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Abstract

IMPORTANCE There are few studies assessing the association of tumor mutational burden (TMB)
and clinical outcomes in a large cohort of patients with diverse advanced cancers.

OBJECTIVE To clinically validate a TMB biomarker from a next-generation sequencing targeted gene
panel assay.

DESIGN, SETTING, AND PARTICIPANTS A prespecified cohort study using the deidentified
clinicogenomic Tempus database of patients sequenced between 2018 and 2022, which contained
retrospective, observational data originating from 300 cancer sites including 199 community sites
and 101 academic sites. Patients with advanced solid tumors across 8 cancer types and more than 20
histologies, sequenced with Tempus xT who were treated with immune checkpoint inhibitors (ICIs)
in the first-line or second-line setting were included. Data were analyzed from September 2018 to
August 2022.

EXPOSURE Treatment with US Food and Drug Administration (FDA)–approved antiprogrammed
cell death-1/programmed cell death-ligand 1 (PD-1/PD-L1) ICI and/or in combination with a cytotoxic
T-lymphocyte-associated protein-4 ICI.

MAIN OUTCOMES AND MEASURES The primary outcome was the association of tumor mutational
burden (TMB) binary category (high [�10 mut/mb] vs low) with overall survival (OS) in patients
treated with ICIs. Secondary outcomes were progression-free survival (PFS), and time to
progression (TTP).

RESULTS In the evaluable cohort of 674 patients, the median (IQR) age was 69.4 (28.6-89.8) years,
271 patients (40.2%) were female, and 435 patients (64.5%) were White. The most common
advanced cancers were non–small cell lung cancer (330 patients [49.0%]), followed by bladder
cancer (148 patients [22.0%]), and head and neck squamous cell carcinoma (96 patients [14.8%]).
Median (IQR) follow-up was 7.2 (3.2-14.1) months. High TMB (TMB-H) cancers (206 patients [30.6%])
were significantly associated with longer OS than low TMB (TMB-L) cancers (hazard ratio [HR], 0.72;
upper confidence bound [UCB], 0.91; P = .01). In a prospective subset of 403 patients treated with
ICIs after TMB testing, TMB-H cancers (135 patients [33.5%]) were significantly associated with
longer OS (HR, 0.61; UCB, 0.84; P = .005), PFS (HR, 0.62; UCB, 0.82; P = .003), and TTP (HR, 0.67;
UCB, 0.92; P = .02) than TMB-L cancers. An overall survival benefit was seen regardless of the type of
ICI used (pembrolizumab, 339 patients; HR, 0.67; UCB, 0.94; P = .03), other ICIs (64 patients; HR,
0.37; UCB, 0.85; P = .03), and after adjusting for PD-L1 and microsatellite stability status (403
patients; HR = 0.67; UCB, 0.92; P = .02).

(continued)

Key Points
Question Is a tumor mutational burden

(TMB) biomarker associated with clinical

benefit in a cohort of patients with

advanced cancer from diverse clinical

settings treated with first- or second-

line immune checkpoint inhibitors (ICI)?

Findings In this cohort study of 674

patients with 8 distinct advanced cancer

diagnoses, TMB-high cancers were

significantly associated with longer

overall survival than TMB-low cancers.

These findings were robust to the ICI

administered and remained significant

after adjustment for programmed cell

death-ligand 1 and microsatellite

instability status.

Meaning These findings suggest that

patients identified as TMB high by the

biomarker showed a significant

outcome benefit to ICI therapy and

should be considered for such therapy.
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Abstract (continued)

CONCLUSIONS AND RELEVANCE In this cohort study of patients with advanced solid tumors
treated with ICIs in diverse clinics, TMB-H cancers were significantly associated with improved
clinical outcomes compared with TMB-L cancers.
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Introduction

Tumor mutational burden (TMB), defined as the total number of somatic variations per defined
region of a tumor genome, is a pantumor biomarker for immune checkpoint inhibitor (ICI) response
in patients with advanced cancer. The potential clinical benefit of this biomarker is founded upon the
hypothesis that highly mutated tumors produce high-quality neoantigens that increase T-cell
reactivity, which in turn leads to improved response to immune checkpoint blockade treatment.1,2

TMB has been associated with mixed clinical results in both prospective and retrospective studies,3-6

and a lack of demonstration of consistent overall survival benefit has impeded the widespread
application of TMB in routine clinical care. In the Checkmate-227 study,7,8 a prospective phase 3 trial
assessing patients with advanced non–small cell lung cancer (NSCLC) treated with nivolumab plus
ipilimumab vs chemotherapy, efficacy of TMB varied by clinical end point. Among patients treated
with nivolumab plus ipilimumab vs chemotherapy, improved progression-free survival (PFS) was
seen in high TMB (TMB-H) cancers but not in low TMB (TMB-L) cancers.8 However, this trend was not
seen when evaluating overall survival (OS).7 In the phase 2 KEYNOTE-158 study of advanced solid
tumors previously treated with pembrolizumab, TMB-H cancers were associated with higher overall
response rates (ORRs) than TMB-L cancers; however, minimal differences were observed in PFS and
OS according to TMB.9 These results, primarily based on ORR improvement based on TMB
stratification,10 led to the 2020 US Food and Drug Administration (FDA) approval of pembrolizumab
for treatment of patients with unresectable or metastatic solid tumors with high TMB,11 as defined
as 10 or more mut/Mb by the FoundationOne CDx assay.

Retrospective studies have shown variable association of TMB and clinical benefit depending on
the cancer type and clinical end points assessed.3-5,12 Heterogeneity may arise from the variability in
the type of panels used and lack of standardization of TMB thresholds. Although whole exome
sequencing is considered the reference standard for estimating TMB, Friends of Cancer Research
provides guidelines for harmonizing TMB estimates from different panels with specifics on minimum
panel size needed, germline filtering, and removing synonymous alterations,13 all incorporated in the
assay. Additionally, a recent study14 performing an in silico analysis comparing several laboratories,
including Tempus, with TMB determined by whole exome sequencing, demonstrated concordance
of Tempus TMB high/low classification in 95.8% of cases, consistent with the range of other
laboratories.

Retrospective studies have focused on different cancer types, variable lines of therapy, and
assessment of a wide range of efficacy end points, making it difficult to interpret and standardize
these results. Using the commonly adopted TMB threshold of 10 and focusing on patients with
clinically relevant first- and second-line FDA-approved ICIs, we performed a prespecified cohort
study of the association of TMB using the Tempus xT next-generation sequencing (NGS) targeted
gene panel assay with multiple clinical outcomes in patients with advanced solid tumors using the
Tempus clinical clinicogenomic database that is reflective of clinical care across multiple institutions.
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Methods

Cohort Selection
The pancancer cohort consists of patients from the deidentified Tempus clinicogenomic clinical
database who received tissue-based next-generation sequencing between 2018 and 2022. Figure 1
delineates the study CONSORT diagram; patients included in the study were tested with Tempus
xT.v2 or xT.v4, with diagnoses of metastatic or stage IV disease in 1 of 8 cancer types (Table 1), well-
characterized histology listed in eTable 1 in Supplement 1, and treated with FDA-approved ICIs in the
first- or second-line setting (eTable 2 in Supplement 1). Evaluable patients included those who had
at least 1 follow-up medical record after the later of the first record of ICI administration or the date
that the assay was ordered. The prospective cohort was defined as patients treated with an ICI after
the date that the assay was ordered, whereas in the retrospective cohort the ICI was given before
the date that the assay was ordered. Analyses were performed using deidentified data under an
exemption granted from the Advarra, Inc, institutional review board on April 15, 2020. This study
follows the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
reporting guideline for cohort studies.

Biomarker Assessment
The Assay
NGS was performed via the assay (Tempus Labs), as previously described.15-17 Briefly, the assay is a
tumor and matched normal NGS targeted panel that detects variants in 596 or 648 genes (xT.v2 and
xT.v4, respectively), with high sensitivity and specificity.15,16

TMB Calculation
TMB was calculated by dividing the number of nonsynonymous variations by the size of the panel
(2.4 Mb for the panel size of xT.v2 and 1.9Mb for the panel coding region of xT.v4). All nonsilent
somatic coding variations such as missense, indel, and stop-loss variants with coverage greater than
× 100 and an allelic fraction greater than 5% are included in the count of nonsynonymous variations.

TMB calculated using the assay is highly correlated with TMB calculated from whole exome TCGA
data (R = 0.986, P < 2.2 × 10-16).16 The xT.v2 TMB score is adjusted for differences in denominators
between the versions to be directly comparable to xT.v4. All analyses are completed incorporating
both assays, with tumors considered TMB-H if they have an adjusted TMB score of 10 mut/Mb
or more.

Figure 1. Study Flow Diagram Showing Cohort Selection

4380 Patients profiled with CGP and met cancer indication, histology, stage
criteria, and were treated with immunotherapy

3557 Excluded because they were not treated with
ICI monotherapy in the first or second line

149 Excluded because they did not have clinical
activity after sequencing

823 Included

674 Patients evaluable for analysis

403 Prospective-like patients
336 First line
67 Second line

271 Retrospective-like patients
201 First line
70 Second line

The final evaluable 674 patient cohort was further
stratified into prospective (immune checkpoint
inhibitors [ICIs] received after tumor mutational
burden testing) and retrospective patients (ICIs
received before tumor mutational burden testing; see
Methods section). CGP indicates comprehensive
genomic profiling.
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Microsatellite Instability Calculation
The assay panels include probes for loci that are frequently unstable in tumors with mismatch repair
deficiencies to assess microsatellite instability (MSI) and classifies tumors into microsatellite
instability-high (MSI-H), and microsatellite stable (MSS) categories.15

Table 1. Demographic and Clinical Characteristics of Patients in the Evaluable and the Prospective Cohort
by TMB High and Low Groups

Clinical characteristic

No. (%)

P value
Evaluable
(n = 674)

Prospective
(n = 403)

TMB-H prospective
(n = 135)

TMB-L
prospective
(n = 268)

Cancers

NSCLC 330 (49.0) 242 (60.1) 79 (58.5) 163 (60.8)

<.001

Bladder 148 (22.0) 77 (19.1) 22 (16.3) 55 (20.5)

HNSCC 96 (14.2) 43 (10.7) 8 (5.9) 35 (13.1)

Melanoma 48 (7.1) 14 (3.5) 7 (5.2) 7 (2.6)

CRC 39 (5.8) 23 (5.7) 17 (12.6) 6 (2.2)

Gastric 7 (1.0) 1 (0.2) 0 1 (0.4)

Endometrial 5 (0.7) 3 (0.7) 2 (1.5) 1 (0.4)

Cervical 1 (0.1) 0 0 0

Age at start of IO,
median (range), y

69.4 (28.6-89.8) 70.8 (34.0-89.8) 69.7 (34.8-89.7) 71.8 (34.0-89.8) .24a

Sex

Female 271 (40.2) 180 (44.7) 61 (45.2) 119 (44.4)
.97

Male 403 (59.8) 223 (55.3) 74 (54.8) 149 (55.6)

Race and ethnicity

Asian 14 (2.1) 11 (2.7) 3 (2.2) 8 (3.0)

.56

Black or African
American

47 (7.0) 32 (7.9) 13 (9.6) 19 (7.1)

Hispanic or Latino 15 (2.2) 11 (2.7) 5 (3.7) 6 (2.2)

White 435 (64.5) 268 (66.5) 83 (61.5) 185 (69.0)

Unknown 149 (22.1) 71 (17.6) 26 (19.3) 45 (16.8)

Otherb 14 (2.1) 10 (2.5) 5 (3.7) 5 (1.9)

Smoking status

Smoking data
available

593 (88.0) 373 (92.6) 125 (92.6) 248 (92.5)

Current or former
smoker

472 (79.6) 314 (84.2) 104 (83.2) 212 (85.5) .67

Histology

Adenocarcinoma 290 (43.0) 207 (51.4) 81 (60.0) 126 (47.0)

.02

Transitional cell
carcinoma

103 (15.3) 56 (13.9) 17 (12.6) 39 (14.6)

Squamous cell
carcinoma

157 (23.3) 80 (19.9) 16 (11.9) 64 (23.9)

Other 124 (18.4) 60 (14.9) 21 (15.6) 39 (14.6)

Brain metastases 124 (18.4) 86 (21.3) 36 (26.7) 50 (18.7) .09

IO medication

First-line 537 (79.7) 336 (83.4) 112 (83.0) 224 (83.6) .99

Pembrolizumab 560 (83.1) 339 (84.1) 111 (82.2) 228 (85.1) .55

Practice setting

No. of sites 300 187 92 143

AMCs 101 (33.7) 56 (30.0) 25 (27.2) 43 (30.1)
.74

Community clinic 199 (66.3) 131 (70.0) 67 (72.8) 100 (69.9)

Biomarker testing

PD-L1 assessed 427 (63.4) 296 (73.4) 101 (74.8) 195 (72.8)

PD-L1 positive 293 (68.6) 221 (74.7) 70 (69.3) 151 (77.4)
.17

PD-L1 negative 134 (31.4) 75 (25.3) 31 (30.7) 44 (22.6)

MSI-H 31 (4.6) 20 (5.0) 18 (13.3) 2 (0.7) <.001

Abbreviations: AMC, academic medical center; CRC,
colorectal cancer; HNSCC, head and neck squamous
cell carcinoma; IO, immuno-oncology; MSI-H,
microsatellite instability-high; NSCLC, non–small cell
lung cancer; PD-L1, programmed cell death-ligand 1;
TMB, tumor mutational burden; TMB-H, tumor
mutational burden-high; TMB-L, tumor mutational
burden-low.
a Wilcoxon rank-sum test used. All other P values were

obtained using Pearson χ2 test.
b Other includes American Indian, Alaska Native, or

self-identified other race.
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PD-L1 Immunohistochemistry
PD-L1 status was determined by clinical Tempus testing with the 22C3 anti-PD-L1 pharmDx assay.17

Slides were scored by a pathologist using the tumor proportion score, which is the percentage of
tumor cells with complete or partial membrane staining. PD-L1 positive is defined as a tumor
proportion score of 1% or more.

Outcomes
Clinical data were abstracted from the Tempus clinicogenomic database of longitudinal structured
and unstructured physician progress notes from diverse oncology practices including both academic
medical centers and community practices. Dates of death were captured either from retrospectively
abstracted patient medical records or from third-party data sources that come from obituary
documentation that is augmented to the death master file from the Social Security Administration.
Finally, the resulting death information was integrated with Tempus data via an encrypted token
system. Progression dates were retrospectively abstracted from patient medical records.

End Points
End point definitions for overall survival (OS), progression-free survival (PFS), and time to
progression (TTP) are described in eTable 3 in Supplement 1. Censoring definitions for all end points
are described in eTable 4 in Supplement 1. For OS analysis, patients were censored at the last known
clinical record. For PFS and TTP, patients were censored according to the earliest record of the end
of ICI treatment, the start of new therapy, or the time on ICI treatment according to the line of
therapy (eTable 4 in Supplement 1).

Statistical Analysis
The analyses performed in this study were prespecified in a prospectively declared statistical analysis
plan. The primary objective of the study was to evaluate whether high TMB cancers are associated
with longer survival in patients treated with ICI than low TMB cancers in the evaluable cohort. A
stratified Cox proportional hazards model was fit with stratification by line of therapy (first-line or
second-line) with study entry defined as the start of ICI treatment. To account for immortal time bias
in OS, corrected study entry was defined as the assay order date if the assay order date occurred
after the start of ICI treatment. Risk set adjustment was implemented, in which patients were only
considered to be at risk for the OS end point according to the corrected study entry time. The test for
significance of the hazard ratio (HR) was performed using a 1-sided Wald test at a 5% significance
level. Mathematically, this translates to assessing if the one-sided upper 95% confidence bound on
the HR was less than 1. Therefore, the one sided upper 95% confidence bound is provided for all
survival analyses. Similarly, stratified Cox models were fit for the PFS and TTP end points. For an
initial anticipated cohort size of 850 patients, simulation studies demonstrated more than 80%
power for the primary end point. All secondary analyses were conducted in the prospective cohort
only as prespecified for the following reasons: the prospective cohort mirrors the design of a
prospective clinical trial, it is reflective of how TMB would be used clinically for ICI decision-making,
and finally, it limits potential confounders of the tumor environment impacted by early initiation of
ICI treatment without TMB result and immortal time bias.

For multivariable analyses, other covariates such as PD-L1 immunohistochemistry status and
MSI status were added to the model as main variables. Similarly, stratification by line of therapy was
included in all multivariable Cox proportional hazards models which included patients for whom first-
line and second-line ICI were indicated. All comparisons of TMB-H with TMB-L cancers were
performed using the Wald test at an unadjusted 5% significance level. In individual cancer types,
1-year survival probabilities were compared for TMB-H vs TMB-L cancers. Comparisons of
demographic and clinical characteristics between patients who were TMB-H and TMB-L were
performed using Wilcoxon rank-sum test or Pearson χ2 test. Statistical analyses were completed
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using Python version 3.7.13 (Python Software Foundation) and R version 4.0.5 (R Project for
Statistical Computing). Data were analyzed from September 2018 to August 2022.

Results

In the evaluable pancancer cohort of 674 patientsv with advanced cancer, the median (IQR) age was
69.4 (61.9-76.6) years, 271 patients (40.2%) were female, and 435 patients (64.5%) were White
(Table 1). The most common cancer type was NSCLC (330 patients [49.0%]), followed by bladder
(148 patients [22.0%]), HNSCC (96 patients [14.2%]), and other cancer types (100 patients [14.8%])
(Table 1). More than 20 histologies were reported, with the most common being adenocarcinoma
(290 patients [43.0%]) (eTable 1 and eTable 5 in Supplement 1). Patients were treated with 1 of 7
FDA-approved ICIs (eTable 2 in Supplement 1), with the majority of the patients treated with
pembrolizumab (560 patients [83.1%]) across all cancer types (eTables 6 and 7 in Supplement 1).
Self-reported race and ethnicity distribution included Asian (14 patients [2.1%]), Black or African
American (47 patients [7.0%]), Hispanic or Latino (15 patients [2.2%]), and White (435 patients
[64.5%]) (Table 1). Self-reported race was included to assess the racial diversity of the patient cohort.
The majority of the patients were treated in community clinics (199 patients [66.3%]) (Table 1).
Two-hundred and six patients had TMB-H cancers (30.6%), which were significantly associated with
longer OS than low TMB-L cancers (HR, 0.72; upper confidence bound [UCB], 0.91; P = .01) (eTable 8
in Supplement 1). Among those that had PD-L1 biomarker testing (427 patients [63.4%]), 293
(68.6%) were found to be PD-L1 positive and 134 (31.4%) were PD-L1 negative (Table 1). MSI-H was
observed in 31 patients (4.6%) of the total cohort (Table 1).

Similar demographic and clinical characteristics were seen in the prospective cohort, defined as
patients treated with ICI following the assay order date (403 patients) (see Methods section). In the
prospective cohort, 135 patients were TMB-H (33.5%) (Table 1). In this cohort, demographic and
clinical characteristics were well-balanced across the TMB-H and TMB-L patients, with the exception
of histology distribution and percentage of patients with brain metastases, and percentage of
patients that were MSI-H (Table 1). Adenocarcinomas, brain metastases, and MSI-H status were more
frequent in TMB-H patients compared with TMB-L patients (Table 1). Similar well-balanced
characteristics across TMB category were seen in the evaluable cohort (eTable 8 in Supplement 1)
and by cancer indication (eTable 9 and eTable 10 in Supplement 1).

Association of TMB With Clinical Outcomes
Median (IQR) follow-up was 7.2 ( 3.2 -14.1) months in the evaluable cohort, 9.4 (5.1-15.4) months in the
prospective cohort, and 4.7 (1.3-10.5) months in the retrospective cohort. Median OS of the evaluable
patient cohort was 13.9 (95% CI, 12.1-16.1) months. In the evaluable patient cohort (674 patients),
TMB-H cancers (median OS of 17.3 months; 95% CI, 17.4 months to not reached) were significantly
associated with longer overall survival than TMB-L cancers (median OS of 12.7 months; 95% CI, 11.0-
14.7; P = .01) (Table 2), meeting the prespecified primary objective of the study. Kaplan-Meier curves
are shown in Figure 2A, further stratified by line of therapy in eFigure 1 in Supplement 1.

Table 2. Statistical Summary of the Association of TMB With Clinical Outcomes

Cohort Model End point TMB, HR 1-Sided UCB P value
All evaluable Univariate OS 0.72 0.91 .01

Prospective Univariate OS 0.61 0.84 .005

Prospective Univariate PFS 0.62 0.82 .003

Prospective Univariate TTP 0.67 0.92 .02

Prospective pembrolizumab treated Univariate OS 0.67 0.94 .03

Prospective nonpembrolizumab
treated

Univariate OS 0.37 0.85 .03

Prospective Multivariablea OS 0.67 0.92 .02

Abbreviations: OS, overall survival; PFS, progression-
free survival; TMB, tumor mutational burden; TTP,
time to progression; UCB, upper confidence bound.
a In the multivariable model, the variables tested for

association with OS are TMB, programmed cell
death-ligand 1 status (positive/negative/unknown)
and microsatellite instability status (high vs low).
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Similar to the evaluable cohort, in the prospective cohort, TMB-H cancers (median OS of 32.8
months; 95% CI, 17.4 months to not reached) were also significantly associated with longer overall
survival than TMB-L cancers (median OS of 14.9 months; 95% CI, 11.9 months to 18.9 months), with a
39% risk reduction in death (HR, 0.61; UCB, 0.84; P = .005) (Table 2 and Figure 2B). The association
between TMB and clinical benefit was also observed in additional secondary clinical outcomes
(Figures 2C and D). TMB-H cancers were associated with significantly longer PFS (HR, 0.62; P = .003)
(Table 2) and longer TTP (HR, 0.67; P = .02) (Table 2) than TMB-L cancers. Kaplan-Meier curves
stratified by line of therapy are shown in eFigure 2 in Supplement 1.

Evaluation of TMB in Individual Cancer Types
In the largest cohort, NSCLC (242 patients), TMB-H cancers were associated with significantly longer
OS than TMB-L cancers (P = .05) (eTable 11 in Supplement 1). Our study was powered to assess the
association between TMB and OS from the pancancer cohort, but not in individual cancer types due
to the limitation of small sample sizes in some individual cohorts. Despite this limitation, we
compared the 1-year survival probabilities between TMB-H vs TMB-L in these individual cancer types
who had at least 10 patients in the prospective cohort (Figure 3). Our results were generally

Figure 2. Kaplan-Meier Analysis of Clinical End Points by TMB Status
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Panel A, Kaplan-Meier plot of overall survival (OS) in evaluable patients treated with
immune checkpoint inhibitors. The No. at risk only includes patients with corrected
study entry to account for immortal time bias (see Methods section). Panel B, Kaplan-
Meier plot of OS in prospective patients treated with immune checkpoint inhibitors.

Panel C, Kaplan-Meier plot of progression-free survival (PFS) in prospective patients
treated with immune checkpoint inhibitors. Panel D, Kaplan-Meier plot of time to
progression (TTP) in prospective patients treated with immune checkpoint inhibitors. OS
indicates overall survival; PFS, progression-free survival; TTP, time to progression
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consistent with our pancancer cohort, with the 1-year survival probability of TMB-H patients being
higher than that of TMB-L patients with NSCLC, bladder, melanoma, and CRC (Figure 3). HNSCC was
the only cancer indication in which patients with high TMB (8 patients) had a numerically lower 1-year
survival probability than patients with low TMB (35 patients) (52% vs 60%, respectively) (Figure 3).
Similar results were seen in the evaluable cohort (eFigure 3 in Supplement 1).

Evaluation of TMB by ICI Administered
Next, we evaluated if the association between TMB and OS was robust to the type of ICI administered
in the prospective cohort, given that the TMB FDA approval was only limited to pembrolizumab
therapy. In both the pembrolizumab-treated (339 patients) and nonpembrolizumab-ICI treated (64
patients) cohorts, TMB was significantly associated with OS (HR, 0.67; UCB, 0.94; P = .03; and HR,
0.37; UCB, 0.85; P = .03, respectively) (Table 2), demonstrating TMB clinical benefit regardless of
which ICI therapy was used for treatment. Kaplan-Meier curves are shown in eFigure 4 in
Supplement 1.

Evaluation of TMB in the Context of Other Biomarkers
Finally, we evaluated if the association between TMB and OS was independent of PD-L1 status and
MSI status. In a multivariable analysis of the prospective cohort, TMB-H remained significantly
associated with OS after adjusting for PD-L1 status and MSI status (HR, 0.67; UCB, 0.92; P = .02)
(Table 2; eTable 12 in Supplement 1). We next focused on our largest NSCLC cancer cohort where
PD-L1 status is commonly used for ICI treatment decisions. NSCLC patients were further stratified by
clinically relevant PD-L1 expression subgroups: less than 1% (25 patients), 1% to 49% (45 patients),
and 50% or higher (119 patients). As expected, NSCLC cancers with PD-L1 expression higher than
50% were significantly associated with longer OS than NSCLC cancers with PD-L1 expression less
than 1% (HR, 0.55; UCB, 0.96; P = .04) (eTable 11 in Supplement 1). However, in a multivariable
analysis of NSCLC patients, TMB-H remained significantly and independently associated with longer
OS even after adjusting for PD-L1 classification (HR, 0.65; UCB, 0.97; P = .04) (eTable 12 in
Supplement 1).

Discussion

Although the Friends of Cancer Research TMB harmonization project has established industry
standards for defining and analyzing the analytical validity of TMB,18,19 heterogeneity in patient
populations, differences in ICIs administered, and various surrogate clinical end points evaluated
have made it difficult to assess if TMB is a robust clinical biomarker that can be used widely in routine
clinical care for ICI treatment decisions. Many clinicians have contextualized the efficacy evidence
for TMB according to the results of the pivotal pancancer KEYNOTE-158 study that led to the FDA

Figure 3. Assessment of Overall Survival by Tumor Mutational Burden (TMB)-Status in Each Cancer Indication
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approval of pembrolizumab in TMB-H advanced solid cancers, which demonstrated higher ORR in
TMB-H vs TMB-L cancers, but no difference in 1-year overall survival, and heterogeneous ORR benefit
in individual cancers.9

We believe that our study fills in a critical clinical evidence gap that is urgently needed to
demonstrate the value of the TMB biomarker from the xT NGS targeted gene panel assay in a diverse
clinical setting. We found that TMB-H cancers are significantly associated with longer OS than TMB-L
cancers, consistent with a large pancancer, pan-ICI retrospective study of 1662 patients with
diagnoses of 1 of 10 distinct tumor types in which TMB-H cancers were determined by the
FDA-authorized Memorial Sloan Kettering IMPACT assay.4 However, unlike the Memorial Sloan
Kettering study that included all-comers receiving at least 1 dose of ICI therapy at any time point, our
study focused only on patients that received FDA-approved ICIs in the first-line and second-line
setting. The value of TMB in the first-line ICI therapy setting is of particular importance clinically since
the FDA TMB-based pembrolizumab approval remains limited to the pretreated patient population.
Furthermore, as the frontline immunotherapy treatment landscape evolves, for example with the
recent FDA-approval of tremelimumab in combination with durvalumab and platinum-based
chemotherapy for patients with metastatic NSCLC according to data from the phase III POSEIDON
study demonstrating OS benefit in these patients compared with chemotherapy-treated patients,20

robust biomarkers such as TMB will be important for assessing who may benefit most from these
new ICI treatments.

Additional strengths of our study include the following: first, the patient cohort was ethnically
diverse, with 11.3% of the patient cohort with self-reported race and ethnicity other than White,
much more than what is typically reported on clinical trials.21,22 Second, the prospective-only cohort
mirrors a prospective clinical trial design and the use of the TMB test as intended. Third, additional
secondary analyses demonstrated the robustness of our primary outcome findings. Furthermore, our
results were significant in both pembrolizumab and nonpembrolizumab cohorts, demonstrating the
efficacy of TMB beyond the FDA-approved TMB label for pembrolizumab in the second-line setting.
Finally, TMB was independently associated with ICI clinical benefit after adjusting for PD-L1 and
MSI status.

Limitations
This study had limitations. These include its retrospective nature, limited analyzable follow-up for
patients treated with ICIs before testing, effectiveness end points that could represent surrogacy to
other more established, prospective FDA-grade efficacy end points, heterogeneity in
non-immunotherapy treatment patterns that were not prespecified, data missingness due to
expected attrition rates within heterogeneous data sets from multiple clinics, the lack of sample size
to examine the statistical association of TMB and clinical outcomes in some individual cancer
subtypes.

Conclusions

The study findings demonstrate that the TMB category identified from the xT NGS targeted gene
panel assay is a robust, reproducible biomarker of clinical benefit to ICIs in a diverse, advanced
pancancer cohort treated in multiple clinics. More broadly, this study demonstrates the value of
clinical genomic data sets for the assessment of evolving molecular biomarkers and clinical outcomes
in diverse settings which are more representative of clinical practice patterns than clinical trials.
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