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A 20-gene mutation signature predicts the
efficacy of immune checkpoint inhibitor
therapy in advanced non-small cell lung
cancer patients
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Abstract

Background There is an unmet need to identify novel predictive biomarkers that enable more accurate identification
of individuals who can benefit from immune checkpoint inhibitor (ICl) therapy. The US FDA recently approved tumor
mutational burden (TMB) score of > 10 mut/Mb as a threshold for pembrolizumab treatment of solid tumors. Our
study aimed to test the hypothesis that specific gene mutation signature may predict the efficacy of ICI therapy more
precisely than high TMB (= 10).

Methods We selected 20 candidate genes that may predict for the efficacy of ICl therapy by the analysis of data from
a published cohort of 350 advanced non-small cell lung cancer (NSCLC) patients. Then, we compared the influences
of various gene mutation signatures on the efficacy of ICl treatment. They were also compared with PD-L1 and TMB.
The Kaplan-Meier method was utilized to evaluate the prognosis univariates, while selected univariates were adopted
to develop a systematic nomogram.

Results A high mutation signature, where three or more of the 20 selected genes were mutated, was associated
with the significant benefits of ICI therapy. Specifically, patients with high mutation signature were confirmed to
have better prognosis for ICl treatment, compared with those with wild type (the median PFS: 7.17 vs. 2.90 months,
p=0.0004, HR=0.47 (95% [CI]:0.32-0.68); the median OS: unreached vs. 9 months, p=1.8E-8, HR=0.17 (95% [CI].0.11-
0.25)). Moreover, those patients with the high mutation signature achieved significant ICl treatment benefits, while
there was no difference of OS and PFS between patients without the signature but TMB-H (> 10) and those without
the signature and low TMB(< 10). Finally, we constructed a novel nomogram to evaluate the efficacy of ICl therapy.

Conclusion A high mutational signature with 3 or more of the 20-gene panel could provide more accurate
predictions for the outcomes of ICl therapy than TMB > 10 in NSCLC patients.
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Introduction

A breakthrough in cancer treatment over the past decade
has been the advent of immune checkpoint inhibitor
(ICI). In single-agent or combination therapy, ICI have
provided robust and durable responses in a subset of
advanced non-small cell lung cancer (NSCLC) patients,
dramatically extending overall survival (OS) [1-3]. How-
ever, only a small portion of potential candidates respond
to ICI treatment [4]. There is an unmet need to identify
biomarkers that enable more accurate identification of
individuals who can benefit, due to the high cost involved
with ICI treatments and probable severe adverse effects
in some treated patients [5]. Several biomarkers have
been identified to be associated with the sensitivity of ICI
therapy, including high programmed death-ligand 1 (PD-
L1) expression [2, 6, 7], a high tumor mutational burden
(TMB) [6, 7], microsatellite instability-high (MSI-H) [8]
and a deficiency in mismatch repair (MMR)[9].

As the most widely used biomarker for immuno-
therapy, PD-L1 expression in tumor cells, is frequently
employed in pembrolizumab treatment for NSCLC
in both first-line and second-line [10, 11]. However,
nivolumab does not extend progression-free survival
(PES) in patients with high PD-L1 levels when used in
the first line setting [12]. As a result, ICI efficacy has not
yet been reliably predicted by PD-L1 level. MSI (Micro-
satellite instability) is also a reliable genetic indicator of
tumor responsiveness to ICI therapy [9, 13, 14]. A small
percentage of malignancies have microsatellite instability
because their mismatch repair genes are defective. Malig-
nancies with MSI+are associated with better response
[13, 14]. MSI+status appears to generate more tumor-
specific neoantigens and increases potential for immune
system recognition [15-17]. Another appropriate pre-
dictive biomarker for immunotherapy efficacy is TMB
[18-20]. Multiple reports demonstrate that the effect of a
higher mutational burden is consistent with the idea that
neoantigens can promote immune system recognition
[21]. However, it is difficult for TMB as a biomarker for
ICI treatment because TMB differs across tumor types
[22] and various types of cancers appear to have different
cut-offs [17]. The US FDA recently approves TMB score
of 210 mut/Mb as a threshold for pembrolizumab treat-
ment of solid tumors [23] but the suitability of TMB-H
needs to be proved by further clinical researches.

The specific somatic mutation in driver genes could
promote tumor cell growth and affect the prognosis of
ICI treatment. Patients who had EGFR or ALK muta-
tions may not have therapeutic improvements from ICIs
[24, 25]. Co-occurring genomic alterations of TP53 and
LKB1 play a key role in altering the tumor microenviron-
ment of NSCLC and are associated with the susceptibil-
ity to ICI therapy [26]. Moreover, the mutation of ARID]1,
FGFR4, and ERBB4 may serve as a new biomarker for the
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sensitivity to ICI treatment and prognosis of advanced
NSCLC [15, 27, 28]. This study examined the hypoth-
esis that compared to TMB status, the efficacy of ICI
therapy might be predicted more accurately by particular
gene mutations that were correlated with a survival ben-
efit of ICI treatment. In the end, a systematic nomogram
based on clinicopathological information and mutational
data was developed to predict the prognosis of NSCLC
patients receiving ICI therapy.

Methods

Source of patient treatment and mutation data

Clinical and mutational data of immunotherapy cohorts
were from Memorial Sloan-Kettering Cancer Center
(MSKCC) and obtained from the cBioPortal database
(https://www.cbioportal.org). Two separate cohorts were
utilized in our study, one for selecting mutations and
the other for validating the results. Candidate genes that
might influence ICI treatment were identified by use of
data from a cohort [MSKCC, Nat Genet 2019] which
contained OS of ICI treatment [17]. We next validated
the predictive power of 20-gene mutation signature from
another cohort [MSKCC, J Clin Oncol 2018] [29] which
contained PFS of ICI treatment and 86 patients from this
cohort were sent for PD-L1 expression assessment. PFS
and PD-L1 level were also included in another cohort
[MSKCC, Cancer Cell 2018][30]. Mutations in these
cohorts were derived by several various versions of the
IMPACT targeted sequencing assay. Additional tumor
mutation and survival data of NSCLC were obtained
from the TCGA Pan-Cancer Atlas cohort [31].

Mutation signatures and survival analysis

To evaluate if mutations in 20 potential genes could fore-
cast the efficacy of the ICI treatment, we divided patients
into three groups: those with no mutations in the 20 can-
didate genes (wild group), those with mutations in one
or two of the 20 candidate genes (low mutation, or LM
group), and those with three or more mutation in any of
the 20 candidate genes (high mutation, or HM group).

The relationship between the gene mutation signature
and other biomarker for immunotherapy.

Potential interactions between TMB or PD-L1 expres-
sion and the gene mutation signature in influencing effi-
cacy of the ICI therapy were examined by a sub-cohort
of these cohorts. Kaplan-Meier survival analysis was con-
ducted and the patients were sorted by both their muta-
tion signature and TMB or PD-L1 expression levels.

CIBERSORT estimate of tumor-infiltrating immune cell
modulation

We performed CIBERSORT [32] analysis on RNA
expression data from NSCLC patients to see if various
mutation signatures correspond with particular features
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of the tumor microenvironment. The immune cell subset
analysis of the tumor samples was performed using the
publicly available online tool TIP [33], which is based on
CIBERSORT principles.

Development of nomogram

The Kaplan-Meier method was utilized to evaluate
the prognosis univariates, and the log rank tests were
employed to identify significant differences. A nomogram
was created based on the outcomes of univariate analy-
ses with the “rms” package of R software version 4.2.1.
Concordance index (C-index) and calibration plot were
used to estimate the accuracy and discriminative value
of nomogram. This nomogram was verified by bootstrap
analyses with 1000 resamples.

Statistical analysis

Kaplan-Meier survival curves were constructed using the
statistical program GraphPad Prism (version 8.2). Differ-
ent patient groups were compared using log-rank test. All
statistical analyses were performed using the IBM SPSS
Statistics 25 and R software 4.2.1. All significant compari-
sons were considered as a two-tailed p-value <0.05.
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Results

Construction of 20-gene mutation signature

Based on hypothesis that particular gene mutation
functionally affected the efficacy of immunotherapy, we
sought for genes whose mutations would improve the
efficacy of ICI therapy by using the data from a cohort
[MSKCC, Nat Genet 2019] which contained OS of ICI
treatment (see Table S1 for patient baseline characteris-
tics). Twenty potential genes were selected using the fol-
lowing standards:

(1) the gene must be mutated in at least ten of the
patients; (2) The gene’s mutation frequency needs to be
considerably greater in the surviving patients than it is
in the deceased patients at the completion of the clinical
observation period (with a p value 0.10 due to the small
number of patients for some gene mutation). We solely
focused on nonsysnomous alterations. Thus, gene fusions
and amplifications were omitted. Applying these criteria
to this cohort, top 20 mutated genes ranked by muta-
tion frequency were selected. Mutation frequencies of 20
mutated genes which we analyzed are shown in Fig. 1.

We next validated the predictive power of 20-gene
mutation signature from another cohort [MSKCC, ]
Clin Oncol 2018] which contained PFS of ICI treat-
ment (see Table S2 for patient baseline characteristics).
The PFS and OS time period of the patients with muta-
tion of 20 gene treated with ICI was longer than that

Missense Mutation (unknown significance) Splice Mutation (putative driver)

¥ Truncating Mutation (unknown significance) Structural Variant (unknown significance) No alterations

Fig. 1 The prevalence of 20-selected gene mutations in a cohort [MSKCC, Nat Genet 2019] according to the cBioPortal for Cancer Genomics
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of the wild type patients (the median PFS: 4.00 vs. 2.90
months, p=0.010, HR=0.70 (95% [CI]:0.52—0.93)); the
median OS: 18 vs. 9 months, p=0.0001, HR=0.56 (95%
[CI]:0.42-0.75), Fig. 2A, B). To find out which gene muta-
tion characteristics could efficiently predict the efficacy of
immunotherapy, NSCLC patients were divided into wild
group, single mutation group, double mutation group,
and =3 mutation group. Among them, OS and PFS in
the single and double mutation groups were not sig-
nificantly different compared with the wild group (PES:
Single group vs. Wild group: p=0.442, Double group vs.
Wild group: p=0.095, Fig. 2C; OS: Single group vs. Wild
group: p=0.157, Double group vs. Wild group: p=0.079,
Fig. 2D). In contrast, OS and PFS of 23 mutation group
were significantly improved compared with the wild
group (the median PFS: 7.17 vs. 2.90 months, p=0.0004,
HR=0.47 (95% [CI]:0.32-0.68), Fig. 2C; the median
OS: unreached vs. 9 months, p=1.8E-8, HR=0.17 (95%
[CI]:0.11-0.25), Fig. 2D). Because of the significant OS
and PFS advantages of the >3 mutation group compared
with other groups, we then divided the NSCLC patients
receiving ICI treatment into three sub-cohorts with dif-
ferent mutation signature, including those without muta-
tion in the 20 genes (Wild), those with mutations in just
one or two of 20 genes (Low mutation, LM), and those
with mutations in three or more of the 20 genes (High
mutation, HM). In order to prove the observed clini-
cal benefits in the high mutation group only existing in
ICI treatment, not genetically inherent, a sub-cohort of
NSCLC patients in the All TCGA Pan-Cancer cohort was
analyzed. Our research revealed that the survival advan-
tages shown in the high mutation group were not seen
in the absence of ICI therapy (Fig. 2E, F). Therefore, we
concluded that high mutation signature was a prognostic
indicator for immunotherapy rather than prognostic for
NSCLC in general.

Comparation of predictive powers of 20-gene mutation
signature with TMB level

Recently, FDA approved TMB-H (=10) as a biomarker
of pembrolizumab treatment for solid tumors. We thus
evaluated the predictive power of TMB in the both
cohort of NSCLC patients. Patients with TMB-H dem-
onstrated a significant survival advantage over those with
TMB-L ((the median PFS: 4.20 vs. 3.03 months, p=0.045,
HR=0.74 (95% [CI]:0.56—0.99); the median OS: 19 vs.
11 months, p=0.009, HR=0.58 (95% [CI]:0.43-0.79),
Fig. 3A, B). Patients with high or low TMB were strati-
fied by 20-gene mutation signature in order to assess
the predictive value of TMB-H vs. 20-gene mutation
signature levels (Fig. 3C, D). Because significant prog-
nostic advantages of the >3 mutation in 20-gene muta-
tion signature, we then defined >3 mutation in 20 genes
as high mutation (HM) and others as non-high mutation
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(NHM). When compared PFS of NSCLC patients,
only 5 patients were TMB-L with HM, so the log-rank
test was made in other three groups. The results indi-
cated that those patients with low TMB (<10) and pos-
sessing the non-high mutation in 20-gene mutation
signature had same PFS as those with high TMB and
non-high mutation (p=0.69, Fig. 3C). However, TMB-H
with HM group (median PFS=7.17 months) showed
a significant survival advantage when compared with
those with TMB-H+NHM (median PFS=3.07 months,
p=0.021, HR=0.55 (95% [CI]:0.33—0.91)) and those with
TMB-L+NHM (median PFS=3.03 months, p=0.002,
HR=0.51 (95% [CI]:0.35—0.73)). 20-gene mutation signa-
ture showed the same predicted trend in OS of NSCLC
patient. TMB-L+HM group only included two patients,
and thus omitted in Kaplan-Meier survival curves. There
is no difference of OS between TMB-L+NHM group and
TMB-H+NHM group (p=0.827, Fig. 3D). TMB-H+HM
group (median OS unreached) showed a better prognos-
tic compared with those with TMB-H+NHM (median
0OS=10 months, p<0.001, HR=0.20 (95% [CI]:0.12—
0.33)) and those with TMB-L+NHM (median OS=10
months, p<0.001, HR=0.21 (95% [CI]:0.14-0.31)). In
both cohorts, a higher TMB value was confirmed in HM
group, compared with LM and Wild groups (LM group:
p=7.7E-21, Wild group: p=1.7E-12, Fig. 3E; LM group:
p=3.9E-47, Wild group: p=1.4E-30, Fig. 3F). Therefore,
our analysis clearly demonstrated that nearly all patients
with high mutation in 20 genes belong to those with
TMB-H. Moreover, among patients with TMB-H, only
those with high mutation could benefit from ICI treat-
ment. This result could be applied to exclude patients
with TMB-H but no ICI benefit. These results indicated
that the superiority of 20-gene mutation signature in pre-
dicting the efficacy of ICI treatment compared with TMB
(210) in NSCLC patients.

Independence of the 20-gene mutation signature from
PD-L1 in predicting ICI treatment response.

Because PD-L1 was currently the most widely used
biomarker in immunotherapy, we then evaluated the
relationship between the 20-gene mutation signature
and PD-L1 levels in predicting the efficacy of ICI treat-
ment. This study analyzed the cohorts of NSCLC patients
from MSKCC for whom the PD-L1 expression data were
accessible. Patients with all three mutation signatures had
varying amounts of PD-L1 expression, but high mutation
group was not statistically different from low mutation
groups (p=0.167, Fig. 4A). Importantly, survival analysis
revealed that among cohorts of high PD-L1 expression,
the high mutation group had a considerably superior PFS
rate, compared with non-high mutation group (p=0.021,
HR=0.36 (95% [CI]:0.19-0.67), Fig. 4B). As a result,
the high mutation signature could predict ICI benefits
regardless of PD-L1 expression levels.
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Fig. 2 The high mutation signature in the 20-gene panel predicts for significantly better response to ICl treatment in NSCLC. A. PFS levels of the ICl treat-
ed NSCLC patients with 20-gene mutation and wild type. B. OS levels of the ICl treated NSCLC patients with 20-gene mutation and wild type. C. PFS levels
in the ICl treated NSCLC patients with different 20-gene mutation signatures. (D) OS levels in the ICl treated NSCLC patients with different 20-gene muta-
tion signatures. (E) PFS levels in the non-ICl treated NSCLC patients from the All TCGA Pan-Cancer cohort with different mutation signatures. (F) OS levels
of the non-ICl treated NSCLC patients from the All TCGA Pan-Cancer cohort with different mutation signatures. P-values calculated by use of log-rank test
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Fig. 3 Comparation of predictive powers of 20-gene mutation signature with TMB level. (A) PFS levels of the NSCLC patients with high (= 10) and low
(<10) TMB values. (B) OS levels of the NSCLC patients with high (= 10) and low (< 10) TMB values. (C) PFS levels in the ICl treated NSCLC patients with
TMB-H (=10) and TMB-L (< 10) further stratified according to groups with high mutation signature (HM) or with no high mutation signature (NHM). (D)
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with no high mutation signature (NHM). (E) TMB levels in NSCLC patients [MSKCC, J Clin Oncol 2018] with different mutation signatures. (F) TMB levels in
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Establishment of a prognostic nomogram for the prog-
nosis of ICI treatment in NSCLC.

We constructed a nomogram to predict the PES of 86
NSCLC patients of the selected cohort [MSKCC, J Clin
Oncol 2018] based on the integrated information of clini-
copathologic features, targeted sequencing, and PD-L1
expression. Firstly, the univariate analyses were per-
formed in the identification of the variables for nomo-
gram construction. Multiple variables were proved to be
significantly associated with the PFS of NSCLC patients
with ICI treatment, including treatment lines(p=0.0097),
smoking(p=0.0040), PD-L1  expression(p=0.0112),
TMB(p=0.0380) and 20-gene mutation
signature(p=0.0030) (Fig. 5A-E). Furthermore, the uni-
variate analysis revealed that advanced NSCLC patients
with high mutation signature, ever smoking, first-line ICI
treatment, higher PD-L1 expression (=1% percentage)
or a high TMB score (=10), could benefit from immu-
notherapy. The nomogram based on these variables was
then established, as shown in Fig. 5F. This prognostic
model’s C-index was 0.733(95%CI 0.700-0.766), which
indicated that it has a relatively robust ability to predict
the PFS of advanced NSCLC patients treated with ICIL.
Calibration plots (Fig. 6A) demonstrated good diagnos-
tic performance in predicting the PFS of 12 months. Fur-
thermore, the model’s area under the ROC curve (AUC)
was 0.915(95%CI 0.840-0.990) and the brier index was
9.7(95%CI 6.1-13.4). Internal bootstrap validation was
used to validate the nomogram for predicting 12-month
PES. The calibration plot was measured by bootstrap-
ping for 500 repetitions, and the AUC of the bootstrap
stepwise model was 0.903(95%CI 0.790-0.993) and brier

index was 11.2(95%CI 6.3-17.4), with a statistical power
similar to that of the initial stepwise model (Fig. 6B).
ROC curve analysis for the 12-month PFS showed that
nomogram (AUC=0.915(95%CI 0.840—0.990)) had bet-
ter predictive ability than single biomarker (PD-LI:
AUC=0.872(95%CI 0.875-0.959); TMB: AUC=0.792
(95%CI 0.673-0.910); Mutation: AUC=0.802 (95%CI
0.674-0.930)). (Fig. 6C)

The role of 20-gene mutation signature in
tumor-infiltrating immune cell (TIIC) modulation

We hypothesized that 20-gene mutation might influence
the biology of the malignancies directly, besides the pro-
vision of neoantigens recognized by the immune system.
As a result, 20-gene mutation signature might influence
tumor-infiltrating immune microenvironment. To verify
this theory, we used the online program tool TIP40 to
evaluate gene expression data from 501 NSCLC patients
(TCGA pan cancer atlas cohort) based on their mutation
signatures using the CIBERSORT algorithm. CIBER-
SORT algorithm could accurately identify various immu-
noeffector cellular subgroups in tumor tissues. Our study
revealed that tumors with the high mutation signature
exhibited considerably more intratumoral infiltration
of CD8 T cells (Fig. 7B), NK cells (Fig. 7C), and B cells
(Fig. 7E) in the NSCLC patients from TCGA pan cancer
atlas cohort. However, intratumoral infiltration of CD4 T
cells (Fig. 7A) and Treg cells (Fig. 7F) in the high muta-
tion group were significantly reduced. There was no dif-
ference of intratumoral infiltration of Eosinophil between
three subgroups (Fig. 7D). These findings implied
that the 20-gene mutation signature could predict a
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Fig. 5 Establishment of a prognostic nomogram for the prognosis of ICI treatment in NSCLC. (A) The survival curves for ICls-treated patients based on
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lated by use of log-rank test
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pro-inflammatory tumor immunological microenviron-
ment in NSCLC.

Discussion

Treatment of NSCLC has been revolutionized by ICI
treatment. However, only a subset of patients could
benefit from ICI treatment. Nowadays, mutation panels
have been used as novel predictive markers for ICI treat-
ment. Xavier et al. firstly proposed that combining TMB
and mutation profiles in key cancer genes could better
qualify patients for ICI treatment and predict their OS
[34]. However, this study only showed that these genes
were associated with prognosis of patients for ICI treat-
ment, and did not construct them into a complex muta-
tion panel. On the basis of machine learning, Peng et al.
exploited a somatic mutation signature to predict the
best overall response to PD-1 therapy in NSCLC [35].
The AUC of somatic mutation signature in the cohorts
were higher than those of TMB and PD-L1 expression.
This study focused on constructing a prediction model
for PD-1 therapy, but lacked a subgroup analysis of gene
mutation signature and TMB/PD-L1 expression, which
could compare the prediction advantages of the mutation
panel with TMB/PD-L1 expression. Pan et al. firstly con-
structed a complex gene mutation signature, using the

standard of a significant difference in mutation frequen-
cies between surviving and deceased patients [36]. More-
over, subgroup analysis showed that mutations in select
genes might be a better predictor of NSCLC response to
ICI therapy than TMB-H. The shortcoming of this gene
mutation panel was that it contained 52 genes, and most
genes had low mutation frequencies Therefore, this gene
panel might be not suitable for clinical application. In
conclusion, our gene panel had the advantage of a small
number of genes and high mutation frequencies. More-
over, it could screen for poor efficacy in patients with
TMB-H and better efficacy in PD-L1 positive expressers.

At present, PD-L1 expression was regarded as the most
used biomarker for ICI treatment of NSCLC patients.
However, it is a challenge for advanced NSCLC patients
to assess the expression of PD-L1, given difficulties in
tissue sample acquisition, preservation and its predicted
uncertainty. In contrast, the identification of 20-gene
mutation could be achieved with various platform tech-
nologies, such as archival FFPE tissues and liquid biopsies
including blood or saliva samples. Therefore, it seemed
easier for the implement of 20-gene mutation signature
as a novel biomarker in the clinic. Moreover, we found
that among cohorts with high PD-L1 expression, the high
mutation group had a considerably superior prognosis,
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Fig. 7 The role of 20-gene mutation signature in tumor-infiltrating immune cell modulation. A cohort of NSCLC patients from the TCGA Pan-Cancer Atlas
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compared with non-high mutation group. However, its
utility in the clinic, especially when compared with TMB
or PD-L1, should be assessed in upcoming prospective
clinical trials.

Our 20-gene mutation signature was chosen using
the standard of a significant difference in mutation fre-
quencies between surviving and deceased patients,
rather than their specific biological functions. We only
included genes with top 20 of mutation frequency in
order to ensure that these mutations were easily to be
found in the clinic. This was necessary for a novel indi-
cator of ICI treatment to be widespread in the future.
Through different combination of mutated genes, >3
gene mutations were affirmed as a clear cut-off to pre-
dict the efficacy of ICI treatment. It is worth looking for-
ward to that predictive power of this biomarker would
been improved by enhancing the quality of various gene
panel. Besides, a novel nomogram was constructed based
on 20-gene mutation signature, PD-L1 expression, TMB
level, and other clinical features of advanced NSCLC
patients with ICI therapy based on the Cox regression
model established in this research. ROC curve analy-
sis showed that nomogram had better predictive power
in the efficacy of ICI treatment than other biomark-
ers. This might assist physicians to estimate the clinical
benefits of immunotherapy and develop the appropriate

therapeutic proposal and follow-ups before advanced
NSCLC patients received therapies.

Published literature indicated that ATM and BRCA2
were vital genes in regulating DNA double strand break
repair. These genes were linked to benefiting from immu-
notherapy and made an important role in cellular innate
immunity [37, 38]. In addition, POLE was involved in
DNA replication and had a crucial role in DNA synthe-
sis and repair [39, 40]. Furthermore, tumors with POLE-
mutated showed a high expression in effector cytokines,
T lymphocytes markers and a significant up-regulation
of immune checkpoints genes, such as PD-1, PD-L1 and
CTLA4 [41]. Expression of NTRK3 was previously posi-
tively associated with higher stromal scores, improved
immune response and a great variety of immune lympho-
cytes [42]. The PTPRD gene could up-regulate mRNA
expression of JAK1 and STAT1, which promoted expres-
sion of chemokines to attract T cells [43]. EPHAS3, as a
type of transmembrane receptor, was identified as a bind-
ing partner for PD-L1, and EphA3/PD-L1 co-expression
was associated with a CD8+effector cell signature [44].
On the other hand, any potential mechanism of how
some other genes in 20-gene panel were involved in
tumor response to immunotherapy was unknown. There-
fore, they were suitable for testing in wet lab studies.

It was well-known that the type of tumor immune
microenvironment (TIME) plays an important role in
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cancer cell elimination [45, 46], with “hot” TIME facili-
tating cancer cell killing. According to our findings, the
20-gene mutation signature was strongly associated with
multiple immune cell infiltration. Moreover, positive cor-
relations were observed between high mutation signa-
ture and immunoeffector cellular subgroups (CD8 T cell,
NK cell, B cell). We speculated that it might be that the
high mutation signature promotes both a reasonable high
TMB and the formation of “hot” TIME.

At present, lots of NSCLC patients only sent for PD-L1
expression and TMB assessment, and some of them do
not benefit from immunotherapy. In fact, such simple
evaluation is insufficient. This study proves the impor-
tance of genetic testing before immunotherapy. For those
patients with PD-L1 positive expression or TMB-H, it is
recommended to assess 20-gene mutation signature. We
found that TMB-H patients without high mutation sig-
nature could not benefit from ICI therapy, which was a
supplement to FDA’s criteria for TMB-H. Neverthe-
less, several limitations of the study herein have been
presented as follows. Development and validation were
based on cohorts from retrospective studies, which
might diminish the validity of the claimed conclusions.
In the future, it was a necessary step to validate these
claims through randomized clinical trials before clinical
application.

Conclusion

Our study indicated that a high mutational signature
with 3 or more of the 20-gene panel could provide more
accurate predictions for the outcomes of ICI therapy than
TMB2=10 in several published cohorts. Before it can be
used as a predictive biomarker for selecting patients who
can benefit from ICI treatment, further clinical trials
needed to be conducted to provide adequate evidence.

Abbreviations

NSCLC Non-small cell lung cancer

MMR Mismatch repair

MSI-H Microsatellite instability-high
PD-L1 Programmed death ligand 1

T™MB Tumor mutational burden

ICls Immune checkpoint inhibitors
TICs Tumor-infiltrating immune cells
TIME Tumor immune microenvironment
TCGA The Cancer Genome Atlas

PFS Progress free survival
MSKCC ~ Memorial Sloan-Kettering Cancer Center

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512890-023-02512-6.

[ Supplementary Material 1 ]

Page 11 of 12

Acknowledgements

We appreciate the authors of previous studies who deposited their data
to cBioportal and the staff at cBioportal. Their contribution made our data
analysis much easier.

Author contributions

XLH, JG and JGS conceived and designed the study. DL XJL and ZW)J
performed the analysis. XLH wrote the paper. All authors read and approved
the final manuscript.

Funding
This work was supported by the Ningbo Public Welfare Science and
Technology Plan Project (202002N3179) to Dr. Weijun Zhao.

Data Availability

All data generated during this study are included in this published article.
The datasets generated in the current study are available in the cBioportal for
Cancer Genomics (http://www.cbioportal.org/).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 8 March 2023 / Accepted: 7 June 2023
Published online: 22 June 2023

References

1. Reck M, Rodriguez-Abreu D, Robinson AG, Hui R, Csoszi T, Fulop A, et al.
Updated analysis of KEYNOTE-024: Pembrolizumab Versus Platinum-Based
chemotherapy for Advanced Non-Small-Cell Lung Cancer with PD-L1 Tumor
Proportion score of 50% or Greater. J Clin oncology: official J Am Soc Clin
Oncol. 2019;37(7):537-46.

2. Mok TSK, Wu YL, Kudaba |, Kowalski DM, Cho BC, Turna HZ, et al. Pem-
brolizumab versus chemotherapy for previously untreated, PD-L1-ex-
pressing, locally advanced or metastatic non-small-cell lung cancer
(KEYNOTE-042): a randomised, open-label, controlled, phase 3 trial. Lancet.
2019;393(10183):1819-30.

3. Hornl, Spigel DR, Vokes EE, Holgado E, Ready N, Steins M, et al. Nivolumab
Versus Docetaxel in previously treated patients with Advanced Non-Small-
Cell Lung Cancer: two-year outcomes from two randomized, Open-Label,
phase lll trials (CheckMate 017 and CheckMate 057). J Clin oncology: official J
Am Soc Clin Oncol. 2017;35(35):3924-33.

4. Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade.
Science. 2018;359(6382):1350-5.

5. Postow MA, Hellmann MD. Adverse events Associated with Immune Check-
point Blockade. N Engl J Med. 2018;378(12):1165.

6. Ready N, Hellmann MD, Awad MM, Otterson GA, Gutierrez M, Gainor JF, et
al. First-line Nivolumab Plus Ipilimumab in Advanced Non-Small-Cell Lung
Cancer (CheckMate 568): outcomes by programmed death ligand 1 and
Tumor Mutational Burden as biomarkers. J Clin oncology: official J Am Soc
Clin Oncol. 2019;37(12):992-1000.

Ott PA, Bang YJ, Piha-Paul SA, Razak ARA, Bennouna J, Soria JC, et al. T-Cell-
inflamed gene-expression Profile, programmed death ligand 1 expression,
and Tumor Mutational Burden Predict Efficacy in patients treated with
Pembrolizumab Across 20 cancers: KEYNOTE-028. J Clin oncology: official J
Am Soc Clin Oncol. 2019;37(4):318-27.

8. LiQ Zhang B, Niu FN, Ye Q, Chen J, Fan XS. [Clinicopathological characteris-
tics, MSI and K-ras gene mutations of double primary malignancies associ-
ated with colorectal cancer]. Zhonghua yi xue za zhi. 2020;100(4):301-6.


http://dx.doi.org/10.1186/s12890-023-02512-6
http://dx.doi.org/10.1186/s12890-023-02512-6
http://www.cbioportal.org/

Hu et al. BMC Pulmonary Medicine

20.

22.

23.

24,

25.

26.

27.

28.

(2023) 23:223

Mandal R, Samstein RM, Lee KW, Havel JJ, Wang H, Krishna C, et al. Genetic
diversity of tumors with mismatch repair deficiency influences anti-PD-1
immunotherapy response. Science. 2019;364(6439):485-91.

Reck M, Rodriguez-Abreu D, Robinson AG, Hui R, Csoszi T, Fulop A, et al.
Pembrolizumab versus Chemotherapy for PD-L1-Positive non-small-cell Lung
Cancer. N EnglJ Med. 2016;375(19):1823-33.

Herbst RS, Baas P, Kim DW, Felip E, Perez-Gracia JL, Han JY, et al. Pembroli-
zumab versus docetaxel for previously treated, PD-L1-positive, advanced
non-small-cell lung cancer (KEYNOTE-010): a randomised controlled trial.
Lancet. 2016,387(10027):1540-50.

Carbone DP, Reck M, Paz-Ares L, Creelan B, Horn L, Steins M, et al. First-line
nivolumab in stage IV or recurrent non-small-cell Lung Cancer. N Engl J Med.
2017,376(25):2415-26.

Rousseau B, Bieche |, Pasmant E, Hamzaoui N, Leulliot N, Michon L, et al. PD-1
blockade in solid tumors with defects in polymerase Epsilon. Cancer Discov.
2022;12(6):1435-48.

Le DT, Durham JN, Smith KN, Wang H, Bartlett BR, Aulakh LK; et al. Mismatch
repair deficiency predicts response of solid tumors to PD-1 blockade. Sci-
ence. 2017,357(6349):409-13.

Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, et al.
Cancer immunology. Mutational landscape determines sensitivity to PD-1
blockade in non-small cell lung cancer. Science. 2015;348(6230):124-8.
ChanTA, Wolchok JD, Snyder A. Genetic basis for clinical response to CTLA-4
blockade in Melanoma. N Engl J Med. 2015;373(20):1984.

Samstein RM, Lee CH, Shoushtari AN, Hellmann MD, Shen R, Janjigian YY,

et al. Tumor mutational load predicts survival after immunotherapy across
multiple cancer types. Nat Genet. 2019;51(2):202-6.

Goodman AM, Kato S, Bazhenova L, Patel SP, Frampton GM, Miller V, et al.
Tumor Mutational Burden as an independent predictor of response to Immu-
notherapy in Diverse Cancers. Mol Cancer Ther. 2017;16(11):2598-608.

Gubin MM, Artyomov MN, Mardis ER, Schreiber RD. Tumor neoantigens:
building a framework for personalized cancer immunotherapy. J Clin Investig.
2015;125(9):3413-21.

McGranahan N, Furness AJ, Rosenthal R, Ramskov S, Lyngaa R, Saini SK; et al.
Clonal neoantigens elicit T cell immunoreactivity and sensitivity to immune
checkpoint blockade. Science. 2016,351(6280):1463-9.

Schumacher TN, Schreiber RD. Neoantigens in cancer immunotherapy. Sci-
ence. 2015;348(6230):69-74.

ChanTA, Yarchoan M, Jaffee E, Swanton C, Quezada SA, Stenzinger A, et al.
Development of tumor mutation burden as an immunotherapy biomarker:
utility for the oncology clinic. Annals of oncology: official journal of the
European Society for Medical Oncology. 2019;30(1):44-56.

Marcus L, Fashoyin-Aje LA, Donoghue M, Yuan M, Rodriguez L, Gallagher PS,
et al. FDA approval Summary: Pembrolizumab for the treatment of Tumor
Mutational Burden-High Solid Tumors. Clin cancer research: official J Am
Association Cancer Res. 2021;27(17):4685-9.

Gainor JF, Shaw AT, Sequist LV, Fu X, Azzoli CG, Piotrowska Z, et al. EGFR
mutations and ALK rearrangements are Associated with low response rates
to PD-1 pathway blockade in Non-Small Cell Lung Cancer: a retrospec-

tive analysis. Clin cancer research: official J Am Association Cancer Res.
2016;22(18):4585-93.

Haratani K, Hayashi H, Tanaka T, Kaneda H, Togashi Y, Sakai K, et al. Tumor
immune microenvironment and nivolumab efficacy in EGFR mutation-
positive non-small-cell lung cancer based on T790M status after disease
progression during EGFR-TKI treatment. Annals of oncology: official journal of
the European Society for Medical Oncology. 2017;28(7):1532-9.

Van Allen EM, Miao D, Schilling B, Shukla SA, Blank C, Zimmer L, et al.
Genomic correlates of response to CTLA-4 blockade in metastatic melanoma.
Science. 2015;350(6257):207-11.

Sun D, Tian L, Zhu Y, Wo Y, Liu Q Liu S, et al. Subunits of ARID1 serve as novel
biomarkers for the sensitivity to immune checkpoint inhibitors and prognosis
of advanced non-small cell lung cancer. Mol Med. 2020;26(1):78.

Wang L, Ren Z, Yu B, Tang J. Development of nomogram based on immune-
related gene FGFR4 for advanced non-small cell lung cancer patients

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

46.

Page 12 of 12

with sensitivity to immune checkpoint inhibitors. J translational Med.
2021;19(1):22.

Rizvi H, Sanchez-Vega F, La K, Chatila W, Jonsson P, Halpenny D, et al.
Molecular determinants of response to Anti-Programmed Cell death (PD)-1
and anti-programmed death-ligand 1 (PD-L1) blockade in patients with non-
small-cell Lung Cancer profiled with targeted next-generation sequencing. J
Clin oncology: official J Am Soc Clin Oncol. 2018;36(7):633-41.

Hellmann MD, Nathanson T, Rizvi H, Creelan BC, Sanchez-Vega F, Ahuja A, et
al. Genomic features of response to Combination Immunotherapy in patients
with Advanced Non-Small-Cell Lung Cancer. Cancer Cell. 2018;33(5):843-52.
e4.

Hoadley KA, Yau C, Hinoue T, Wolf DM, Lazar AJ, Drill E, et al. Cell-of-origin pat-
terns dominate the molecular classification of 10,000 tumors from 33 types
of Cancer. Cell. 2018;173(2):291-304. 6.

Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust
enumeration of cell subsets from tissue expression profiles. Nat Methods.
2015;12(5):453-7.

Xu L, Deng C, Pang B, Zhang X, Liu W, Liao G, et al. TIP: a web server for resolv-
ing Tumor Immunophenotype profiling. Cancer Res. 2018;78(23):6575-80.
Xavier CB, Lopes CDH, Awni BM, Campos EF, Alves JPB, Camargo AA et al.
Interplay between Tumor Mutational Burden and Mutational Profile and its
effect on overall survival: a pilot study of metastatic patients treated with
Immune Checkpoint inhibitors. Cancers. 2022;14(21).

Peng J, Xiao L, Zou D, Han L. A somatic mutation signature predicts the

best overall response to anti-programmed cell death Protein-1 treatment in
epidermal growth factor Receptor/Anaplastic lymphoma kinase-negative
non-squamous non-small cell Lung Cancer. Front Med. 2022;9:808378.

Pan D, Hu AY, Antonia SJ, Li CY. A gene mutation signature Predicting
Immunotherapy benefits in patients with NSCLC. J Thorac oncology: official
publication Int Association Study Lung Cancer. 2021;16(3):419-27.

Zhang Q, Green MD, Lang X, Lazarus J, Parsels JD, Wei S, et al. Inhibition

of ATM increases Interferon Signaling and sensitizes pancreatic Cancer to
Immune Checkpoint Blockade Therapy. Cancer Res. 2019;79(15):3940-51.
Hsiehchen D, Hsieh A, Samstein RM, Lu T, Beg MS, Gerber DE et al. DNA repair
gene mutations as predictors of Immune checkpoint inhibitor response
beyond Tumor Mutation Burden. Cell Rep Med. 2020;1(3).

Heitzer E, Tomlinson I. Replicative DNA polymerase mutations in cancer. Curr
Opin Genet Dev. 2014;24(100):107-13.

Castellucci E, He T, Goldstein DY, Halmos B, Chuy J. DNA polymerase varep-
silon Deficiency leading to an Ultramutator phenotype: a Novel clinically
relevant Entity. Oncologist. 2017;22(5):497-502.

Domingo E, Freeman-Mills L, Rayner E, Glaire M, Briggs S, Vermeulen L, et al.
Somatic POLE proofreading domain mutation, immune response, and prog-
nosis in colorectal cancer: a retrospective, pooled biomarker study. lancet
Gastroenterol Hepatol. 2016;1(3):207-16.

Zhang Z,YuY, Zhang P, Ma G, Zhang M, Liang Y, et al. Identification of NTRK3
as a potential prognostic biomarker associated with tumor mutation burden
and immune infiltration in bladder cancer. BMC Cancer. 2021;21(1):458.
Wang X, Wu B, Yan Z, Wang G, Chen S, Zeng J, et al. Association of PTPRD/
PTPRT Mutation with Better Clinical Outcomes in NSCLC Patients treated with
Immune Checkpoint Blockades. Front Oncol. 2021;11:650122.

Verschueren E, Husain B, Yuen K, Sun Y, Paduchuri S, Senbabaoglu Y, et al. The
Immunoglobulin Superfamily Receptome defines Cancer-Relevant Networks
Associated with Clinical Outcome. Cell. 2020;182(2):329-44. e19.

Chen DS, Mellman I. Elements of cancer immunity and the cancer-immune
set point. Nature. 2017,541(7637):321-30.

Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF, Merad M, et al.
Understanding the tumor immune microenvironment (TIME) for effective
therapy. Nat Med. 2018;24(5):541-50.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿A 20-gene mutation signature predicts the efficacy of immune checkpoint inhibitor therapy in advanced non-small cell lung cancer patients
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Source of patient treatment and mutation data
	﻿Mutation signatures and survival analysis
	﻿CIBERSORT estimate of tumor‑infiltrating immune cell modulation
	﻿Development of nomogram
	﻿Statistical analysis

	﻿Results
	﻿Construction of 20-gene mutation signature
	﻿Comparation of predictive powers of 20-gene mutation signature with TMB level
	﻿The role of 20-gene mutation signature in tumor‑infiltrating immune cell (TIIC) modulation

	﻿Discussion
	﻿Conclusion
	﻿References


