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The tumor mutational burden (TMB) has been reported as a predictive marker of the
response to immune checkpoint inhibition (ICI) therapy in previous melanoma clinical trials.
However, the TMB alone is not sufficient to accurately predict immunotherapy benefit.
Additional biomarkers are needed for better stratification of immunotherapy-sensitive patients.
In the present study, mutation data and survival information of patients with melanoma were
collected from several immunotherapy studies, and tumor heterogeneity was estimated using
mutant-allele tumor heterogeneity (MATH). The benefit score was defined as the ratio
between the TMB and tumor heterogeneity, and optimal critical values were selected to
group patients and evaluate their response to ICI treatment. The benefit score significantly
improved the performance of stratifying the overall survival of patients compared with the TMB
alone as a predictor in two independent cohorts (p =0.0068 vs.p = 0.1 and p =0.045vs. p =
0.13), in which patients were treated with Ipilimumalb and Nivolumab, respectively. In another
cohort of patients with melanoma receiving mixed ICl treatment, the benefit score was also
positively associated with higher overall survival (p = 0.022) and outperformed the TMB alone,
with a significance of p = 0.089. The benefit score showed a positive correlation with clonal
TMB, a reported immunotherapy marker, and exceeded it in immunotherapy response
prediction. Besides, a high benefit score was found to be associated with higher proportions
of natural killer cells, lower proportions of M2 macrophages and elevated CD8 T cells, all of
which favor ICI therapy. In summary, tumor heterogeneity combined with the TMB showed
superior efficacy in predicting the response to ICI therapy. This might further help to delineate
the mechanisms of immunotherapy in patients with melanoma.
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INTRODUCTION

In recent years, immune checkpoint inhibition (ICI) therapy has
benefited patients with advanced cancers, as exemplified for lung
cancer (1) and melanoma (2). The identification of predictive
markers and the mechanisms of resistance to immunotherapy
have been subjects of intense research, because only a minority of
patients are responsive to checkpoint blockers. Several markers
have been proposed, including tumor-infiltrating lymphocytes
(3), programmed cell death protein 1 (PD-1) and PD-1 ligand
(PD-L1) expression (4), or mutational load (5). A difference in
intratumoral PD-L1 expression was observed to contribute to
discrepancies in ICI therapy trials and was approved by the FDA
as a companion diagnostic for clinical use (6). The tumor
mutational burden (TMB) was reported recently as a predictor
of pan-cancer survival (7). However, none of these markers has
been fully validated to perfectly predict the response to ICI (8, 9).

Among all identified markers, the TMB has proven its potential
to predict the response of ICI in melanoma, based on the hypothesis
that an elevated TMB corresponds to more neoantigens (10-12).
However, it was also found that the effectiveness of the TMB was
confounded by disease subtype, whereas a selective response was
noticed between different genomic features (13). Putative
biomarkers, such as tumor heterogeneity, have been reported to
contribute to this variation in the immune response (14).
Ultraviolet beta (UVB)-induced heterogeneity was confirmed to
be able to diminish the immune response in melanoma, which
contributes to loss of efficacy of checkpoint blockade (15),
suggesting the potential of tumor heterogeneity as a candidate
marker to achieve better performance in ICI response prediction,
together with the TMB (16).

In the present study, the TMB and tumor heterogeneity were
estimated using somatic mutation data collected from several
studies, in which patients with melanoma were treated with
checkpoint inhibitors. Next, we defined the benefit score as a
metric to integrate the TMB and tumor heterogeneity, and
evaluated its predictive performance for the response to ICI therapy.

MATERIALS AND METHODS

Data Collection

After excluding studies without sufficient data, three melanoma
cohorts that employed ICI therapy were brought into the
analysis: The Van Allen cohort (12), the Miao cohort (17), and
the Riaz cohort (18). Genomic profiling based on whole exome
sequencing (WES) and clinical characteristics, such as age, sex,
tumor stage, and survival information were gathered from
publicly accessible resources. Somatic mutations and copy
number segmentation data of 206 patients with melanoma
profiled by The Cancer Genome Atlas (TCGA) were obtained
from a previous pan-cancer report (19).

The Benefit Score
We defined the benefit score as the ratio between the TMB and
tumor heterogeneity, where the TMB denoted the number of

nonsynonymous somatic mutations and heterogeneity was
determined using mutant-allele tumor heterogeneity (MATH), as
calculated using the R package, maftools (20). For the convenience
of calculation, MATH was set to 1 when its value was equal to zero.
Mutations with allelic fractions less than 0.05 or a coverage of no
more than 30 were excluded, as described previously (12).

Clonal Tumor Mutation Load

The clonal TMB, representing the number of clonal
nonsynonymous somatic mutations, is a measure used to
evaluate the clonal tumor mutation load of patients. In the
Riaz cohort, cancer cell fraction (CCF) of mutations was
estimated using PyClone (21), and mutations with a lower
confidential interval of CCF exceeded 95% were defined as
clonal mutations. In the Miao cohort, mutational clonality was
assessed using ABSOLUTE (22), and mutations with a CCF of 1,
or those whose probability of being clonal exceeded the
probability of being subclonal, were identified clonal. Clonal
mutations in the TCGA dataset were determined using the same
method as in the Miao cohort.

Statistical Analysis

Correlation analysis between the TMB and MATH, as well as the
benefit score and the clonal TMB, was implemented using the
Spearman method. Patients in each cohort were stratified into
two groups based on the critical value of the benefit score
inferred using the function surv_cutpoint in the R package
survival, using the maximally selected log-rank statistic; the
log-rank test was also performed. The prognostic significance
of the benefit score was examined using a Cox multivariate
regression model that incorporated clinical and molecular
features, and the hazard ratios (HRs) were calculated. Fraction
data of each tumor immune cell type in the Riaz cohort were
downloaded from The Cancer Imaging Archive (TCIA) (https://
tcia.at/home) (8). Cell fractions before treatment and fraction
changes during treatment were compared between the high and
low benefit score sets using a two-tailed Wilcoxon test.

RESULTS

The Benefit Score as a Metric for
Integration of the TMB and Tumor
Heterogeneity

A total of 321 patients with melanoma from three cohorts, the
Van Allen cohort, the Riaz cohort, and the Miao cohort, were
included in our investigation (Supplementary Table S1). The
TMB and tumor heterogeneity were measured independently
using the data collected from each cohort. A small number of
samples, four in the Riaz cohort and nine in the Miao cohort,
were excluded from subsequent analysis because the tumor
heterogeneity could not be estimated due to an inadequate
number of mutations. The TMB did not correlate clearly with
the MATH value in these cohorts and a similar result was
observed in the TCGA melanoma dataset (Figure 1),
rationalizing the integration of these two factors to merge their
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FIGURE 1 | Correlation between TMB and tumor heterogeneity in (A) the Van Allen cohort, (B) the Riaz cohort, (C) the Miao cohort, and (D) the TCGA dataset.
Spearman correlation coefficients and statistical significance are labeled at the top right in each part.

prediction effects. Consequently, we defined the benefit score as
the TMB divided by the MATH value as a proxy for
tumor heterogeneity.

The Association Between the Benefit
Score and the Clonal TMB

In addition to the benefit score, the clonal TMB is also
simultaneously related to the TMB and tumor heterogeneity,
and was reported to be associated with the response of patients
treated with checkpoint blockers. We compared the benefit

score with the clonal TMB based on the clonal results collected
from the included studies and the correlation result is shown in
Figure 2. We found that the benefit score correlated positively
with the clonal TMB in the Riaz cohort (R = 0.59, p = 0.0051)
and the Miao cohort (R = 0.96, p < 0.001). A similar trend was
observed in the TCGA melanoma dataset (R = 0.94, p < 0.001).
The diversity in the significance of the correlation between
the Riaz cohort and the other two cohorts might have been
caused by the number of patients and approach used to
estimate clonality.

coefficients and statistical significance are labeled at the top left in each part.
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FIGURE 2 | Correlation between the benefit score and clonal TMB in (A) the Riaz cohort, (B) the Miao cohort, and (C) the TCGA dataset. Spearman correlation
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The Benefit Score Yields a Better ICI
Response Prediction Performance

The cut-off value for each marker was determined based on the
principle of comparing their best performance to stratify the
patients (Supplementary Table S2). The benefit score showed a
significantly improved performance in stratifying the overall
survival (OS) of patients receiving ICI treatment compared
with that of the TMB alone as a predictor in the Van Allen
cohort (p = 0.0068, HR = 0.42 vs. p = 0.1, HR = 0.546; Figure
3A). The same results were obtained using the Riaz cohort (p =
0.045, HR = 0.409 vs. p = 0.13, HR = 0.596; Figure 3B) and the
Miao cohort (p = 0.022, HR = 0.579 vs. p = 0.089, HR = 0.629;
Figure 3C). Meanwhile, the benefit score also exceeded the
ability of MATH to predicting higher OS in the Van Allen
cohort (p = 0.0068, HR = 0.42 vs. p = 0.092, HR = 1.52; Figure
3D) and the Riaz cohort (p = 0.045, HR = 0.409 vs. p = 0.14,
HR = 0.46; Figure 3E). Only in the Miao cohort, MATH was
superior to the benefit score (p = 0.0032, HR = 0.49 vs. p = 0.022,
HR = 0.579; Figure 3F). Survival analysis result of the benefit
score was is shown in Figures 3G-I. In addition, the superiority
of the benefit score over the clonal TMB was demonstrated in the
Riaz cohort (p = 0.045, HR = 0.409 vs. p = 0.33, HR = 0.664;
Supplementary Figure S1A) and the Miao cohort (p = 0.022,
HR = 0.579 vs. p = 0.037, HR = 0.624; Supplementary Figure
S1B). A slight difference, without statistical significance, was

observed when simultaneously considering the clonal TMB and
the benefit score, indicating synergistic effects might exist
between these two features (Supplementary Figures S1C, D).

Cox multivariate regression was implemented to verify the
benefit score’s prediction of ICI therapy response, independently
of other clinical or molecular factors. Relevant covariates including
age, sex, tumor stage, previous treatment, and driver gene
mutations, together with the benefit score, were incorporated
into the model. The result demonstrated that a low benefit score
was independently associated with shorter OS, after adjusting for
age, sex, and tumor stage in the Van Allen cohort (HR = 2.16, p =
0.02, Table 1). Despite that fact that a similar result was not
significant in the other two cohorts, a lower benefit score still had a
higher hazard ratio when correcting for age and sex in the Miao
cohort (HR = 1.30, p = 0.308, Table 1), and while controlling for
BRAF, NFI, and RAS mutations, and previous Ipilimumab
treatment, in the Riaz cohort (HR = 2.31, p = 0.085, Table 1).
The benefit score outperformed the TMB, with more significantly
higher hazard ratios, as estimated by multivariate regression, in all
cohorts (Supplementary Table S3).

The Benefit Score and the Tumor
Microenvironment

The benefit score was also investigated for its association with
variation in the tumor microenvironment, mainly the immune
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FIGURE 3 | Kaplan-Meier curve of overall survival by TMB, MATH, and benefit scores in different datasets. (A-C) Survival curves for the TMB in each cohort.
(D-F) Survival curves for MATH in each cohort. (G-l) Survival curves for the benefit score in each cohort. P values of the log-rank test are shown at the top right for
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TABLE 1 | Multivariate Cox regression analysis of overall survival with the benefit
score and other covariates in different cohorts.

Cohort Covariates HR 95% CI P-value
Van Allen cohort Age 1.00 0.99-1.02 0.629
Sex
Male 0.73 0.45-1.18 0.200
Stage
\% 4.20 1.31-13.5 0.016*
Benefit score
Low 2.16 1.13-4.12 0.020*
Riaz cohort Mutation Subtype
BRAF 0.90 0.40-2.04 0.802
NF1 1.16 0.32-4.16 0.822
RAS 0.68 0.27-1.73 0.420
Prior treatment
Yes 0.89 0.44-1.78 0.738
Benefit score
Low 2.31 0.89-6.01 0.085
Miao cohort Age 1.01 1.00-1.03 0.135
Sex
Male 0.77 0.45-1.32 0.344
Benefit score
Low 1.30 0.79-2.14 0.308

HR, Hazard Ratio; CI, Confidence Interval; *indicates statistical significance.

cell composition. Immune cell proportions were calculated from
gene expression profiles and compared between the high and low
benefit score groups in the Riaz cohort. A high benefit score
tumor was significantly associated with a higher proportion of
activated natural killer (NK) cells and a lower proportion of M2
macrophages compared with those in the low benefit score group
(p = 0.0041 and p = 0.049, respectively, Figures 4A, B). A
significant elevation of the CD8 T cell fraction during treatment
was found in the high benefit score group, but not in the
low benefit score group (p = 0.014 and p = 0.29, respectively,
Figures 4C, D). The observation that higher proportions of NK
cells, lower proportions of M2 macrophages and elevated CD8
T cells are favorable factors for immunotherapy supports the
result that the benefit score is a remarkable predictor.

DISCUSSION

The ability of the TMB to predict the response to immunotherapy
response has been reported to be slightly restrictive in recent
research (13, 23). In the present study, we combined the TMB with
tumor heterogeneity to form the benefit score as a new indicator to
achieve a better predictive effect compared with that of the TMB
alone. The observed prognostic significance was consistent with
previous reports, proving that integration of the TMB and tumor
heterogeneity forms a superior predictive marker for the response
to ICI treatment.

A high TMB is a relative measure of a tumor being more
immunogenic by producing more neoantigens. However, the
effectiveness of the antitumor immune response would be greatly
reduced if the presented antigens were subclone-specific, because
immune surveillance is promoted by clonal neoantigens (14).
The chance of a neoantigen being clonal cannot be reflected by
the TMB and high neoantigen heterogeneity usually originates
from a more complicated tumor evolutionary structure. Our
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FIGURE 4 | NK cells and macrophage M2 fractions of patients between high
and low benefit score groups in the Riaz cohort. (A) NK cell fraction of
patients grouped by benefit score is shown by a box plot at left, while (B) the
macrophage M2 fraction is shown on the right side. CD8 T cell fraction
change during ICI treatment in (C) high benefit score group and (D) low
benefit score group. (*p < 0.05, *p < 0.01).

benefit score covers both the neoantigen burden and clonality,
without direct clonal neoantigen measurement. A high benefit
score corresponds to either a high mutational load, low genetic
heterogeneity, or both, i.e., it reflects a high neoantigen load and
the avoidance of immune evasion mediated by tumor
heterogeneity, which would likely be more sensitive to
immunotherapy. Similar to our benefit score, the clonal TMB
considers clonality and the neoantigen burden simultaneously. It
also strongly correlates with the benefit score, except that the
clonal TMB showed a poorer performance than the benefit score
to predict the ICI response, because the immune response
induced by tumor-specific epitopes generated from subclones
are neglected by the clonal TMB.

It has been reported that NK cells contribute to PD-1/PD-L1
antibody-mediated immunotherapy by expressing PD-LI as a
cytolytic effector (24, 25), while M2 macrophages help to
generate an immune-evasive microenvironment in evolved
cancers (26, 27). A high benefit score was found to be
associated with a higher proportion of NK cells, a lower
proportion of M2 macrophages and elevated CD8 T cells in
the Riaz cohort, in which patients were treated with Nivolumab,
in accordance with its favorable survival prediction.

Despite of significant results achieved in the present study, a
disadvantage common in most cases involving heterogeneity
evaluation was that genetic diversity might not be adequately
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estimated using in silico methods in a single tumor region
sample, which could lead to unstable results. Such a limitation,
together with the small cohort, might have interfered with the
robustness of the multivariate analysis, resulting in an
insignificant outcome. Analysis of multiple regions or single
cell sequencing in a larger cohort would be good methods to
validate the prognostic value of our findings in the future.

In summary, our study suggested that integration of the
tumor mutational load and heterogeneity provides a better
predictive marker of the response to ICI treatment for patients
with melanoma. The potential significance of the benefit score
could be further investigated and applied using more
sophisticated approaches in other types of cancer.
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