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Abstract: The expression level of PD-L1 does not accurately predict the prognosis of advanced colorectal cancer
(CRC) patients, but it still reflects the tumor microenvironment to some extent. By stratifying PD-L1 status, gene
subtypes in PD-L1 positivity-related pathological pathways were analyzed for their relationship to MSI or TMB to
provide more individualized treatment options for CRCs. A total of 752 advanced CRCs were included, and their
genomic variance was measured by a targeted next generation sequencing panel in this study. MSI and TMB were
both measured by NGS, while PD-L1 expression level was measured using the PD-L1 colon 22C3 pharmDx Kkit.
We found RTK/RAS pathway was positively related to high PD-L1 expression, with BRAF V60OE and most KRAS
mutations (G12 and G13) subtypes showing a significant correlation. Conversely, the Wnt and p53 pathways were
negatively related to high PD-L1 expression, with APC C-terminal alterations and other non-inactivation mutations in
TP53 making a primary contribution with significant statistical significance. Major subtypes showing a significantly
higher proportion of TMB-H or MSI-H were irrespective of PD-L1 status. These findings demonstrate pathological
pathways associated with high PD-L1 expression, suggesting that pathway-induced oncogenic constructive PD-L1
upregulation may be the reason for the corresponding patients’ primary resistance to immune checkpoint inhibitors
(ICls), rather than a lack of pre-existing immune responses.
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Introduction way to identify more suitable treatment regi-
mens and prognostic biomarkers for different
subtypes of CRC. Generally accepted immuno-
therapy biomarkers for colorectal cancer
include microsatellite instability (MSI) [9], tumor
mutation burden (TMB) [10, 11], and POLE
gene mutation [12]. The proportion of POLE

gene mutations in the Asian patient population

Immune checkpoint inhibitors (ICls) have
achieved dazzling clinical efficacy in various
advanced solid tumors, providing more treat-
ment options for advanced patients [1]. Never-
theless, Pembrolizumab, one type of PD-1 ICls,
was only recently approved by the FDA for the

first-line treatment of mismatch-repair-deficient
(dMMR)/microsatellite instability-high (MSI-H)
metastatic colorectal cancer (mCRC) patients
[2]. Given the unclear response mechanism of
patients to immunotherapies, multiple clinical
trials, including monotherapy [2, 3], combina-
tion of ICls [4], radiotherapy [5], MEK inhibitor
[6, 7] and anti-angiogenic agents [8], are under-

is relatively small [13]. In comparison, MSI and
TMB testing provide a distinct advantage in per-
sonalized treatments for Asian patients.

The rate of MSI-H is relatively low in mCRC, at
about 5% [14-16], while the proportion of TMB
high level is slightly higher with a positivity rate
about 10% at a cutoff of 10 muts/Mb [17, 18].
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Consequently, only a small number of advanced
CRCs can benefit from immunotherapy, and
other potential biomarkers remain to be
explored. In comparison to these two biomark-
ers, PD-L1 status, with a positivity rate about
10% in CRCs [19], has received inconsistent
conclusions regarding its prognostic effect and
its ability to predict response to ICls [20-22].
Although PD-L1 status cannot serve as an indi-
vidual biomarker for predicting the efficacy of
immunotherapy in clinical applications [23,
24], it is still closely associated with an active
immune microenvironment in some pathways
[25, 26]. Additionally, the high heterogeneity of
CRCs at the genomic level is also one of the
reasons for the significant difference in curative
effect, suggesting that gene molecular typing
may play an important role in the clinical treat-
ment of advanced CRCs. Moreover, meta-anal-
yses have also linked PD-L1 expression to a
poor prognosis in colorectal cancer [27, 28].
Our study aims to compare gene mutation pro-
files between PD-L1 positive and negative
groups and analyze gene enrichment related to
tumor signaling pathways. This exploration
seeks to uncover potential mechanisms associ-
ated with a poor prognosis. Furthermore, we
conducted a detailed stratified analysis of key
genes related to PD-L1 expression, along with
assessments of TMB and MSI. This comprehen-
sive approach helps identify patient subgroups
that may benefit from targeted therapy, immu-
notherapy or a combination of both, offering
novel insights into precision treatment for
colorectal cancer.

Methods
Patient and sample characteristics

A total of 809 patients with stage IV advanced
colorectal cancer were enrolled in this study at
Ruijin Hospital from January 2021 to May
2023. Samples lacking paired blood, without
pathological confirming of CRC, and with a
tumor content of less than 20% were all exclud-
ed, resulting in 752 samples from 752 patients
being included. Clinical data, including age and
gender, were obtained from medical records.
Written informed consent was obtained from all
participants, and this study was approved by
the institutional review board of our hospital
(LWEC2020010).
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DNA extraction and library construction

The extraction and purification of blood DNA
and tissue DNA are implemented by using the
human blood genome DNA extraction kit
(Shanghai YunYing) and the human tissue DNA
extraction kit (Shanghai YunYing), respectively.
NanoDrop2000 (Thermo Fisher Scientific,
Waltham, MA, USA) was applied to evaluate the
contamination and purity of samples, followed
by a storage at -20°C before use. The VAHTS
Universal DNA Library Prep Kit for lllumina was
used for library preparation. Shanghai YunYing’'s
optimized probes, which target the exons and
some introns of 639 genes related to cancer
(Table S4), were applied. Targeted-sequencing
was performed on the NextSeq500 platform
(Humina, Carlsbad, CA, USA) strictly following
the manufacturer’s protocols.

NGS-based assay and bioinformatical analysis

FastQC software (version 0.11.2) was used for
the screening of FASTQ files. Customized
Python scripts were conducted to remove the
sequence from adaptor or with a quality score
below 30. Referring on the human genome
GRCh37/hg19, clean reads were mapped by
the Burrows-Wheeler Aligner (BWA, version
0.7.7), resulting in corresponding bam files
which were realigned and recalibrated by
GATK3.5. Picard MarkDuplicates (version 1.35)
was used to remove duplicate sequences and
reduce potential polymerase chain reaction
bias. Single nucleotide variations (SNVs) were
detected by VarScan (version 2.3.2) following
the criteria: (1) Total reads depth was more
than 500; (2) Mutated reads frequency was
higher than 1%. Insertion of deletion (indel) was
detected by Pindel (version 0.2.5b8) with
default parameters. FACTERA (version 1.4.4)
was applied to identify structure variation using
default parameters.

Mutation difference of somatic SNVs and Indels
were compared between tumor samples and
matched normal samples by MuTect (version
1.1.4), followed by functional annotations using
Verscan2 (version 2.3.9). The number of all
somatic, coding, base substitution and indel
mutations per megabase were used to calcu-
late tumor mutation burden (TMB). Thus, the
TMB per megabase was calculated by the quo-
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Table 1. Patient characteristics

PD-L1 positive No. (%)

PD-L1 negative No. (%)

Characteristics (n=127) (n=625) 2P value
Total 127 (100) 625 (100)
Gender
Male 70 (55.12) 408 (65.28) 0.04
Female 57 (44.88) 217 (34.72)
Age at diagnosis in years
<60 63 (49.61) 275 (44.00) 0.3
> 60 64 (50.39) 350 (56.00)
MSI state
MSI-H 15(11.81) 25 (4.00) 0.002
Non MSI-H (MSS and MSI-L) 112 (88.19) 600 (96.00)
Tumor mutation burden status
TMB-H (= 10 muts/Mb) 20 (15.75) 63 (10.08) 0.09
TMB-L (< 10 muts/Mb) 107 (81.89) 562 (89.92)

apP value are tested by Fisher’s exact Test.

tient of the counted total mutation number
divided by the size of the coding region of the
targeted territory (1.1 Mb of coding genome).

MSilsensor [29], a software tool for quantifying
MSI in genome sequencing data using tumor
samples with or without paired normal ones,
were applied to calculate the MSI score of all
samples with default parameters. The MSI
score was defined as the percentage of unsta-
ble microsatellites in all used microsatellites. At
least 20 spanning reads and single-nucleotide
mutations would be included in each microsat-
ellite site.

PD-L1 expression level was measured by immu-
nohistochemical (IHC) method and assessed
by experienced pathologists. According to the
PD-L1 IHC 22C3 pharmDx package insert, TPS
was calculated to determine the expression
level of PD-L1. Briefly, TPS was defined as the
number of viable tumor cells displaying partial
of complete membrane staining of PD-L1 which
is divided by the total number of viable tumor
cells and then multiplied by 100%. The TPS
value which is 1% or more than 1% is defined
as PD-L1 positivity and that less than 1% is
grouped as PD-L1 negativity.

Mutations in APC are divided into C-terminal
inactivation, N-terminal inactivation and other
non-inactivation referring the standard of
Mondaca et al [30] and those of TP53 referring
Hung-Chih Hsu [31].
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Statistical analysis

All statistical analyses were conducted in the
R-project (version 4.2.1). The mutation land-
scape heat maps and the pathological path-
ways in PD-L1 positive cohorts were depicted
by R package “maftools” [32]. R package
“ggplot2” [33] and “corrplot” [34] were used to
drawn the box plots and triangle heat maps of
mutation frequency difference of important
gene sites in PD-L1 positive/negative cohorts,
respectively. The “fisher.test” function in R was
implemented to calculate the significance of
proportion difference between groups.

Results

Demographic characteristics of included pa-
tients

From 2021 to 2023, 752 patients pathologi-
cally diagnosed with colorectal cancer or intes-
tinal cancer were enrolled in the present study.
As shown in Table 1, the age and TMB status of
the entire enrolled cohort are unrelated to
PD-L1 positivity. However, after stratifying by
PD-L1 expression level, female patients were
more enriched in the PD-L1 positive group. At
the same time, MSI-H status was positively
related to PD-L1 positivity, suggesting that
PD-L1 status may also be a noteworthy indica-
tor similar to MSI. In addition, no statistic shifts
are observed in cohort TMB or MSI grouped
by age or gender (Table S1), except for the
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acknowledged positive correlation between
MSI and age, which indicates that there is no
clear cohort preference for any type of gender
or age in terms of MSI or TMB. More detailed
characteristics of the cohort are demonstrated
in Table 1.

Mutation profiling

The overall genotype landscape, stratified by
PD-L1 status, is hierarchically colored depend-
ing on the number of mutations in correspond-
ing genes, as shown in Figure 1A and 1B. The
top 10 most mutated genes are basically con-
sistent (8/10) in both the PD-L1 positive group
and PD-L1 negative group, including TP53,
KRAS, APC, PIK3CA, LRP1B, KMT2C, FAT1,
FBXW7 (61% vs. 71%, 60% vs. 46%, 49% vs.
66%, 25% vs. 18%, 18% vs. 16%, 17% vs. 21,
14% vs. 13% and 11% vs. 12%; positive vs.
negative, respectively). As depicted in Figure
1C and 1D, the co-occurrence of mutations is
more common in the PD-L1 negative group. The
mutual exclusion between BRAF and KRAS or
APC is not affected by the PD-L1 grouping, while
the mutual exclusion between KRAS and TP53
is weakened in the PD-L1 positive group.

Distinct pathogenic pathways in PD-L1 posi-
tive/negative groups

Some studies have mentioned that pathway-
induced oncogenic constructive PD-L1 upregu-
lation, rather than a lack of pre-existing immune
responses, may be the reason for a patient’s
primary resistance to ICls [26]. Thus, an analy-
sis for the frequency of oncogenic pathway
alterations between PD-L1-positive status and
PD-L1-negative statuses was conducted, indi-
cating a positive correlation between the RTK/
RAS (KRAS and BRAF) signaling pathway and
PD-L1 positive expression with statistical sig-
nificance (P < 0.001, Figure 2A). Additionally,
the Wnt and p53 signhal pathways were found
to be negatively related to PD-L1 expression,
showing statistically significant differences (P <
0.001 and P < 0.01, Figure 2A).

We further performed a comparative analysis of
mutations between PD-L1-positive and PD-L1-
negative statuses, revealing a significant differ-
ence in the mutation frequency of four onco-
genic genes (APC, TP53, BRAF and KFAS;
Figure 2B, P < 0.05), which accounted for the
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corresponding differences in signaling path-
ways aforementioned. A detailed display of the
frequency of concurrent oncogenic alterations
in these four important oncogenic genes is
demonstrated in Figure 2C.

Subtypic view of important genes mutation
frequency by PD-L1 expression hierarchy

Gene molecular typing can more clearly demon-
strate the differences in oncogenic pathways
caused by PD-L1 status stratification. Therefore,
we analyzed the distribution percentage of
PD-L1 status among important gene subtypes
(Figure 3A) and demonstrated the distribution
of mutations and their positions in Figure S1.
BRAF-V600E (P < 0.001, compared to wild
type), KRAS-G12, and KRAS-G13 (P < 0.05 and
P < 0.01, compared to wild type) mutation fre-
quencies both display a distinct positive corre-
lation to PD-L1 positivity, as shown in Table 2;
Figure 3A and 3B. Along with more detailed
insight into KRAS mutations sites, G13D
accounts for the clearly higher G13 mutation
frequency in PD-L1 positive group compared to
that in the negative group (data not shown).

Due to a considerable kinds of mutation sites,
unlike oncogenes, which are simply divided into
subtypes based on mutation sites, tumor sup-
pressor gene subgroups are divided by muta-
tion regions referring to previous studies [30,
31]. APC mutations are categorized by the
mutation coordinate into N-terminal inactiva-
tion (APC-N), C-terminal inactivation (APC-C),
other non-inactivation mutations (APC-other),
and wild type [30]. No significant mutation dis-
tribution difference is caused by PD-L1 stratifi-
cation between APC-C and APC-N. However, a
distinct difference is observed between APC-C
and wild type (P < 0.001, Figure 2, with more
APC-C in the PD-L1 negative cohort) as well as
between APC-N and wild type (P = 0.051, fish-
er's exact test, with more APC-N in the PD-L1
negative cohort). Similarly, TP53 mutations are
classified into DNA binding domain and others
according to the variance coordinates [31].
Compared with the wild type, an enrichment of
TP53 other mutations is observed in the PD-L1
negative cohort (P < 0.05). The above subtypes
with higher or lower mutation frequency com-
pared with wild types may indicate some new
explanations on the pathway mechanisms
related to oncogenesis and progression.
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Figure 1. The water-fall diagram of the Top 25 mutated genes and their variant types in PD-L1 positive (A) and negative (B) advanced CRC tissues based on next gen-

eration sequencing data from collected samples. Co-occurrence and mutually exclusive relationships at gene-level are analyzed and plotted by R pack “maftools”
for PD-L1 positive (C) and negative (D) cohort. Top 25 genes with the most distinct relationship are shown.
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Figure 2. A. Frequency of oncogenic pathway alterations by PD-L1 status. B. Count of oncogenic pathway-related
gene alterations by PD-L1 status. C. Frequency of concurrent oncogenic alterations by PD-L1 status. Note: * denotes

P <0.05; **, P<0.01; ***, P < 0.001, Fisher’s exact test.

Subtypic view of immunotherapy potential in
PD-L1 positive cohort

Considering that TMB and MSI are both
approved to be the biomarker of immunothera-
py recently [9], we display the TMB and MSI dis-
tribution in the subtypes of important genes
related to the pathological pathway in PD-L1
positive cohorts (Table S2; Figure 4A and 4B).
The distribution of TMB and MSI in the sub-
group is basically consistent. PD-L1 positive
patients with TP53 and KRAS wild type, as well
as patients carrying APC-N, BRAF-other and
KRAS-other mutations may benefit from com-
bining immunotherapy drugs with the original
treatment schemes. Compared to its wild type,
KRAS-other is the only subtype with a higher
proportion of TMB-H status (P < 0.01, Figure 4C
and 4D). TMB-L and non MSI-H are significantly
enriched in patients with KRAS-G12 and
KRAS-G13 mutations, which may explain the
poor curative effect of ICls as a monotherapy
for such patients. However, the population of
PD-L1 positive patients is relatively small, with
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only one or two patients carrying mutations in
some subtypes (such as APC-N, BRAF-other),
indicating that more data are required to draw
a more accurate conclusion.

Subtypic view of immunotherapy potential in
PD-L1 negative cohort

The distribution of TMB and MSI in the sub-
group is also basically consistent in the PD-L1
negative group, with only the distribution in
KRAS-G13 mutations showing significant differ-
ences in the population stratified by PD-L1 sta-
tus (Table S3; Figure 5A and 5B). PD-L1 nega-
tive patients with wild type of TP53 genes, and
patients carrying APC-other, BRAF-other, KRAS-
other and KRAS-G13 mutations, significantly
represent TMB-H or MSI-H (Figure 5C and 5D),
suggesting potential benefit from combining
immunotherapy drugs with the original treat-
ment schemes. It is noteworthy that these
results are consistent with previous studies on
the relationship between TMB and APC subtyp-
ing [35] in the PD-L1 positive group, but are in
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Table 2. Site view of important genes mutation
frequency in PD-L1 positive/negative groups

PD-L1 positive  PD-L1 negative

No. (%) No. (%)

(n=127) (n=625)
APC-N 9 (7.09) 63 (10.08)
*APC-C 50 (39.37) 334 (53.44)
¢APC-other 3(2.36) 18 (2.88)
Wild type 65 (51.18) 210 (33.60)
4TP53-other 61 (48.03) 357 (57.12)
¢TP53-DBD 16 (12.60) 88 (14.08)
Wild type 50 (39.37) 180 (28.8)
BRAF-V600E 18 (14.17) 23 (3.68)
'BRAF-other 6 (4.72) 23 (3.68)
Wild type 104 (81.89) 579 (92.64)
KRAS-G12 51 (40.15) 210 (33.60)
KRAS-G13 19 (14.96) 49 (7.84)
8KRAS-other 10 (7.87) 43 (6.88)
Wild type 51 (40.16) 335 (53.6)

Note: ®inactivation mutations on the N-terminal; “inac-
tivation mutations on the C-terminal; °non-inactivation
mutations; “mutations outside the protein-binding region;
emutations in the protein-binding region; ‘mutations other
than V60OE; émutations other than G12X nor G13X.

contrast with them in PD-L1 negative groups,
which may account for the lack of PD-L1 strati-
fication previously. Coincidentally, these four
subtypes (APC-other, TP53 wild type, BRAF-
other and KRAS-other) also showed significant-
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ly higher levels of TMB or MSI in the PD-L1 posi-
tive patient group, suggesting that the immuno-
therapy potential of related subtypes may not
be related to PD-L1 expression. At the same
time, the proportion of KRAS-G13 subtypes
showed significant differences between the
PD-L1 positive and negative groups, suggesting
that the tumor microenvironment of these
two molecular subtypes and immunotherapy
may require attention to the patient’s PD-L1
status.

Discussion

PD-L1 is one of the widely studied biomarkers
for solid tumor, and its expression level reflects
the degree of immunosuppression in the tumor
microenvironment to some extent. Even though
PD-L1 cannot individually predict the efficacy of
ICls in CRC to date [24], more in-depth studies
and detailed analyses are still required to eluci-
date its role in displaying the tumor microenvi-
ronment and cell-intrinsic immune programs,
as well as the mechanisms behind the poor
association between PD-L1 positivity and
immunotherapy efficacy [36]. The PD-L1 posi-
tivity might result from immune response-
induced PD-L1 expression or oncogenic con-
structive PD-L1 upregulation. The latter com-
monly demonstrates resistance to PD-1/PD-L1
therapies due to the lack of pre-existingimmune
response [26]. From the perspective of patho-

Am J Cancer Res 2024;14(2):796-808



PD-L1 expression and pathway analysis in advanced CRC

Wild Wild
fd type Wild type ld type Wild type
APC-other APC-other
TP53-other ‘TP53-other
APC-N APC-N
TP53-DBD TP53-DBD
APC-C APC-C
25 50 75 100 o 25 50 75 100 0 25 50 75 100 0 25 50 75 100
APC (TMB, %) TP53 (TMB, %) APC (MSI, %) TP53 (MSI, %)
W e [ TvB-R W e [ TvB-H W nonvsi-u [ msi-n W vonvs-n [ wisi-u
80.56 Wild 8053 Wil
Wid e e Wid ope _ e
8125
KRAS-other KRAS-other
BRAF-V600E BRAF-V600E
KRAS-GI13 KRAS-G13
BRAF-other BRAF-other
KRAS-G12 KRAS-G12
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100 0 25 50 75 100
BRAF (TMB, %) KRAS (TMB, %) BRAF (MSI, %) KRAS (MSI, %)
B m™e-L [ T™B-H B tve-L [ T™B-H W vonvsi-n [ msi-n W vonmst-n [ wisi-n
C & S & D & S &
g
2 S & AW SR r oo S &S o
§o 5 SRS & S % & RS & & &
LA QNP < < & LA A S < < &
w| @ [H4 | P e V[P 7D
TP53-DBD . TPS53-DBD
> .5 .5 > 0.5 0.5
APC-C , V I7 APC-C ) l7 D
- TPS3-other 0 TPS3-other o
APC-other ‘ APC-other ‘
0.5 0.5 05 0.5
Wild type Wild type Wild type Wild type
1 1 -1 1
& $ o > ¢ \d & > ¢
&S e P « & & e P &
& < & g < 4
& & K &
< < & 1 < < & 1
[> V KRAS-G12 vy 4 v V y KRAS-GI12 | D %
BRAF-V600E \ BRAF-V600E
B 0.5 0.5 0.5
-
KRAS-G13 ’) > KRAS-G13 Q D
BRAF-other q 0 BRAF-other q 0 0
KRAS-other ‘ KRAS-other a4
0.5 0.5 05
Wild type Wild type Wild type Wild type

4 1 -1

Figure 4. Percentage distribution of TMB status in PD-L1 positive patient cohort who carries important oncogenic
gene mutations in advanced colon cancer (A) and distribution of MSI status (B). Subtype-level TMB positivity rate dif-
ference and corresponding statistical significance between gene subtypes are calculated pairwise in PD-L1 positive
cohorts (C), where TMB positivity rate in each subtype is obtained by dividing the number of TMB-positive patients
carrying the mutations of the subtype by the total patients of this subtype. Subtype-level MSI positivity rate differ-
ence and corresponding statistical significance (D). TMB and MSI expression are categorized into high level and
low level by the aforementioned criterion and the distribution difference of TMB and MSI in each pairwise subtype
is examined by Fisher’s exact test. Red fan diagram denotes lower positivity rate in the corresponding column than
that in row and blue one denotes the opposite. The size of the fan shaped coloring area corresponds to the value of
positivity rate difference. Note: * denotes P < 0.05; **, P < 0.01; ***, P < 0.001.

logical pathways, we found that the RTK/RAS
pathway (KRAS and BRAF mutations) is
enriched in PD-L1 positive populations, while

vival at all disease stages [42]. Additionally, a
study of triple-negative breast cancer also
found that alterations in RTK/RAS signaling

Wnt (APC mutations) and p53 (TP53 mutations)
are enriched in PD-L1 negative populations in
our study. These findings are all related to onco-
genic construction [37-40]. In previous research
on the RTK/RAS pathways in CRC, KRAS muta-
tions have been associated with down-regula-
tion of immune pathways and a reduced num-
ber of tumor infiltrating lymphocytes (TILs) [41],
which are considered markers for worse sur-
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were correlated with low TIL numbers, which in
turn correlated with worse recurrence-free sur-
vival [42]. The association between PD-L1 posi-
tivity and the RTK/RAS pathway may be the
reason for the poor prognosis in PD-L1 positive
CRC cohort.

According to studies on therapeutic valuable
targets in the treatment of CRC, it is almost
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Figure 5. Percentage distribution of TMB status in PD-L1 negative patient cohort who carries important oncogenic
gene mutations in advanced colon cancer (A) and distribution of MSI status (B). Subtype-level TMB positivity rate dif-
ference and corresponding statistical significance between gene subtypes are calculated pairwise in PD-L1 negative
cohorts (C), where TMB positivity rate in each subtype is obtained by dividing the number of TMB-positive patients
carrying the mutations of the subtype by the total patients of this subtype. Subtype-level MSI positivity rate differ-
ence and corresponding statistical significance (D). TMB and MSI expression are categorized into high level and
low level by the aforementioned criterion and the distribution difference of TMB and MSI in each pairwise subtype
is examined by Fisher’s exact test. Red fan diagram denotes lower positivity rate in the corresponding column than
that in row and blue one denotes the opposite. The size of the fan shaped coloring area corresponds to the value of
positivity rate difference. Note: * denotes P < 0.05; **, P < 0.01; ***, P < 0.001.

impossible for p53 drugs to be used as mono-
therapy for cancer treatment [43]. As for the
Wnt/B-catenin signaling pathway, several inhib-
itors have been developed for CRC treatment.
However, so far no molecular therapeutics tar-
geting this pathway have been incorporated
into oncological practice [37]. A recent note-
worthy proof-of-concept clinical trial [44], which
combines ICls with genomic stratification of the
RTK/RAS pathway to improve effectiveness in
clinically troublesome non-MSI-H subtypes,
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indicates an intriguing approach: considering
the tumor microenvironment indicated by
PD-L1 status and the genomic characteristics
of the cohort may improve the clinical effect in
some combined therapy strategies.

Currently, there are few personalized treatment
schemes for PD-L1 negative patients, who
account for the majority of total patient popula-
tion. Considering the extremely effectiveness of
ICls for mCRC patients with MSI-H status [45],
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screening out genomic subtypes which are
enriched in MSI-H or TMB-H status may improve
the immunotherapy efficacy of ICls for the cor-
responding subtype population. In this study,
we found that PD-L1 negative patients with wild
type of APC and KRAS genes, as well as those
carrying APC-C, TP53-other, and KRAS-G12
mutations demonstrated significantly higher
MSI-H or non-conflictingly corresponding TMB-H
levels. This indicates a potential for these
patient populations to gain more benefits from
ICIs treatments. A recent single-arm phase |l
clinical trial, LCCC1632 (NCT03442569), tar-
geting KRAS/NRAS/BRAF wild-type MSS refrac-
tory mCRC demonstrated a promising break-
through in the combination of ICIs and anti-
angiogenic drugs [46, 47]. Considering that
targeting KRAS has become less difficult
recently and one of the FDA-approved KRAS
inhibitors, Sotorasib, has shown anticancer
activity in patients with KRAS G12C-mutated
advanced solid tumors [48-50]. In our study,
CRC patients with KARS-G12 exhibited similar
low MSI and TMB status to that of wild type,
may also benefit from the scheme similar to
LCCC1632, which combines take combined-
therapy including ICls for subtypes with MSS
status.

Notably, there are several limitations to this
study. Firstly, it is a single-center retrospective
study without treatment follow-up data. More
promising multicenter studies with larger co-
horts and long-term follow-up data are needed
for a better understanding of the relationship
between these gene mutations and ICls thera-
py efficacy. Secondly, the tumor tissues used in
this study can only depict a limited range of
solid tumors in a single time-frame, which is
inadequate to characterize the full view
because of intra-tumoral and inter-metastatic
heterogeneity.

In conclusion, our study developed a potentially
valuable approach to stratifying advanced
colorectal patient based on PD-L1 expression
levels and pathway-related molecular subtypes.
We identified one pathological pathway (RTK/
RAS) positively related to PD-L1 expression lev-
els and two pathways (Wnt and p53) negatively
related to PD-L1 expression. We investigated
the detailed distribution preference of PD-L1 in
corresponding gene subtypes. Furthermore, we
found that patients with APC-other, TP53 wild
type, BRAF-other and KRAS-other mutations
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showed a significantly higher proportion of
TMB-H or MSI-H, regardless of PD-L1 status.
This suggests that the immunotherapy poten-
tial of these subtypes may not be related to
PD-L1 expression. Additionally, the high of TMB
or MSI in KRAS-G13 subtypes showed signifi-
cant differences between PD-L1 positive and
negative groups, indicating that PD-L1 stated
may require attention for patients with these
molecular subtypes when considering ICls
treatments. Our study may provide potential
implications on the strategy of combining
immune checkpoint inhibitors and pathway-
targeted therapy.
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Table S1. Cohort distribution information stratified by MSI status or TMB status

Age Gender
Tumor Type ap ap
<60 > 60 Male Female
Colorectal cancer MSI MSI-High 26 14 0.01* 22 18 0.3
non MSI-H 312 400 456 256
TMB TMB-High 45 38 0.09 50 33 0.6
TMB-Low 293 376 428 241

aP value are tested by Chi-square Test. * denotes P < 0.05.

Table S2. Subtypic view of MSI and TMB of important genes in PD-L1 positive group

TMB-H No. (%) TMB-L No. (%)

MSI-H No. (%)

non MSI-H No. (%)

Total 20 15.75 107 84.25
APC-N 3 33.33 6 66.67
APC-C 5 10.00 45 90.00
APC-other 2 66.67 1 33.33
Wild type 10 15.38 55 84.62

Total 20 15.75 107 84.25
TP53-DBD 12.50 14 87.50
TP53-other 7 11.48 54 88.52
Wild type 11 22.00 39 78.00

Total 21 16.28 108 83.72
2BRAF V600OE 2 1111 16 88.89
2BRAF-other 2 28.57 5 71.43
Wild type 17 16.35 87 83.65

Total 25 19.08 106 80.92
aKRAS-G12 6 11.76 45 88.24
2KRAS-G13 5.26 18 94.74
“KRAS-other 7 70.00 3 30.00
Wild type 11 21.57 40 78.43

15
1
3
2
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31

16
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10

16
2
1

13

19
4
1
4
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11.81
1111
6.00
66.67
13.85
24.41
100.00
8.20
20.00
12.40
1111
14.29
12.5
14.50
7.84
5.26
40.00
19.61

112
8
47
1
56
96
0
56
40
113
16
6
91
112
47
18
6
41

88.19
88.89
94.00
33.33
86.15
75.59
0.00
91.8
80.00
87.60
88.89
85.71
87.50
85.50
92.16
94.74
60.00
80.39

aThe mutations of KRAS and BRAF are analyzed by site instead of by patient, which means 2 different mutated sites in one

patient were categorized into their respective groups.
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Table S3. Subtypic view of MSI and TMB of important genes in PD-L1 negative group (n = 625)

TMB-H No. (%) TMB-L No. (%) MSI-H No. (%) non MSI-H No. (%)
Total 63 10.08 562 89.92 25 4.00 600 96.00
APC-N 6 9.50 57 90.50 2 3.20 61 96.80
APC-C 35 10.50 299 89.50 11 3.30 323 96.70
APC-other 8 44.40 10 55.60 3 16.70 15 83.30
Wild type 14 6.70 196 93.30 9 4.30 201 95.70
Total 63 10.08 562 89.92 25 4.00 600 96.00
TP53-DBD 10 11.40 78 88.60 1 1.10 87 98.90
TP53-other 19 5.30 338 94.70 7 2.00 350 98.00
Wild type 34 18.90 146 81.10 17 9.40 163 90.60
Total 63 10.02 566 89.98 25 3.97 604 96.03
“BRAF V60OE 2 8.70 21 91.30 1 4.30 22 95.70
“BRAF-other 6 22.20 21 77.80 3 11.10 24 88.90
Wild type 55 9.50 524 90.50 21 3.60 558 96.40
Total 66 10.34 572 89.66 36 5.64 602 94.36
aKRAS-G12 21 10.00 189 90.00 2 1.00 208 99.00
aKRAS-G13 11 22.40 38 77.60 8 16.30 41 83.70
2KRAS-other 12 27.27 32 72.73 17 38.64 27 61.36
Wild type 22 6.60 313 78.90 9 2.7 326 97.3

aThe mutations of KRAS and BRAF are analyzed by site instead of by patient, which means 2 different mutated sites in one
patient were categorized into their respective groups.



Table S4. 639 targeted NGS panel list

PD-L1 expression and pathway analysis in advanced CRC

Gene name
ABCA6 ABCB1 ABCC11 ABCC2 ABCC4 ABCF1 ABCG2 ABL1 ABL2 ACTR3B ACVR1B ADAMTS10 ADNP AGAP9 AHNAK
AKAP7 AKR1C2 AKT1 AKT2 AKT3 ALK AMER1 ANK2 ANKRD36 ANO10 APC AR ARAF ARFRP1  ARHGAP5
ARID1A ARID1B ARID2 ART5 ASPM ASXL1 ATM ATR ATRX AURKA AURKB AXIN1 AXL BAP1 BARD1
BAX BCL2 BCL2L1 BCL2L11 BCL2L2 BCL6 BCL6B BCOR BCORL1 BCR BEND5 BLM BMPR2 BRAF BRCA1
BRCA2 BRD3 BRD4 BRIP1 BTG1 BTK C11orf30 Clorfl44 C21orf58 (C220rf31  C8orf34 CARD11 CASP5 CBFB CBL
CBR3 CBWD6 CCDC144NL CCKBR CCND1 CCND2 CCND3 CCNE1 CCR5 CD274 CD3G CD79A CD79B CDA cbcar
CDC42EP1 CcDC7 CDC73 cDbCcP2 CDH1 CDH5 CDK12 CDK4 CDK6 CDK8 CDKN1A  CDKN1B  CDKN2A CDKN2B  CDKN2C
CEBPA CENPH CEP162 CEP164 CHD2 CHD4 CHEK1 CHEK2 CiC CLASP1 CLDN16 CLIP1 CLOCK CNDP1 COBLL1
COL5A3 CREBBP CRKL CRLF2 CROCC CSF1R CSMD3 CTCF CTNNA1 CTNNB1 CUL3 cuzb1 CYB5R4 CYLD CYP19A1
CYP1B1 CYP21A2 CYP2C19 CYP2C8 CYP2D6 CYP3A4 CYP3A5 CYP4B1 DAXX DCP1B DDHD1 DDR2 DDX11 DDX23 DEFB126
DHFR DHX8 DICER1 DIEXF DLEC1  DNMT3A DOT1L DPYD DYNC2H1 EBPL EGFR EHBP1 ELFN1 EP300 EPCAM
EPHA3 EPHA5 EPHAT EPHB1 ERBB2 ERBB3 ERBB4 ERCC1 ERCC2 ERG ERRFI1 ESR1 ESR2 ESRRA EZH2
F2RL2 FAM174B FAM186A FAM46C FAM71E2 FANCA FANCC FANCD2 FANCE FANCF FANCG FANCL FAS FAT1 FBXW7
FCAMR FCGBP FCGR3A FCRLA FGF10 FGF14 FGF19 FGF23 FGF3 FGF4 FGF6 FGFR1 FGFR2 FGFR3 FGFR4
FH FKBP9 FLCN FLT1 FLT3 FLT4 FMN2 FOPNL FOXL2 FOXP1 FRS2 FUBP1 GABRA6 GATA1 GATA2
GATA3 GATA4 GATA6 GCNT2 GGH GGT1 GID4 GLI1 GLTSCR1 GNA11 GNA13 GNAQ GNAS GNLY GOLGA6L4
GOLGA6L6  GOT1L1 GPR124 GRIK2 GRIN2A GRM3 GSK3B GSTM5 GSTO1 GSTP1 H3F3A HAVCR1 HGF HIF1A HIST1H3B
HLA HMGXB4 HNF1A HNRNPL HRAS HSD3B1 HSP90AA1 HSPA8 HTR1E IDH1 IDH2 IFI27 IFITM3 IGF1R IGF2
IKBKE IKZF1 IL7TR INHBA INPP4B IRF2 IRF4 IRS2 ISX ITPA JAK1 JAK2 JAK3 JPH4 JUN
KANK3 KAT6A KAT6B KCNB2 KCNJ5 KDM5A KDM5C KDM6A KDR KEAP1 KEL KIAAO355 KIAA1024 KIAA1211 KIF25
KIF6 KIT KLF4 KLHL6 KMT2A KMT2C KMT2D KPNA2 KRAS KRT15 KRT4 KRTAP10  KRTAP4  KRTAPS LCE1F
LCE4A LGALS9B LIG1 LIMCH1 LMAN1 LMO1 LOC105374608 LOC107986229 LOR LRP1B LRP2 LTA LURAP1L LYN LZTR1
M6PR MAGI2 MAN1B1 MAP2K1 MAP2K2  MAP2K4 MAP3K1 Mccc2 MCHR2 MCL1 MCMDC2 MDM2 MDM4 MED12 MED13
MEF2B MEN1 MET MITF MLH1 MLLT3 MPL MRE11A MSH2 MSH3 MSH6 MTHFR MTOR mMuc2 MUC4
MUC6 MUTYH MVK MYB MYC MYCL MYCN MYD88 myL1 MYOM1 NBEA NBN NCOA3 NCOA6 NCOR2
NEFH NF1 NF2 NFE2L2 NFKBIA NFXL1 NIPBL NKX2-1 NOTCH1 ~ NOTCH2  NOTCH3 NPM1 NQO1 NR1H2 NRAS
NRP2 NSD1 NTRK1 NTRK2 NTRK3 NUP155 NUP93 OPRK1 OR11H4 OR2B11 OR52D1 OR5K4 OR6C76 ORS8I2 ORAI1
PAK3 PALB2 PARK2 PAX5 PBRM1 PCDH12 PDCD1LG2 PDE11A PDE7A PDGFRA PDGFRB PDK1 PHGR1 PIK3C2B PIK3C3
PIK3CA PIK3CB PIK3CG PIK3R1 PIK3R2 PIP4K2A PKD1L2 PLCG2 PMS2 POLD1 POLE POLI POTEC PPP2R1A PPP6C
PRDM1 PREX2 PRKAR1A PRKCH PRKCI PRKDC PRKRA PROSER3 PRPF19 PRSS8 PRX PTCH1 PTEN PTGS2 PTPN11
QKI RAC1 RAD50 RAD51 RAF1 RALY RANBP2 RARA RB1 RBM10 RBM27 RBM5 RET RETNLB RFX3
RGPD3 RGS12 RHPN2 RIC8A RICTOR RIN3 RNF145 RNF213 RNF43 ROCK1 ROS1 RP1L1 RPL8 RPS12 RPS9
RPTN RPTOR RRM1 RSBN1L RUNX1 RUNX1T1 SCAI SCYL2 SDHA SDHB SDHC SDHD SEC31A SELE SELPLG
SEMA3C SEMA5B SEPP1 SERPINA1O  SETBP1 SETD2 SF3B1 SH3GL1 S| SIK2 SKIDA1 SLAMF1 SLC11A2 SLC19A1  SLC22A2
SLC28A3 SLC29A1 SLC2A5 SLC35F5  SLC35G2 SLC36A2 SLC3A2 SLC6A18 SLCO1B3 SLIT2 SLK SLX4 SMAD2 SMAD3 SMAD4
SMARCA4  SMARCB1 SMO SNCAIP SNX13 S0CS1 SOoD2 SOX10 SOX11 Sox2 SOX9 SPATA3 SPEN SPOP SPTA1
SRBD1 SRC SRD5A2 SRGAP3 SRPR SRSF2 SSTR4 ST18 STAG2 STAT3 STAT4 STK11 STMIN1 SUFU SULT1A1
SVIL SYK TAF1 TAF1B TBC1D23 TBK1 TBX3 TCERG1 TEAD2 TERC TERT TET2 TFAM TGFBR2 THAP2
THAP3 THAP5 TMBIM4 TMEM106B TMEM37 TMEM®60 TMEM97 TNFAIP3 TNFAIP6  TNFRSF14 TOMMT70 TOP1 TOP2A TP53 TPMT
TRIM48 TRIM51 TRMT10C TRRAP TSC1 TSC2 TSHR TTK TTLL10 TVP23A TXNDC2 TYMS U2AF1 UBA7 UBE3C
UBE4A UBR5 UGT1A1 UHRF1 ULK4 UMPS UPF3A USP35 USP36 VEGFA VEZT VHL vIT WDR37 WDR66
WDTC1 WISP3 WT1 XPC XPO1 XRCC1 XRCC2 XYLT2 ZBTB2 ZFP37 ZFR2 ZNF217 ZNF365  ZNF429  ZNF462
ZNF479 ZNF516 ZNF527 ZNF605 ZNF703  ZNF717 ZNF776 ZNF814 ZNF844
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Figure S1. Genetic analysis of the difference in APC (A), TP53 (B), BRAF (C), KRAS (D) mutation. Distribution of mutations and their position in the PD-L1 positive

group and PD-L1 negative group.



