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Abstract
Characterization of tumors utilizing next-generation sequencing methods, including assess-

ment of the number of somatic mutations (tumor mutational burden [TMB]), is currently at

the forefront of the field of personalized medicine. Recent clinical studies have associated

high TMB with improved patient response rates and survival benefit from immune check-

point inhibitors; hence, TMB is emerging as a biomarker of response for these immunother-

apy agents. However, variability in current methods for TMB estimation and reporting is

evident, demonstrating a need for standardization and harmonization of TMB assessment

methodology across assays and centers. Two uniquely placed organizations, Friends of Can-

cer Research (Friends) and the Quality Assurance Initiative Pathology (QuIP), have collabo-

rated to coordinate efforts for international multistakeholder initiatives to address this

need. Friends and QuIP, who have partnered with several academic centers, pharmaceutical

organizations, and diagnostic companies, have adopted complementary, multidisciplinary

approaches toward the goal of proposing evidence-based recommendations for achieving

consistent TMB estimation and reporting in clinical samples across assays and centers. Many

factors influence TMB assessment, including preanalytical factors, choice of assay, and

methods of reporting. Preliminary analyses highlight the importance of targeted gene panel

size and composition, and bioinformatic parameters for reliable TMB estimation. Herein,

Friends and QuIP propose recommendations toward consistent TMB estimation and report-

ing methods in clinical samples across assays and centers. These recommendations should

be followed to minimize variability in TMB estimation and reporting, which will ensure reli-

able and reproducible identification of patients who are likely to benefit from immune

checkpoint inhibitors.
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1 | TUMOR MUTATIONAL BURDEN AS A
BIOMARKER OF RESPONSE TO IMMUNE
CHECKPOINT INHIBITORS

Tumor mutational burden (TMB) is the total number of somatic muta-

tions in a defined region of a tumor genome and varies according to

tumor type as well as among patients.1–4 For some tumors, particu-

larly those with high TMB, such as melanoma and lung cancers, evi-

dence is emerging for the association of TMB with neoantigen

load.2–5 Neoantigens are novel tumor cell surface epitopes, some of

which can be recognized as foreign to the body by the immune sys-

tem, resulting in increased T-cell reactivity and thereby leading to an

antitumor immune response (Figure 1).1,4,6–9 Immune checkpoint

inhibitors enhance antitumor T-cell activity via inhibition of immune

checkpoint molecules, such as programmed death-1/programmed

death ligand-1 (PD-1/PD-L1) and cytotoxic T lymphocyte antigen-4

(CTLA-4), which negatively regulate T-cell activation and contribute to

tumor immune response evasion.10–12 Therefore, for some tumor

types, neoantigen load or TMB may be a suitable clinical biomarker to

guide treatment decisions for immune checkpoint inhibitors. While

not all mutations result in immunogenic neoantigens and determining

which mutations are likely to induce immunogenic neoantigens

remains a challenge, TMB represents a quantifiable measure of the

number of mutations in a tumor that can be used to inform treatment

selection.4 Clinical data demonstrating that patients with tumors that

have high neoantigen load or high TMB are more likely to achieve clin-

ical benefit from treatment with immune checkpoint inhibitors are

accumulating.1,13–15

Investigation of TMB as a biomarker of response to immune

checkpoint inhibitors has increased over recent years. These studies

have identified an association between elevated TMB and improved

patient outcomes in response to anti-PD-1/PD-L1 and anti-CTLA-4

therapies in multiple tumor types.16–25 Most studies to date have

investigated the association of patient outcomes and TMB in patients

with non-small cell lung cancer (NSCLC). Other studies have assessed

this association in patients with melanoma, squamous cell carcinoma

of the head and neck, small cell lung cancer, and urothelial carcinoma.

Data from retrospective or exploratory analyses indicate that TMB

may be an independent biomarker for clinical efficacy of PD-1/PD-L1

and CTLA-4 inhibitors.16–20,24,26–29 These observations were recently

corroborated in clinical studies in patients with NSCLC treated with

nivolumab in combination with ipilimumab and with atezolizumab,

where high TMB (defined as ≥10 mutations per megabase [mut/Mb]

and ≥14 mut/Mb, respectively) was prospectively assessed as clini-

cally predictive for increased progression-free survival.21,23 The esca-

lation of published studies in 2017 and 2018 compared with previous

years demonstrates the increased awareness of assessing TMB as a

predictive marker for response to immune checkpoint inhibitors, a

trend that is set to continue.

2 | THE FUTURE CLINICAL LANDSCAPE
OF TMB

Alongside data from published studies demonstrating the association

of TMB and response to immune checkpoint inhibitors, additional

ongoing and planned clinical trials with a key TMB component in their

design are emerging.16–25,30 A search of the United States-focused

ClinicalTrials.gov database (search terms “tumor mutation burden”,

“tumor mutational burden”, “tumor mutation load”, “tumor mutational

load” [performed July 26, 2018]) demonstrates that the number of tri-

als with key TMB components (defined as TMB assessment listed

under study description, study design, outcome measures, or eligibility

criteria) has greatly increased from 1 in 2014 to 35 in 2017, and the

data for the first half of 2018 continue to follow the trend (14 trials

from January 1 to July 26, 2018). Fifty-four trials were identified in

the search, which have a total estimated enrollment of over 11 000

patients, and their projected primary completion dates suggest that

patient TMB data will continue to accumulate through 2019 and

beyond. Of the 54 trials, 37 investigate immune checkpoint inhibitors

and TMB, and findings show that integration of TMB as a biomarker

for response to immune checkpoint inhibitors in clinical trials is diver-

sifying from mostly melanoma and NSCLC trials into a range of other

tumor types, including endometrial, colorectal, urothelial, and breast

cancers.25 These findings underlie expectations that diagnostic assess-

ment of TMB could provide benefit across many tumor types. Fur-

thermore, as is common in the field of precision medicine, TMB

assessment can be included in clinical trials as part of multiparameter

assessments encompassing potential protein, DNA, and RNA bio-

markers. While TMB represents one aspect of the genomic landscape,

whole genome or exome and RNA sequencing may reveal functional

aspects of the tumor profile, such as targetable gene mutations and/or

fusions, and assessment of protein markers in the tumor microenvi-

ronment may provide additional information. Therefore, multiomic

analyses may provide a more complete patient biomarker profile for

guiding treatment decisions. Indeed, other biomarkers commonly

investigated alongside TMB include PD-L1, microsatellite instability

(MSI) or deficient mismatch repair, and immune signatures.31

FIGURE 1 TMB association with the antitumor response.

Abbreviations: CD8, cluster of differentiation 8; MHC, major
histocompatibility complex; NK, natural killer; TCR, T-cell receptor

STENZINGER, ALLEN ET AL. 579

http://clinicaltrials.gov


The increase in integration of TMB assessment in ongoing and

upcoming clinical trials investigating immune checkpoint inhibitors dem-

onstrates increased awareness of TMB as a potential clinical biomarker

for guiding patient treatment decisions and identifying patients likely to

benefit from these therapies. It also brings to the forefront the crucial

need for clinicians to be aware of different TMB methodologies and

reporting so that they may make informed clinical decisions.

3 | THE NEED FOR STANDARDIZATION
AND HARMONIZATION OF TMB
ASSESSMENT IN CLINICAL SAMPLES

TMB is most commonly measured by assessing formalin-fixed, paraffin-

embedded (FFPE) tissue samples using next-generation sequencing

(NGS) methods, whole genome sequencing (WGS), whole exome

sequencing (WES), and various targeted gene panels. With advances in

technology enabling targeted gene panel assays to be performed more

affordably, with quick turnaround times, and with increased assay

sensitivity that enables analyses of small biopsy samples or those with

low tumor cellularity, such assays are increasingly being used to assess

TMB, MSI status, and other genomic biomarkers.4,32,33 The FDA recently

granted the genomic profiling assays FoundationOne CDx and MSK-

IMPACT approval and authorization, respectively, as tests for actionable

mutations, copy number alterations, and fusions in solid tumors.33–36

Although not yet approved for such use in the clinical setting, these

assays can be used for TMB assessment. Furthermore, several targeted

gene panel assays are currently being developed and validated by diag-

nostic companies and academic institutes, including some specific for

TMB assessment in blood.

The increase in TMB assessment by various methods has brought

with it a confusing array of information that documents how TMB has

been determined and reported. The wide variation in TMB estimation

and reporting methods across studies that have already been published

demonstrates an evident lack of standardization and harmonization

of current TMB assessment methods (Table 1).16–24,26–29,37–39 These

extensive differences may arise from the theoretic framework, techni-

cal methods applied, and the way that TMB data are reported, and will

be described in more detail in the later sections of this article.

Together, the increased interest in using TMB to select patients

who will most likely benefit from immune checkpoint inhibitors,

increased integration of TMB assessment in ongoing clinical trials, and

variability in current TMB assessment methods can create confusion

for physicians and may influence critical treatment decisions. Further

investigation is warranted to assess how these methods compare with

one another and highlights the need for standardization and harmoni-

zation efforts for TMB estimation and reporting across assays and

centers.4,40–42 Standardization of TMB assessment methodology will

ensure consistency of TMB estimation and reporting across assays

and centers, and harmonization will enable TMB score to be more

accurately compared across assays and centers. It has been recog-

nized that the need for standardized and harmonized methodology for

clinical assays can be addressed by the collaborative efforts of accre-

dited agencies, pathologists, and oncologists. Here, we describe the

critical and timely initiatives of two international organizations,

Friends of Cancer Research (Friends) and Quality Assurance Initiative

Pathology (QuIP), which have collaborated to coordinate efforts to

address this need for standardized and harmonized TMB estimation

and reporting in clinical samples. Friends and QuIP are well placed to

coordinate the international multistakeholder initiatives to understand

the differences in TMB assessment methodology and propose

approaches that will standardize and harmonize TMB assessment

across assays and centers globally.

4 | FRIENDS AND QuIP TMB
STANDARDIZATION AND HARMONIZATION
INITIATIVES

The international collaboration between Friends and QuIP has been

initiated to propose recommendations for achieving consistency in

TMB estimation and reporting in clinical tissue samples across differ-

ent assays, platforms, and centers (Figure 2A). Using multidisciplinary

approaches, Friends and QuIP review the current methods of TMB

assessment in FFPE samples and propose recommendations on how

to standardize them (Figure 2B). These recommendations will inform

the oncology community (including diagnostic companies, patholo-

gists, clinicians, and the pharmaceutical industry) of best practices for

TMB assessment in FFPE samples and ultimately will improve patient

care by guiding treatment decisions and enabling maximum clinical

benefit for patients.

Friends is a nonprofit and patient advocacy organization, founded

in 1996 and based in Washington, DC, that drives collaboration

between partners across diverse healthcare sectors to drive advances

in science, policy, and regulation that advance treatments in patients.

The organization has been instrumental in the development and

implementation of policies that ensure patients quickly receive the

best treatments in the safest way possible. QuIP, founded in 2004, is

a joint venture between the German Society of Pathology and the

German Pathologists' Association, encompassing specialists from the

fields of pathology, quality management, administration, and market-

ing/public relations, that provides and studies pathological testing ser-

vices. The organization values continued education and training for

pathologists and the highest standards of quality assurance to ensure

that patients receive optimal personalized treatment. Friends and

QuIP are therefore uniquely positioned to perform these collaborative

initiatives and provide evidence-based recommendations for reliable

and reproducible TMB assessment in clinical samples across assays

and centers.

Friends and QuIP have partnered with a number of academic

institutes and diagnostic and pharmaceutical companies, bringing

together key experts from diverse backgrounds from around the

world, including pathologists, bioinformaticians, physicians, drug spon-

sors and regulators, diagnostic assay developers, patient advocates,

and healthcare policy advisors, to achieve the coordinated goal of pro-

posing recommendations for TMB assessment in FFPE clinical samples

(Figure 2A).43,44 Complementary analytical and clinical approaches

have been adopted by the two organizations to provide a breadth of

data to ensure that the recommendations proposed by Friends and

QuIP are robust and evidence based (Figure 2B). For in silico analyses,
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both Friends and QuIP have utilized publicly available data from The

Cancer Genome Atlas to compare TMB values derived using WES,

which is currently considered as the gold standard for calculating

TMB, with those calculated using targeted gene panels. Both these

approaches have focused on identifying factors that contribute to var-

iation in TMB calculation and harmonizing bioinformatic pipelines.

TABLE 1 Methodology for published key trials demonstrating TMB as a biomarker of clinical response to immune checkpoint inhibitors

Study name
(NCT number)

Tumor type and
therapy agent Methodology Reporting

Cutoff for
high TMB

KEYNOTE-00116

(NCT01295827)
NSCLC
Pembrolizumab

WES
• SureSelect All Exon v2
• Illumina HiSeq 2000
• VAF = 10%

Somatic coding
nonsynonymous
mutations per exome

≥178 mutations

POPLAR, FIR, and BIRCH17

(NCT02031458
NCT01846416
NCT01903993)

NSCLC
Atezolizumab

FoundationOne assay4

• 315 genes assessed
• 1.1 Mb coverage

Somatic coding SNVs
(synonymous
and nonsynonymous) and
indels per megabase

≥75th percentile
(≥13.5 mut/Mb for
first line and ≥17.1
mut/Mb or ≥15.8
mut/Mb for second
line populations)

CheckMate 02618

(NCT02041533)
NSCLC
Nivolumab

WES
• AllPrep DNA isolation

(tumor tissue)/QIAamp
DNA isolation (blood)

• SureSelect All Exon v5
• Illumina HiSeq 2500

Total somatic missense
mutations per sample
(tumor and blood)

Upper tertile
(≥243 mutations)

KEYNOTE-012 and
KEYNOTE-02819,29

(NCT01848834
NCT02054806)

Solid tumors
Pembrolizumab

WES
Details not specified

Somatic coding
nonsynonymous
mutations per exome

≥102 mutations

IMvigor 21026,27

(NCT02108652)
UC
Atezolizumab

FoundationOne assay-based panel
• 315 genes assessed

Somatic coding
SNVs (synonymous
and nonsynonymous) and
indels per megabase

>16 mut/Mb

POPLAR and OAK20,24

(NCT01903993
NCT02008227)

NSCLC
Atezolizumab

bTMB assay (based on the
FoundationOne assay)24

• 394 genes assessed
• 1.1 Mb coverage
• Illumina HiSeq 4000
• VAF ≥0.5%

Total somatic SNVs
(synonymous
and nonsynonymous)
per assay

≥14 mut/Mb

CheckMate 03238

(NCT01928394)
SCLC
Nivolumab ± ipilimumab

WES
• AllPrep DNA isolation (tumor

tissue)/QIAamp DNA
isolation (blood)

• SureSelect All Exon v5
• Illumina HiSeq 2500

Somatic missense
mutations per exome

Upper tertile
(≥248 mutations)

CheckMate 01228

(NCT01454102)
NSCLC
Nivolumab + ipilimumab

WES
• SureSelect All Exon v2, v4,

or Nextera Rapid Capture
Exome kit

• Illumina HiSeq 2000,
2500, or 4000

• VAF = 5%

Nonsynonymous mutations
(SNVs or indels) per exome

Upper tertile (not
specified), median
(>158 mutations),
or upper quartile
(≥307 mutations)

CheckMate 03839

(NCT01621490)
Melanoma
Nivolumab ± ipilimumab

WES
• SureSelect All Exon v2
• Illumina HiSeq 2000 or 2500
• Allele read count ≥5

Nonsynonymous mutations
(SNVs or indels) per exome

100 mutations

CheckMate 27537

(NCT02387996)
UC
Nivolumab

WES
• Details not specified

Somatic missense
mutations per tumor

Upper tertile
(≥167 mutations)

CheckMate 227 and
CheckMate 56821,22

(NCT02477826
NCT02659059)

NSCLC
Nivolumab

and ipilimumab

FoundationOne CDx assay34

• 324 genes assessed
• 0.8 Mb coverage
• Illumina HiSeq 4000
• VAF = 5%

Somatic SNVs (synonymous
and nonsynonymous)
and indels per megabase

≥10 mut/Mb

B-F1RST23,24

(NCT02848651)
NSCLC
Atezolizumab

bTMB assay (based on
FoundationOne)

• 394 genes assessed
• 1.1 Mb coverage
• Illumina HiSeq 4000
• VAF ≥0.5%

Total somatic SNVs
(synonymous
and nonsynonymous)
per assay

≥14 mut/Mb

Abbreviations: bTMB, blood tumor mutational burden; indels, short insertions and deletions; mut/Mb, mutations per megabase; NSCLC, non-small cell lung
cancer; SCLC, small cell lung cancer; SNV, single nucleotide variant; TMB, tumor mutational burden; UC, urothelial carcinoma; VAF, variant allele frequency;
WES, whole exome sequencing
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Both organizations will then develop TMB reference standards, with

Friends using commercially available tumor cell lines and QuIP using

clinical samples, that will facilitate the alignment of TMB assessed by

WES and by targeted gene panels. As part of clinical analyses, QuIP

will compare TMB assessment across assays and centers to provide

recommendations to minimize interassay and interlaboratory variation

in TMB estimation and reporting. The targeted panel assays being

tested by QuIP include ThermoFisher Oncomine Tumor Mutation

Load Assay, QIAGEN QIAseq Targeted DNA IO Panel, QIAGEN QIA-

seq Targeted DNA Booster Panel, NEO NewOncology NEOplus RUO,

Friends and QuIP TMB Standardization and 

Harmonization Initiative Objectives

• Identify variation between TMB assessed by WES and by 
targeted gene panels

• Create TMB reference standards using WES to facilitate alignment 
of various targeted gene panels

• Assess interassay and interlaboratory variability and identify sources 
of this observed variation

• Develop recommendations to minimize, or account for, variation in 
methods of TMB estimation and reporting, and for TMB cutoff values, 
that will inform and advise best practices for prospective clinical studies

Partners:

Diagnostic
• ACT Genomics Company, Ltd
• Caris Life Sciences, Inc
• Foundation Medicine, Inc
• Guardant Health, Inc
• Illumina, Inc
• NeoGenomics Laboratories, Inc
• OmniSeq, LLC
• Personal Genome Diagnostics, Inc
• QIAGEN, NV
• Thermo Fisher Scientific, Inc

Academic
• Columbia University, NY 
• Johns Hopkins University, MD
• Memorial Sloan Kettering 

Cancer Center, NY

Pharmaceutical
• AstraZeneca, LP
• Bristol-Myers Squibb Company, Inc
• EMD Serono, Inc
• Genentech, Inc
• Merck & Company, Inc 
• Pfizer, Inc
• Regeneron Pharmaceuticals, Inc

Other
• NIH National Cancer Institute
• precisionFDA
• SeraCare Life Sciences, Inc
• US Food and Drug Administration

Patient Advocacy Organization,
Washington, DC

Partners:

Diagnostic
• Foundation Medicine, Inc
• Illumina, Inc
• NEO New Oncology, AG
• QIAGEN, NV
• Thermo Fisher Scientific, Inc

Academic
• Charité Berlin
• LMU Munich
• Technical University Munich
• University Hospital Cologne
• University Hospital Dresden
• University Hospital Erlangen
• University Hospital Halle (Saale)
• University Hospital Heidelberg
• University Hospital Regensburg 
• University Hospital Zurich

Pharmaceutical
• Bristol-Myers Squibb Company, Inc
• F. Hoffmann-La Roche, AG
• Merck Sharp & Dohme, Ltd

Other
• German Cancer Consortium (DKTK)
• Institute for Hematopathology, 

Hamburg

Quality Assessment Service 
for Pathology, Berlin, Germany

(A)

(B)

In Silico Analysis
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Empirical Analysis

Clinical Analysis
• Correlation of TMB values 

estimated from WES of TCGA 
pan-cancer MC3 samples using a 
uniform bioinformatics pipeline, 
that all members agreed upon, 
to TMB values estimated from the 
subset of the exome restricted to 
the genes covered by targeted panel 
assays using the panel’s 

own bioinformatics pipeline

• Comparison of TCGA TMB assessed by WES with TMB assessed by 
targeted gene panels bioinformatic pipeline

• Bioinformatics analyses to investigate pipeline definition, mutational 
calling, and variant filtering to identify sources of variability contributed by 
gene panel size and composition

• Use of patient-derived tumor cell 
lines to establish a WES analysis-

derived universal reference 
standard that will facilitate the 
alignment of panel-derived 
estimates

• Retrospective analysis of patient 
outcome data in published trials to 

identify TMB cutoff values and 
inform prospective studies

• Comparison of TMB estimates 
from selected tissue (NSCLC 
and SCCHN), using a 

WES analysis-derived reference 
standard, with commercial targeted 
gene panels and lab-developed 
tests at several German academic 

institutions and diagnostic 
companies to evaluate the 
interlaboratory and interassay 
variability

R
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o

m
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FIGURE 2 A, Objectives and partners, and B, methodological approaches adopted for the collaborative Friends and QuIP TMB standardization

and harmonization initiatives. Abbreviations: Friends, Friends of Cancer Research; FDA, Food and Drug Administration; MC3, Multi-Center
Mutation Calling in Multiple Cancers; NSCLC, non-small cell lung cancer; QuIP, Quality Assurance Initiative Pathology; SCCHN, squamous cell
carcinoma of the head and neck; TCGA, The Cancer Genome Atlas; TMB, tumor mutational burden; WES, whole exome sequencing
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Foundation Medicine FoundationOne Panel, Illumina TruSight Oncol-

ogy 500, and several laboratory-derived assay panels developed in

German academic institutes. The Friends initiative evaluates 11 TMB

platforms and assays with different TMB assessment parameters,

including the FoundationOne CDx and MSK-IMPACT assays, to pro-

vide an overview of how these panels compare with one another and

to highlight how different factors can influence TMB estimation and

reporting. As part of clinical analyses, Friends will evaluate TMB cutoff

values in published studies to propose recommendations to inform

prospective clinical studies.

Together, data from these multidisciplinary TMB standardization

and harmonization approaches cover a wide spectrum of critical aspects

of TMB assessment to propose recommendations for consistent TMB

estimation, assay comparability, and TMB cutoff values for potential

clinical use.43

5 | VARIATION IN TMB ASSESSMENT AND
FACTORS THAT IMPACT TMB OUTPUT

Review of the published literature indicates that several factors influ-

ence TMB assessment, and results of preliminary analyses from the

Friends and QuIP initiatives indicate that certain factors have greater

impact than others on TMB estimation and reporting; as summarized

in Figure 3 and Table 2, and discussed below.

Biological parameters result in differences between overall tumor

mutational frequency, with the most basic being tumor type and sam-

ple type.2,3,32 Alexandrov et al. observed that TMB varies according to

tumor type, with some tumors intrinsically having higher TMB than

others.2 For example, melanoma and lung tumors have higher TMB

than renal carcinomas, brain-related tumors, and hematological

cancers. TMB can also be affected by tumor cellularity and heteroge-

neity, with subclonal events having a higher impact on mutational bur-

den than clonal evolution.3,39,45,46 Additionally, tumor transcriptional

and/or splicing profiles may differ from reference profiles, resulting in

miscounts and impacting the TMB score reported.47,48

To date, most of the published studies have assessed TMB in

solid tumor samples; however, blood TMB assessment assays are

increasingly being used to assess TMB association with response to

immune checkpoint inhibitors (Table 1). Because TMB is most com-

monly assessed using FFPE tumor tissue samples, the initiative by

Friends and QuIP proposes recommendations for standardized TMB

assessment in these samples; however, TMB assessment using liquid

samples is being evaluated by many other groups. Currently, there are

several limitations to using other samples for TMB assessment, includ-

ing that due to low levels of circulating tumor DNA (ctDNA), liquid

samples may not yield sufficient quantity for NGS analysis.24,49–53

Reports show that the sensitivity and accuracy of TMB assay results

from liquid samples depend on, among other factors, variability in

tumor DNA in the blood. ctDNA can have heterogeneous origins and

can be altered by treatment, thereby leading to variation in the final

TMB score.24,49–53 Several ongoing studies are evaluating reliability of

TMB assessment from blood samples and harmonizing tissue and

blood-derived TMB, including use of the bTMB assay developed by

Foundation Medicine.20,24,53,54 The potential limitations of specificity,

sensitivity, and robustness of TMB assessment using blood samples

should be further investigated and appropriate guidance should be

given on how to address such limitations. Similarly, genome profil-

ing in cytology samples requires a minimum level of cellularity and

tumor content, and use for TMB assessment should be further

investigated.55

FIGURE 3 Factors that impact TMB or TMB estimation and reporting throughout the TMB assessment process. Abbreviations: CNA, copy

number alteration; FFPE, formalin-fixed, paraffin-embedded; indels, short insertions and deletions; QC, quality control; SNV, single nucleotide
variant; TMB, tumor mutational burden; WES, whole exome sequencing
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TABLE 2 How factors impact TMB score

Factor
Select parameter/
technical consideration Impact on TMB score

Biological Tumor type Alternative splicing patterns are dependent on tumor types, and
some tumor types have higher TMB than others2,47

Preanalytical Sample type FFPE samples may harbor artefactual deamination alterations that
may impact mutation calling and TMB calculation56,57

Tumor purity Infiltration of tumor with immune or TME cells may impact TMB
score (lower tumor purity is associated with reduced sensitivity)32

Sequencing parameters Genomic region covered TMB score will depend on panel size and genomic region covered.
Greater panel sizes are associated with more precise TMB
estimated values4,62–69

Genes included in panel Gene selection in panels is biased toward frequently mutated cancer-
associated genes, and mutation patterns of these genes are often
nonrandom.33 TMB scores may depend on whether the panel
contains specific genes that harbor frequent mutations in specific
tumor types

Depth of coverage Reduced depth of coverage is associated with reduced
sensitivity33,61

Bioinformatics Germline variant removal/filtration Major germline genomic databases have different population race
distribution and allele frequency spectrum of variants. TMB score
will depend on selection of population allele frequency database
when matched tumor-normal tissue is not available4

Reference transcript source The choice of reference transcript source may impact TMB score
depending on the variants considered and counted48

Variants counted in TMB calculation Panels may consider all variant types or only some of them during
their TMB calculations.1,4,33 TMB score will depend on how
comprehensive the variant counting rules are

Mutation callers Mutation callers will count variants differently, with some being more
comprehensive than others.71 There is no optimal mutation caller,
so a combination of different callers may be most optimal

Allele frequency/fraction Reduced variant allele fraction is associated with reduced
sensitivity74

Minimum variant count Reduced variant counts are associated with reduced sensitivity62

Cutoff variables Tumor type TMB differs widely across tumor types. The cutoff chosen must be
appropriate for the tumor type being tested for a reliable and
clinically meaningful TMB score to define high TMB2–5

Abbreviations: FFPE, formalin-fixed, paraffin-embedded; TMB, tumor mutational burden; TME, tumor microenvironment

TABLE 3 Proposed recommendations for consistent TMB assessment

Factor Parameter Recommendations

Preanalytical Sample processing • Standardize sample processing protocols
• Minimize interlaboratory variability

Sequencing parameters Genomic region covered • Select gene panels that screen for actionable mutations or biomarkers
• Select panels with larger genome coverage (ideally ~1 megabase or greater)

Bioinformatics Standardization of workflow • Align panel-derived TMB values to a WES analysis-derived reference standard to
ensure consistency regardless of the assay

• Standardize bioinformatic algorithms used for mutation calling and filtering

Comparison of results Calibration of outputs • Ensure reporting consistency by developing templates for clinically meaningful
reporting (eg, report TMB as mutations per megabase)

• Allow calibration of results from different studies

Abbreviations: TMB, tumor mutational burden; WES, whole exome sequencing
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TMB estimation and reporting can be heavily influenced by

differing working processes across clinical and research laboratories; pri-

marily, the choice of assay, platform, and how the assay is implemented.32

Preanalytical factors can also have significant effects on TMB estima-

tion, including those that apply to all genomic profiling assays, such as

sample collection and processing, input material quality and quantity,

sample fixation methodology, FFPE-induced deamination artefacts, and

NGS library preparation.56,57 These factors affect the quantity and qual-

ity of DNA extracted for TMB assessment by either WES or targeted

gene panel assays, and therefore, TMB estimation output. For example,

low tumor purity, which can result from infiltration of immune or tumor

microenvironment cells, can lead to reduced TMB assay sensitivity.

Also, fixation time is a preanalytical factor that influences the introduc-

tion of FFPE-induced deamination artefacts, which also impacts TMB

estimation at the stage of bioinformatic analysis.58,59

For sequencing, genome coverage differs between WGS, WES, and

targeted gene panel assays. WGS covers the whole genome, WES

covers the entire exome coding region, and targeted gene panels cover

specified areas that may or may not include tumor suppressor genes,

driver genes, or intronic regions.4,60,61 Moreover, the size and location

of the capture region differs between targeted gene panel assays. It is

important to carefully consider the panel size and composition for accu-

rate TMB assessment. Supporting this concept, it has been observed

that confidence intervals for TMB estimation increase with the use of

gene panels that assess a smaller area of the genome compared with

those that assess a larger area, which suggests that using smaller cover-

age gene panels could lead to the overestimation or underestimation of

TMB.4,62–69 Depth of sequencing also differs between WES and tar-

geted gene panel assays; sequencing depth is greater for targeted gene

panels (~500×) than for WES (~100×).4,61,64 Genome coverage and

sequencing depth together determine assay sensitivity and specificity,

and therefore, influence TMB estimation output.

Bioinformatic algorithms can differ widely across targeted gene

panels and although these factors heavily influence TMB estimation and

reporting, the specifics are often not reported (Table 1). The mutation

types considered for TMB assessment can vary from one assay to

another. These may include or exclude short insertions and deletions

(indels) and/or synonymous and nonsynonymous base substitutions/sin-

gle nucleotide variants.4,33,70 For example, from retrospective analyses,

it has been observed that TMB assessed by WES often includes mis-

sense mutations only, leaving out indels and other mutations, whereas

some targeted panels include these variant types.4,18,20,21,24,26,27 This is

an important consideration due to the impact of indels and frameshift

mutations on neoantigen formation.4 However, calling indels can be

challenging and their inclusion may depend on the sensitivity of the

methods used to detect them.71 Other bioinformatic parameters that

impact TMB estimation and reporting include quality control met-

rics and various data-filtering procedures for inclusion/exclusion of

a variant in the TMB estimation.4,18,33,38,48 Filtering algorithms and

cutoffs for putative germline variants, variant allele frequency

(VAF), and FFPE-induced deamination artefacts vary between

assays and can be affected by biological and preanalytical factors.

For example, VAF cutoffs can vary from 0.5 to 10%, with lower

thresholds increasing the risk of including false-positives arising

from contamination or sequencing artefacts.4,24,36,48,72–74

For calculation of the TMB denominator, genome coverage and

bioinformatic parameters must be considered. Most studies have

reported a TMB value in mut/Mb, whereas others have reported total

mutations per tumor (WES studies); this makes it difficult to compare

TMB values across patients and studies. Alongside the way in which

TMB is reported, a key factor that must be aligned to ensure consis-

tent identification of patients who are likely to benefit from immune

checkpoint inhibitors, and which is currently variable among assays

and centers, is the cutoff threshold that defines tumor TMB as high or

low. Cutoffs may differ depending on sample type, tumor type, patient

subgroup, therapy investigated, and assay used, and the recommenda-

tions proposed by Friends and QuIP aim to facilitate the identification

of such cutoffs to inform prospective clinical studies.2–4,18,21,28,32

6 | RECOMMENDATIONS FOR RELIABLE
TMB ESTIMATION AND REPORTING IN
CLINICAL SAMPLES

The Friends and QuIP initiatives have proposed recommendations for

the standardization of TMB assessment to improve reproducibility

and reliability, and best practices for how to minimize and account for

variability among assays (Table 3). From results of preliminary ana-

lyses, we recommend that NGS assays provide as much patient-

relevant genetic/molecular information as possible to avoid the need

for rebiopsy and retesting of quality samples at baseline. This will be

critical to guide immediate therapy selection with targeted therapies.

For example, testing of actionable driver mutations (eg, EGFR inhibitor

therapies for EGFR-mutated lung cancers), genes associated with

mutagenesis (eg, POLE), and potential negative predictors of response

(eg, mutated β2M, JAK1/2, PTEN, STK11).75–78 We recommend that

targeted gene panel assays that have larger genome coverage (ideally

with ~1 megabase being the lower limit) are used because they yield

more reliable TMB estimation than smaller panels.67–69 Of note,

panels that cover less than 1 megabase are useful; however, accuracy

may be reduced.67–69 We also recommend the use of external refer-

ence sequence data, generated using agreed standard methodology

such as WES, as this may enable and facilitate TMB assessment inter-

pretability across panel assays.

Ongoing empirical and clinical analyses to generate reference

standards, compare TMB measured by WES with TMB measured by

various targeted gene panels, and evaluate and minimize interlabora-

tory and interassay variability are underway. These data will investi-

gate additional aspects of TMB measurement to ensure consistency

between assays and laboratories, based on the expectation that many

laboratories may develop their own tests for TMB assessment.

7 | CONCLUSIONS

Standardization and harmonization of TMB assessment across assays

and centers are essential for reliable and reproducible use of TMB as a

clinical biomarker of response to immune checkpoint inhibitors. There

is a recent increase in the integration of TMB as a biomarker to select

patients who will most likely benefit from immune checkpoint
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inhibitors in clinical trials. Increased use of TMB, as well as the current

variations in methods of TMB estimation and reporting, highlights the

need for standardized and harmonized methods for TMB assessment.

Results of preliminary analyses from Friends and QuIP highlight

the importance of targeted gene panel size and composition, and bio-

informatic pipeline for reliable TMB estimation in FFPE samples. Fol-

lowing the critical and timely recommendations proposed by Friends

and QuIP will help minimize variability in TMB estimation and report-

ing, which will ensure consistency of TMB assessment in clinical sam-

ples across assays and centers. This will improve interpretability of

TMB data across assays and studies and lead to the more reliable and

accurate use of TMB as a biomarker to identify patients likely to bene-

fit from immune checkpoint inhibitors and to effectively guide patient

treatment decisions.
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