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ABSTRACT

Background Recently, the US Food and Drug
Administration (FDA) has approved immune checkpoint
blockade (ICB) for treating cancer patients with tumor
mutation burden (TMB) >10 mutations/megabase (mut/
Mb). However, high TMB (TMB-H) defined by >10 mut/

Mb fails to predict ICB response across different cancer
types, which has raised serious concerns on the current
FDA approval. Thus, to better implement TMB as a robust
biomarker of ICB response, an optimal and generalizable
TMB cut-off within and across cancer types must be
addressed as soon as possible.

Methods Using Morris’s and Kurzrock’s cohorts
(n=1662and 102), we exhaustively tested all possible

TMB cut-offs for predicting ICB treatment outcomes in 10
cancer types. The bootstrap method was applied to generate
10,000 randomly resampled cohorts using original cohorts
to measure the reproducibility of TMB cut-off. ICB treatment
outcomes were analyzed by overall survival, progression-free
survival and objective response rate.

Results No universally valid TMB cut-off was available
for all cancer types. Only in cancer types with higher

TMB (category I), such as melanoma, colorectal cancer,
bladder cancer, and non-small cell lung cancer, the
associations between TMB-H and ICB treatment outcomes
were less affected by TMB cut-off selection. Moreover,
high TMB (category I) cancer types shared a wide range
of TMB cut-offs and a universally optimal TMB cut-off

of 13 mut/Mb for predicting favorable ICB outcomes. In
contrast, low TMB (category Il) cancer types, for which

the prognostic associations were sensitive to TMB cut-off
selection, showed markedly limited and distinct ranges

of significantly favorable TMB cut-offs. Equivalent results
were obtained in the analyses of pooled tumors.
Conclusions Our finding—the correlation that TMB-H
is more robustly associated with favorable ICB treatment
outcomes in cancer types with higher TMBs—can be
used to predict whether TMB could be a robust predictive
biomarker in cancer types for which TMB data are
available, but ICB treatment has not been investigated.
This theory was tested in cancer of unknown primary
successfully. Additionally, the universal TMB cut-off of
13 mut/Mb might reveal a general requirement to trigger
the sequential cascade from somatic mutations to an
effective antitumor immunity.

BACKGROUND
The immune system possesses the poten-
tial ability to fight cancer, but its anticancer

ability is held in check by immune check-
points. Immune checkpoint blockade (ICB)
therapy, such as anti-CTLA-4, anti-PD-1, and
anti-PD-LL1, can unleash anticancer immu-
nity and mediate durable tumor regression
in many cancers.' Such successes have led
to the clinical development and approval
of ICB treatment as a promising therapy for
patients with cancer. However, even in ICB-
responsive cancer types, only a small subset
of patients with cancer have robust and
durable responses to ICB treatment. Durable
objective responses to ICB treatment were
achieved in only 31%-44% of advanced
melanoma, 22%-25% of renal cell carci-
noma, and 19%-20% of non-small-cell lung
cancer patients.2 Thus, ICB treatment bene-
fits some patients, but predictive biomarkers
are needed for more precise therapy.

Recently, tumor mutation burden (TMB)
has emerged as a predictive biomarker of ICB
response in diverse cancers.” With the advent
of TMB quantification techniques by next-
generation sequencing (NGS) and interroga-
tion of hundreds of patients, a significant but
not absolute relationship between high TMB
(TMB-H) and improved responsiveness to ICB
treatment has been established.” ° Recently,
the US Food and Drug Administration (FDA)
approved pembrolizumab (anti-PD-1) for the
treatment of cancer patients with TMB >10
mutations/megabase (mut/Mb) 5 Although the
approval provides a novel therapeutic option
for cancer patients, it raises major concerns:
(1) a TMB of 10 mut/Mb is an arbitrary and
capricious cut-off for ICB treatment selection’;
and (2) TMB-H defined by >10 mut/Mb fails to
predict improved ICB response across different
cancer types.” Therefore, the reproducibility
of TMB cutoff has become the focal point for
ICB treatment. To better implement TMB as a
robust biomarker for ICB response, an optimal
and generalizable TMB cutoff across different
cancer types must be addressed as soon as
possible.
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METHODS

Patients with cancer treated with ICB

Two cohorts of ICB-treated cancer patients were acquired
from previous studies.*® Morris’s cohort included 1662
patients with cancer treated with ICB whose tumors were
analyzed by NGS to measure TMB. The patients’” TMB
values and detailed clinical information, including sex,
age, drug class and year of ICB start, were retained from
the previous study.” The Morris’s ICB-treated cancer
patients were used for overall survival (OS) analysis. Kurz-
rock’s ICB cohort included 151 immunotherapy-treated
patients with cancer,” and 102 ICB-treated patients who
underwent TMB assessment were used for analyzing
progression-free survival (PFS) and ICB response rate.

An exhaustive survival analysis framework to evaluate the
robustness of prognostic relevance

We conducted an exhaustive survival analysis framework
using the survivALL R package (https://CRAN.R-project.
org/package=survivALL).” ' To analyze the prognostic
relevance of a continuous TMB gradient, all possible
TMB cutoffs were independently tested for predicting
the prognosis of patients with cancer. According to each
TMB cut-off, patients were separated into TMB-H and low
TMB (TMB-L) groups to compare survival following ICB
treatment (TMB-H vs TMB-L). Next, the robustness of
prognostic relevance was measured by the percentages of
significantly favorable and unfavorable TMB cut-offs. The
hazard ratios (HRs) were calculated using all significant cut-
offs. Additionally, the bootstrap resampling method'" '* was
applied to generate 10,000 randomly resampled cohorts
with replacement from the original cohort. Next, statistical
estimates, including the mean, standard error (SE), and
95% confidence interval (CI), were calculated by 10,000
bootstrap replicates. The bootstrap resampling analysis was
conducted using the sample function of the base package
in R (The R Foundation for Statistical Computing, Vienna,
Austria, http://www.r-project.org).

Statistical analysis

All statistical analyses were performed by using R V.3.6.1.
Student’s t-test, x2 test, and Spearman’s correlation were
conducted using the stats R package.'” The ¥ test was
based on 10,000 replicates by Monte Carlo simulation.'*
All statistical tests used 0.05 as the significance level,
p=0.05 was considered not significant (ns), and p<0.05
was considered a statistically significant difference, indi-
cated with asterisks (¥p<0.05, **p<0.01, ***p<0.001 and
#HE¥p<0.0001).

RESULTS

TMB-H is more robustly associated with improved 0S
following ICB treatment in cancer types with higher TMB

The prevalence of TMB among cancers ranges from 0.01
mut/Mb to more than 400 mut/Mb. In the wide range of
TMB, the arbitrary and capricious selection of TMB cut-
offs has limited its clinical application.15 Here, we used

an exhaustive survival analysis framework, as previously
reported,’ ' to analyze all possible TMB cut-offs for evalu-
ating their prognostic associations (figure 1A). According
to each TMB cut-off, patients were separated into TMB-H
and TMB-L groups to compare the OS following ICB treat-
ment. Based on this analysis, we calculated the percentages
of significantly favorable and unfavorable TMB cut-offs,
which measure the robustness of prognostic association,
indicating whether the prognostic association is affected by
different selections of TMB cut-offs. Prognostic value was
calculated using HRs of all significant cut-offs (figure 1A).
In the analysis, we applied the bootstrap resampling
method, a commonly used approach for measuring uncer-
tainty and variability in estimated statistics,' '* to generate
10,000 randomly resampled cohorts using the original
cohort. The resampled cohorts were used to estimate the
reproducibility of the association between TMB and OS
following ICB.

Through conducting the exhaustive survival analysis on
the Morris’s ICB cohort of 1662 cancer patients, we inves-
tigated whether TMB-H was associated with improved OS
following ICB treatment. We found that, except for breast
cancer and glioma, TMB-H was clearly associated with
favorable OS in most cancer types (figure 1B). However, it
is worth noting that different cancer types showed remark-
ably distinct robustness of prognostic relevance (figure 1B).

Since TMB varies dramatically across cancer types,'® '’
we hypothesized that TMB-H might better predict ICB-
treated patient survival in cancer types with higher
TMB. Thus, we analyzed the correlation of the median
TMB values in different cancer types with the robustness
of prognostic associations and the prognostic values.
The median TMB values were positively associated with
the proportions of significantly favorable TMB cut-offs
(univariate analysis: Spearman’s rho=0.824, p=0.006;
multivariate analysis: Spearman’s rho=0.765, p=0.016;
figure 1C). Next, according to the TMB levels, we sepa-
rated cancer types into two categories: (1) cancer types
with high TMB (category I): melanoma, colorectal cancer,
bladder cancer, and non-small cell lung cancer and (2)
cancer types with low TMB (category II): oesophagogas-
tric cancer, head and neck cancer, glioma, breast cancer,
and renal cell carcinoma. Compared with low TMB (cate-
gory II) cancer types, high TMB (category I) cancer types
showed significantly higher proportions of significantly
favorable TMB cut-offs (figure 1D), indicating higher
robustness of favorable prognostic association.

In contrast, TMB-H exhibited minimal associations with
unfavorable OS following ICB (figure 1E-F). Notably,
there was no significant association between TMB-H and
unfavorable OS in high TMB (category I) cancer types
(figure 1F). Moreover, cancer types with higher TMB
showed a slightly insignificant trend toward lower negative
log2-HR, indicating improved OS in patients with TMB-H
tumors than in those with TMB-L tumors (figure 1G-H).

Herein, TMB-H/TMB-L means individual patients with
tumors of high or low TMB status defined by a specific
TMB cut-off. Additionally, high/low TMB (category 1/1I)
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Figure 1 (Continued)
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Figure 1 High tumor mutation burden (TMB-H) is more robustly associated with improved overall survival (OS) following
immune checkpoint blockade (ICB) treatment in cancer types with higher TMB. (A) Diagram of exhaustive survival analysis.
Using all the possible TMB cut-offs, patients were separated into high TMB (TMB-H) and low TMB (TMB-L) groups to compare
OS following ICB treatment (TMB-H vs TMB-L). The robustness of prognostic relevance was measured by the percentages

of significantly favorable and unfavorable TMB cut-offs. Prognostic values were calculated by the HRs of all significant cut-
offs. In this analysis, the bootstrap resampling method was applied to generate 10,000 randomly resampled cohorts using the
original cohort, which were used to estimate the reproducibility of the prognostic association. (B) The relationships between
TMB and OS across different cancer types in the Morris’s ICB cohort. Both univariate and multivariate Cox proportional hazards
regression analyses were conducted to evaluate the OS of ICB-treated patients. Multivariate analysis was performed with
covariates of sex, age, drug class, and year of ICB start. Bar plots show the percentages of favorable and unfavorable TMB
cut-offs, with error bars representing the SE calculated by 10,000 bootstrap replicates (left plot). Dot plots show the average
HR calculated using all significant TMB cut-offs, with error bars representing the mean+95% CI calculated by 10,000 bootstrap
replicates (right plot). The negative log2-HR represents a better prognosis in patients with TMB-H tumors. Different colors
correspond to favorable and unfavorable associations, with the color gradient showing the prognostic significance. (C-D)
TMB-H is associated with favorable OS following ICB treatment in cancer types with higher TMB. (C) The correlation between
the median TMB values and the percentages of significantly favorable TMB cut-offs in different cancer types. Colors correspond
to cancer types. Spearman’s rho coefficient with p value and the linear regression line with 95% CI (dashed line and shade) are
indicated in each graph. (D) The percentages of significantly favorable TMB cut-offs in two categories of cancer types defined
by TMB levels. High TMB (category I) cancer types: melanoma, colorectal cancer, bladder cancer, and non-small cell lung
cancer; low TMB (category Il) cancer types: oesophagogastric cancer, head and neck cancer, glioma, breast cancer, and renal
cell carcinoma. Error bars show the mean+SE. The results were considered statistically significant when p<0.05 (*), p<0.01

(*), p<0.001 (***), and p<0.0001 (****) and insignificant when p>0.05 (ns) using Student’s t-test. (E-F) TMB-H is not associated
with unfavorable OS following ICB treatment. (E) The correlation between the median TMB values and the percentages of
significantly unfavorable TMB cut-offs in different cancer types. (F) The percentages of significantly unfavorable TMB cut-offs
in high TMB (category I) and low TMB (category Il) cancer types. (G-H) TMB-H is associated with improved ICB treatment
outcome. (G) The correlation between the median TMB values and the average HRs of significant TMB cut-offs in different
cancer types. (H) The average HRs of significant TMB cut-offs in high TMB (category |) and low TMB (category Il) cancer types.

cancer type means a cancer type with a relatively higher ~ cancer types—melanoma and non-small cell lung cancer
or lower median TMB score. (NSCLC)—include more than 35 patients for further anal-
ysis. Additionally, melanoma and NSCLC had the highest
ool and lowest TMB levels among the high TMB (category I)
treatment in high TMB (category I) cancer types cancer types, respectively. Here, we found that TMB-H was
Next, we sought to evaluate the ability of TMB-H to  yemarkably associated with improved PFS after ICB treat-

predict the PFS of ICB-treated patients in high ;FMB ment in melanoma and NSCLC (figure 2A). Additionally,
(category I) cancer types. In Kurzrock’s ICB cohort,” two

TMB-H is associated with improved PFS following ICB
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Figure 2 TMB-H is associated with improved progression-free survival (PFS) following ICB treatment in high TMB (category |)
cancer types. (A) The prognostic relevance of TMB in melanoma and non-small cell lung cancer (NSCLC) from Kurzrock’s ICB
cohort. Univariate Cox proportional hazards regression analyses were conducted to evaluate the PFS of ICB-treated patients.
Bar plots show the percentages of favorable and unfavorable TMB cut-offs, with error bars representing the SE calculated by
10,000 bootstrap replicates (upper plot). Dot plots show the average HR of significant TMB cut-offs, with error bars representing
the mean+95% ClI calculated by 10,000 bootstrap replicates (lower plot). Different colors correspond to the significance of
favorable and unfavorable associations, with the color gradient showing the prognostic significance. (B) The prognostic values
of TMB in melanoma and NSCLC from Morris’s and Kurzrock’s ICB cohorts. Dot colors correspond to the significance of
favorable and unfavorable associations. Dot shapes represent cancer types. Spearman’s rho coefficient with p value and the
linear regression line with 95% CI (gray dashed line and shade) are indicated in the graph. ICB, immune checkpoint blockade;
TMB, tumor mutation burden; TMB-H, high TMB.
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Figure 3 Remarkable shifts in the distributions of significant TMB cut-offs for predicting favorable ICB treatment outcomes
across different cancer types and the universal TMB cut-off in high TMB (category I) cancer types. (A-B) The shift in the
distributions of significant TMB cut-offs for predicting favorable ICB treatment outcomes across different cancer types. Density
plots show the distributions of significantly favorable TMB cut-offs calculated by 10,000 bootstrap replicates. Different colors
represent cancer types in both Morris’s (A) and Kurzrock’s (B) cohorts. The black dashed line indicates the universal TMB cut-off
of 13 mut/Mb in high TMB (category I) cancer types. (C) The percentages of different cancer types with high TMB (category I)
and low TMB (category Il) in Morris’s and Kurzrock’s cohorts, with color coding according to cancer types as in figure 3A. (D-E)
Kaplan-Meier curves show the survival of ICB-treated patients in Morris’s (D) and Kurzrock’s (E) cohorts. Patients were divided
into two subsets of high TMB (category I; left plot) and low TMB (category lI; right plot) tumors. The log-rank p value and HR
show the comparison between patients with TMB (mut/Mb) <13and >13. The bottom panel shows the number of patients at
risk every year. ICB, immune checkpoint blockade; mut/Mb, mutations/megabase; TMB, tumor mutation burden.

the robustness of prognostic associations between TMB-H
and improved ICB treatment outcomes were comparable
between Morris’s and Kurzrock’s ICB cohorts (figure 2B).

Remarkable shifts in the distributions of significant TMB cut-
offs for predicting favorable ICB treatment outcomes across
different cancer types and the universal TMB cut-off in high
TMB (category 1) cancer types

It has been reported that the FDA-approved TMB-H (>10
mut/Mb) fails to predict ICB response across different
cancer types.8 Thus, a robust TMB cut-off must be addressed
to implement TMB as a reliable clinical biomarker. However,
different cancer types had markedly varying TMB levels and,
as shown in figure 1B, the prognostic association between
TMB-H and ICB response was disproportionately affected
by different TMB cut-offs. Next, to explore the optimal TMB
cut-off, we constructed the distributions of significant TMB
cut-offs to predict favorable ICB treatment outcomes, which
were calculated by 10,000 bootstrap replicates as described
in figure 1A. The density plots in figure 3A show remarkable

shifts in the distributions of significantly favorable TMB cut-
offs across different cancer types, indicating that no universal
TMB cut-off could be found across all cancer types. Next, the
shapes of the distributions were analyzed by the full width
at half maximum (FWHM) (online supplemental figure
S1A-B). The distributions of significantly favorable TMB cut-
offs in high TMB (category I) cancer types were significantly
broader than those in low TMB (category II) cancer types
(online supplemental figure S1C). Moreover, we observed
that the probability of significantly favorable TMB cut-offs
peaked around 13 mut/Mb among all high TMB (cate-
gory I) cancer types, as indicated by the black dashed line
in figure 3A. Thus, 13 mut/Mb was hereafter defined as the
universal TMB cutoff for high TMB (category I) cancer
types. Moreover, 13 mut/Mb was also the optimal cut-off for
high TMB (category I) cancer types in the Kurzrock’s cohort
(figure 3B).

The above analyses discovered and validated the universally
optimal TMB cut-off of 13 mut/Mb in individual cancer types
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independently. Next, we tested the universal TMB cut-off of
13 mut/Mb in pooled tumors of diverse cancer types. The
patients were pooled into two categories according to cancer
types with high TMB (category I) or low TMB (category II)
in Morris’s and Kurzrock’s cohorts, respectively (figure 3C).
Next, by comparing OS between patients with TMB-L (<13
mut/Mb) and TMB-H (>13 mut/Mb) tumors, we found
that patients with TMB-H tumors exhibited improved
survival following ICB treatment in pooled tumors of high
TMB (category I) and low TMB (category II) cancer types
(figure 3D-E). However, only a small proportion (8.5%—
10.5%) of patients with low TMB (category II) cancer types
were TMB-H (>13 mut/Mb) (figure 3D-E, right plot). Thus,
the clinical application of the 13 mut/Mb cut-off is relatively
limited in low TMB (category II) cancer types.

The difference in the significant TMB cut-offs for predicting
favorable ICB treatment outcomes between pooled patients
with high TMB (category 1) and low TMB (category Il) cancer
types

Next, we compared all the possible TMB cutoffs for
predicting favorable ICB treatment outcomes between
pooled patients with high TMB (category I) or low TMB
(category II) cancer type. TMB-H was still associated with
improved ICB treatment outcomes in the analyses of pooled
tumors (figure 4A-B). However, it is worth noting that most
of the TMB cutoffs (>75%) were associated with significantly
favorable OS following ICB treatment in high TMB (cate-
gory I) cancer type (figure 4A). In contrast, a relatively small
proportion of significantly favorable TMB cutoffs (<30%)
was found in low TMB (category II) cancer type (figure 4A).
Furthermore, these findings were validated by analyzing the
PFS in Kurzrock’s cohort (figure 4B), indicating that TMB is
a much more robust biomarker for predicting ICB response
in high TMB (category I) cancer types than in those with low
TMB (category II).

Moreover, pooled patients with high TMB (categoryI) and
low TMB (category II) cancer types exhibited distinct distribu-
tions of significant TMB cut-offs for predicting favorable ICB
treatment outcomes (figure 4C). The probability of signifi-
cantly favorable TMB cut-offs peaked around 13 mut/Mb in
high TMB (category I) tumors but not in low TMB (category
II) tumors (figure 4C). Next, the above findings discovered
using the Morris’s cohort were successfully validated in Kurz-
rock’s cohort independently (figure 4D), indicating that the
separation of diverse cancers into high TMB (category I)
and low TMB (category II) cancer types is important for the
clinical application of TMB in ICB treatment. Additionally, in
both individual and pooled cancers, the clinical application
of the 13 mut/Mb TMB cut-off was shown to be reliable in
high TMB (category I) cancer types.

TMB-H (>13 mut/Mb) predicts a better ICB response in high
TMB (category 1) cancer types but not in low TMB (category 1)
cancer types

Since high TMB (category I) and low TMB (category II)
cancer types showed distinct patterns in the association
between TMB-H and ICB treatment outcomes, next, we

investigated whether high TMB (category I) and low TMB
(category II) cancer types were different in ICB response
rates. The ICB responses were indicated by progressive
disease, stable disease, partial response (PR) and complete
response (CR). The efficacy of ICB treatment was evalu-
ated using objective response rate (ORR), which was calcu-
lated by the percentage of PR and CR patients. ICB-treated
patients with high TMB (category I) cancer types had a
24.4% higher ORR than those with low TMB (category II)
cancer types (p=0.054; figure 5A). Additionally, patients
with low TMB (category II) cancer types failed to achieve
a 20% ORR. Comparatively, patients with high TMB (cate-
gory I) cancer types had 8.8% and 15.6% higher ICB
response rates of PR and CR, respectively (figure bA).

Next, patients were stratified according to the TMB cut-
off of 13 mut/Mb. Among the patients with low TMB (cate-
gory II) cancer types, the TMB-H (>13 mut/Mb) group
was not associated with an improved ICB response and
even showed an 11.8% lower ORR than the TMB-L (<13
mut/Mb) group (figure 5B, left plot). In contrast, among
the patients with high TMB (category I) cancer types, the
TMB-H (>13 mut/Mb) group had a 43.3% higher ORR
than the TMB-L (<13 mut/Mb) group (p<0.001; figure 5B,
right plot). The above findings showed that TMB-H (>13
mut/Mb) was related to a better ICB response in high TMB
(category I) cancer types but not in low TMB (category II)
cancer types.

TMB-H is associated with improved 0S following ICB
treatment in cancer of unknown primary (CUP) with a better-
than-anticipated prognostic value
In addition to the previously mentioned cancer types
defined by their primary sites, a cancer type without a
detectable primary tumor despite extensive clinical inves-
tigation, commonly known as cancer of unknown primary
(CUP), raised our attention. Since CUP encompasses
heterogeneous malignancies from unknown primary sites,
the majority (80%—-85%) of CUP patients, who cannot be
assigned to cancer type-specific therapies, are often treated
with empirical chemotherapy and have a poor prognosis.®
A recent study revealed that CUP patients might potentially
benefit from ICB treatment." However, there is still a lack
of data on the identification of ICB-eligible CUP patients.
Herein, we explored whether TMB was predictive of OS
in ICB-treated patients with CUP. TMB-H was associated
with favorable ICB treatment outcomes in CUP patients
(figure 6A). However, compared with high TMB (cate-
gory I) cancer types in figure 1B, CUP had a relatively
lower robustness of prognostic association. In univariate
and multivariate analyses, only 8.9% and 16.8% signifi-
cantly favorable TMB cut-offs were found, respectively
(figure 6A), which indicated a limited robustness of using
TMB to predict ICB response. The probability of signifi-
cantly favorable TMB cut-offs in the CUP peaked at 12
mut/Mb (figure 6B). Next, CUP patients with TMB-H
(>12 mut/Mb) tumors showed significantly improved
OS following ICB than those with TMB-L (<12 mut/Mb)
tumors (p=0.033; figure 6C). Thus, it seems applicable to
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patients with high TMB (category I) and low TMB (category Il) cancer types. (A-B) The prognostic relevance of TMB in pooled
patients with high TMB (category I) and low TMB (category Il) cancer types. Cox proportional hazards regression analyses

were conducted to evaluate the OS in Morris’s ICB cohort (A) and PFS in Kurzrock’s ICB cohort (B). Multivariate analysis

was performed with covariates of sex, age, drug class, and year of ICB start if applicable. Bar plots show the percentages of
favorable and unfavorable TMB cut-offs, with error bars representing the SE calculated by 10,000 bootstrap replicates (upper
plot). Dot plots show the average HR of significant TMB cut-offs, with error bars representing the mean+95% Cl calculated by
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use TMB-H (>12 mut/Mb) as a predictive biomarker for
predicting ICB response in CUP patients.

Next, we explored the relationship between the median
TMB level in CUP patients and the robustness of the prog-
nostic association between TMB-H and OS following 1CB
treatment. CUP had a median TMB level of 5.27 mut/Mb,
which was close to those of low TMB (category II) cancer
types. Consistently, the robustness of its prognostic associa-
tion between TMB-H and OS following ICB was also similar

to low TMB (category II) cancer types (figure 6D-E).
However, it is worth noting that CUP exhibited lower nega-
tive log2-HR compared with low TMB (category II) and
even high TMB (category I) cancer types (figure 6F). Thus,
the association between TMB-H and improved OS after ICB
treatmentwas better than anticipated in CUP patients. Since
CUP is a biologically enigmatic disease that encompasses
heterogeneous cancers, this better-than-anticipated associ-
ation in CUP patients still needs to be validated in further
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studies. Nevertheless, as shown in figure 6D, CUP well fitted
the correlation—TMB-H was more robustly associated with
an improved ICB response in cancer types with more TMB,
implying that this correlation might be extended to other
cancer types.

DISCUSSION

Although the importance of TMB in predicting ICB
response has increasingly been recognized,”*’ a robustness
analysis of prognostic relevance using different TMB cut-
offs has not been performed. In this study, using Morris’s
and Kurzrock’s ICB Cohorts,4 % we characterized the land-
scape of TMB cut-offs for predicting improved ICB treat-
ment outcomes across 10 cancer types. We observed that
TMB-H was associated with favorable rather than unfa-
vorable survival after ICB treatment in most cancer types.
However, the prognostic associations were significantly
affected by different selections of TMB cut-offs in low TMB
(category II) cancer types, while high TMB (category I)
cancer types were much less affected and showed remark-
ably robust associations between TMB-H and improved OS
following ICB treatment.

To the best of our knowledge, this is the first study to
report that TMB-H was more robustly associated with
favorable ICB treatment outcomes in cancer types with
more TMBs. Moreover, this correlation was even effective
in a complex cancer type: CUP. Here, we propose a theory
that this correlation can be used to predict whether TMB
is a robust predictive biomarker in cancer types for which
TMB data is available, but ICB treatment has not yet been

investigated. Based on our theory, we can simply use the
median TMB level of a cancer type to categorize it into a
high TMB (category I) or low TMB (category II) cancer
types. TMB-H is anticipated to be robustly predictive of
improved survival in the high TMB (category I) cancer
types but not in those with low TMB (category II).

This theory proposed in our study has practical and
important utility considering the recent FDA approval of
ICB treatment (anti-PD-1) in TMB-H patients. The FDA
approval was based on the KEYNOTE-158 study,’ *’ which
lacked major cancer types for which anti-PD-1 treatment
has not been approved, including prostate cancer and
others. According to a previous study that found that pros-
tate cancer has a low TMB level,'® we might estimate that
TMB-H could not be a robust biomarker for predicting
improved ICB response in prostate cancer.

Tumors with higher TMBs tend to be more responsive to
ICB treatment, since they are thought to have more neoan-
tigen loads available for T cells to respond to. Recently, it
is reported that the presence of tumor-infiltrating T cells
(TIL-T cells) is associated with ICB response.21 Thus, the
interindividual differences in TIL-T cells might be an
important piece of the puzzle for understanding ICB
response. It is worth noting that TMB-H tumors exhibited
better ICB response than TMB-L tumors in cancer types
where CD8" TIL-T cell levels positively correlated with
neoantigen loads, including melanoma, colon, bladder, and
lung cancers.” However, not all CD8" TIL-T cells recognize
tumor antigens. A substantial subset of CD8" TIL-T cells is
bystander T cells that recognize a wide range of antigens
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unrelated to cancer.”” Thus, it is important to evaluate the interacts with its recognizable antigens.” ** Recently, based
quantity but also the quality of TIL-T cells. T cell antigen on T cell repertoire sequencing (TCR—seq),25 several bioin-
recognition relies on the T cell receptor (TCR) thatdirectly ~ formatics approaches have been developed to identify and
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discriminate the antigenic specificity of the heterogeneous
T cell clonotypes in diverse T cell repertoire.”® ** Addi-
tionally, the TCR-seq-based immune signature has been
reported to help identify cancer patients with an increased
likelihood of responding to ICB treatment.”* Therefore,
itis apparent that both TMB and the neoantigen-related T
cells in ICB responsiveness are important and need more
attention, and further study is still required.

The clinical application of TMB in ICB treatment still
faces several challenges, including differences in tech-
nology platforms, tissue and blood TMBs, and inadequate
quantity and quality of tumor samples.”” ** Therefore,
repeated and ongoing efforts have been made to over-
come these limitations. A recent study demonstrated that
the blood TMB measured by gene panel sequencing with
optimized panel size and algorithm correlated well with
tissue. TMB calculated by whole-exome sequencing.”
Additionally, to overcome the problem of inadequate
tissue volume and quality in tissue specimen-based TMB
analysis, a pilot study has been conducted to show the
successful use of cytological samples for TMB analysis.™

Besides the above-mentioned challenges, the reproduc-
ibility of TMB cut-off has not been thoroughly tested within
and across cancer types, which has become a major limita-
tion of its clinical application.'” This problem is especially
important considering the recent FDA approval of ICB
treatmentin TMB-H (>10 mut/Mb) patients.”® In this study,
we address this problem by exhaustively testing all possible
TMB cutoffs in 10 cancer types, estimating the probability
of how likely a given TMB cut-off would predict improved
survival and using 10,000 randomly resampled cohorts to
measure the reproducibility of each TMB cut-off. This anal-
ysis allowed us to find the optimal TMB cut-off within and
across cancer types. Low TMB (category II) cancer types, for
which the prognostic associations were sensitive to different
TMB cut-off selection, showed markedly limited ranges of
significantly favorable TMB cut-offs. In contrast, all the high
TMB (category I) cancer types shared a wide range of TMB
cut-offs for predicting improved ICB response, which allows
us to discover an optimal and universal TMB cut-off of 13
mut/Mb. Moreover, the TMB cut-off of 13 mut/Mb was
also optimally effective in the analyses of pooled tumors of
high TMB (category I) cancer types. Our finding strongly
suggests a robustly generalizable TMB cut-off of 13 mut/
Mb for high TMB (category I) cancer types, including mela-
noma, colorectal cancer, bladder cancer, and non-small cell
lung cancer, thus, offering a reliable option for guiding the
clinical application of ICB treatment.

TMB reflects the frequency of somatic mutations that
give rise to neoantigens. Neoantigens increase the tumor
immunogenicity by activating CD8 cytotoxic T cells (CTLs)
that initiate tumor cell lysis. The ICB treatment depends on
reinvigorating the cytolytic potential of CTLs to eliminate
tumor cells.” However, only part of the somatic mutations
could lead to the formation of neoantigens, which needs
to be presented by appropriate major histocompatibility
complex (MHC) molecules on tumor cells, and occasion-
ally recognized by specific TCR clonotypes from a highly

diversified T cell repertoire.” ** Although it is difficult to
determine whether a certain amount of somatic mutations
are required to generate neoantigens that stimulate a func-
tional immune response, it seems reasonable to assume
that the more TMBs, the better success rate of ICB treat-
ment. Therefore, the universal TMB cut-off identified in
this study might reveal a general requirement to trigger the
sequential cascade from somatic mutations to an effective
antitumor immune response.

A limitation of our study is that only 10 cancer types were
analyzed in this study. To fully measure this limitation, we
estimated how many new cancer cases could attribute to the
cancer types analyzed in our study. According to the cancer
statistics of the USA in 2021, the cancer types in our study
present approximately more than half (57.6%) of the esti-
mated new invasive cancer cases (online supplemental
figure S2). Moreover, to extend our findings to other
cancer types, as discussed above, we proposed a theory
that the findings in this study could be useful to speculate
the relationship between TMB and ICB response in novel
cancer types that were not analyzed in this study.

One of the important areas of future research in this
field is whether patients with low TMB (category II)
cancers could benefit from ICB treatment. ICB treatment
has only modest activity in low TMB (category II) cancer
types. For such cancer types, clinical trials have been
conducted to study the combination therapies of ICB
with targeted therapy, angiogenesis inhibitors, poly (ADP-
ribose) polymerase inhibitors, radiotherapy, and
chemotherapy.”® Among the previous combination immu-
notherapies, there is recently growing interest in adding
ICB to the commonly used chemotherapies. It is reported
that the combination therapy of ICB with chemotherapy
that induces immunogenic cell death® could boost the
antitumor immune response elicited by ICB.**™* Addi-
tionally, cytotoxic and mutagenic chemotherapies might
convert TMB-L tumors to TMB-H status.”! * Moreover,
ICB—chemotherapy combination therapy could increase
the response rate and OS in low TMB cancers that are
largely refractory to ICB monotherapy.™ * With more
therapeutic approaches become available in the arsenal
of cancer treatments, we will anticipate the future of
further gains in the survival of patients with cancer.
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