evidence that prevents TMB from being currently 
implemented in routine practice.

The pros

TMB is a biomarker of immunotherapy efficiency that is 
independent of PD-L1 IHC expression 

TMB has proven to be an effective and independent 
predictive biomarker of PD-L1 expression in tumors 
(26,27). Response rate, progression-free survival (PFS) as 
well as overall survival (OS) increase with higher TMB 
and were independent of PD-L1 expression as assessed 
by IHC (28). Recent data from the CheckMate-227 trial, 
comparing nivolumab plus ipilimumab with nivolumab 
monotherapy and chemotherapy in the f irst-l ine, 
demonstrated that high-TMB patients (>10 mutations/
Mb) received the greatest benefits in terms of OS (26). This 
clearly confirms the effectiveness of treatment stratification 
based on TMB. Additionally, improved OS (HR =0.59) 
was also seen in patients with low PD-L1 expression 
<1% (26). Simultaneously published results from the 
Keynote-189 trial, comparing first-line pembrolizumab 
treatment with pembrolizumab in combination with 
chemotherapy, demonstrated improved efficacy even in 
low PD-L1 expression patients, highlighting once more 
the urgent requirement for novel PD-L1 independent  
biomarkers (16). However, the strongest responses have 
been seen in patients with both high TMB and high PD-
L1 expression (>50%) and it is therefore currently unclear if 
TMB might be a good addition to existing PD-L1 expression 
analyses or if it might be able to completely replace PD-L1 
testing altogether (26,29,30).

TMB can be efficiently assessed using targeted sequencing 
panels

TMB was initially assessed using whole exome sequencing 
(WES) (25,27,29,31). While this might be suitable and 
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achievable in a research setting, its regular use in routine 
clinical practice would certainly exceed the infrastructural 
capacities of most current molecular pathology laboratories. 
The requirements for data storage and analysis, as well as 
the current costs and sequencing time, would perturb the 
routine workflows of most of the laboratories. Moreover, the 
prolonged turnaround time for results could be unrealistic 
in a routine clinical setting. In this context, various 
targeted sequencing panels have recently been developed 
to efficiently determine TMB, and have shown strong 
correlation with WES (28,32,33). Rizvi et al. demonstrated 
a high correlation (Spearmen ρ =0.86) between WES 
and the Memorial Sloan Kettering-Integrated Mutation 
Profiling of Actionable Cancer Targets (MSK-IMPACT) 
targeted sequencing panel, which targets 468 individual 
cancer-related genes, thereby covering 1.5 Mb of the human 
genome (30). The MSK-IMPACT panel was developed 
in-house at the Memorial Sloan Kettering Cancer Center 
(MSKCC) in New York, USA and was later approved 
by the FDA (34,35). Furthermore, the FDA-approved 
FoundationOne CDx™ (Foundation Medicine, Cambridge, 
USA) targeted sequencing panel, covering 324 individual 
genes across 1.1 MB of the genome also highly correlates 
with TMB as assessed by WES (29,31). This panel was 
successfully used for the stratification of 1,004 patients in 
the CheckMate-227 trial (26). However, the correlation 
between WES and targeted sequencing panels appears to 
be limited to panels covering large genomic regions and 
is unfortunately lost in more focused gene panels (32). 
Furthermore, the MSK-IMPACT panel is a single-site assay 
[meeting the FDA requirements as Laboratory Developed 
Test (LDT)] and thus not commercially available, while the 
FoundationOne CDx is a service offered by Foundation 
Medicine (Cambridge, USA), where samples must be sent 
to their testing centers. Consequently, both panels preclude 
in-house use and assessment. Thermo Fisher Scientific 
(Waltham, USA) has developed the Oncomine Tumor 
Mutation Load Assay, a targeted sequencing panel covering 
407 individual genes with 1.7 Mb of coverage, which has 
been developed for their Ion Torrent platforms (35). In 
theory this would allow the direct assessment of TMB and 
druggable mutations in any molecular pathology laboratory 
and might be more easily integrated into existing workflows. 
Moreover, the development of this sequencing panel might 
decrease the turnaround time for results and reduce costs. 
Therefore, it is important to determine how this panel will 
perform in a real-life clinical setting and how its results 
correlate with competing assays for the stratification of 

patients for cancer immunotherapy. In addition to the 
assays described above, further market fragmentation is to 
be expected due to the development of a plethora of new 
sequencing panels. Consequently, while the use of larger 
targeted sequencing panels will certainly expand labor 
requirements and increase costs, they remain relatively easy 
to implement in a routine molecular pathology workflow. 
Such panels could therefore be used as standard tool in 
the initial mutational assessment of each NSCLC patient. 
The implementation of TMB evaluation using targeted 
sequencing panels will be relatively straightforward and is 
expected to lead to rapid distribution and high prevalence 
among clinical testing centers. 

The cons

While  the  promis ing  resu l t s  o f  CheckMate-227 
certainly demonstrate the relevance of TMB in cancer 
immunotherapy, there are currently several reasons why 
TMB might not have been ready for prime-time clinical use 
until now. 

Availability of tumor material might limit the use of TMB 
in clinical routine practice

Large sequencing panels are required for TMB assessment 
and these panels necessitate larger amounts of tumor 
material (e.g., tumor DNA). The FoundationOne CDx test 
requires at least 10 unstained FFPE slides with a tumor cell 
content greater than 20% to be submitted to the testing 
center (36), because at least 50 ng and >500× coverage 
of tumor DNA is required to get reliable results (37). 
Importantly, in contrast to the other sequencing panels, the 
FoundationOne definition of TMB includes synonymous 
mutations (26), which, in contrast, are filtered out in the 
MSK-IMPACT panel (37). Similarly, the MSK-IMPACT 
panel requires 5–20 unstained FFPE sections with a tumor 
cell content >10% (34), while the Thermo Fisher Oncomine 
Tumor Mutation Load Assay requires a DNA input of 20 
ng (35). This is still higher than the minimal 10 ng input for 
the CE-IVD Oncomine Solid Tumor DNA panel and might 
decrease the ratio of samples that are eligible for TMB 
assessment. However, a minimum percentage of tumor cells 
had not previously been specified until now for this panel. 
Especially in late stage NSCLC, small biopsies are usually 
the main tissue source for tumor analysis. In this context, 
the limited amounts of tumor DNA obtained following a 
conventional biopsy or a fine needle biopsy might make 
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the TMB assessment challenging or even impossible, 
regardless of whether it is conducted independently or 
in association with the assessment of the gene panel for 
druggable mutations (38). Additionally, it could be also very 
challenging to assess TMB in bronchial or transthoracic 
biopsies showing a low percentage of tumor cells or from 
large necrotic or inflamed areas (39). Interestingly, TMB 
assessment in ctDNA has been shown to correlate strongly 
with tissue-derived TMB status (40-43). However, ctDNA 
studies also revealed some differences in TMB between 
primary and metastatic tissue, which might interfere with 
precise TMB assessment (43). However, only preclinical 
studies have been published thus far, precluding its use in 
routine clinical assessment. Moreover, the quantity and the 
quality of ctDNA is certainly the main current impediment 
to producing systematically robust TMB results in advanced 
or metastatic NSCLC patients. Interestingly, the interim 
results for the B-F1RST study, analyzing blood-based TMB 
for the stratification of atezolizumab in first line therapy 
for NSCLC showed promising results (44). Blood-based 
TMB correlated well with treatment response to first-line 
atezolizumab therapy. 

In contrast, less material is required for the assessment 
of PD-L1 expression in tumor cells and various sources 
can be used for this assessment (13,39). Only 100 tumor 
cells are required to meet the cutoff established for PD-
L1 IHC assessment (45). In this context, even if the PD-
L1 immunocytochemistry (ICC) is currently not validated 
as a CDx (in contrast to IHC), it can probably be used as a 

predictive biomarker on cell blocks containing more than 
100 tumor cells (46). 

TMB currently serves as a complementary diagnostic 
tool but it might not have yet the power to replace PD-L1 
IHC testing. Thus, while TMB could improve therapeutic 
stratification and might help to select the right patient 
for the right therapy at the right time, it will certainly 
increase diagnostic complexity, costs and might delay 
time to diagnosis and patient care. Additionally, it will not 
be suitable for all patients and limited sample resources 
might prevent TMB assessment in a significant number of 
patients.

Absence of standardization prevents comparability between 
assays

The greatest challenge to the implementation of TMB in 
routine clinical practice is the absence of standardization 
between the different tests. While the terms “low TMB” 
or “high TMB” are commonly used, there is not a 
clear definition of either term (Table 1). Initially, TMB 
stratification was performed using the 50% percentile or 
by expanding this strategy to other percentiles, as well 
as other defined standards (26,30,48). However, there 
is no biological justification for such stratification and 
hypermutated patients might interfere with the percentile-
based separation. Interestingly, Hellman et al. used a 
receiver operating characteristic curve (ROC curve) to 
determine the best cut-off for TMB-based stratification 

Table 1 Definitions of “high” TMB 

Study/reference Technique Definition of high TMB (method of determination)

Hellmann et al. 2018 (29) WES ≥158 mutations (median)

Hellmann et al. 2018 (CheckMate 227) (26) FoundationOne CDx ≥10 mutations/Mb (ROC)

Rizvi et al. 2018 (30) MSK-IMPACT ≥7.4 mutations/Mb (median)

Kowanetz et al. 2017 (47) FoundationOne ≥13.5 mutations/Mb (75th percentile; first-line 
treatment)

≥17.1 mutations/Mb (75th percentile; second-line# 
treatment)

Chalmers et al. 2017 (31) FoundationOne CDx ≥20 mutations/Mb (?¶)

Carbone et al. 2017 (CheckMate 026) (27) WES ≥243 mutations (?¶)

Rizvi et al. 2015 (25) WES ≥209 mutations (median)
¶, no information was provided on how the cut-off value was determined; #, second-line treatment or later. WES, whole exome 
sequencing; MSK-IMPACT, Memorial Sloan Kettering-Integrated Mutation Profiling of Actionable Cancer Targets; ROC, receiver operating 
characteristics; TMB, tumor mutation burden; CDx, companion diagnostic test. 
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using the FoundationOne CDx panel (26). This approach 
might be superior to percentile-based stratification as it 
statistically justifies the cut-off point. In the Checkmate-227 
trial, a cutoff of >10 mutations/Mb was determined. This is 
higher notably than the previously used cut-off at the 50% 
percentile, which was determined to be 5–7.4 mutations/Mb 
in NSCLC (28,30,31). Thus, the ROC curve-derived cut-
off value for the FoundationOne panel must be evaluated 
and we must determine if and how this can be transferred 
to other sequencing panels and if a single value can be used 
across all panels.  

Another important aspect to this analysis is that germline 
mutations must be filtered out to avoid false positive 
mutation calls (32). While the MSK-IMPACT panel 
sequences matched healthy tissue (34), computer-based 
methods that filter germline mutations using large databases 
have also been shown to work efficiently (49,50). However, 
it was recently shown that clonal hematopoiesis-derived 
mutations have been detected in many different solid 
tumors with a high prevalence in NSCLC patients (51). As 
this might overestimate the TMB in the tumor, sequencing 
of matched white-blood cells (WBCs) might be necessary 
to avoid miss-classification of patients. Additionally, all 
mutations are currently considered to be equal and the 
assessment and stratification is only performed on the 
quantitative assessment of mutations. However, it has been 
demonstrated that certain mutations, like P53 mutations 
or genomic alterations in the mismatch repair pathway 
(MMR) and homologous recombination pathway (HR) 
might also impact the response to immunotherapy (52-55). 
Furthermore, other features such as STK11 mutations are 
suspected to be strongly correlated with non-responding 
patients (29,30). Consequently, one can speculate that 
certain mutations might have a greater influence than 
others within the TMB range and that patients with fewer 
but potentially more relevant mutations might respond 
better than patients who have a higher TMB but with fewer 
mutations in certain crucial loci, such as MMR or HR 
genes. This would certainly further increase the complexity 
of stratification and could hinder full market penetration. 

Additionally, sequencing panels for TMB assessment 
would require the CE-IVD certification in Europe to 
guarantee the highest quality and to maintain minimal 
inter-assay variability. This is a mandatory step to allow 
the implementation in accredited molecular pathology 
laboratories (56) and would require either external quality 
assessment (EQA) or validation by larger European ring 
studies. However, both are currently lacking and therefore 

it is urgent that this process has been initiated. 

Conclusions

TMB has been shown to be a promising, effective and 
independent biomarker for the stratification of cancer 
immunotherapy, where it meets an important need in 
current routine practice in pathology. The development 
of novel targeted sequencing panels has been shown to 
efficiently replace previously performed WES. Additionally, 
this al lows the determination of TMB for cancer 
immunotherapy and the search for druggable mutations 
at the same time and might therefore lead to its rapid 
implementation in current workflows.

However, TMB in targeted panels has only been assessed 
with the MSK-IMPACT and the FoundationOne CDx 
panels in clinical practice. While the first is an LDT and 
not a commercially available test, the latter requires the 
submission of each patient’s sample to external testing 
centers, which might not be acceptable in all countries 
and settings, for example, under the new data protection 
regulations (GDPR) in the European Union (57,58). 
Commercial panels for TMB have been, and will be, 
developed in the future, risking a complicated market 
fragmentation that might hinder its fast and universal 
implementation in daily practice. A similar situation 
occurred recently with the onset of multiple clones of PD-
L1 for IHC, some of which have been used as an LTD while 
others are used as a CDx (13). Finally, only comparative 
studies derived from clinical trials with different TMB 
panels will demonstrate the relative efficiency of these 
panels and their capacity to act as predictive biomarkers.

The requirement for significant amounts of sample 
material might be another possible hurdle for routine 
implementation, where the amount and the quality of 
sample material is typically less controlled than in clinical 
trials. For example, only 58% of the samples in the 
CheckMate-227 trial met the minimum requirements for 
TMB assessment (26).

Finally, routine clinical TMB assessment is yet to be 
standardized and evidence-based stratification according 
to the mutational load is not yet sufficiently refined 
and tested. TMB is certainly a promising biomarker in 
cancer immunotherapy for NSCLC patients but current 
limitations have to be overcome to prepare it for prime-
time clinical use. Further clinical trials must be performed 
to resolve these open questions and the technical workflow 
must be standardized to allow for the robust comparison of 
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patients between laboratories and clinical centers. 
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