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Background: Tumor mutation burden (TMB) may predict the immune checkpoint inhibitor (ICI)
response. The TMB calculation includes all nonsynonymous somatic mutations, but not all mutations are
favorable, and the efficiency of TMB is attenuated by including adverse mutations. Moreover, no universal
cutoff value of a high TMB hinders its application in practice.

Methods: Tumor mutation score (TMS), defined as the number of genes with nonsynonymous somatic
mutations, TMS55, defined as the TMS of 55 favorable prognostic genes, and TMB were calculated and
compared in 1,661 advanced cancer patients treated with ICIs and 3,840 matched advanced cancer patients
not treated with ICIs among ten cancer types.

Results: TMS55 was significantly associated with TMB. In 1,661 ICI-treated patients, 55 genes were
significantly associated with prolonged overall survival (OS), and a high TMS55 (TMS55 >5) was associated
with a smaller hazard ratio (HR) and P value than a high TMB (highest 20% in each histology group) in
predicting OS. The C-index of TMS55 was significantly higher than that of TMB (TMS55 0.65 vs. TMB
0.54, P<0.001). Moreover, TMS55 was significantly associated with improved survival in more tumor types
than TMB, especially in non-small cell lung cancer (NSCLC), melanoma, bladder cancer and colorectal
cancer. In 3,840 non-ICI-treated patients, a high TMS55 and TMB predicted poor OS.

Conclusions: The novel TMS55 might be better than TMB as a biomarker for patients treated with ICIs.
The easy calculation and universal cutoff value of TMS55 will not be affected across platforms and is feasible

in clinical settings, which may greatly promote its application in the clinic with further validation.
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Introduction

A high tumor mutation burden (TMB), which represents
genomic instability, has the potential to induce neoantigen
production and further improvements in immunogenicity (1).
Emerging evidence has proved that TMB measured by
next-generation sequencing (NGS) cancer gene panels is
highly consistent with TMB measured by whole-exome
sequencing (WES), and TMB can serve as a candidate
biomarker of clinical outcomes from immune checkpoint
inhibitors (ICIs) (2,3) in melanoma (4,5), lung cancer (6-9),
and urothelial carcinoma (10). A recent study reported that
a high TMB was associated with improved overall survival
(OS) in patients receiving ICIs across a wide variety of
cancer types, but there may not be one universal definition
of high TMB (11).

TMB is defined as the total number of mutations found
in the DNA of cancer cells (12). Nonselective TMB includes
all nonsynonymous somatic mutations in the calculation
(12,13). However, growing evidence has proved that not
all mutations correlate with favorable outcomes after
immunotherapy. Mutations including those in EGFR and
STKI11 are not correlated with the clinical benefit of ICIs or
even predicted primary resistance to ICIs (14-16). EGFR-
mutant non-small cell lung cancer (NSCLC) is likely to
have decreased PD-L1 expression (14), and ICI treatment
does not improve OS compared with docetaxel (17). STK11
mutation is significantly correlated with a high TMB;
however, few tumor-infiltrating lymphocytes and low PD-L1
expression are also detected in STK11-mutant NSCLC (18).
STKI11 alterations are reported to be the most prevalent
genomic driver of primary resistance to PD-1 axis inhibitors
in KRAS-mutant lung adenocarcinoma (15).

All the nonsynonymous somatic mutations are
taken into account in the TMB calculation, which we
believe significantly attenuates the power of TMB as
a biomarker for ICIs. Therefore, we developed tumor
mutation score (TMS), defined as the number of genes
with nonsynonymous somatic mutations among certain
candidate genes. Compared with TMB, TMS as defined
in this study allowed us to exclude adverse mutations and
even unnecessary mutations and would not be affected
across platforms. In this study, we compared TMS and
TMB in predicting survival after ICI treatment in the
large Memorial Sloan Kettering Cancer Center (MSKCC)
Integrated Mutation Profiling of Actionable Cancer Targets
(MSK-IMPACT) cohort (11,19).
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Methods
Patients and data curation

The MSK-IMPACT cohort involves a large-scale, prospective
clinical sequencing initiative using a comprehensive assay,
MSK-IMPACT, in more than 10,000 patients. The original
report was published in 2017 and released clinical and
sequencing data consisting of 10,945 samples from 10,336
patients with 62 principal cancer types between January
2014 and May 2016 (19). Patients enrolled underwent MSK-
IMPACT testing using tumor samples and blood as matched
normal (germline) DNA. Recently, the MSK-IMPACT
cohort was updated (11) with important follow-up data from
1,661 advanced cancer patients treated with at least one dose
of an ICI (atezolizumab, avelumab, durvalumab, ipilimumab,
nivolumab, pembrolizumab or tremelimumab). These 1,661
ICI-treated patients were classified into ten major cancer
types. Accordingly, we extracted 3,840 matched non-ICI-
treated patients with the same cancer types. The clinical and
mutation profiles of the cohort are available at cBioPortal
(http://www.cbioportal.org).

MSK-IMPACT testing

The MSK-IMPACT test involves a custom NGS gene panel
that is being investigated in clinical trials at MSKCC. Three
versions of the MSK-IMPACT panels, which include 341
genes, 410 genes and 468 genes, respectively, were used
in this study (11). Recently, the MSK-IMPACT test was
authorized by the U.S. Food and Drug Administration (FDA)
as an in vitro NGS test for various cancers (12). Generally,
the MSK-IMPACT test requires tumor and matched blood
samples and is capable of detecting somatic single nucleotide
variants, insertions, deletions, copy number alterations and
select structural rearrangements in genes in human genomic
DNA obtained from tumor tissue (19).

TMB and TMS calculation

TMB was calculated according to the MSK-IMPACT
workflow. The total number of somatic mutations,
including driver mutations in oncogenes, was normalized to
the exonic coverage of the respective MSK-IMPACT panel
in megabases (Mb). The total exonic coverage of the three
versions of the MSK-IMPACT panels varied little and was
approximately 0.89 Mb for each panel (12).

TMS was defined as the number of genes with
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nonsynonymous somatic mutations among certain candidate
genes. The total TMS was defined as the number of genes
with nonsynonymous somatic mutations among all the
genes sequenced, while TMS55 was defined as the number
of genes with nonsynonymous somatic mutations among
55 favorable prognostic genes (listed below) uncovered
in the survival analysis in patients treated with ICIs. The
unsequenced genes in the earlier versions of the MSK-
IMPACT test were assumed to be wild-type or not mutant.

Survival and statistical analyses

Among the 1,661 ICI-treated patients, to identify the
favorable prognostic genes, only genes with a mutation
rate higher than or equal to 5% in each type of cancer or
in pan-cancer were selected (to generate enough number
of patients with mutations), and survival analysis was
performed on these genes by dividing patients into a
nonmutant group and a mutant group based on each gene.
A total of 67 genes were significantly associated with OS
in at least one tumor type, among which 55 genes were
favorable in at least one and were not adverse factors in all
tumor types. In the comparison between TMS55 and TMB,
TMS55 was divided into three groups by universal cutoff
values (TMS55 =0, 1< TMS55 <5, and TMSS5 >5), while
TMB was divided into three subgroups by quantiles within
each histology group as originally reported (11), as there
is no universal cutoff value of TMB across different cancer
types.

The 55 favorable prognostic genes were EPHA3,
EPHAS, EPHA7, MGA, NTRK3, PTPRD, ZFHX3, ATM,
CDKN2A, CDKN2Ap16INK4A, CREBBP, KDR, LATS],
NCOR1, BRCAL, CIC, CTCE, DNMT1, EPHBI, FANCA,
IRS1, NCOA3, NOTCH3, PTCHI1, RADS4L, RNF43, SMO,
SPEN, TETI, NF1, CARD11, IGFIR, MLL2, PTPRT,
TERT, VHL, PIK3CG, ALK, ARIDI1B, ARID2, BRAF,
BRCA2, ERBB4, FAT1, GRIN2A, MLL, MLL3, NOTCH2,
NOTCH4, NRAS, PAK7, PIK3C2G, POLE, SETD2, and
TP63. The 12 adverse prognostic genes were PBRM 1,
ELF3, PIK3CA, APC, CSF3R, TPS3, ROSI, BAP1, GNAQ,
ARIDIA, KEAP1, and STK11.

The log-rank test was determined to analyze the
difference in OS, and the hazard ratio (HR) was determined
from a Cox proportional hazards model using the survival
package (version 2.43-3). Survival models were compared
with the survival ROC package (version 1.0.3) and survcomp
package (version 1.36.0). Cross-validation of the survival
analysis was performed using the caret package (version 6.0-
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84). All the statistical analysis was performed in R (version
3.5.1) and the reported P value was two-sided.

Results
Overview of the MSK-IMPACT cobort

The MSK-IMPACT cohort includes 10,336 advanced
cancer patients, among which, a total of 1,661 patients
treated with ICIs (termed the ICI group) were included.
This study mainly compared TMS and TMB as biomarkers
for immunotherapy in the 1,661 ICI-treated patients and
in 3,840 matched patients (termed the non-ICI group)
(1able 1, Figure S1). The ICI group included 215 bladder
cancer patients, 44 breast cancer patients, 110 colorectal
cancer patients, 126 esophagogastric cancer patients, 117
glioma patients, 139 head and neck cancer patients, 350
NSCLC patients, 321 melanoma patients, 151 renal cell
carcinoma patients, and 88 patients with an unknown
cancer (Table 1, Figure SI). Among these patients, 1,307
(78.7%) were treated with the PD-1/PD-L1 ICI, 99
(6.0%) were treated with the CTLA4 ICI and 255 (15.3%)
were treated with both PD-1/PD-L1 and CTLA4 ICIs
(Table I). Most patients were examined by the 410-gene
panel (IMPACT410). Compared with the latest version of
the 468-gene panel IMPACT468), the unsequenced genes
in the earlier versions were assumed to be wild-type or not
mutant (Table 1).

Characteristics of TMS- and survival-velated genes in the
ICI pan-cancer group

Among the 1,661 patients treated with ICIs, we first
calculated the total TMS based on all sequenced genes, and
the total TMS was highly correlated with TMB (R=0.98,
P<2e™, Figure 14). To determine the relationship between
the number of genes and correlations between TMS and
TMB, we performed correlation analysis based on 1 to 300
randomly selected genes, and the results showed that the
correlation coefficient values increased with the number of
genes (Figure 1B). To select favorable genes that predicted
prolonged OS, survival analysis was performed among genes
with mutation rates equal or greater than 5% in each cancer
type and in pan-cancer. As a result, a total of 67 genes were
significantly associated with OS in at least one tumor type
(Figure 1C), among which 55 were favorable in at least one
and were not adverse factors in all tumor types (Figure 1C).
For example, TERT was significantly associated with
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Table 1 Clinicopathological characteristics of the ICI (n=1,661) and
non-ICI (n=3,840) groups

Characteristic If\)llog?]r(c;:)p NO'EIO(.:I(;: )O up
Age median (range) 63 (15-90) NA
Sex
Male 1,034 (62.3) 1,582 (41.2)
Female 627 (37.7) 2,258 (58.8)
Cancer type
Bladder 215 (12.9) 190 (4.9)
Breast 44 (2.6) 926 (24.1)
Colorectal 110 (6.6) 637 (16.5)
Esophagogastric 126 (7.6) 218 (5.6)
Glioma 117 (7.0) 343 (8.9)
Head and neck 139 (8.4) 84 (2.1)
Melanoma 321 (19.3) 123 (3.2)
Non-small cell lung 350 (21.1) 1,293 (33.6)
Renal cell carcinoma 151 (9.1) 149 (3.6)
Unknown primary 88 (5.3) 139 (3.6)
Drug type
PD-1/PD-L1 1,307 (78.7) NA
CTLA-4 99 (6.0) NA
Combo 255 (15.3) NA
Gene panel
IMPACT341 230 (13.8) 933
IMPACT410 1,001 (60.3) 2,907
IMPACT468 430 (25.9) 0
Status
Living 829 (49.9) 2,734 (71.9)
Decreased 832 (50.1) 1,106 (28.1)

prolonged survival in melanoma and pan-cancer (Figure
1C). Notably, 12 genes were removed since these genes
were adverse prognostic factors in at least one cancer type,
such as TP53, which was favorable in bladder cancer but
adverse in colorectal cancer and pan-cancer (Figure 1C).
The top 10 survival-associated genes specific to each cancer
type are shown in Figure S2.

Then, we calculated TMSS55 based on these 55
favorable prognostic genes. The majority of patients had
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low TMSS5 or TMB, and the difference in the median
TMSS55 (dashed line) seemed larger than the median TMB
(dashed line) between living and deceased patients (Figure
ID,E). In particular, the living patients shifted right based
on TMSS55 compared to TMB (Figure 1EG). Dot plots of
the distribution of OS in each cancer type are shown in
Figure S3. More importantly, TMS55 was also significantly
correlated with TMB (R=0.91, P<2x107"%, Figure 1H).
Notably, compared with the correlation coefficient based
on the 55 randomly selected genes shown in Figure 1B, the
correlation coefficient of TMS55 was much higher (0.91
vs. 0.73). Last, to determine the cutoff value of TMS55, we
performed survival analysis in which patients were divided
from 1 to 30 based on TMSS55. As shown in Figure 11,
the HR was 0.26 (P=2.93x10") at a cutoff of 14 and 0.43
(P=1.04x10""") at a cutoff of 5. Based on the HR, P value
and distribution of TMSS55, a cutoff of 5 might be better
definition of a high TMS55 with the smallest HR and 95%
CI (Figure 11). Therefore, the significant correlation and
divergence between TMS55 and TMB was the basis for
TMSS55 as a biomarker for immunotherapy.

Mutation landscape of the top 20 favorable genes in the
ICI pan-cancer group

The 55 favorable genes are listed in the Methods section.
Only genes with the top 20 mutation rates in the 1,661 ICI-
treated patients are presented in Figure 2. In the OncoPrint
plot, patients were arranged by cancer type followed by OS,
resulting in a high proportion of deceased patients with short
OS in each cancer type (Figure 2). However, no obvious
trend of a high TMB or mutation count in patients with
prolonged OS was observed based on cancer type (Figure 2).
Notably, most melanoma patients received combined
ICIs or the CTLA-4 ICI alone, whereas other cancer
patients received mainly the PD-1/PD-L1 ICI (Figure 2).
The most commonly mutated genes were TERT (31%),
MLL2 (14%) and NF1 (11%), with mutation rates all higher
than 10%. Notably, the dominant mutation type in TERT
was promoter mutation, and TERT mutation was detected
mainly in bladder cancer, glioma and melanoma (Figure 2).
Similarly, VHL mutation was observed mainly in renal
cell carcinoma (Figure 2). Moreover, the ZFHX3 mutation
profile was not available in some patients because different
versions of the MSK-IMPACT test were used (Figure 2).
Therefore, this glimpse into the mutation landscape of the
top 20 favorable genes demonstrated that the mutation
profile varied greatly among different cancer types. The
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Table 2 Comparison of TMS55 and TMB as prognostic biomarkers in pan-cancer
TMB TMS55
Cancer type
TMB cutoff (top 10%) HR (95% ClI) P value TMS55 cutoff HR (95% ClI) P value
Bladder 24.5 0.43 (0.20-0.95) 0.082 5 0.34 (0.15-0.74) 0.014
Breast 6.8 0.68 (0.20-2.30) 0.013 1 0.66 (0.24-1.84) 0.048
Colorectal 68.8 0.82 (0.32-2.09) 0.011 5 0.24 (0.09-0.62) 0.005
Esophagogastric 13.9 0.46 (0.16-1.31) 0.323 5 0.46 (0.13-1.61) 0.462
Glioma 8.2 0.83 (0.36-1.94) 0.379 5 0.91 (0.28-2.87) 0.803
Head and neck 12.2 0.60 (0.24-1.50) 0.013 5 0.53 (0.12-2.24) 0.500
Non-small cell lung 45.7 0.32 (0.17-0.59) 2.65x107 5 0.26 (0.14-0.49) 4.80x10°°
Melanoma 20.2 0.52 (0.24-1.12) 0.153 5 0.43 (0.26-0.72) 9.76x10™
Renal cell 7.8 0.70 (0.27-1.76) 0.751 1 0.51 (0.26-1.01) 0.100
Unknown primary 22.4 0.51 (0.12-2.17) 0.211 5 0.28 (0.06-1.22) 0.204
Pan-cancer - 0.52 (0.40-0.69) 1.41x107° - 0.30 (0.23-0.39) 6.30x10™°

detailed mutation profiles are provided in Figure $4.

Comparison between TMS and TMB in predicting OS
after immunotherapy

We compared TMS versus TMB using similar parameters
from the original report (11). Here, patients were divided
into three subgroups by TMB quartiles within each
histology group (11), and the specific cutoff values are
listed in 7ible 2. We set universal cutoff values for TMS55
(TMS55 =0, 1< TMS55 <5, and TMS55 >5) in the survival
analysis (Table 2). Surprisingly, TMS55 dramatically
enhanced the power of distinguishing poor and good OS in
pan-cancer and each histology (Figure 34 and B). Compared
with nonmutant patients (TMS55 =0), patients with 1 to
5 mutated genes (1< TMSS55 <5, HR=0.772, P=0.001)
and more than 5 mutated genes (TMS55 >5, HR=0.307,
P<2x107'%) were significantly associated with improved OS
(Figure 34). In addition, our TMB results in the survival
analysis were consistent with those in the original report (11)
(i.e., significant differences between the top 10-20%
(HR=0.730, P=0.007) and top 10% (FHR=0.529, P=1x10"%)
with the bottom 80%) (Figure 3B). More importantly,
TMSS55, compared with TMB, not only generated smaller
HRs (1able 2) but also provided more patients with clinical
benefits since the bottom 80% of patients were defined as
controls (Figure 3B). The AUC of TMS55 was 0.65, which
was significantly higher than 0.58 in TMB (Figure 3C). The
C-index of TMS55 was significantly higher than that of TMB

© Annals of Translational Medicine. All rights reserved.

(TMS55 0.65 vs. TMB 0.54, P<0.001). We also investigated
TMSS55 and TMB in each cancer type (Figure 3D).
Generally, the HRs of TMS55 were smaller than those of
TMB (Figure 3D, Table 2) in each cancer type and in pan-
cancer. Moreover, TMS55 was a significant prognostic
factor in more types of tumors compared with TMB (Figure
3D, Table 2). Notably, TMS55 was significant in colorectal
cancer, melanoma and renal cell carcinoma, whereas TMB
was not (Figure 3D), indicating that TMS55 is more robust
than TMB in predicting OS after ICI treatment in certain
types of cancer. In addition, cross-validation by 1,000
randomizations in half of the patients was also performed
for the survival analysis, and the results proved that TMS55
was a significant predictor of OS (Figure 3E). Representative
Kaplan—-Meier plots of TMS55 in NSCLC, melanoma,
bladder cancer and colorectal cancer are shown in
Figure 3FG,H,I.

Mutation landscape of the top 20 genes and characteristics
of TMSS'S in the non-ICI pan-cancer group

We further explored TMS55 and the mutation landscape
of the 55 favorable genes in the 3,840 matched non-ICI-
treated patients. As shown in Figure 44, patients were also
arranged by cancer type followed by OS. Similarly, high
mutation rates in TERT, MLL2 and NF1 remained (Figure
4A), although the specific rates varied from those of the
ICI group. The mutation landscape of the top 20 genes in
the non-ICI group was largely consistent with that in the
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Figure 3 Comparison between TMS and TMB in predicting survival after ICIs in pan-cancer. (A) Kaplan-Meier curve for patients divided
into three groups with universal TMSS55 cutoffs. A two-sided log-rank P value is indicated for all patients. Univariate Cox regression HRs
of 0.307 [95% confidence interval (CI): 0.238-0.397] and 0.772 (95% CI: 0.659-0.904) were obtained for the TMS55 >5 and 1< TMS55 <5
groups, respectively, compared with the TMS55 =0 group. (B) Kaplan—-Meier curves for patients divided by quantiles within each histology
group. A two-sided log-rank P value is indicated for all patients. HRs of 0.529 (95% CI: 0.403-0.694) and 0.730 (95% CI: 0.580-0.917)
were obtained for the top 10% and top 10-20% groups, respectively, compared with the bottom 80% group. (C) The receiver operating
characteristic (ROC) curves of TMS55 and TMB in pan-cancer. The Area Under Curve (AUC) of TMS55 was significantly higher than
that of TMB. (D) Forest plot of the comparison between TMS55 and TMB as biomarkers for ICIs by cancer type. For TMS55, HRs and
P values were compared between the TMS >5 and TMS =0 groups. In breast cancer and renal cell carcinoma (indicated as *), HRs and P
values were compared between the TMS >1 and TMS =0 groups due to the small cohort and low mutation rate. For TMB, HRs and P
values were compared between the top 10% and bottom 80% within each histology group. (E) Cross-validation by 1,000 randomizations
in 50% of randomly selected patients in the ICI group (n=1,661 patients) for survival analyses. HR1 represents the HR for 1< TMS55
<5 compared with TMS55 =0, while HR5 represents the HR for TMS55 >5 compared with TMS55 =0. (F,G,H,I) Kaplan-Meier plots of
TMS55 in NSCLC, melanoma, bladder cancer and colorectal cancer.

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2020;8(7):446 | http://dx.doi.org/10.21037/atm.2020.03.163



Annals of Translational Medicine, Vol 8, No 7 April 2020 Page 9 of 12

A
Mutation Count kbl e i i i, 17

0S (Months)  ume. | E——— b D h [ A e © 04

os starvs [N NN T TN OB 1 e R
= 11155 o 1 DN R T Y
S T T T T T

known
TERT 16% HIIII*\II]I\I \|\| ‘ l\ | (R ‘ 1 liff{r | i || | HI”\I\IIH‘\ ‘”\ \H | H ‘\H\ [ ”\H‘ I ul ”\ III ”H[ I‘ IR
Ul ; " Cancer Type
cornza tas6 I TR B E el P DO o 0l A R N 11 rncctr cancer
MLL2 8% WMMIIMAL |1 O A A N T TR LI I IBreastCancer
NF1 8% I I (i ’ | )un]u | Mrmh\ i ‘\ T ||||w 00 ( I ||M i H*\II"I'II‘I |Hﬂmnml’u T A A \‘\ 1l \‘\ i uloancemfu”km‘”" Primary
I Colorectal Cancer
MLL3 7% WA |||+\mm||\d NNITYNT ﬁI|HIH4HII T T TR TTINT TR R TR TV (TN lmmiuw e w‘m T RN TR AT T
Esophagogastric Cancer
FAT1 7% HIIIHH' I H\‘ l |[ 1 I \‘ (IO \| »m Il uu‘\ ‘ ONTAR RN mnMn I |u 11 u‘ I 1||1 m||m (NN 1‘”1\ OO AT _
IGIloma
BRAF 6% | il | ‘ | 1 u||um 0O T T AR (R || om0 v‘lu [T O T Y A T \| i i IHeadand Neck Cancer
ATM 6% \IIIHHI\‘ W o nu| R o AT TN IIHIIIH‘ 1 ‘w I TN ‘uum (T T A T TR ||Me|anoma
PTPRT 6% il | ‘ |H Il ‘ i NI ‘ |m uMuu (I I || \HH‘\II ‘nu)\ L T B T NI S IR ﬁu (LRI T T INon-SmaIlCellLungCancer
PTPRD 6% \IH ‘ ] I ‘\ l \i 11 I ‘ ‘\IHH ] ITRTIN 1 H‘ WL ‘ 1 ’ ! ‘ \im*un (NI |um 101 Mll\bmll I [lf‘\ il[ ||u (0 |\IHI‘HI Inena'ce"oami""’"a
ZFHX3 6%* Il ||[ fin ‘\»1 Tt B AT TR [ IR A ‘: (IS TR AT TN G R [ [ R T IHI\I\IHIH‘\ ‘\‘ IR
SETD2 5% ML il \U|||| [T H‘ T 1 T T TRt I T T n‘ H‘HHHI\I U0 L O I ne iy Genetic Alteration

® Inframe Mutation

CREBBP 5% IHII\NIH m NI HH 11 ‘]HI O T T T T T AT T mH TN VIERL T 0L E i
B Missense Mutation
ALK 4% HII I | I (L | (N LI 00 T L N X N A 1 S Y T B Promoter Mutation
EPHAS 4% H 1 I 10l 1| (N ‘ 1 |[ I (N RTRNNN I A R I T T R TR T ¥ Truncating Mutation
NOTCH3 4% ‘\ NN | (| ‘I\ |‘ | ‘ ‘ TR TN I )\w T A N T T NN T i B Fusion
I Amplification
GRIN2A 4% 11 1 11 H‘ | ‘I I ‘ ‘m L T R T TITN 10 \H|\ I T \|\ TR AN ||\ T 1011 |
I Deep Deletion
EPHA3 4% 1| (| 1l 101 1 LTI R ‘w (NI (N HI\IH’I o ||m||‘\ Il |m I I ’
I No alterations
ERBB4 4% 111! I ||| 0w LTI TS T A T T N T I 1 HHMM (NI S TR AR Not profiled
NCOR1 4% ufh wiir w1 u:\u ‘\ |HH \IIH | Il H (R AR R TN (RN I ‘ ‘\ PICE e e I O TN I T AT
I 500 - R=0.88, P- 0 y ° o
064 |1 0S STATUS 0S STATUS =0.88, P<2.2e-16 o | 2004 R=0.93, P<2.2¢-16 Lo
: DECEASED 0.091 DECEASED 4004
| E LIVING E LIVING
0.4+ J
2 ! 2 0061 300
2 ! 2 o s
3 I 8 -
200
0.24 0.031
100+
0.0 4 - e 0-00'_—1 T RETTTNT] ) 0
0 10 20 30 40 0 100 200 300 400 500 0 10 20 30 40 0 10 20 30 40
™S55 T™B TMS55 TMS55
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ICI group, and the minor differences might be due to the
different proportions of each cancer type. Furthermore, the
non-normally distributed TMSS55 was almost the same as
that of TMB in non-ICI-treated patients, with no significant
difference in the median TMS55 or TMB between living
and deceased patients since patients did not receive ICI
treatment (P=0.949, Figure 4B and C). Correlation analysis
also proved that TMS55 and TMB were highly correlated
(Figure 4D and E). These consistencies demonstrated that
our analysis in ICI-treated patients was reliable. Further
survival analysis demonstrated that a high TMS55 and
TMB predicted poor OS in pan-cancer, especially in
glioma, NSCLC, and colorectal cancer (Figure S5). These
findings were largely consistent with those from a previous
report (20). However, TMB seemed to be more powerful
as a prognostic biomarker than TMSS55 in non-ICI-treated
patients, indicating that TMS55 is more suitable for
patients receiving immunotherapy.

Discussion

In this study, we proposed a new concept of TMS as a
prognostic biomarker for cancer patients treated with ICIs.
Based on the accessible data of the MSK-IMPACT cohort,
we first divided the patients into an ICI group of 1,661
patients and a matched non-ICI group of 3,840 patients.
Then, in the ICI group, univariate survival analyses were
performed for each gene in all 10 cancer types and in pan-
cancer to identify gene mutations associated with improved
OS. As a result, 67 genes were significantly associated with
OS, among which 55 were favorable prognostic factors
and 12 were removed since they predicted poor OS in at
least one cancer type. Next, TMS55 was calculated based
on these 55 favorable genes and compared with TMB as a
prognostic factor in ICI-treated patients. A universal cutoff
value was set for TMS55, while TMB was subgrouped by
quantiles within each histology group. TMS55 was highly
correlated with TMB and was more robust than TMB in
the survival analysis. TMS55 was significantly associated
with prolonged OS in more cancer types than TMB,
with smaller HRs and P values. More importantly, cross-
validation by randomization confirmed the predictive
efficiency of TMS55 in pan-cancer. Finally, TMS55 and
TMB were further explored in matched non-ICI-treated
patients. Similarly, TMS55 was highly correlated with
TMB, whereas a high TMS55 and TMB predicted poor OS
in non-ICI-treated patients. Taken together, these results
suggest that the novel TMS55 might be a better biomarker
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than TMB in patients treated with ICIs.

Currently, TMB is usually measured by NGS-targeted
gene panels and has been proven to be significantly
associated with TMB measured by WES (11). The MSK-
IMPACT test and FoundationOne CDx have been
authorized by the FDA and offer the reliable identification
of true somatic mutations (12). The MSK-IMPACT test
tabulates nonsynonymous mutations using sequencing data
from both tumor and germline DNAs (for variant calling),
while germline DNA is not sequenced in FoundationOne
CDx, but filtering for both oncogenic driver events and the
germline status was carried out using public and private
variant databases (12,21). Therefore, it is worth noting
that TMB may differ across platforms and gene panels.
Furthermore, there was no universal cutoff value for a high
TMB. Different thresholds for a high TMB were recently
reported, with no consensus widely accepted worldwide
(12,21). More importantly, the predictive efficiency of TMB
as a biomarker for immunotherapy is not satisfactory (12,13).
With more insights into the relationship between mutations
and the response to ICIs in cancer, not all mutations
correlate with a good response to ICIs. Driver mutations
such as those in EGFR and other mutations including
those in STKI11, as mentioned above, are not favorable
or even predict a poor response to ICIs (15,22). However,
TMB nonselectively includes all nonsynonymous somatic
mutations in the calculation, which attenuates its power in
distinguishing a good or poor response to ICIs. Therefore,
compared with TMB, the key concept of TMSS55 is to select
favorable gene mutations to achieve a better effect, and the
scoring algorithm in TMSS55, rather than normalization
to gene length in TMB, allows us to overcome differences
across platforms. Therefore, the easy calculation and
universal cutoff value of TMS will not be affected across
platforms and is more feasible in clinical practice.

In the survival analysis to select favorable genes, the
results were largely consistent with those from previous
reports. For example, STK11 mutation predicted poor OS
in NSCLC and cancer of an unknown primary site and
was significantly associated with short OS in pan-cancer
(Figure 1C). It is worth noting that PIK3CA, APC, TP53,
ARIDIA and KRAS, which were reported to be favorable
factors in response to ICIs, were not among the 55 genes.
The reason why these genes were removed was because
these genes were significantly associated with poor OS in
at least one cancer type (Figure 1C). PIK3CA mutation was
an adverse prognostic factor in bladder cancer (Figure 1C),
APC and TP353 mutations predicted poor OS in colorectal
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cancer (Figure 1C), and ARID1A was significantly associated
with short OS in cancer of an unknown primary site (Figure
1C). In addition, KRAS was not significant in our survival
analysis. As a proof-of-concept study, a specific gene list
and mechanistic study of these genes are needed in further
investigations.

In our analysis, we chose only genes with a mutation rate
greater than or equal to 5% to generate enough patients
with mutations to perform the survival analysis. Therefore,
the number of candidate genes might be expanded with a
larger cohort by including genes with lower mutation rates.
Moreover, we did not define genes associated with poor OS
with negative values in TMS and excluded only these genes
in the analysis, since our concept was to make TMS easy
to calculate and thus achieve a universal cutoff value. Last,
it is also possible to identify whether specific mutations are
associated with the clinical response and measure selective
TMB at a higher resolution. Simple scoring system of
TMSS55 would not be affected with these changes since
all favorable genes were regarded as independent factors.
This finding was based only on the MSK-IMPACT cohort.
Although it was a large cohort and cross-validation by
randomization was performed, independent validation or
even prospective clinical trials of TMS55 are needed before
the application of TMSS5S5 in clinical practice.

In summary, we developed a more feasible and robust
algorithm than TMB, referred to as TMS, as a biomarker
for cancer patients treated with ICIs. TMS55, consisting
of 55 candidate genes, still needs further investigation in a
larger cohort and more tumor types. This novel TMS may
provide a universal measure to promote the application
of mutation-based biomarkers for cancer patients after
immunotherapy.
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Supplementary

MSK-IMPACT Cohort
10,336 Patients
10,945 Samples

Other cancer types
Or no survival data
4,835 Patients
5,182 Samples

ICI group Non-ICI group
1,661 Patients 3,840 Patients
1,661 Samples 4,102 Samples
10 major cancer types 10 match caner types
Bladder 215 Bladder 190
Breast 44 Breast 926
Colorectal 110 Colorectal 637
Esophagogastric 126 Esophagogastric 218
Glioma 117 Glioma 343
Head and neck 139 Head and neck 84
Melanoma 321 Melanoma 123
Non-small cell lung 350 Non-small cell lung 1293
Renal cell carcinoma 151 Renal cell carcinoma 149
Unknown primary 88 Unknown primary 139

Figure S1 Diagram of patients included in this study from the MSK-IMPACT cohort. The original report was published in 2017 and
updated in 2019 with important follow-up data from patients treated with at least one dose of an immune checkpoint inhibitor (ICI).

Matched patients from ten cancer types were divided into an ICI group and a non-ICI group based on whether they were treated with ICIs.
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Figure S2 Forrest plots of results from the univariate survival analysis in pan-cancer and ten cancer types. Diamonds indicate the hazard ratios (HRs) from the univariate survival analysis, and
HR <1 represents a favorable factor, while HR >1 represents an adverse factor. The P value is shown as a scaled blue color in the diamond. The 95% confidence interval (95% CI) is shown as

the horizontal line across the diamond. Only significant results are shown, and P<0.05 was considered statistically significant.
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Figure S3 Dot plots of the distribution of OS in patients based on TMS55 and TMB. (A,B,C,D) Distribution of overall survival (OS, months) based on TMS55 in bladder cancer, colorectal
cancer, NSCLC and melanoma. (E,F,G,H) Distribution of overall survival (OS, months) based on TMS55 in bladder cancer, colorectal cancer, NSCLC and melanoma. Each dot represents
each patient, and the color indicates the OS status after the follow-up. Generally, patients shifted right based on TMS55 compared to TMB.



TMSS55 were generated in NSCLC, melanoma, bladder cancer and colorectal cancer patients.
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Figure S4 Mutation landscapes of TMS55-related genes in each tumor type. OncoPrint plots of the 55 genes with mutation rates and
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Figure S5 Comparison between TMS55 and TMB in predicting survival in non-ICI-treated patients. (A) Forest plot of the comparison
between TMS55 and TMB as biomarkers for patients without immunotherapy by cancer type. For TMS55, HRs and P values were
compared between the TMS >5 and TMS =0 groups. For TMB, HRs and P values were compared between the top 10% and bottom
80% within each histology group. (B) Kaplan-Meier curve of pan-cancer patients divided into the bottom 80%, top 10-10% and top 10%
TMB subgroups within each histology group. (C) Kaplan-Meier curve of pan-cancer patients divided into the bottom 80%, top 10-10%
and top 10% TMS55 subgroups within each histology group. (D) Kaplan—Meier curve of pan-cancer patients divided into the TMS55 >5,
1< TMS55 <5, and TMS55 =0 groups. (E) Kaplan-Meier curve of pan-cancer patients divided into the bottom 80% and top 20% TMB
subgroups within each histology group. (F) Kaplan-Meier curve of pan-cancer patients divided into the bottom 80% and top 20% total
TMS subgroups within each histology group. Generally, a high TMSS55, total TMS and TMB predicted poor OS in several cancer types.
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