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Introduction

Tumor mutational burden (TMB) has emerged as a 
promising predictive biomarker for immunotherapy 
with checkpoint inhibitors in non-small cell lung cancer 
(NSCLC) and other tumor types. While whole exome 
sequencing (WES) is widely considered the gold standard 
for measurement of TMB, performance of WES from 
tumors of patients with cancer is currently impractical for 
multiple reasons. Comprehensive genomic profiling (CGP) 
based on next-generation sequencing (NGS) technology 
has offered a practical estimate of TMB from the whole 
exome in the clinical setting. Checkpoint inhibitors are 

currently being evaluated in several thousand trials both 
alone and in combination, covering nearly all tumor types. 
The vast majority of these incorporate both established and 
exploratory correlative biomarker studies for prediction 
of response and are more commonly phase I or II studies 
treating dozens not 100 s of patients. Given this, the need to 
define and standardize key parameters of the most promising 
biomarkers becomes essential to allow all stakeholders to 
make meaningful observations and inferences as to the 
efficacy of ostensibly similar agents and combinations in 
various settings. This review briefly summarizes approaches 
to measurement of TMB and ongoing efforts to achieve 
harmonization of this key biomarker.
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Background and rationale for studying TMB

The response rates for checkpoint inhibitor monotherapies 
remain low (approximately 20%) in unselected patient 
populations in most cancer types, and the cost of these 
therapies remains high, at approximately $150,000 per 
patient per year (1). Therefore, biomarkers that predict 
which patients are most likely to benefit from immune 
checkpoint inhibitors are a critical unmet medical need 
for the clinical management of patients with cancer. 
Unfortunately, identifying patients whose tumors will 
respond to immunotherapy has proved challenging. 
Programmed death ligand (PD-L1) immunohistochemistry 
(IHC) has become a standard of care for categorizing 
patients who may benefit from immunotherapy. However, 
PD-L1 IHC has a number of weaknesses including: 
multiple antibody clones utilized in clinical trials, such as 
the Dako 22C3, Dako 28-8 and the Ventana SP142, varied 
scoring methodologies [e.g., tumor proportion score (TPS) 
and combined positive score (CPS), with Dako 22C3] and 
inter- and intra-tumor, pathologist and lab variability. Aside 
from the technical caveats, a “positive” PD-L1 result does 
not always provide an effective stratification of patients 
based on response to immunotherapy.

Efficacy of checkpoint inhibitors is predicated on many 
host, tumor and microenvironment characteristics, some 
of which remain incompletely understood. However, the 
hypothesis that increased TMB is correlative with an 
increased probability of expressing a sufficient number of 
immune reactive neo-antigens, which are necessary but 
not always sufficient for efficacy of checkpoint inhibition 
is not new and at least in part, this theory has been tested 
clinically by evaluating TMB as a continuous variable 
(2,3). Additionally, a number of studies have now shown 
that higher TMB is associated with better outcomes across 
a number of tumor types including NSCLC, colorectal 
cancer (CRC), bladder and melanoma, among others (4-15). 

Assessment and reporting of TMB

The initial standard approach for assessing TMB involved 
WES analysis of matched tumor tissue and normal 
specimens using NGS (5,7,13,14). However, WES requires 
high coverage sequencing of ~50 Mb of genomic content, 
and thus, is cost prohibitive for routine clinical use in 
oncology at present. Additionally, the current standard 
turnaround-time for WES analysis is 4–6 weeks due to 
the intense sequencing and analyses required. As a result, 

targeted NGS panels to assess TMB have been developed, 
which are more cost effective and have a lower turn-around 
time than WES. Several studies have explored the use of 
NGS panels rather than WES to assess different diseases 
including NSCLC (2), melanoma (11), bladder cancer (12), 
hyper-mutated pediatric glioblastoma (15), CRC (10), and 
a broader pan-tumor study that demonstrated retrospective 
clinical validity across more than 20 tumor types (3). 

Variabi l i ty  in calculat ing TMB can ar ise  from 
different platforms that have unique targeted panels and 
technologies, therefore it is critical to harmonize methods 
for TMB calculation and reporting by establishing clear 
standardization guidelines that incorporate consistent 
methods that describe both the analytical validation 
requirements and suggest consistent methods for 
establishing clinical validation. TMB is derived from 
CGP utilizing a sophisticated algorithm to account for 
the smaller subset of the exome assessed. For example, 
Foundation Medicine incorporates both nonsynonymous 
and synonymous base substitutions and short insertion and 
deletion alterations in the calculation. Synonymous base 
substitutions are assumed not to generate neo-antigens, but 
when correlated with nonsynonymous base substitutions 
improve sensitivity and are potentially reflective of a more 
immunogenically reactive tumor state. Additionally, known 
somatic alterations in the COSMIC database, truncations 
in tumor suppressor genes and germline alterations are also 
filtered out to reduce bias. This approach for calculating 
TMB has been reviewed by Food and Drug Administration 
as part of the FoundationOne CDx platform and approved 
as an analytic claim (16).

CGP utilizing a broad panel, such as FoundationOne 
CDx, has demonstrated high statistical concordance with 
TMB measured from WES. An analysis was conducted 
using a direct comparison of TMB between WES and 
the FoundationOne CDx, which uses approximately  
0.8 Mb of coding region to calculate TMB, on 44 NSCLC 
specimens from CheckMate-026. Results from a scatter 
plot of TMB values between WES- and CGP-derived 
TMB yielded a Pearson’s correlation of 0.95 and an overall 
agreement in the TMB calculation based on the cutoff of 
10 mutations/Mb of 86% (17). Furthermore, Chalmers 
and colleagues reported that a key determinant for the 
accuracy of the CGP-based TMB measurement is the 
number of megabases (Mb) sequenced in the genome, and 
that sequencing approximately 1.1 Mb across 315 genes 
resulted in a TMB estimate that was similar to the reference 
standard of WES (R2=0.74) (18). The study also estimated 
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that sampling approximately 0.5 Mb or less resulted in an 
unacceptable degree of difference from the WES reference 
standard, suggesting that more limited assays may result in 
an inaccurate TMB calculation.

As there are a number of CGP assays that measure 
TMB currently marketed or under development, validation 
across multiple dimensions will be critical to establish 
the analytical performance and clinical utility, allowing 
improved interpretation of clinical trial results and 
agents, which appear to be mechanistically quite similar. 
In silico accuracy against WES should not be considered 
sufficient, but other performance metrics such as precision 
of the TMB cutoff, limit of detection according to the 
minimum tumor purity, and empirical accuracy against a 
gold standard, such as WES, should be established for any 
TMB platform currently being evaluated as a companion 
diagnostic. In addition, alignment against a universal set of 
reference standards will ensure consistency of calculating 
TMB across platforms and should be considered an essential 
parameter of an analytic validation plan. 

TMB has emerged as a biomarker that is distinct from 
PD-L1 IHC and addresses many of its shortcomings. 
TMB’s inherent advantages arise from its quantitative 
nature, which avoids the need for human interpretation and 
can be standardized, avoiding the confusion of antibody 
choice and interpretation variability. Also, to avoid the 
same weaknesses the befell PD-L1 IHC, there are efforts 
by Friends of Cancer Research, the FDA, and key industry 
leaders to agree on a standard methodology to assess and 
report TMB (19). 

Steps for the harmonization of TMB: analytic and 
clinical validation

Harmonization of TMB requires agreeing on best 
practices that establish consistent performance through 
analytic validation studies, which at a minimum require 
demonstrating accuracy, precision, and limit of detection. 
An additional essential component includes alignment of 
the TMB calculation against a universal set of reference 
standards to ensure consistency of reporting across different 
technological platforms. In order to promote harmonization 
around TMB analytic validation and reference standard 
alignment, a consortium of industry, academia, policy 
makers and regulatory agencies, including the FDA, led by 
Friends of Cancer Research aims to propose best practices 
by publishing industry accepted standards. The aim of 
the consortium is to develop a consistent methodology 

and to publish these methodologies prior to approval of 
TMB as a companion diagnostic, which will accelerate the 
broad adoption of this biomarker and further necessitate 
standardization requirements. Ultimately, the findings 
obtained by the consortium will shape the requirements for 
demonstrating analytic validation of TMB, guide the clinical 
application and inform the development of prospective 
studies where TMB is used as a companion diagnostic. 
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