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INTRODUCTION
High tumor mutational burden (TMB-H) is accompanied 

by elevated neoantigen expression in a variety of tumor types, 
potentially rendering those tumors more responsive to can-
cer immunotherapy (1, 2). Recent studies have associated 
TMB-H status with improved response to immune check-
point inhibitors, including those targeting the PD-1/PD-L1 
pathway (1–3). Approximately 16.4% of cancers are character-
ized as TMB-H, defined as TMB ≥10 mut/Mb, and 7.3% have 
TMB ≥20 mut/Mb, with significant variability in TMB levels 
between cancer types (4–6).

In June 2020, pembrolizumab, a humanized antibody tar-
geting PD-1, became the first drug approved by the FDA 
for tumors characterized as TMB-H based on data from the 
KEYNOTE-158 phase II basket study (7, 8). The Foundation-
One CDx assay for TMB was approved by the FDA as a com-
panion diagnostic. Among 102 patients with FoundationOne 
CDx-assessed TMB  ≥10 mut/Mb tumors, the objective 
response rate (ORR) was 29% [30/102; 95% confidence interval  

(CI), 21–39; ref.  8]. In patients with TMB  <10 mut/Mb 
tumors, ORR was 6% (43/688; 95% CI, 5–8). However, inter-
pretation of these data is somewhat limited as enrollment 
in KEYNOTE-158 was restricted to 10 solid-tumor types, 
most commonly small-cell lung (34/102), cervical (16/102), 
and endometrial (15/102) cancers in the TMB ≥10 mut/Mb 
group, and excluded highly prevalent cancers such as colon 
and breast cancers. Recent reports suggest that immuno-
therapy activity in TMB-H tumors may be influenced by the 
clinical and molecular features of different tumor types, and 
as such it remains unclear whether a single TMB cutoff can 
be appropriately applied to a pan-tumor population (9–11).

Atezolizumab is an anti–PD-L1 mAb that enhances tumor-
specific T-cell responses, resulting in improved antitumor 
activity and clinical outcomes (12, 13). Atezolizumab is cur-
rently approved by the FDA as a monotherapy for urothelial 
carcinoma and non–small cell lung cancer (NSCLC) or as 
part of a combination regimen for NSCLC, small-cell lung 
cancer, hepatocellular carcinoma, and melanoma (14). Recent 
reports have indicated that elevated TMB in the tumor tissue 
of patients with NSCLC, metastatic urothelial carcinoma, 
and melanoma is associated with improved atezolizumab 
efficacy (15–17). Furthermore, retrospective analyses suggest 
that a TMB cutoff of ≥16 mut/Mb may enrich for response to 
atezolizumab in various tumor types (17) and may best bal-
ance undertreatment versus overtreatment of patients. How-
ever, prospective data remain limited regarding the activity of 
atezolizumab in tumors with TMB ≥16 mut/Mb.

MyPathway (NCT02091141), an open-label, multicenter, non-
randomized, multiple basket phase IIa study, evaluates the activity 
of established targeted therapies outside of their FDA-approved 
indications in patients with advanced solid tumors carrying poten-
tially actionable genetic or molecular alterations and no other 
suitable therapy options (ref.  18; Supplementary Fig.  S1). Here, 
we present results for the efficacy and safety of atezolizumab treat-
ment in patients with tumors characterized by TMB ≥10 mut/Mb, 
agnostic of tumor site of origin. The preplanned primary efficacy 

ABSTRACT High tumor mutational burden (TMB-H) correlates with improved immunotherapy 
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from MyPathway (NCT02091141), a phase IIa multibasket study. One hundred twenty-one patients had 
advanced solid tumors with TMB ≥10 mut/Mb by any Clinical Laboratory Improvement Amendments 
(CLIA)–certified assay. The preplanned primary endpoint was objective response rate (ORR) in patients 
with TMB ≥16 mut/Mb tumors by FoundationOne TMB testing [F1(CDx)]. Patients with F1(CDx) TMB ≥10 
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with TMB ≥10 and <16 mut/Mb. Responses were observed in nine different tumor types (47%; 9/19).
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advanced solid tumor types in patients with TMB ≥16 mut/Mb tumors lacking other suitable treatment 
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See related commentary by Maron and Klempner, p. 602.

1Memorial Sloan Kettering Cancer Center, New York, New York. 2Weill 
Medical College at Cornell University, New York, New York. 3Sarah Cannon 
Research Institute, Nashville, Tennessee. 4Tennessee Oncology, PLLC, Nash-
ville, Tennessee. 5Moores Cancer Center, UC San Diego, San Diego, California. 
6Dana-Farber Cancer Institute, Harvard Medical School, Boston, Massachu-
setts. 7The University of Texas MD Anderson Cancer Center, Houston, Texas. 
8Genentech, Inc., South San Francisco, California. 9Francis Crick Institute, 
London, United Kingdom. 10UCL Hospitals, London, United Kingdom.
Note: Supplementary data for this article are available at Cancer Discovery 
Online (http://cancerdiscovery.aacrjournals.org/).
Corresponding Author: Claire F. Friedman, Memorial Sloan Kettering Cancer 
Center, 300 E. 66th Street, New York, NY 10065. Phone: 646-888-4247; 
Fax: 646-888-4268; E-mail: friedmac@mskcc.org
Cancer Discov 2022;12:654–69
doi: 10.1158/2159-8290.CD-21-0450
This open access article is distributed under Creative Commons Attribution-
NonCommercial-NoDerivatives License 4.0 International (CC BY-NC-ND).
©2021 The Authors; Published by the American Association for Cancer Research

D
ow

nloaded from
 http://aacrjournals.org/cancerdiscovery/article-pdf/12/3/654/3052960/654.pdf by Francis C

rick Institute user on 10 M
arch 2022



Friedman et al.RESEARCH ARTICLE

656 | CANCER DISCOVERY MARCH  2022 AACRJournals.org

endpoint was ORR in patients with TMB ≥16 mut/Mb tumors 
by FoundationOne or FoundationOne CDx [F1(CDx)] testing; 
responses were also assessed in patients with F1(CDx) TMB ≥10 
and <16 mut/Mb tumors. Secondary endpoints included disease 
control rate (DCR), duration of response (DOR), progression-
free survival (PFS), overall survival (OS), and safety. Exploratory 
analyses were performed in patients with TMB  ≥16 mut/Mb 
and TMB  ≥10 and  <16 mut/Mb tumors assessed by any TMB 
assay conducted in a certified Clinical Laboratory Improvement 
Amendments (CLIA) laboratory (i.e., any CLIA-certified assay) and 
by tumor type and biomarker subgroups.

RESULTS
Patients

Patients in this analysis were enrolled between August 28, 
2018, and July 9, 2020, from 32 study sites. All patients had 
TMB ≥10 mut/Mb advanced solid tumors, as locally assessed 
by any CLIA-certified assay for the purposes of enrollment. 
As of the January 19, 2021, data cutoff date, 121 patients had 
received at least one dose of study drug, of whom 120 were 
efficacy- evaluable (Fig. 1). To limit variability in TMB meas-
urements observed between different assays (19, 20), patients 
without F1(CDx) TMB testing at enrollment provided tissue 
for retrospective central F1(CDx) retesting for the primary 

efficacy analysis. In patients with local or central F1(CDx) 
TMB testing results, 42 had TMB ≥16 mut/Mb tumors, com-
prising the primary efficacy population, and 49 had TMB ≥10 
and <16 mut/Mb tumors, of whom 48 were efficacy evaluable 
(Fig. 1). Seventeen patients had tumors that fell beneath the 
10 mut/Mb threshold required for inclusion in the F1(CDx) 
efficacy analysis upon central retesting, whereas 13 patients 
had insufficient tissue or failed F1(CDx) retesting.

At the data cutoff, 10.7% (13/121) of all patients remained 
on treatment, including 23.8% (10/42) of patients with 
F1(CDx) TMB  ≥16 mut/Mb and 2.0% (1/49) of those with 
F1(CDx) TMB  ≥10 and  <16 mut/Mb tumors. Additionally, 
60.3% (73/121) of all patients had discontinued the study, and 
28.9% (35/121) had discontinued treatment but remained 
in follow-up (Supplementary Fig.  S2). The most common 
reason for treatment discontinuation was progression of 
disease [PD; 83.3% (90/108)]. Median follow-up from treat-
ment initiation was 9.9 (range, 0.2–25.6) months. Baseline 
patient and disease characteristics were generally balanced 
between the F1(CDx) TMB cohorts, although the TMB ≥10 
and <16  mut/Mb cohort had higher proportions of female 
patients, patients with ≥3 prior lines of therapy, and patients 
with low PD-L1 IHC staining scores, as well as fewer patients 
with high microsatellite instability (MSI-H) tumors com-
pared with the TMB ≥16 mut/Mb cohort (Table 1).

Figure 1.  TMB local and central testing. One hundred and twenty-one patients treated with atezolizumab in MyPathway were included in the safety 
population. Among these patients, one with TMB ≥10 and <16 mut/Mb did not have a tumor evaluation by the data cutoff and was not included in the 
efficacy analysis. Based on local or central F1(CDx) TMB testing, 42 patients had tumors with TMB ≥16 mut/Mb and comprised the primary efficacy 
population, and 48 patients had tumors with TMB ≥10 and <16 mut/Mb. Thirty patients had TMB <10 mut/Mb upon retrospective F1(CDx) testing or did 
not have an F1(CDx) testing result, and were not included in the F1(CDx) efficacy-evaluable population. aPatient had TMB ≥10 and <16 mut/Mb by any 
CLIA-certified and F1(CDx) testing. CDx, Companion Diagnostic; CLIA, Clinical Laboratory Improvement Amendments; F1, FoundationOne.
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Table 1. Baseline demographics and clinical characteristics (N = 121)

F1(CDx) assay Any CLIA-certified assay

Characteristic
≥16 mut/Mb  

n = 42
≥10 and <16 mut/Mb 

n = 49
≥16 mut/Mb 

n = 56
≥10 and <16 mut/Mb 

n = 65
Total 

N = 121
Median age, years (range) 67 (25–90) 66 (44–85) 67 (25–90) 66 (32–85) 67 (25–90)
Sex, n (%)
 Female 19 (45.2) 35 (71.4) 29 (51.8) 45 (69.2) 74 (61.2)
 Male 23 (54.8) 14 (28.6) 27 (48.2) 20 (30.8) 47 (38.8)
Race, n (%)
 White 37 (88.1) 34 (69.4) 48 (85.7) 43 (66.2) 91 (75.2)
 Black/African American 3 (7.1) 7 (14.3) 5 (8.9) 8 (12.3) 13 (10.7)
 Asian 0 4 (8.2) 0 8 (12.3) 8 (6.6)
 American Indian/Alaska 

native
1 (2.4) 1 (2.0) 1 (1.8) 2 (3.1) 3 (2.5)

 Other 1 (2.4) 3 (6.1) 2 (3.6) 4 (6.2) 6 (5.0)
Ethnicity, n (%)
 Not Hispanic or Latino 36 (85.7) 43 (87.8) 49 (87.5) 57 (87.7) 106 (87.6)
 Hispanic or Latino 4 (9.5) 4 (8.2) 4 (7.1) 5 (7.7) 9 (7.4)
 Undesignateda 2 (4.8) 2 (4.1) 3 (5.4) 3 (4.6) 6 (5.0)
ECOG PS, n (%) n = 42 n = 49 n = 55 n = 65 n = 120
 0 11 (26.2) 17 (34.7) 18 (32.7) 20 (30.8) 38 (31.7)
 1 31 (73.8) 32 (65.3) 37 (67.3) 45 (69.2) 82 (68.3)
Median prior lines of 

therapy for metastatic 
disease (range)

n = 36
2 (1–11)

n = 48
3 (1–10)

n = 50
3 (1–11)

n = 64
3 (1–11)

n = 114
3 (1–11)

Prior lines of therapy for metastatic disease, n (%)
 1 9 (21.4) 9 (18.4) 9 (16.1) 14 (21.5) 23 (19.0)
 2 13 (31.0) 8 (16.3) 15 (26.8) 11 (16.9) 26 (21.5)
 3 5 (11.9) 8 (16.3) 8 (14.3) 14 (21.5) 22 (18.2)
 4 4 (9.5) 6 (12.2) 5 (8.9) 7 (10.8) 12 (9.9)
 5+ 5 (11.9) 17 (34.7) 13 (23.2) 18 (27.7) 31 (25.6)
 Missing 6 (14.3) 1 (2.0) 6 (10.7) 1 (1.5) 7 (5.8)
MSI status, n (%) n = 40 n = 47 n = 53 n = 63 n = 116
 High 11 (27.5) 1 (2.1) 13 (24.5) 1 (1.6) 14 (12.1)
 Stable or low 29 (72.5) 46 (97.9) 38 (71.7) 62 (98.4) 100 (86.2)
 Indeterminate 0 0 2 (3.8) 0 2 (1.7)
PD-L1b TPS score, n (%) n = 26 n = 29 n = 34 n = 37 n = 71
 <1 15 (57.7) 24 (82.8) 20 (58.8) 33 (89.2) 53 (74.6)
 ≥1 and <50 5 (19.2) 5 (17.2) 8 (23.5) 4 (10.8) 12 (16.9)
 ≥50 6 (23.1) 0 6 (17.6) 0 6 (8.5)
PD-L1b CPS scorec, n (%) n = 23 n = 22 n = 29 n = 29 n = 58
 <1 4 (17.4) 14 (63.6) 7 (24.1) 19 (65.5) 26 (44.8)
 ≥1 and <50 14 (60.9) 8 (36.4) 17 (58.6) 10 (34.5) 27 (46.6)
 ≥50 5 (21.7) 0 5 (17.2) 0 5 (8.6)

Abbreviations: CDx, Companion Diagnostic; CPS, combined positive scores; ECOG PS, Eastern Cooperative Oncology Group performance status;  
F1, FoundationOne; TPS, tumor proportion scores.
a“Undesignated” includes patients with ethnicity not reported or unknown.
bPD-L1 IHC testing was conducted using the clone 22C3 pharmDx kit. Patients not reported here had no local PD-L1 test result and no tissue or 
insufficient tissue for central testing. Two patients overall also had PD-L1 amplification.
cCPS scores were not always reported as part of the local PD-L1 assay results in pathology reports.
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Clinical Outcomes in Patients by 
F1(CDx) TMB Cohort

In the per-protocol primary analysis population of 42 
patients with F1(CDx) TMB  ≥16 mut/Mb tumors, median 
treatment duration was 5.0 months (median of 8.0 cycles; 
range, 1–31; Fig. 2A). Sixteen patients had a confirmed inves-
tigator-assessed objective response by Response Evaluation 
Criteria in Solid Tumors (RECIST) v1.1, including three com-
plete responses (CR) and 13 partial responses (PR); median 
DOR had not been reached as of the data cutoff. Confirmed 
ORR was 38.1% (16/42; 95% CI, 23.6–54.4) and DCR [best 
response of CR, PR, or stable disease (SD)  >4 months] was 
61.9% (26/42; 95% CI, 45.6–76.4).

One patient with a TMB ≥10 and <16 mut/Mb tumor did 
not have an efficacy evaluation reported by the data cutoff 
date and was not included in the efficacy population. In 
the 48 efficacy-evaluable patients with F1(CDx) TMB  ≥10 
and <16 mut/Mb tumors, clinical outcomes were inferior to 
those observed for the TMB  ≥16 mut/Mb cohort. Median 
treatment duration was 1.4 months (median of 3.0 cycles; 
range, 1–18; Fig. 2B). One patient achieved a confirmed PR, 

for an ORR of 2.1% (1/48; 95% CI, 0.1–11.1); DCR was 22.9% 
(11/48; 95% CI, 12.0–37.3). The difference in ORR between  
patients with TMB  ≥16 mut/Mb versus TMB  ≥10 and 
<16  mut/Mb tumors was statistically significant, with an 
estimated difference of 36% (95% CI, 19.6–65.7).

Median PFS was 5.7 months (95% CI, 2.7–8.5) versus 1.8 
months (95% CI, 1.4–2.6) in patients with TMB ≥16 mut/Mb 
and TMB ≥10 and <16 mut/Mb tumors, respectively (Fig. 3A), 
and median OS was 19.8 months [95% CI, 11.9–not evalu-
able (NE)] versus 11.4 months (95% CI, 5.3–15.7; Fig.  3B). 
PFS [hazard ratio (HR), 0.34; 95% CI, 0.21–0.57; P < 0.0001] 
and OS (HR, 0.53; 95% CI, 0.29–0.97; P  =  0.0371) were sig-
nificantly longer in patients with TMB  ≥16 mut/Mb versus 
TMB ≥10 and <16 mut/Mb tumors.

Of the 13 patients lacking central F1(CDx) retesting data 
and omitted from the primary analysis for ORR, six had 
TMB ≥16 mut/Mb tumors by any CLIA-certified assay. None 
of the six patients had a confirmed objective response. In a 
sensitivity analysis for finite sample bias, inclusion of these 
six patients in the F1(CDx) TMB  ≥16 mut/Mb cohort pro-
duced an ORR estimate of 33.3% (16/48; 95% CI, 20.4–48.4).
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Figure 2.  Time on treatment in patients with F1(CDx) TMB testing. A, Patients with TMB ≥16 mut/Mb tumors (n = 42). (continued on following page)
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Figure 2. (Continued)  B, Patients with TMB ≥10 and <16 mut/Mb tumors (n = 49). Patients with ongoing treatment at data cutoff and timepoints for 
first response, disease progression, and death are shown. Termination points of the treatment bars represent three weeks after the date of the last drug 
administration. aPOLE/POLD1 mutations refer to mutations in the exonuclease domains only. bPatient had a tumor proportion score <1 and no combined 
positive score. cPatients 72, 114, and 119 discontinued treatment without a tumor assessment and were considered to be nonresponders. Patient 121 
did not have an efficacy evaluation reported by the data cutoff date and was not included in the efficacy population. CDx, Companion Diagnostic; CUP, 
carcinoma of unknown primary; MND, mutation not detected; MUT, mutated; NE, not evaluable; PD, progressive disease.

To assess whether imbalances in baseline characteristics 
between the F1(CDx) TMB  ≥16 mut/Mb versus TMB  ≥10 
and  <16 mut/Mb cohorts affected ORR, we adjusted for 
gender and number of prior lines of treatment in estimating 
ORR as if balance for these variables was achieved between 
the two cohorts. We found that the adjusted ORR (36.4%; 
95% CI, 22.1–51.0) differed only slightly from the primary 
endpoint for patients with TMB ≥16 mut/Mb tumors.

In addition to the analyses of ORR based on an F1(CDx) 
TMB cutoff of 16 mut/Mb, we plotted estimates of ORR at 
TMB cutoffs from 10 to 40 mut/Mb in increments of 3 mut/Mb. 
A significant trend for association of ORR with TMB cutoff 
was observed (log OR of response for an increase of 1 mut/
Mb to the cutoff: 0.061; 95% CI, 0.026–0.095; Supplemen-
tary Fig. S3; Supplementary Table S1). This trend remained 
significant when different cutoffs were used (TMB of 10–30 
mut/Mb in intervals of 2 mut/Mb, or TMB of 10, 16, 20, and 
25 mut/Mb).

Prior to the enrollment of patients in the current analysis, 
a separate cohort of 53 patients was enrolled in the MyPathway 
atezolizumab arm based on an earlier protocol version, 
with patients assessed for response using immune-modified 
RECIST. Of 41 patients with known F1(CDx) TMB at enroll-
ment, 28 had TMB  ≥16 mut/Mb tumors. An exploratory 
analysis showed immune-modified ORR was 21.4% (6/28) in 
this population (Supplementary Table  S2). Consistent with 
observations from the primary efficacy analysis, no respond-
ers were observed among the 13 patients with F1(CDx) 
TMB <16 mut/Mb tumors.

Local versus Central TMB Testing
Among all 121 patients enrolled in this analysis, 56 had 

TMB  ≥16 mut/Mb and 65 had TMB  ≥10 and  <16 mut/Mb 
tumors by local TMB testing using any CLIA-certified assay. The 
local TMB testing assays used for patient enrollment are detailed 
in Supplementary Table S3. Among the 120 efficacy-evaluable  
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patients, 68 had local F1(CDx) TMB testing, and 52 were 
enrolled based on a non-F1(CDx) CLIA-certified assay, of 
whom 39 subsequently had TMB results from both local 
non-F1(CDx) testing and central F1(CDx) retesting (Fig. 1). In 
these 39 patients, median time from the collection of the tis-
sue sample used for TMB testing to enrollment was 228 days 

(range, 1–5,736). Overall agreement for classification into TMB 
<16 mut/Mb versus TMB ≥16 mut/Mb cohorts was observed 
for 74.4% (29/39; 95% CI, 57.9–87.0) of these patients, includ-
ing nine patients with TMB  ≥16 mut/Mb tumors on both 
assays. The remaining 13 of 52 patients had a failed F1(CDx) 
assay or had insufficient tissue for retesting.

Figure 3.  PFS and OS in efficacy-evaluable patients with F1(CDx) TMB testing (n = 90). A, PFS in patients with TMB ≥16 mut/Mb versus TMB ≥10 
and <16 mut/Mb tumors. B, OS in patients with TMB ≥16 mut/Mb versus TMB ≥10 and <16 mut/Mb tumors. CDx, Companion Diagnostic; CI, confidence 
interval; F1, FoundationOne; TMB, tumor mutational burden.
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The correlation between local non-F1(CDx) and central 
F1(CDx) TMB results is shown in Supplementary Fig.  S4A 
and S4B for 24 patients with both assays performed from the 
same tissue sample (R2 = 0.9129; P < 0.0001). In 13 patients 
with local and central assays performed from different tis-
sue samples, R2 was 0.9685 (P < 0.0001). Agreement for local 
versus central TMB testing results by number of patients is 
shown in Supplementary Table S4.

No confirmed responses were observed among the nine 
patients with TMB ≥16 mut/Mb by any CLIA-certified assay 
and TMB <16 mut/Mb by F1(CDx), or in the 17 patients with 
TMB <10 mut/Mb tumors by F1(CDx) retesting. Among the 
13 patients without F1(CDx) testing results, one patient with 
a TMB  ≥10 and  <16 mut/Mb tumor by any CLIA-certified 
assay had a PR.

Clinical Outcomes in Patients with TMB by 
Any CLIA-Certified Assay

Clinical outcomes were assessed in efficacy-evaluable 
patients with TMB ≥16 mut/Mb versus TMB ≥10 and <16 mut/
Mb tumors by any CLIA-certified assay, including F1(CDx), 
in an exploratory analysis. Consistent with results from the 
F1(CDx) testing cohorts, in 56 patients with TMB  ≥16 mut/
Mb tumors by any CLIA-certified assay, confirmed ORR was 
28.6% (16/56, including 3 CR and 13 PR; 95% CI, 17.3–42.2) 
and DCR was 55.4% (31/56; 95% CI, 41.5–68.7), compared with 
a confirmed ORR of 3.1% (2/64, both PR; 95% CI, 0.4–10.8) and 
DCR of 21.9% (14/64; 95% CI, 12.5–34.0) in 64 patients with 
TMB ≥10 and <16 mut/Mb tumors. Median treatment dura-
tion was 4.3 months (median of 6.5 cycles; range, 1–31) and 0.8 
months (median of 2.0 cycles; range, 1–18), respectively (Sup-
plementary Fig.  S5A and S5B). Median PFS was 4.8 months 
(95% CI, 2.6–5.8) in patients with TMB ≥16 mut/Mb and 1.4 
months (95% CI, 1.4–2.6) in those with TMB  ≥10 and  <16 
mut/Mb tumors (Supplementary Fig.  S6A), and median OS 
was 19.8 months (95% CI, 12.2–NE) and 8.5 months (95% CI, 
5.2–14.9), respectively (Supplementary Fig. S6B).

Clinical Outcomes by MSI Status
MSI-H status enriches for response to immunotherapy and 

has previously been shown to correlate with TMB-H status (21). 
Among 86 efficacy-evaluable patients with F1(CDx) TMB ≥10 
mut/Mb tumors and known MSI status, 11 had TMB  ≥16 
mut/Mb + MSI-H and 29 had TMB ≥16 mut/Mb + stable or 
low MSI (MSI-SL). The remaining 46 patients had TMB  ≥10 
and <16 mut/Mb tumors, of which all but one was MSI-SL.

In patients with TMB  ≥16 mut/Mb tumors, objective 
responses were observed in both the MSI-H and MSI-SL 
subgroups (Supplementary Table  S5). Confirmed ORR was 
54.5% (6/11; 95% CI, 23.4–83.3) versus 31.0% (9/29; 95% CI, 
15.3–50.8), respectively. Median PFS was 8.3 months (95% CI, 
1.3–NE) versus 5.6 months (95% CI, 2.7–8.5), respectively, and 
median OS was not reached in the TMB ≥16 mut/Mb + MSI-H 
group versus 19.8 months (95% CI, 11.8–NE) for TMB  ≥16 
mut/Mb + MSI-SL (Supplementary Fig. S7A and S7B). Within 
the MSI-SL population, significantly longer PFS (HR, 0.33; 
95% CI, 0.19–0.58; P < 0.0001) was observed for patients with 
F1(CDx) TMB  ≥16 mut/Mb versus TMB  ≥10 and  <16 mut/
Mb tumors. Similar results were observed in the population 
of patients with TMB by any CLIA-certified assay. A post hoc 

exploratory analysis of differentially mutated genes by TMB 
and MSI subgroups is shown in Supplementary Table S6.

Objective Responses by PD-L1 Expression Status
To assess whether PD-L1 expression levels were associ-

ated with altered response, a post hoc exploratory analysis 
was conducted by PD-L1 status in patients with F1(CDx) 
TMB ≥16  mut/Mb tumors and known PD-L1 tumor pro-
portion scores (TPS; available for 26 of 42 patients) or com-
bined positive scores (CPS; 23/42). Compared with patients 
with TMB  ≥16 mut/Mb, the TMB  ≥10 and  <16 mut/Mb 
cohort had a higher proportion of patients with TPS or CPS 
scores <1 by IHC, and no patients with TPS or CPS scores ≥50 
(Table  1). MSI and PD-L1 status groups in patients with 
F1(CDx) TMB  ≥16 mut/Mb are shown in Supplementary 
Fig. S8A and S8B.

Among patients with F1(CDx) TMB ≥16 mut/Mb tumors, 
those with TPS scores of  <1,  ≥1 and  <50, and  ≥50 had con-
firmed ORRs of 33.3% (5/15), 40.0% (2/5), and 50.0% (3/6), 
respectively (Supplementary Table S7). In patients with CPS 
scores of <1, ≥16 and <50, and ≥50, confirmed ORR was 25.0% 
(1/4), 35.7% (5/14), and 40.0% (2/5), respectively. Of note, all 
responders with colorectal cancer and known PD-L1 status 
had TPS and CPS scores <50.

Clinical Outcomes by POLE/POLD1 
Mutation Status

To assess the impact of putative pathogenic mutations 
in the DNA proofreading genes DNA polymerase epsilon 
(POLE) and delta 1 (POLD1; ref. 22) on clinical outcomes, we 
performed a post hoc exploratory analysis on the 90 efficacy-
evaluable patients with F1(CDx) TMB with versus without 
POLE/POLD1 exonuclease domain mutations. Nine patients 
(five with TMB  ≥16 mut/Mb and four with TMB  ≥10 and 
<16 mut/Mb tumors) had POLE/POLD1-mutated tumors by 
F1(CDx) testing in this population. ORR in POLE/POLD1-
mutated tumors was 22.2% (2/9) versus 18.5% (15/81) in 
tumors without POLE/POLD1 mutations (P = 0.87). Among 
42 patients with TMB ≥16 mut/Mb tumors, ORR was 40.0% 
(2/5) versus 37.8% (14/37) in patients with versus without 
POLE/POLD1 mutations, respectively (P = 1).

Median PFS in patients without POLE/POLD1 exonuclease 
domain mutations was 1.9 months in the TMB ≥10 and <16 
mut/Mb cohort, versus 5.6 months for TMB  ≥16 mut/Mb 
(HR, 0.36; 95% CI, 0.21–0.60; P < 0.001) and 5.7 months for 
patients with TMB ≥16 mut/Mb + POLE/POLD1 mutations 
(HR, 0.38; 95% CI, 0.13–1.08; P = 0.07). Data for PFS and OS 
are shown in Supplementary Fig. S9A and S9B.

We also assessed the potential impact of all nonsynony-
mous POLE/POLD1 mutations based on recent work suggest-
ing that POLE/POLD1 mutations outside of the exonuclease 
domain may also enrich for response to immunotherapy (23). 
ORR, PFS, and OS did not significantly differ in patients 
with TMB  ≥16 mut/Mb tumors with versus without any 
POLE/POLD1 mutation.

Objective Responses by Tumor Type
Data from the real-world Flatiron Health-Foundation Med-

icine Clinico-Genomic Database (FH-FMI CGDB) indicate 
that among 73,693 tumors tested for TMB by F1(CDx), 8.4% 
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are characterized as TMB ≥16 mut/Mb. Among the most com-
mon cancer types in the United States, TMB ≥16 mut/Mb was 
observed in 3.6% of breast, 3.1% of prostate, 16.3% of NSCLC, 
and 5.4% of colorectal tumors (Supplementary Table  S8). 
TMB ≥16 mut/Mb was particularly prevalent in endometrial 
(15.8%) and bladder (16.4%) cancers, but was less common in 
pancreatic (0.8%) and ovarian (0.9%) cancers. Among tumors 
with stable MSI, 7.1% had TMB ≥16 mut/Mb.

In MyPathway, 19 different tumor types were included 
among all efficacy-evaluable patients with F1(CDx) TMB ≥10 
mut/Mb tumors (Fig.  4A), and 16 tumor groups among 
those with F1(CDx) TMB  ≥16 mut/Mb (Fig.  4B). The larg-
est tumor groups overall were breast (n  =  24) and colo-
rectal (n  =  21). Among 10 patients with colorectal cancer 
and F1(CDx) TMB  ≥16 mut/Mb, confirmed responses were 
observed in seven patients (70.0%; 95% CI, 34.8–93.3; Table 2), 
of whom three had tumors characterized as MSI-H and 
three as MSI-SL. Only one of seven patients with F1(CDx) 
TMB  ≥16 mut/Mb breast cancer had a response: a patient 
with hormone receptor–positive MSI-SL cancer. Of note, 
as five of the seven patients had hormone receptor–positive 
breast cancer, biological mechanisms other than TMB may 
be the primary drivers of tumor progression in these patients. 
In addition to the responses observed in colorectal and breast 
cancers, responses were reported in patients with F1(CDx) 
TMB  ≥16 mut/Mb carcinomas of unknown primary (2/3), 
head and neck cancer (1/3), biliary tract cancer (1/2), and 
adrenocortical cancer (1/1); all responders in these groups 
had MSI-SL tumors. Responses were also observed in patients 
with F1(CDx) TMB  ≥16 mut/Mb tumors in the pancreas 
(1/1), cervix (1/1), and prostate (1/2), of which the respond-
ers had MSI-H tumors. The single responder with a F1(CDx) 
TMB  ≥10 and  <16 mut/Mb tumor had biliary tract cancer 
(MSI status unknown; Supplementary Table S9).

Similar outcomes were observed in the full patient popu-
lation with TMB by any CLIA-certified assay encompassing 
20 different tumor types (Supplementary Fig.  S10), with 
confirmed responses observed for patients with any CLIA-
certified TMB ≥16 mut/Mb colorectal cancer (7/11), breast 
cancer (1/12), carcinoma of unknown primary (2/3), biliary 
tract cancer (1/3), cervical cancer (1/3), head and neck cancer 
(1/3), prostate cancer (1/3), adrenocortical cancer (1/1), and 
pancreatic cancer (1/1; Supplementary Table S10). Addition-
ally, two patients with any CLIA-certified TMB ≥10 and <16 
mut/Mb biliary tract cancer had a response (2/3).

CRs were observed in patients with primary orbital squa-
mous cell carcinoma (MSI-SL; DOR 17.9 months, ongoing 
at data cutoff), biliary cancer (MSI-SL; DOR 15.5 months, 
ongoing; Supplementary Fig.  S11A and S11B), and colon 
cancer (MSI-H; DOR 4.1 months). All three patients had 
TMB ≥16  mut/Mb by both any CLIA-certified assay and 
F1(CDx) testing.

Safety
Among the 121 treated patients, 90.9% (110/121) experi-

enced a treatment-emergent adverse event (TEAE), including 
grade 3–5 TEAEs in 47.9% (58/121) and serious TEAEs in 
33.1% (40/121) of patients. Treatment-related TEAEs were 
reported in 56.2% (68/121) of patients, most commonly 
fatigue (12.4%), pruritus (10.7%), and nausea (9.9%; Supple-
mentary Table S11). Grade 3–4 related TEAEs were observed 
in 12.4% (15/121) of patients, most commonly hyponatremia 
and decreased lymphocyte count (each in 2.5% of patients), 
and related serious TEAEs in 6.6% (8/121). TEAEs led to 
study drug interruption in 19.0% (23/121) of patients, with-
drawal from study drug in 5.0% (6/121), and death in 4.1% 
(5/121; none related to the study drug). No patients had a 
study drug reduction due to TEAEs.

Figure 4.  Tumor groups in efficacy-evaluable patients with F1(CDx) TMB. Tumor types from (A) all patients with F1(CDx) TMB ≥10 mut/Mb (n = 90) 
and (B) F1(CDx) TMB ≥16 mut/Mb (n = 42). Nineteen different tumor types for all patients with F1(CDx) TMB testing and 16 different tumor types for 
F1(CDx) TMB ≥16 mut/Mb were represented among efficacy-evaluable patients, with the largest groups comprised of patients with breast and colorectal 
cancers. CDx, Companion Diagnostic; CUP, carcinoma of unknown primary; F1, FoundationOne; TMB, tumor mutational burden.
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DISCUSSION
Data from MyPathway indicate that atezolizumab treat-

ment of tumors with TMB  ≥16 mut/Mb had promising, 
durable clinical activity across a variety of advanced solid 
tumor types. Notably, patients in this analysis had a median 
of three prior lines of therapy and no suitable alternative 
treatment options at enrollment. Patients with F1(CDx) TMB 
≥16 mut/Mb tumors achieved a confirmed ORR of 38.1% 
(95% CI, 23.6–54.4), including three CRs, and a DCR of 61.9% 
(95% CI, 45.6–76.4). In contrast, patients with TMB  ≥10 
and  <16 mut/Mb tumors had a significantly lower ORR of 
2.1% (95% CI, 0.1–11.1) and DCR of 22.9% (95% CI, 12.0–37.3). 
Median PFS was 5.7 months and 1.8 months in patients 
with TMB  ≥16 mut/Mb versus TMB  ≥10 and  <16 mut/Mb 
tumors, respectively, and median OS was 19.8 months and 
11.4 months. These results suggest that in our tissue-agnostic 
tumor population, response to atezolizumab was enriched 
in tumors with TMB  ≥16 mut/Mb, with limited activity 
observed in tumors with TMB <16 mut/Mb.

As of October 2021, National Comprehensive Cancer Net-
work (NCCN) guidelines for 15 different tumor types rec-
ommended assessment or consideration of assessment for 
TMB-H status for certain patients as a strategy for treatment 
determination (24–38). A recent retrospective analysis in a 
large population suggested that a TMB cutoff of ≥10 mut/Mb is 
predictive for response to checkpoint inhibitors only in cancer 
types where CD8 T-cell levels correlate with neoantigen load 
(10). McGrail and colleagues reported notable response rates 
against melanoma, lung cancer, and bladder cancer, with a 
trend toward increased response in colorectal cancer, but 
activity was limited for breast cancer, prostate cancer, and 
glioma (10). Based on data from KEYNOTE-158, pembroli-
zumab received accelerated FDA approval for unresectable or 
metastatic solid tumors of any type with TMB ≥10 mut/Mb 
in patients lacking satisfactory alternative treatment options 
(7, 8). However, enrollment in KEYNOTE-158 was restricted to 
10 tumor types (8). These included TMB-H tumors previously 
shown to be sensitive to immunotherapy, such as small-cell 
lung cancer (3), and excluded colorectal and breast cancers. In 
contrast, eligibility for the prospective MyPathway study was 
based on tumor molecular characteristics, regardless of tumor 
location. Among the 121 patients included in this analysis, 
20 different tumor groups were assessed, with responses 
observed in nine tumor types. Particularly high response rates 
were reported in patients with colorectal cancer [70.0% in 10 
patients with F1(CDx) TMB ≥16 mut/Mb tumors, including 
responses in both MSI-H and MSI-SL tumors]. However, 
among seven patients with F1(CDx) TMB ≥16 mut/Mb breast 
cancer, only one response was observed. The divergent results 
observed for colorectal and breast cancers were generally 
consistent with the data reported by McGrail and colleagues 
(10). Responses were also observed in patients with head and 
neck, biliary tract, prostate, adrenocortical, cervical, and pan-
creatic cancers, as well as carcinomas of unknown primary in 
our analysis. These results are encouraging for patients with 
a spectrum of tumor types characterized by elevated TMB 
status, including rare and difficult-to-treat tumors. Further 
prospective work will be needed to refine the biological 
characteristics of likely responders and to study differences 

between the activity of PD-1– and PD-L1–targeting agents 
within the TMB-H pan-tumor population.

As MSI-H status has been shown to correlate with TMB-H 
in several cancer types, including colorectal and endometrial 
cancers (21), we wanted to determine whether atezolizumab 
had clinical activity in our analysis beyond the presence of 
MSI-H tumor status. Consistent with previous reports for 
checkpoint blockade in patients with MSI-H tumors (21, 39), 
ORR and DCR were numerically higher for MSI-H versus 
MSI-SL tumors (ORR: 54.5% vs. 31.0%, respectively, and DCR: 
72.7% vs. 58.6%) within the F1(CDx) TMB ≥16 mut/Mb popu-
lation. We observed meaningful activity in a variety of tumor 
types regardless of MSI status, suggesting that MSI-H is not 
the only driver of response to atezolizumab in patients with 
TMB-H tumors. These data align with recent analyses suggest-
ing that TMB-H is an independent biomarker for response to 
PD-1/PD-L1 inhibitors in MSI-H colorectal cancer (40).

Prior studies have suggested that PD-L1 expression has 
limitations as a tumor-agnostic predictive biomarker for 
response to immune-checkpoint inhibitors (41, 42). Although 
universal guidelines for assessing or scoring PD-L1 expres-
sion are lacking, reports of response to anti–PD-1 or anti–
PD-L1 therapy in patients with low PD-L1 expression suggest 
that other tumor molecular characteristics may influence 
response to atezolizumab (41, 42). In an exploratory analysis 
in MyPathway, objective responses were observed in patients 
with TMB ≥16 mut/Mb in all PD-L1 expression level groups. 
However, we observed that ORR numerically increased with 
higher PD-L1 TPS and CPS scores, and among the three 
patients with CR in the overall analysis, two had TPS and CPS 
scores >50. As with MSI status, TMB ≥16 mut/Mb may enrich 
for response regardless of PD-L1 expression level (2).

Other biomarkers of interest include mutations in 
POLE/POLD1, which can lead to deficient DNA repair and 
tumor hypermutation, potentially resulting in sensitivity 
to checkpoint inhibitors (23). A recent retrospective analy-
sis indicated that checkpoint inhibitors improved OS in 
patients with TMB  ≥10 mut/Mb versus TMB  <10 mut/Mb 
colorectal cancer, but the predictive value of TMB status 
disappeared when patients with POLE/POLD1 mutations or 
deficient mismatch repair were omitted (11). In our explora-
tory analysis of patients without POLE/POLD1 exonuclease 
domain-mutated tumors, median PFS, but not OS, was 
significantly longer in those with TMB  ≥16 mut/Mb com-
pared with TMB  ≥10 and  <16 mut/Mb. Among patients 
with TMB  ≥16 mut/Mb tumors, ORR and median PFS 
were similar between patients with versus without POLE/
POLD1-mutated tumors (ORR: 40.0% vs. 37.8%, PFS: 5.7 vs. 
5.6 months). Notably, seven responders (including two with 
CR) were observed among 25 patients with TMB ≥16 mut/
Mb + MSI-SL + nonmutated POLE/POLD1 tumors, suggest-
ing that MSI-H status and POLE/POLD1 mutations are not 
sufficient to account for responses in patients with TMB ≥16 
mut/Mb tumors. Additional prospective research will be 
needed to further refine how POLE/POLD1 mutations and 
other tumor hypermutation–associated biomarkers affect 
response in patients with TMB ≥16 mut/Mb tumors treated 
with immunotherapy.

The selection of centralized TMB testing via F1(CDx) 
for the primary efficacy endpoint was based on the known 
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presence of variability between assays for TMB (19, 20). 
FoundationOne CDx is currently the only FDA-approved 
companion diagnostic for TMB. Prior studies have indicated 
that the FoundationOne comprehensive genomic profiling 
assay provides an accurate assessment of whole-exome TMB 
(5). In contrast, the ability to accurately estimate TMB may 
be limited in smaller gene panels, which may overestimate 
TMB (19, 43). We observed some incidences of discordance 
between central and local TMB testing results, including 17 
patients who were enrolled based on locally tested TMB ≥10 
mut/Mb tumors, but had TMB  <10 mut/Mb from central 
F1(CDx) retesting. Some of these discrepancies may be attrib-
uted to differences in the time points of tissue collection 
and/or site heterogeneity of the tissue samples (44). How-
ever, our data suggested that regardless of the type of TMB 
assay, atezolizumab consistently appeared to have promising 
activity in the cohort of patients with TMB  ≥16 mut/Mb 
tumors, with very limited activity observed in tumors with 
TMB <16 mut/Mb.

Although recent studies have suggested limited predictive 
power of TMB for response to immunotherapy in pan-tumor 
populations (10, 11), identification of a TMB cutoff that max-
imizes efficacy while avoiding unnecessary toxicities could be 
particularly valuable for the treatment of tumors of unknown 
primary or rare tumor types that may not have tumor-specific 
indications. Of note, the analysis by McGrail and colleagues 
was based on TMB derived from in silico analysis across vari-
ous methods, and approximated TMB-H based on a cutoff 
of 10 mut/Mb for a FoundationOne CDx panel (rather than 
empirical measurements from FoundationOne CDx testing), 
an approach that may require further validation and may 
limit the comparability of findings (10). In the retrospective 
study of atezolizumab by Shemesh and colleagues, the TMB 
cutoff of 16 mut/Mb was based on a balance between high 
response rate and reasonable prevalence across a variety of 
tumor types (17). Our prespecified primary analysis popula-
tion of patients with TMB  ≥16 mut/Mb encompassed the 
majority of responders across multiple tumor types, although 
we observed continued enrichment for response with TMB 
cutoffs higher than 16 mut/Mb, consistent with prior studies 
(17, 45). Our results align with the designation of TMB 10–15 
mut/Mb as an “equivocal zone” for response to checkpoint 
inhibitors by the TMB Harmonization Project working group 
(https://www.focr.org/sites/default/files/Tissue-Agnostic-
TMB_Summary.pdf). Although our data support a TMB 
threshold of 16 mut/Mb as an appropriate stratification 
for patients who are likely or unlikely to respond to atezoli-
zumab treatment based on TMB status, we cannot be certain 
of the negative predictive value of TMB <16 mut/Mb due to 
the small sample size. Further studies will be necessary to 
determine whether a different cutoff would be more appro-
priate, and to consider additional factors such as tumor type 
and biomarker profile to potentially increase the predictive 
value of TMB (10, 11).

This analysis was limited by the lack of a control arm or 
patient randomization, the use of nonblinded investigator 
assessments for tumor response, small patient cohorts in 
some subgroup analyses, and the use of local TMB testing 
for the enrollment of an analysis primarily based on F1(CDx) 
TMB. In particular, as patients with TMB <10 mut/Mb tumors 

were not permitted in the study, this analysis omitted patients 
who may have had a local assessment of TMB <10 mut/Mb and 
central assessment of TMB  ≥10 mut/Mb, potentially bias-
ing the classification of patients around the F1(CDx) TMB 
16 mut/Mb cutoff. Finally, as patients with tumors already 
indicated for treatment with immunotherapy at the time of 
study start or who had progressed on prior immunotherapy 
were not included in this analysis, efficacy in this patient 
group is unknown.

Our analysis from MyPathway suggests that TMB ≥16 mut/Mb  
determined by F1(CDx), an FDA-approved assay for TMB in 
solid tumors, enriches for response to atezolizumab mono-
therapy in a tumor-agnostic setting. These data support 
atezolizumab as a potential treatment option across a broad 
spectrum of tumor types with TMB ≥16 mut/Mb, including 
patients with rare cancers lacking other treatment choices 
and those with cancers of unknown primary origin, and add 
to the growing body of evidence demonstrating activity for 
agents targeting PD-1 and PD-L1 in advanced TMB-H solid 
tumors. To further improve the selection of patients likely to 
respond to atezolizumab treatment, future studies should 
explore additional molecular markers in TMB-H tumors that 
may influence response; other TMB cutoffs, including suit-
able TMB cutoffs in the population of patients with prior 
immunotherapy; and the activity of combination therapies 
with atezolizumab. Another consideration for the future may 
be the utilization of PD-1– and PD-L1–targeting agents ear-
lier in the treatment course, or even perhaps in the adjuvant 
setting. This approach has demonstrated activity in stage 
II/III malignant melanoma (46–48) and NSCLC (49) and is 
being explored in MSI-H endometrial and colorectal cancers. 
The omission or delay of chemotherapy for these patients 
would mark a significant paradigm shift in the treatment of 
advanced solid tumors.

METHODS
Study Design and Participants

MyPathway (NCT02091141) is an open-label, multicenter, non-
randomized, multiple basket phase IIa trial. Eligible patients have 
previously treated advanced solid tumors with potentially actionable 
molecular alterations (Supplementary Fig. S1). In this cohort analy-
sis, patients were  ≥18 years old and had histologically documented 
tumors with TMB ≥10 mut/Mb, as determined by any CLIA-certified 
assay; measurable disease by RECIST v1.1 (50); an Eastern Coopera-
tive Oncology Group performance status score of 0 or 1; and adequate 
renal and liver function. Patients with prior cancer immunotherapy 
treatment, concurrent anticancer therapies, hematologic cancers, 
or uncontrolled central nervous system metastasis were excluded. 
Patients were not eligible if they had a tumor type already indicated 
for FDA-approved treatment with the study drug, or another suitable 
therapy option that could convey clinical benefit per the treating phy-
sician’s judgment. Full inclusion and exclusion criteria are available 
in the online protocol (MyPathway Protocol v9_Redacted).

Atezolizumab 1200 mg was administered intravenously every 3 
weeks until disease progression or unacceptable toxicity. In patients 
included in this analysis, tumors were assessed by the investigator per 
RECIST v1.1 at baseline and every two treatment cycles (every 6 weeks) 
for the first 24 weeks, and then every four treatment cycles (every 12 
weeks) thereafter. Adverse events occurring from the first treatment 
until 90 days after the last dose of study treatment were assessed by 
the Common Terminology Criteria for Adverse Events (CTCAE) v5.0.
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Although the MyPathway atezolizumab arm opened on February 
6, 2017 (protocol version 4), as a signal-seeking cohort, enrollment 
and safety/efficacy assessment criteria for this arm were amended for 
registrational intent as of August 29, 2018 (protocol version 6). As 
such, the analysis reported here includes only patients enrolled per 
protocol versions 6 and beyond. Methods for the exploratory analysis 
of patients enrolled per protocol versions 4 and 5 are described in the 
Supplementary Appendix.

MyPathway is conducted in accordance with the International 
Conference on Harmonization guideline for Good Clinical Practice 
and the Declaration of Helsinki. The protocol was approved by the 
institutional review board/ethics committee at each trial center. 
All patients provided written informed consent to participate in 
the study.

Molecular Assessments
Patients were enrolled based on TMB  ≥10 mut/Mb tumors from 

any TMB assay performed in a CLIA-certified laboratory using the 
most recent tumor biopsy, if available. Patients without testing 
results from the most recent biopsy could be enrolled based on avail-
able molecular testing results if all eligibility criteria were otherwise 
fulfilled. Due to known variability in TMB measurements between 
different gene panels (19, 20), patients who enrolled based on TMB 
results assessed by CLIA-certified assays other than Foundation-
One or FoundationOne CDx (Foundation Medicine; ref.  51) were 
required to provide tissue samples for central retesting by F1(CDx) 
for the primary analysis. Incidence of tumors by TMB cutoff level 
and tumor type was determined using real-world data from F1(CDx) 
testing in the FH-FMI CGDB; additional details are shown in the 
Supplementary Appendix.

MSI status and POLE/POLD1 status were determined by central 
F1(CDx) testing, or by a local test result as provided in the molecu-
lar profiling report from next-generation sequencing assays that 
included MSI or POLE/POLD1 as biomarkers. PD-L1 CPS and TPS 
scores were determined by IHC using central testing of archival 
tissue samples (PD-L1 IHC 22C3 pharmDx assay; Dako). In the 
absence of tissue available for central PD-L1 testing, locally assessed 
TPS scores were also permitted if performed using the PD-L1 IHC 
22C3 pharmDx assay. Analyses of genes with differential mutation 
rates between TMB and MSI subgroups were based on F1(CDx) 
testing data.

Endpoints
The preplanned primary efficacy endpoint was ORR per RECIST 

v1.1 criteria in the cohort of patients with TMB ≥16 mut/Mb tumors, 
as assessed by F1(CDx) testing. This threshold was defined based 
on data from a large, retrospective analysis of atezolizumab mono-
therapy that indicated TMB ≥16 mut/Mb is associated with improved 
ORR and DOR in patients with various solid tumor types treated 
with atezolizumab (17). Response was also evaluated in patients 
with TMB ≥10 and <16 mut/Mb tumors by F1(CDx). Patients were 
assessed by the investigator until the last patient in the study ended 
treatment, at which point scans would be submitted for independent 
central review, as prespecified in the study protocol. As some patients 
were still on treatment by the data cutoff, investigator-assessed objec-
tive responses are reported in the current analysis.

Secondary efficacy endpoints included DCR, DOR, PFS, and OS. Addi-
tional analyses were performed in subgroups of patients with TMB ≥16 
mut/Mb or TMB  ≥10 and  <16 mut/Mb by any CLIA-certified assay 
[including patients with F1(CDx) testing results]. Safety and tolerability 
were assessed in all patients who received at least one dose of study treat-
ment. Prespecified exploratory endpoints included correlation of MSI 
status with clinical outcomes. Analyses of clinical outcomes by PD-L1 
and POLE/POLD1 status and differential mutation analyses were post hoc 
and exploratory.

Statistical Analysis
The efficacy analysis population was comprised of patients treated 

and evaluated for efficacy, or who discontinued treatment for any 
reason prior to the first post-baseline tumor assessment. Confirmed 
investigator-assessed best overall responses were used to calculate 
ORR (defined as the percentage of patients with CR or PR). Confirm-
atory responses were not required for the calculation of DCR (defined 
as the percentage of patients with CR, PR, or SD >4 months). DOR 
was calculated as time from notation of first response to PD or death, 
or to the last tumor assessment if there was no PD or death. PFS was 
calculated as time from first treatment to PD or death, or to the last 
tumor assessment if there was no PD or death. OS was calculated as 
time from first treatment to death, or last date known to be alive if 
there was no death. ORR 95% CIs were calculated by the Clopper–
Pearson estimation method. Median PFS, OS, and DOR and their 
95% CIs were estimated by the Brookmeyer–Crowley method. The 
difference in ORR between TMB  ≥16 mut/Mb versus  ≥10 and  <16 
mut/Mb and POLE/POLD1 subgroups was assessed by the Boschloo 
unconditional exact test (52), and the association of POLE/POLD1 
mutations with TMB was calculated using the Wilcoxon test. The 
statistical analysis for association of ORR with F1(CDx) TMB cut-
off was based on a marginal structural model estimate for ORR at 
various TMB cutoffs (53). Enrichment for differential mutation 
rates in the gene analysis were calculated using Chi square or Fisher 
exact test, and Padj values were based on the Benjamini–Hochberg  
method. Methods for estimated confirmed ORR adjusted by 
prior number of lines of therapy and gender are described in the 
Supplementary Appendix.

Data Availability Statement
For up-to-date details on Roche’s Global Policy on the Sharing 

of Clinical Information and how to request access to related clini-
cal study documents, see https://go.roche.com/data_sharing. Quali-
fied researchers may request access to deidentified patient-level 
data and clinical study documentation via the following link:  
http://www.roche.com/research_and_development/who_we_are_ 
how_we_work/clinical_trials/our_commitment_to_data_sharing/ 
clinical_study_documents_request_form.htm

Anonymized records for individual patients across more than one 
data source external to Roche cannot, and should not, be linked due 
to a potential increase in risk of patient reidentification.

Disclaimer
NCCN makes no warranties of any kind whatsoever regarding 

their content, use, or application and disclaims any responsibility for 
their application or use in any way.
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