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Abstract

In multiple cancer types, high tumor mutational burden (TMB) is associated with longer survival 

after treatment with immune checkpoint inhibitors (ICI). The association of TMB with survival 

outside of the immunotherapy context is poorly understood. We analyzed 10,233 patients (80% 

non-ICI-treated, 20% ICI-treated) with 17 cancer types, before/without ICI treatment, or after ICI 

treatment. In non-ICI-treated patients, higher TMB (higher percentile within cancer type) was not 

associated with better prognosis; in fact, in many cancer types, higher TMB was associated with 

poorer survival, in contrast to ICI-treated patients, in whom higher TMB was associated with 

longer survival.

In multiple cancer types, high tumor mutational burden (TMB) is associated with higher 

rates of treatment response, and longer survival, among patients who receive treatment with 

immune checkpoint inhibitors (ICI).1-5 This association has been attributed to higher 

numbers of potentially immunogenic neoantigens that may facilitate anti-tumor immune 

responses. However, an open question is whether this association might also reflect a general 

prognostic benefit to high TMB in cancer, irrespective of treatment with immunotherapy. To 

the best of our knowledge, there are no studies examining the association between TMB and 

survival, in cohorts including both non-ICI-treated and ICI-treated patients, using 

contemporary clinical and genomic data.

Interpreting the recent United States Food and Drug Administration approval of 

pembrolizumab for solid tumors of any histology with TMB ≥ 10 mutations/megabase, 

requires that we understand whether high TMB might also be associated with longer 

survival, in patients receiving other therapies, besides ICI. This understanding would be 

important, before concluding that it is rational to prioritize immunotherapy in tumors with 

high TMB.

In the absence of therapy, the chronic antigen exposure associated with high TMB has been 

shown to cause dysfunction and terminal differentiation of T cells, leading to impaired 

immunologic surveillance.6 Results of prior studies have suggested that high TMB may be 

associated with poorer outcomes in some cancer types, but these studies have not controlled 

for ICI therapy.7-11 We hypothesized that, in some cancer types, high TMB would have 

opposite associations with survival, depending on immunotherapy context.

A caveat to simply comparing the effect of TMB in patients receiving or not receiving ICI 

treatment is that immunotherapy has now become integrated into standard of care for many 
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types of cancer, in some cases as first-line therapy. Thus, a selected cohort of patients never 

treated with ICI would be unrepresentative of patients with cancer types where ICI is now 

standard of care. To analyze the effect of high TMB with and without ICI, we undertook an 

analysis of overall survival (OS) among a large contemporary cohort of cancer patients, 

rather than a selected cohort of those never treated with ICI. We used a Cox proportional 

hazards regression model that included ICI treatment as a time-dependent covariate together 

with high vs. low TMB and their interaction (h(t) = h0(t) 

e(β1×TMB + β2×ICI(t) + β3×TMB×ICI(t)), stratified by cancer type). The time-dependent covariate 

in this model allowed us to isolate the effect of high TMB on survival in cancer patients, 

without/before ICI therapy versus after ICI therapy. Because TMB distributions differ across 

cancer types,1,10 high TMB was defined as the top 20th percentile within cancer type, as 

previously described.1 Because survival times differ among various cancer types, OS in the 

model was stratified by cancer type. OS was calculated from time of diagnosis (for the 

analyses before/without ICI) or from ICI first dose (for the analyses after ICI) to death of 

any cause; patients alive at time of analysis were censored at last contact (last known to be 

alive). The hazard ratio (HR) of OS for high TMB without/before ICI was defined as e(β1), 

and the HR of TMB after ICI was e(β1 + β3).

In addition, we addressed potential immortal time bias due to left truncation (defined as a 

type of selection bias that results from only studying patients who have survived long 

enough to fulfill certain conditions, such as being alive in the era of tumor sequencing), by 

limiting the cohort to patients followed after receiving a cancer diagnosis during the period 

when tumor sequencing at our center was routinely performed. This consideration, and the 

time-dependent covariate for ICI, were not employed in prior initial analyses of non-ICI-

treated patients.1

The study population consisted of 10,233 patients with 17 types of cancer. Tumors and 

normal DNA underwent targeted next-generation sequencing with the MSK-IMPACT panel 

(Figure 1).12 The majority of patients never received ICI (n = 8,211; 80%), and only 542 

patients (5%) received ICI as first-line therapy. Patient and tumor characteristics are shown 

in Table 1 and Supplementary Table 1.

Some cancer types, mainly colorectal and endometrial cancers, include a subset of tumors 

with defects in DNA mismatch repair, leading to microsatellite instability (MSI). These 

tumors tend to have very high TMB and, overall, a more favorable prognosis.13,14 Although 

less common, MSI has also been associated with better outcomes in other cancer types, 

outside the context of ICI treatment.15,16 To avoid the possible confounding effect of MSI on 

survival, we first analyzed the effect of TMB excluding MSI-high (n = 264; identified with 

MSISensor17), and MSI unknown (n = 1,613) tumors across all cancer types.

Among all 8,356 patients with microsatellite-stable tumors without/before ICI therapy, high 

TMB was associated with worse overall survival (HR 1.26, 95% CI, 1.12-1.43; P<.001). 

Among all patients who did receive ICI therapy, high TMB was associated with better 

survival (HR = 0.74, 95% CI 0.63-0.88; P<.001). The HR for ICI treatment (HR = 4.45, 95% 

CI 4.02-4.93; P<.001) reflects ICI therapy generally being given in later lines of therapy, 

when risk of death is higher. We then conducted a multivariable analysis that included TMB, 
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ICI, and the clinicopathologic covariates that, on univariate analysis, were significantly 

associated with OS (patient age, sex, cancer type, and tumor stage). This multivariable 

analysis yielded similar hazard ratios for TMB: HR = 1.26 (95% CI, 1.11-1.43; P=.001) 

without/before ICI, and HR = 0.62 (95% CI, 0.52-0.74; P<.001) after ICI (Table 2).

We caution that these overall associations do not imply that the effect is identical in all 

cancer types. We therefore examined these associations within each cancer type, noting that 

statistical power is limited in those with smaller sample size. In most cancer types, high 

TMB was associated with numerically poorer survival without/before ICI therapy, and in 

many cancers, contrasted with better survival after ICI therapy (Figure 2). Directionally 

opposite associations of high TMB with OS (depending on immunotherapy context) were 

observed in non-small cell lung cancer, breast cancer, cutaneous melanoma, gastric, 

esophageal, and head and neck cancers.

We next performed this analysis including patients with MSI-high tumors or unknown MSI 

status (total n = 10,233). The results were similar in the overall analyses and for most of the 

cancer types (Supplementary Table 2 and Extended Data 1). The main differences were seen 

in colorectal and endometrial cancer, where including MSI-high tumors led to an association 

between high TMB and longer overall survival in both the non-ICI and ICI contexts. We 

note that the overall survival model became unstable for endometrial and bladder cancers, 

when MSI-high tumors were excluded, and therefore, data are only shown for these cancer 

types in the analysis with MSI-high tumors included. Considering these data, we conclude 

that high TMB may have prognostically favorable associations with survival in colorectal, 

endometrial and bladder cancer. However, in all other cancer types analyzed, high TMB was 

associated with unchanged or poorer prognosis, among patients not receiving ICI therapy.

We considered that, in some patients, other factors (such as prior therapies or other 

mutational processes) might be associated with the number of mutations in the tumor and 

confound associations with survival. We therefore performed several sensitivity analyses to 

examine these possibilities.

Temozolomide (TMZ) is an alkylating agent known to increase the number of somatic 

mutations in a tumor.18 Excluding patients with TMZ therapy prior to IMPACT tissue 

sample collection (n = 660), we repeated the analysis and obtained similar results (see 

Supplementary Table 3). We also repeated the analysis, excluding patients who received any 

cytotoxic chemotherapy or radiotherapy prior to tumor sequencing (n = 3,255), to eliminate 

these potentially mutagenic therapies,19,20 and again found that results were essentially 

unchanged (see Supplementary Table 4).

Additionally, we examined other mechanisms associated with high TMB, such as carcinogen 

exposure and DNA damage repair deficiency.21,22 Excluding tumors with dominant 

mutational signatures reflecting smoking or UV mutagenesis (n = 927) (see Supplementary 

Table 5) did not alter associations observed in multivariable analyses. Similarly, excluding 

tumors with mutations in DNA damage repair pathway genes (n = 3,078) (see 

Supplementary Table 6) did not alter the associations in multivariable analyses.
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Lastly, an analysis was performed limited to patients who only received one line of therapy 

(n = 2,451) – either ICI or a non-ICI drug. Of these patients, 227 (9%) received first-line ICI, 

and 2,224 (91%) did not receive ICI. In the multivariable analysis, among patients who 

received a non-ICI therapy, high TMB was associated with worse OS (HR 1.34, 95% CI, 

1.06-1.70; P=.016), and in patients who did receive first-line ICI therapy only, high TMB 

was associated with better OS (HR = 0.45, 95% CI 0.24-0.85; P=.014) (Supplementary 

Table 7). These findings, using a simpler model, are consistent with the results of our Cox 

model with the time-dependent covariate. However, an important caveat is that patients who 

only receive one line of therapy will tend to be enriched for those with the best responses to 

that therapy, and this analysis is therefore subject to potential bias.

Taken together, these data indicate that the effect of high TMB in cancer depends on 

treatment context; specifically, whether the patient has received checkpoint inhibitor 

immunotherapy or not. Among patients who have not received ICI treatment, high TMB was 

associated with, on average, poorer overall survival in most, but not all, cancer types. After 

ICI therapy, high TMB was associated with, on average, better overall survival in most, but 

not all, cancer types.

High TMB may have negative prognostic implications in cancer patients for a number of 

reasons. High TMB could (1) increase the likelihood of the tumor harboring oncogenic 

drivers or mutations that could mediate therapeutic resistance,23 (2) increase the degree of 

intratumor genetic heterogeneity and ability of a tumor to evolve under selective pressure,
24,25 or (3) represent underlying chromosomal instability.26 Moreover, recent studies have 

suggested that persistent antigen exposure due to high TMB drives differentiation skewing 

and T cell dysfunction, partly explaining the negative effect on outcomes seen in patients 

with high TMB outside the context of immunotherapy.6,27

There are several important caveats to these findings. First, in contrast to the protective 

effect of high TMB in ICI-treated patients, the negative effect of high TMB in non-ICI 

treated patients was modest. Second, although this trend was seen in many cancer types, it 

was not observed in all cancer types, especially those with smaller sample size, or where 

MSI was prevalent. Third, in this large cohort of over 10,000 patients, we did not have the 

ability to accurately record and analyze how specific therapies might have mediated the 

observed associations between TMB and survival, and how specific tumor factors, such as 

histologic subtype or specific genetic alterations, might have modified these associations.

With respect to immunotherapy, these data validate and expand upon prior pan-cancer MSK-

IMPACT data showing an association between high TMB and superior survival after ICI for 

multiple cancer types,1 now in a larger cohort of 2,022 patients treated with ICI. The 

comparison data among non-ICI treated patients indicates that this association between 

TMB and improved outcome after ICI is not attributable to a general positive prognostic 

effect of high TMB. In fact, high TMB appears to often be associated with modestly poorer 

survival in many cancers, based on these data from over 10,000 patients analyzed without or 

before ICI therapy.
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METHODS

Patient selection

After receiving Memorial Sloan Kettering institutional review board (IRB) approval, we 

initially selected patients with solid tumors who were first diagnosed during 2015 through 

2018, whose tumors underwent next-generation DNA sequencing with MSK-IMPACT, and 

who received subsequent cancer therapy at Memorial Sloan Kettering Cancer Center (n = 

14,577). MSK-IMPACT sequencing came into broad use starting in 2015. Next, we 

excluded patients with a history of more than 1 primary cancer (n = 3,425), cancer types 

with < 100 cases (n = 797), and cancers of unknown primary origin (n = 122), leaving a final 

cohort of 10,233 patients with 17 different cancer types.

All patients provided informed consent to a Memorial Sloan Kettering institutional review 

board-approved protocol, permitting return of results from sequencing analyses for research. 

To identify somatic tumor mutations, germline DNA from peripheral blood was sequenced 

at the same time as the tumor samples for all patients. Tissue processing and next-generation 

sequencing analysis were previously described.12 Tumor mutational burden (TMB) was 

defined as the total number of somatic, non-synonymous mutations normalized to the exonic 

coverage of the respective MSK-IMPACT panel in megabases (mutations/megabase).1 

Dominant mutational signatures were assigned based on mutational patterns and nucleotide 

context as previously described.22

Clinical and genomic data collected

The primary outcome was overall survival (OS), calculated from time of diagnosis (for the 

analyses before/without treatment with immune checkpoint inhibitors; ICI) or from ICI first 

dose (for the analyses after ICI) to death of any cause; patients alive at time of analysis were 

censored at last contact (last known to be alive).

TMB was the main variable of interest and was analyzed as the percentile within cancer 

type; high TMB was defined as the top 20th percentile within cancer type. If a patient 

received more than one instance of MSK-IMPACT sequencing during the course of their 

care, we used the earliest sample analyzed. In most cases, sequencing was performed prior 

to ICI. Out of the 2,022 patients who received ICI, 1,888 (93%) patients had sequencing 

performed on tumor samples before ICI start, and in the remaining 134 patients (7%), 

sequencing was performed on tumor samples gathered after ICI start.

Treatment with ICI (anti PD-1/PD-L1, anti CTLA-4, or combination of both) was the main 

covariate in the models. We limited the cohort of patients categorized as non–

immunotherapy-treated to patients who received all cancer treatment at MSK to ensure that 

they did not receive ICI therapy elsewhere. The other covariates analyzed were patient age at 

diagnosis, sex, cancer type, stage at diagnosis, and year of diagnosis. Microsatellite 

instability (MSI) status was determined from next-generation sequencing data with 

MSISensor, as previously described.17

To additionally control for the possibility that prior therapies might influence TMB, we 

examined whether chemotherapy and/or radiation therapy were received before the 
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collection of the MSK-IMPACT tissue sample. For patients treated with ICI, if patients had 

not received any specific treatment at our institution prior to MSK-IMPACT sequencing, but 

received any prior treatment elsewhere, those patients were considered “unknown” for prior 

chemotherapy or radiation therapy and were excluded from the corresponding subanalysis.

Statistical analyses

Cox proportional hazards regression was used with OS as the endpoint. The initial 

regression model included TMB, ICI treatment as a time-dependent covariate, and the 

interaction between ICI(t) and TMB. The time-dependent ICI covariate is assigned a value 

of 0 before (or without) ICI treatment and 1 after ICI treatment (if received). The pan-cancer 

model is expressed as h(t) = h0(t) e(β1×TMB + β2×ICI(t) + β3×TMB×ICI(t)), stratified by cancer 

type. The hazard ratio (HR) of OS for high TMB without/before ICI was defined as e(β1), 

and the HR of TMB after ICI was e(β1 + β3).

The proportional hazards (PH) assumption was tested using Schoenfeld residuals (see 

Extended Data 2). Even though the residual plots showed no obvious or systematic violation 

of PH, when we performed the overall PH test, significant differences were observed 

(P<.001), suggesting that the PH assumption was not met. In clinical studies, hazards may 

not be perfectly proportional. In such a scenario, interpretation is important – it would not be 

valid to conclude that there is a constant increase or decrease in mortality with time based on 

TMB; rather, it should be concluded that TMB is associated with, on average, an increase or 

decrease in mortality during the follow-up period.28 To confirm the robustness of model fit, 

we calculated 95% CIs of parameter estimates using a bootstrap procedure with 5,000 

replicates, which were similar to the standard variance estimates (see Supplementary Table 

8).

In summary, while the PH test is significant for PH assumption violation, the Schoenfeld 

residual plots do not indicate any systematic association between the covariate and time. In 

this study, the estimated hazard ratio is a weighted average of the time varying hazard ratio 

and summarizes the treatment effect. Bootstrapping confirmed accuracy of our variance 

estimates and robustness of the statistical model. Therefore, the average hazard ratio 

estimates from the model are indeed reasonable and indicate that there is a significant effect 

of TMB and ICI on survival.

Additional clinical and genomic variables were tested for association with OS in univariate 

analysis, and the variables significant in these univariate analyses, along with TMB and ICI, 

were included in the subsequent multivariable analyses. A P value of less than 0.05 was 

considered statistically significant, and all the hypothesis tests were 2-sided. All statistical 

analyses were conducted using Stata (StataCorp. 2019. Stata Statistical Software: Release 

16. College Station, TX: StataCorp LLC).
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Extended Data

Extended Data Figure 1. Association between tumor mutational burden (TMB) and overall 
survival (OS) with and without immune checkpoint inhibitor (ICI) treatment in the entire cohort 
(10,233 patients analyzed)
The forest plots compare the hazard ratios for OS for patients with TMB-high versus TMB-

low tumors (using top 20th percentile within cancer type as cutoff) for patients who never 

received ICI treatment or before receiving ICI (black), and after receiving ICI (red). Error 

bars represent the 95% confidence intervals (95% CI). Cox proportional hazards regression 

was used with overall survival as the endpoint. All the hypothesis tests were 2-sided. No 

adjustments for multiple comparisons were made.

Abbreviations: NSCLC, Non–small cell lung cancer; CNS, central nervous system; SCLC, 

small cell lung cancer.
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Extended Data Figure 2. Proportional hazards (PH) assumption testing using Schoenfeld 
residuals
Abbreviations: TMB, Tumor mutational burden; ICI, immune checkpoint inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Flow diagram of the study
Abbreviations: MSI, Microsatellite instability.
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Figure 2. Association between high tumor mutational burden (TMB) and overall survival (OS) 
with and without immune checkpoint inhibitor (ICI) treatment in 8,356 microsatellite-stable 
tumors.
Patients with microsatellite instability high (MSI-high) or MSI unknown status were 

excluded but are analyzed along with microsatellite-stable tumors in Extended Data 1. 

Endometrial and bladder cancer could not be plotted due to instability of the model when 

MSI-high cases were excluded but are shown in Extended Data 1. The forest plots compare 

the hazard ratios for OS for patients with TMB-high versus TMB-low tumors (using top 20th 

percentile within cancer type as cutoff) for patients who never received ICI treatment or 

before receiving ICI (black), and after receiving ICI (red). Error bars represent the 95% 

confidence intervals (95% CI). Cox proportional hazards regression was used with OS as the 

endpoint. All the hypothesis tests were 2-sided. No adjustments for multiple comparisons 

were made.

Abbreviations: NSCLC, Non–small cell lung cancer; CNS, central nervous system; SCLC, 

small cell lung cancer.
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Table 1.

Patients’ characteristics

Characteristic No.
patients

%

Total cohort 10233 100

Age at diagnosis, median, years (IQR) 61 51-69

Sex

  Female 5781 56

  Male 4452 44

Cancer type

  NSCLC 2084 20

  Breast 1552 15

  Colorectal 1353 13

  Pancreatic 849 8

  Sarcoma 741 7

  Prostate 569 6

  CNS 511 5

  Endometrial 427 4

  Hepatobiliary 408 4

  Ovarian 325 3

  Cutaneous Melanoma 298 3

  Gastric 249 2

  Bladder 232 2

  Renal 201 2

  Head and Neck 174 2

  Esophageal 138 1

  SCLC 122 1

Year of diagnosis

  2015-2016 5334 52

  2017-2018 4899 48

Stage at diagnosis
a

  I-III 5001 49

  IV 4499 44

  Non-applicable/Unknown 733 7

Time between diagnosis
and MSK-IMPACT sample, median, days (IQR)

22 0-58

TMB, median, mutations/Mb (IQR) 4 2-7

MSI

  Stable 8162 80

  Indeterminate 194 2

  Unstable 264 3

  Unknown 1613 16

Type of treatment
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Characteristic No.
patients

%

  Never received ICI 8211 80

  Received ICI as first line of therapy 542 5

  Received ICI as subsequent lines of therapy 1267 12

  Received ICI in unknown sequence 21 2

Follow-up time, median, months (IQR) 25 17-35

a
Stage based on American Joint Committee on Cancer (AJCC) using the edition that was current at the time of diagnosis

Abbreviations: NSCLC, Non–small cell lung cancer; CNS, central nervous system; SCLC, small cell lung cancer; TMB, tumor mutational burden; 
Mb, megabase; MSI, microsatellite instability; ICI, immune checkpoint inhibitors.
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