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ABSTRACT

Background. Tissue tumor mutational burden (TMB) has
emerged as a potential biomarker predicting response to anti-
programmed cell death-1 protein receptor (PD-1)/programmed
cell death-1 protein ligand (PD-L1) therapy, but few studies
have explored using circulating tumor DNA (ctDNA) TMB in
non-small cell lung cancer (NSCLC).
Materials and Methods. A total of 136 patients with NSCLC
with ctDNA testing were retrospectively evaluated from a
single institution, along with a validation cohort from a sec-
ond institution. ctDNA TMB was derived using the number
of detected mutations over the DNA sequencing length.
Results. Higher ctDNA TMB was significantly correlated with
smoking history (p < .05, chi-squared test). Among patients

treated with immune checkpoint inhibitors (n = 20), higher
ctDNA TMB was significantly correlated with shorter progressive
free survival (PFS) and overall survival (OS; 45 vs. 355 days; hazard
ratio [HR], 5.6; 95% confidence interval [CI], 1.3–24.6; p < .01,
and OS 106 days vs. not reached; HR, 6.0; 95% CI, 1.3–27.1;
p < .01, respectively). In a small independent validation cohort
(n = 12), there was a nonsignificant numerical difference for
higher ctDNA TMBpredicting shorter OS but not PFS. ctDNA TMB
was not correlated with RECIST tumor burden estimation in the
subset of patients treatedwith immune checkpoint blockade.
Conclusion. The findings indicate that higher ctDNA TMB, at
the current commercial sequencing length, reflects worse
clinical outcomes. The Oncologist 2019;24:820–828

Implications for Practice: Biomarkers to identify patients who will respond to immune checkpoint blockade are critical. Tis-
sue tumor mutational burden (TMB) has emerged as a viable biomarker to predict response to anti-PD-1/PD-L1 therapy,
but few studies have explored the meaning and potential clinical significance of noninvasive, blood-based TMB. Here, we
investigated circulating tumor DNA (ctDNA) TMB and present data demonstrating that current ctDNA TMB may reflect
tumor burden and that ctDNA panels with a greater number of mutations may be necessary to more accurately reflect
tissue TMB.

INTRODUCTION

Immune checkpoint blockade has demonstrated considerable
promise for a variety of tumor types, including non-small cell
lung cancer (NSCLC), melanoma, renal cell carcinoma, bladder
carcinoma, and tumors with microsatellite instability (MSI).
Therapies targeting the programmed cell death-1 protein re-
ceptor (PD-1)/programmed cell death-1 protein ligand (PD-L1)
checkpoints have produced impressive responsive rates in the
range of 20%–40% in the metastatic setting [1, 2]. However,

clinical benefit has not been observed for many patients. For
this reason, identifying optimal biomarkers for response to anti-
PD-1/PD-L1 therapies in NSCLC is critical in order to select
patients who will respond to checkpoint blockade while limiting
therapy that would be ineffective or produce adverse reactions.

Circulating tumor DNA can be actively released into cir-
culation or shed after tumor cells outgrow their blood sup-
ply, become hypoxic, and undergo apoptosis or necrosis [3].
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The goals of circulating tumor DNA (ctDNA) monitoring are
to capture genetic heterogeneity, identify targetable muta-
tions, and monitor tumor evolution in real time [4]. Studies
in multiple tumor types have demonstrated high concor-
dance for hotspot mutations between paired tissue and
ctDNA biopsies [5–9]. Concordance over more extensive
DNA sequencing regions has been shown to be high across
all mutations (�91%–94%) but lower (�11%–22%) when
genomic alterations were detected in either tissue or
blood [10–12].

Identifying prognostic and predictive biomarkers for the
efficient application of immune checkpoint blockade in NSCLC
remains a challenge because of the complexity of the tumor
microenvironment. Existing biomarkers, including PD-L1
immunohistochemistry, tumor lymphocyte infiltration, and
gene expression assays, all have limitations with respect to pre-
dictive value, sensitivity, and/or widespread clinical feasibility
[13, 14]. Given the responses seen in mutagenic histologies
associated with smoking (NSCLC) and ultraviolet radiation (mel-
anoma), tissue tumormutational burden (TMB) has emerged as
a potential marker of response to immune checkpoint blockade
[15, 16].

Tissue TMB by next-generation sequencing (NGS) has been
associated with genomic instability and potential neoantigen
binding sites for cytotoxic T cells. Neoantigens arise as a result
of tumor-specific mutations, which are absent from the normal
human genome [17, 18]. Although challenges exist for neoanti-
gen prediction, TMB may serve as an indirect, probabilistic
measure of immunogenicity. Previous research has shown that
higher nonsynonymous mutation burden using tissue whole-
exome sequencing was associated with objective response and
progression-free survival (PFS) in patients with NSCLC treated
with pembrolizumab, patients with melanoma treated with
PD-1 and cytotoxic T lymphocyte-associated antigen-4 block-
ade, and atezolizumab in urothelial carcinoma [19–23]. The
predictive accuracy of mutational burden has also been
reported using comprehensive genomic profiling (CGP) in
NSCLC [24, 25].

The importance of establishing noninvasive biomarkers for
response to immune checkpoint blockade is critical. Here, we
correlated ctDNA TMB with clinical variables, DNA repair muta-
tions, mutant allele frequency (MAF), and clinical response to
anti-PD-1/PD-L1 therapy. The goals of this study were to evalu-
ate this novel biomarker and report on the landscape and clini-
cal utility of ctDNA TMB in NSCLC.

MATERIALS AND METHODS

Patient Selection and Study Design
The Institutional Review Board (IRB) of Northwestern University
Feinberg School ofMedicine approved the study. Informed con-
sent from patients was waived per the IRB for this retrospective
review of molecular analyses. Studies were performed in con-
cordance with the Health Insurance Portability and Account-
ability Act and the Declaration of Helsinki. The cohort consisted
of 136 consecutive patients treated at the Robert H. Lurie Com-
prehensive Cancer Center of Northwestern University, with
NSCLC identified retrospectively with commercial ctDNA NGS

testing by Guardant360 (Guardant Health; Redwood City, CA)
between 2015 and 2016.

In addition, overall response rate (ORR), PFS, and over-
all survival (OS) were determined for 20 patients who were
treated with anti-PD-1/PD-L1 therapies who had ctDNA
before first-line therapy or within 90 days of therapy initia-
tion. Furthermore, a validation cohort was obtained from
the University of Miami that consisted of 22 patients with
ctDNA treated with immune checkpoint blockade, of which
12 patients had ctDNA collection within the 90-day time
frame. Baseline tumor burden prior to initiation of check-
point blockade was estimated using RECIST version 1.1.
Clinical response rates were determined using RECIST ver-
sion 1.1 and immune-related (ir) RECIST [26, 27].

Next-Generation Sequencing
All patients had NGS testing performed by Guardant360. Sam-
ples that were received from February 5, 2015, to October
5, 2015, were tested on a 68-gene panel, whereas samples
received from October 6, 2015, through October 16, 2016,
were tested on a 70-gene panel. Both tests sequenced approxi-
mately 138,000 base pairs of DNA. Two 10-mL blood samples
were collected in Streck tubes (La Vista, NE). A single 10-mL
sample was processed for plasma isolation with ctDNA extrac-
tion using a Qiagen circulating nucleic acid kit. DNA then
underwent oligonucleotide barcoding for digital sequencing
library preparation. Sequencing was performed using the Illu-
mina HiSeq 2500 (San Diego, CA) with approximately 15,000
times average coverage depth, followed by reconstruction of
the cell-free DNA (cfDNA) using the digitized signals and propri-
etary bioinformatics [28]. Clinical sensitivity was approximately
85% and specificity was >99% [28, 29].

ctDNA Tumor Mutational Burden Definition
ctDNA TMBwas defined as the number of detected mutations
over the region of sequenced ctDNA. ctDNA TMB was calcu-
lated for patients using coding base substitutions and indel
alterations both including and excluding potentially functional
variants. Rearrangements, fusions, and copy number variants
were excluded. The Guardant360 assay is not currently clini-
cally validated to determine TMB, and the analyses presented
here were for research purposes only. TMB was calculated in
mutations per megabase in three different ways: variants of
unknown significance (VUS) and synonymous mutations
(method 1); nonsynonymous potentially functional vari-
ants and VUS (method 2); and using all detected mutations
including nonsynonymous potentially functional variants,VUS,
and synonymous mutations (method 3) (Fig. 1A). Genomic
alterations were further classified into direct and indirect DNA
repair mutations (supplemental online Table 7) [30].

Statistical Analysis
Two-sample t tests and chi-squared tests were used to test
the association of TMB with clinical or DNA repair mutation
variables. Univariate and multivariate regression were per-
formed to assess the significance of predictors on survival sta-
tus. PFS and OS were assessed by Kaplan-Meier estimation
based on immunotherapy start date, with patients censored
on January 18, 2017, at progression or last follow-up for PFS,
and death or last follow-up for OS. Log-rank tests and Cox
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proportional hazards regression were performed to compare
survival distributions based on TMB low (below the median)
and TMB high (above the median). Median TMB score
varied based on each TMB definition. The association between
ctDNA TMB and MAF was measured via linear correlation
coefficients. All analyses were performed using R version 3.3.1
and installed packages.

RESULTS

Patient Characteristics
Table 1 shows the characteristics of the 136 patients included in
the study. The characteristics for the subset of patients (n = 20)
treated with immune checkpoint blockade are included in Sup-
plemental online Table 1.

ctDNA TMB
Samples with ctDNA TMB of 0 varied based on each definition
[method 1 (n = 39, 28.7%), method 2 (n = 26, 19.1%), and
method 3 (n = 18, 13.2%)]. Reported analyses included method 1
(VUS and synonymous mutations), unless otherwise specified.
When excluding samples with no detected mutations, median
TMB in mutations per megabase pairs (MBp) was 14.5, 7.2,
and 21.7 for methods 1, 2, and 3, respectively. The landscape
of ctDNA TMB scores in our sample is shown in Figure 1B.

Association of TMB with Patient Characteristics
The sample was stratified based on TMB below and above
the median, both including and excluding 0 ctDNA TMB
scores (Table 2 and supplemental online Tables 2–4). For
method 1, ctDNA TMB was significantly associated with age
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Figure 1. Circulating tumor DNA TMB landscape. (A): Schematic demonstrating the three methods of calculating TMB: excluding
nonsynonymous potentially functional variants (method 1), excluding synonymous variants (method 2), and including using all
detected mutations (method 3). (B): Demonstrates the landscape of TMB scores in the population based on including all detected
mutations (method 1).
Abbreviations: MBp, megabase pairs; TMB, tumor mutational burden; VUS, variants of unknown significance.
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(p < .005, two-sample t test) and smoking history (p < .05,
chi-squared test) for the entire sample (n = 136; Table 2).
Sex, tumor histology, stage of disease at sample collec-
tion, prior lines of treatment, prior radiation therapy, and
mutations in either EGFR or KRAS did not correlate with
TMB score.

Association of TMB with DNA Repair Mutations
Direct DNA repair mutations were rare in the cohort, with
only two potentially functional variants (ATM and BRCA1)
and 16 VUS, including mutations in ATM, BRCA1, BRCA2,
and MLH1. For method 1 including 0 ctDNA TMB, ctDNA
TMB was significantly correlated with potentially functional
direct and indirect DNA repair mutations (p < .05, two-
sample t test) and the sum of all DNA repair mutations
(p < .005; Table 2). The majority of DNA repair mutations
were part of the homologous recombination and Fanconi
anemia pathways with two DNA mismatch repair muta-
tions detected. To ensure that a greater number of total
mutations, as opposed to DNA repair mutations, did not
confound this result, we performed additional analyses.

Specifically, we eliminated both direct and indirect DNA
repair mutations as counting toward the total TMB score.
We then compared TMB scores from samples with a DNA
repair mutation, but excluding the variants from the result,
with samples without DNA repair mutations. Mean ctDNA
TMB was 21.7 versus 7.4 for patients without direct DNA
repair mutations (p = .018, two-sample t test). Similarly,
the result was the same when excluding the direct and
indirect alterations with mean ctDNA TMB of 13.7 versus
7.4 without DNA repair mutations (p = .005, two-sample
t test).

Survival Analysis for Patients Treated with Immune
Checkpoint Blockade
ctDNA TMB high was associated with significantly shorter PFS
(45 vs. 355 days; hazard ratio [HR], 5.6; 95% confidence inter-
val [CI], 1.3–24.6; p < .01; Fig. 2A). Similarly, higher TMB was
associated with significantly shorter OS (106 days vs. not
reached; HR, 6.0; 95% CI, 1.3–27.1; p < .01; Fig. 2B). Findings
were also significant using method 2 for TMB calculation
(supplemental online Table 5). When eliminating two samples
with ctDNA collected after initiation of checkpoint blockade,
TMB high was also associated with significantly shorter PFS
and OS. Using RECIST 1.1, there was 1 partial response (PR),
10 stable disease (SD), and 9 progressive disease (PD). Using
irRECIST, there were 13 ir-SD and 7 ir-PD. In the validation
cohort, there was no significant association between ctDNA
TMB and PFS (65 vs. 64 days; HR, 1.1; 95% CI, 0.31–4.2;
p > .05). Based on TMB scores above and below the median,
higher ctDNA TMB was associated with numerically, but not
statistically shorter, OS (236 vs. 511 days; HR, 2.8; 95% CI,
0.56–14.4; p = .17; Fig. 2C, 2D). When including only patients
with ctDNA collected prior to initiation of immune checkpoint
blockade (n = 27), ctDNA TMB was similarly associated with
shorter PFS and OS (supplemental online Fig. 1).

Association Between MAF and Survival Outcomes
MAF, a measure of the highest frequency clone, was further
correlated with PFS and OS for patients treated with immune
checkpoint blockade (n = 20) to better understand why
patients with high ctDNA TMB had worse OS. Patients with
high MAF (above the median) had significantly worse PFS
(51 vs. 355 days; HR, 6.2; 95% CI, 1.6–24.1; p < .01) and OS
(135 days vs. not reached; HR, 6.1; 95% CI, 1.6–23.7; p < .01;
Fig. 3A, 3B). In the validation cohort, higher MAF was associ-
ated with significantly shorter OS (236 vs. 595 days; HR, 7.7;
95% CI, 1.2–49.1; p < .05), but not PFS (44 vs. 114 days; HR,
2.3; 95% CI, 0.58–8.8; p = .21; Fig. 3C, 3D). In univariate
regression, MAF high versus low based on median across the
cohort was significant (HR, 3.8; p = .001; Table 3). Multivari-
ate regression retained significance when including TMB high
versus low and MAF high versus low for all samples.

Interaction Among TMB, MAF, and Tumor Burden
Correlation between ctDNA TMB and MAF was low but signifi-
cant (r = .20, p < .06; supplemental online Fig. 2). When exam-
ining the subset of patients treated with immune checkpoint
blockade (n = 20), a stronger significant correlation existed
(r = .65, p < .005; supplemental online Table 6 and supple-
mental online Fig. 3). Based on tumor burden estimations

Table 1. Clinical characteristics of 136 patients with non-
small cell lung cancer with circulating tumor DNA testing

Characteristics n (%)

Median age (range), yr 69 (30–95)

Sex

Female 83 (59.8)

Male 53 (40.2)

Histology

Adenocarcinoma 99 (72.8)

Squamous 27 (19.9)

NOS 4 (2.9)

Large cell neuroendocrine 6 (4.4)

Smoking status

Minimal/never 40 (29.4)

Current/former 96 (70.6)

Number of prior lines of treatment

0–1 114 (83.8)

2+ 20 (14.7)

N/A 2 (1.5)

Prior radiation therapy

Yes 55 (40.4)

No 81 (59.6)

Stage of disease

III 25 (18.4)

IV 111 (81.6)

Prior History of cancer/treatment

Yes 32 (23.5)

No 104 (76.5)

Presence of EGFR/KRAS mutations

EGFR mutant/wild type 37/99

KRAS mutant/wild type 27/109

Abbreviation: N/A, not applicable; NOS, not otherwise specified.

© AlphaMed Press 2019www.TheOncologist.com

Chae, Davis, Agte et al. 823



using baseline RECIST 1.1 for n = 20, there was a significant
correlation between RECIST score and MAF (r = .58, p = .007).
However, RECIST score was not significantly correlated with
ctDNA TMB (r = .09, p = .19).

DISCUSSION

Biomarkers to predict response to anti-PD-1/PD-L1 therapy
are critical in order to identify patients who will benefit from
immune checkpoint blockade. Current biomarkers including
tissue TMB, degree of PD-L1 positivity, and lymphocyte infil-
tration in the tumor microenvironment require access to tis-
sue. Given the technical challenges of obtaining adequate
tissue and complication rates associated with serial biopsies
in NSCLC, exploring noninvasive biomarkers is critical [31].

In terms of clinical predictors of ctDNA TMB, sex, tissue
histology, tumor stage at sample collection, and prior lines
of treatment were not significantly associated with TMB.
Smoking history was significantly associated with higher
ctDNA TMB. Although not statistically significant across all
TMB determinations, we hypothesize that this was limited
by sequencing length and number of mutations in ctDNA
TMB when excluding various subsets of genomic alter-
ations. In tissue, smoking has also been associated with tis-
sue TMB in prior studies [15, 32]. However, we did not find
a predominance of C>A substitutions, which previous studies
have reported more frequently in patients with NSCLC with a
smoking history, and therefore the association between ctDNA
TMB and smoking should be viewed as preliminary [15]. Previ-
ous research has demonstrated that detection of ctDNA was
positively associated with stage of disease [33]. In contrast, we
did not find a relation between ctDNA TMB and stage of dis-
ease, which may have been limited by the predominance of
patients with stage IV disease in the sample (81.6%).

In contrast to prior studies examining tissue TMB, higher
ctDNA TMB was correlated with significantly shorter PFS and
OS in our testing sample. Our study demonstrated significance

Table 2. TMB association with clinical variables and DNA
repair mutations

Patient characteristic

TMB ctDNA
(VUS/synonymous), n

p value
TMB
low

TMB
high All

Clinical variables

Mean age, yr 65.7 71.5 67.6 .002a

Sex .874

Female 54 29 83

Male 36 17 53

All 90 46 136

Smoking .045^

Minimal/never 32 8 40

Current/former 58 38 96

All 90 46 136

NSCLC histology .108

Adenocarcinoma 70 29 99

Squamous cell carcinoma 13 14 27

NOS 2 2 4

Pulmonary neuroendocrine 5 1 6

All 90 46 136

Stage of disease .984

I-III 16 9 25

IV 74 37 111

All 90 46 136

Prior lines of treatment .912

0–1 75 39 114

2+ 14 6 20

All 89 45 134

Prior radiation therapy .970

No 53 28 81

Yes 37 18 55

All 90 46 136

Prior history of cancer/
treatment

.890

No 68 36 104

Yes 22 10 32

All 90 46 136

Presence of EGFR
mutations

.419

Wild type 68 31 99

Mutant 22 15 37

All 90 46 136

Presence of KRAS mutations .534

Wild type 74 35 109

Mutant 16 11 27

All 90 46 136

DNA variables

Direct mutations, mean 0.01 0.02 0.01 .664

Indirect mutations, mean 0.56 0.96 0.69 .036a

(continued)

Table 2. (continued)

Patient characteristic

TMB ctDNA
(VUS/synonymous), n

p value
TMB
low

TMB
high All

Potentially functional
direct + indirect DNA repair
mutations, mean

0.56 0.98 0.70 .029a

Number VUS, mean 0.39 2.83 1.21 <.001a

Direct + indirect
mutations VUS, mean

0.06 0.30 0.14 .001a

Sum of direct DNA
repair, mean

0.07 0.24 0.13 .015a

Sum of all DNA
repair, mean

0.61 1.28 0.84 .001a

TMB high versus low was stratified based on TMB scores above
and below the median for method 1.
aSignificance at p < .05 based on two-sample t test or ^Pearson’s
chi-squared test.
Abbreviations: ctDNA, circulating tumor DNA; NOS, not otherwise
specified; NSCLC, non-small cell lung cancer; TMB, tumor muta-
tional burden; VUS, variant of unknown significance.
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Figure 2. Survival curves including progression-free survival (PFS) and overall survival (OS) based on circulating tumor DNA (ctDNA)
tumor mutational burden (TMB) for patients treated with immune checkpoint blockade. ctDNA TMB was associated with signifi-
cantly shorter PFS (45 vs. 355 days; HR, 5.6; 95% CI, 1.3–24.6; p < .01) and OS (106 days vs. not reached; HR, 6.0; 95% CI,
1.3–27.1; p < .01) based on TMB high (red curves) vs. low (blue curves) (A, B). In the validation cohort, ctDNA TMB was not asso-
ciated with PFS (65 vs. 64 days; HR, 1.1; 95% CI, 0.31–4.2; p > .05) with a numerically shorter, but nonsignificant, OS difference
(236 vs. 511 days; HR, 2.8; 95% CI, 0.56–14.4; p = .17) (C, D). Proportional hazards regression model and stratified log ranks tests
were performed. Kaplan-Meier estimation compared survival distributions based on TMB low versus TMB high.
Abbreviations: CI, confidence interval; HR, hazard ratio.

Figure 3. Survival curves including progression-free survival (PFS) and overall survival (OS) based on mutant allele frequency
(MAF) for patients treated with immune checkpoint blockade. MAF was significantly correlated with shorter PFS (51 vs. 355 days;
HR, 6.2; 95% CI, 1.6–24.1; p < .01) and OS (135 days vs. not reached; HR, 6.1; 95% CI, 1.6–23.7; p < .01) (A, B) based on MAF high
(red curves) vs. low (blue curves). In the validation cohort, MAF was not associated with PFS (44 vs 114 days; HR, 2.3; 95% CI,
0.58–8.8; p = .21), but did predict shorter OS (236 vs. 595 days; HR, 7.7; 95% CI, 1.2–49.1 p < .05) (C, D). Proportional hazards
regression model and stratified log ranks tests were performed. Kaplan-Meier estimation compared survival distributions based
on TMB low versus TMB high.
Abbreviations: CI, confidence interval; HR, hazard ratio.
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across all samples, as well as the subset when only including
ctDNA collection prior to immune checkpoint blockade initia-
tion. In our small validation cohort, higher ctDNA TMB had a
nonsignificant trend toward shorter OS but not PFS. Using tis-
sue NGS, several studies have demonstrated that higher TMB
was associated with prolonged survival for patients treated
with immune checkpoint blockade across multiple tumor types
[19, 21, 22]. The mechanistic hypothesis is that more muta-
tions may predict a greater number of neoantigens and an
inflamed tumor microenvironment with influx of peripheral
cytotoxic T lymphocytes. However, the biology of ctDNA TMB
can be quite different, as ctDNA is only detectable when
tumors shed ctDNA into the blood. Previous studies have indi-
cated that quantity of ctDNA may indicate more advanced dis-
ease and higher overall tumor burden [33, 34]. In addition,
higher ctDNAmutational load has been associated with shorter
time to progression for conventional treatment in metastatic
breast cancer [35]. Therefore, ctDNA TMB may reflect greater
tumor burden, in itself, as opposed to neoantigen sites for
cytotoxic effector T cells. We have previously found a low cor-
relation between tissue TMB and ctDNA TMB in paired patient
samples, understanding the limitations of comparing across
sequencing techniques, which may suggest that these bio-
markers are differential predictors [36]. A prior study reported
that hypermutated ctDNA was associated with response to

immune checkpoint blockade in a cohort of multiple tumor
types that included 19 of 69 patients with NSCLC [37]. This
cohort was different in that tumor type was imbalanced
between the low and high mutation groups, with the low
mutation group including 18 patients with NSCLC and the
hypermutated cohort including 1 patient with NSCLC. Further
research is necessary to better understand whether ctDNA
TMB correlates with neoantigen burden in tissue and an
inflamed tumor microenvironment.

Prior research has associated high MAF (>5%) with shorter
OS across a variety of advanced solid tumors, including brain,
lung, breast, and gastrointestinal, independent of intervening
treatment [5]. Other studies have also demonstrated the prog-
nostic value of ctDNA MAF and that early changes in ctDNA
levels can predict response to chemotherapy [33, 38–42]. Fur-
thermore, early evidence suggests that MAF may serve as a
dynamic biomarker, with early responders to durvalumab
demonstrating a decrease in MAF after initiation of therapy
[43]. These studies have hypothesized that ctDNA MAF may
reflect tumor burden and have a potential role for real-time
monitoring for patients treated with targeted therapies or
immune checkpoint blockade [44, 45]. In addition, a recent
study demonstrated that an imbalance between circulating
exhausted-phenotype CD8+ T cells in blood and tumor bur-
den in melanoma was an important predictor of response to

Table 3. Univariate and multivariate regression analyses

Analysis Predictor HR (95% CI) p value

Univariate

Age 1.00 (0.97–1.03) .928

Sex 1.19 (0.57–2.49) .639

Smoking 1.32 (0.60–3.06) .506

Stage of disease at sample collection 2.08 (0.77–6.64) .173

ECOG for patients Treated with immune checkpoint blockade 2.30 (0.74–9.30) .182

TMB (continuous): method 3 1.00 (0.98–1.03) .699

TMB (high vs. low): method 3 1.45 (0.666–3.19) .350

TMB (continuous): method 3 including 0 TMB scores 1.01 (1.00–1.03) .135

TMB (high vs. low): method 3 including 0 TMB scores 2.00 (0.96–4.19) .065

MAF (continuous) 1.02 (1.00–1.06) .074

MAF (high vs. low) 3.82 (1.80–8.52) .001a

Multivariate

Age + sex + smoking + stage + TMB (high vs. low, method 3) TMB 1.40 (0.62–3.21) .420

Age + sex + smoking + stage + TMB (high vs. low, method
3 including 0 TMB scores)

TMB 2.01 (0.93–4.38) .075

Age + sex + smoking + stage + ECOG + MAF (high vs. low) MAF 3.70 (1.70–8.44) .001a

Age + sex + smoking + stage + TMB (high vs. low, method 3) +
MAF (high vs. low)

TMB 0.62 (0.08–3.15) .592

MAF 2.35 (0.73–7.92) .157

TMB* MAF 1.82 (0.27–16.86) .560

TMB (high vs. low, method 3) + MAF (high vs. low) + TMB* MAF TMB 0.91 (0.13–4.26) .911

MAF 3.28 (1.12–9.83) .031a

TMB* MAF 1.29 (0.20–11.49) .798

Circulating tumor DNA TMB and MAF scores were included based on low (below the median) and high (above the median) and as continuous
variables. Samples without detected mutations were excluded from this analysis unless specified.
aIndicates significance based on p < 0.05.
Abbreviations: CI, confidence interval; ECOG, Eastern Cooperative Oncology Group; HR, hazard ratio; MAF, mutant allele frequency; TMB,
tumor mutational burden.
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immune checkpoint blockade [46]. The study indicated that
lack of clinical benefit was associated with an inadequate
immune response due to high tumor burden. Further
research has shown an association between ctDNA MAF and
volumetric measurements of tumor burden [34]. These stud-
ies suggest a mechanistic explanation for our findings dem-
onstrating ctDNA TMB and MAF as prognostic markers for
shorter OS.

Our data and prior studies indicate that tumor burden
was associated with greater tumor heterogeneity [47]. In
patients with higher tumor burden, it is likely that more
ctDNA is shed into the blood, and therefore a greater
quantity of ctDNA is detected. ctDNA mutation load may
be more reflective of intratumoral heterogeneity to better
reflect the entire landscape of TMB, which is an inherent
limitation of tissue biopsies. Multiple prior studies have
demonstrated mutational subclonality as a biomarker asso-
ciated with poor survival [48, 49]. We hypothesize that a
greater degree of heterogeneity in ctDNA TMB (e.g., higher
TMB) reflects larger tumor volume as reflected quantita-
tively by MAF, indicating poor prognosis for patients trea-
ted with immune checkpoint blockade. Furthermore, tumors
with similar MAF may have different TMB as a reflection of
tumor heterogeneity, which has important implications in clini-
cal practice and treatment planning. Our findings are in con-
trast to recently reported prospective data from B-F1RST in
patients with NSCLC treated with atezolizumab [50]. In this
study, higher ORR was associated with higher blood TMB score.
Important differences in this trial included that 394 genes
(�1.1Mb) were sequenced in the ctDNA panel and that base
substitutions at allele frequencies less than 0.5% were not
included. In addition, a recent paper in metastatic gastric can-
cer demonstrated that higher ctDNA TMB predicted better
response in a small cohort of predominantly microsatellite
instability-high patients, which are extremely rare in patients
with NSCLC and not observed in our cohort [51].

To our knowledge, this is one of the first studies to exam-
ine ctDNA TMB as a biomarker in patients with NSCLC using
a commercially available assay. There were several limitations
of our study. First, the sequencing length of the ctDNA used
in our study was relatively short and therefore may not be
reflective of the somatic mutation rate of the tissue cancer
genome when estimating ctDNA TMB. In particular, prior
work has demonstrated that using tissue TMB, variance in
TMB measurement increases significantly at lengths of DNA

sequencing less than 0.5 Mb [52]. Second, our findings only
reflect ctDNA TMB for a single commercially available plat-
form, and therefore the technical specifications of the assay
to detect genomic alterations in blood may not be reflective
of other ctDNA platforms. Third, the sample size for our sur-
vival analyses examining ctDNA TMB as a predictor for
response to checkpoint blockade was small. Fourth, we com-
bined several anti-PD-1/PD-L1 therapies in our analyses, and
further studies should explore each anti-PD-1/PD-L1 anti-
body separately in a larger cohort.

In conclusion, our findings demonstrated the feasibility
of determining ctDNA TMB in patients with NSCLC. Interest-
ingly, in contrast to tissue, our analyses indicated that higher
ctDNA TMB was associated with shorter PFS and OS for
patients treated with immune checkpoint blockade, which
was likely mediated by higher tumor burden. An alternative
hypothesis is that ctDNA has limitations with respect to a
smaller footprint of DNA sequenced compared with tissue
CGP. Prospective studies are necessary to explore longer
ctDNA sequencing lengths with a greater number of muta-
tions to assess concordance with tissue TMB. This study indi-
cates the potential to use both ctDNA TMB and blood-based
MAF as noninvasive prognostic biomarkers to reflect both
blood hypermutation and tumor heterogeneity as markers
for response to immune checkpoint blockade in NSCLC.
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