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Abstract

Background: The anti-tumor immune response plays a key role in colorectal
cancer (CRC) progression and survival. The T cell-inflamed gene expression pro-
file (GEP) is a biomarker predicting response to checkpoint inhibitor immuno-
therapy across immunogenic cancer types, but the prognostic value in CRC is
unknown. We evaluated associations with disease-specific survival, somatic mu-
tations, and examined its differentially expressed genes and pathways among 84
sporadic CRC patients from the Seattle Colon Cancer Family Registry.
Methods: Gene expression profiling was performed using Nanostring's nCoun-
ter PanCancer IO 360 panel. Somatic mutations were identified by a targeted
DNA sequencing panel.

Results: The T cell-inflamed GEP was positively associated with tumor mutation
burden and microsatellite instability high (MSI-H). Higher T cell-inflamed GEP
had favorable CRC-specific survival (hazard ratio [HR] per standard deviation
unit = 0.50, p = 0.004) regardless of hypermutation or MSI status. Analysis of
recurrently mutated genes having at least 10 mutation carriers, suggested that
the T cell-inflamed GEP is positively associated with RYR1, and negatively as-
sociated with APC. However, these associations were attenuated after adjusting
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mechanisms.
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1 | INTRODUCTION

Colorectal cancer (CRC) is the third leading cause of
cancer-related death in the United States.! The patient's
anti-tumor immune response plays an important role
in tumor progression and survival. Immunotherapeutic
strategies, such as checkpoint blockade inhibitors, har-
ness this immune response and are revolutionizing can-
cer treatment. However, only a subset of patients respond
to immunotherapy, and underlying factors are incom-
pletely understood. A high tumor mutation burden® and
high microsatellite instability (MSI-H)>* are favorably
associated with immunotherapy treatment response.
These indirect measures of tumor neoepitope burden
have also been associated with favorable survival regard-
less of treatment.’ The presence of T cell infiltration in
the tumors is another important biomarker predictive
of clinical outcome.® However, T cells exhibit diverse
functional states in the tumor microenvironment and
anti-tumor immunity is a dynamic multiple-step process
involving the release of chemokines, interferon signal-
ing, and expansion of cpst cytotoxic T cells.” Therefore,
an integrative biomarker comprehensively capturing the
immune response is needed to characterize patients and
predict prognosis.

Recently, a signature called the T cell-inflamed gene
expression profile (GEP) has been developed that pre-
dicts response to PD-1 blockade therapy using pembroli-
zumab.® Based on RNA from baseline tumor samples, the
T cell-inflamed GEP is composed of 18 interferon-gamma-
responsive genes related to antigen presentation, chemo-
kine expression, cytolytic activity, and adaptive immune
resistance. Jointly with tumor mutation burden, it has
shown good predictive performance for progression-free
survival and overall survival (OS) after anti-PD-1 treat-
ment in pan-cancer clinical datasets.” In an analysis of

for hypermutation or MSI status. We also found that expression of genes RPL23,
EPCAM, AREG and ITGA6, and the Wnt signaling pathway was negatively as-
sociated with the T cell-inflamed GEP, which might indicate immune-inhibitory

Conclusions: Our results show that the T cell-inflamed GEP is a prognostic bio-
marker in non-hypermutated microsatellite-stable CRC. This also suggests that
patient stratification for immunotherapy within this CRC subgroup should be
explored further. Moreover, reported immune-inhibitory gene expression signals
may suggest targets for therapeutic combination with immunotherapy.

colorectal cancer, gene expression profile, somatic mutation, survival, T-cell inflammation

The Cancer Genome Atlas (TCGA) pan-cancer dataset,
the T cell-inflamed GEP was not statistically significantly
prognostic for CRC but was modestly prognostic for
melanoma.'

Our study aimed to evaluate the prognostic value of
the T cell-inflamed GEP in CRC patients. We computed
the T cell-inflamed GEP score using newly generated
Nanostring nCounter gene expression profiling data from
formalin-fixed paraffin-embedded (FFPE) tumor blocks
of 80 CRC patients in the Seattle Colon Cancer Family
Registry. The prognostic value of the T cell-inflamed GEP
was evaluated by examining its association with CRC-
specific survival using Cox proportional hazards models
adjusting or stratifying for known prognostic factors like
MSI and hypermutation status. We then evaluated its as-
sociation with somatically mutated genes and pathways.
Lastly, we identified genes and pathways that were differ-
entially expressed with the T cell-inflamed GEP.

2 | METHODS

2.1 | Study participants

This study included 84 incident CRC cases from the
Seattle Colon Cancer Family Registry'’ with long-term
clinical follow-up, including survival data, and FFPE
primary tumor tissue blocks collected between 1997 and
2003. CRC diagnosis, anatomical site, and stage, vital sta-
tus, and cause of death were confirmed by pathological
records, medical records, cancer/death registries, and/or
death certificate information. Patients with a hereditary
CRC syndrome diagnosis were excluded from this study.
All participants provided written informed consent where
appropriate and this study was approved by the relevant
research institutional review board.
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2.2 | Gene expression profiling

We performed expression profiling of 770 genes using
Nanostring's nCounter PanCancer 10 360 panel (NanoString
Technologies). From each FFPE block, we cut one fresh
4 pm section for hematoxylin and eosin (H&E) staining and
three fresh 7 pm sections for RNA extraction. After histo-
pathologist review and marking of tumor lesions on H&E
slides, we macrodissected tumor tissue from the three sec-
tions. We extracted total RNA using the Qiagen RNeasy
FFPE kit (Qiagen). Firstly, all paraffin was removed by
treatment with Deparaffinization Solution (Qiagen). On-
column DNase I digestion and RNA extraction were carried
out following the manufacturer's recommended protocol.
We quantified RNA using RiboGreen (Invitrogen) and as-
sessed RNA integrity by Agilent 4200 TapeStation analysis
(Agilent). TapeStation results were used to calculate DV200
values, the percentage of RNA fragments >200 nucleotides,
which were used to determine RNA input amount for the
Nanostring nCounter assay. Gene expression was meas-
ured using the Nanostring nCounter platform and protocol
following manufacturer's recommendations (NanoString
Technologies).

2.3 | Data quality control and
normalization

We performed quality control (QC) for binding density,
image quality, positive control linearity and limit of detec-
tion to all raw data using the nSolver 4.0 Analysis Software
(NanoString Technologies). Raw expression data were
normalized to External RNA Controls Consortium control
probes to eliminate technical variability, then were normal-
ized to a list of stable housekeeping genes by subtracting the
average of the log,, counts of the housekeeping genes from
the log,, count of each of the genes. Housekeeping genes
used for normalization were selected by the geNorm algo-
rithm."* Samples with low counts or outlying mean squared
error values for reference genes, which indicate poor nor-
malization quality, were excluded from further analyses.
All 84 attempted samples passed all QC metrics. After sub-
sequent normalization of expression data, we removed four
outlying cases because of low-quality normalization (n = 2)
or low counts (n = 2). In total, this study included 80 CRC
cases that were included in the analysis.

2.4 | T cell-inflamed GEP score and
immune cell type score

We calculated the T cell-inflamed GEP score using the
weighted sum of normalized expression values of 18
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genes related to antigen presentation, chemokine expres-
sion, cytotoxic activity, and adaptive immune resistance:
PSMBI10, HLA-DQAI, HLA-DRBI, CMKLRI1, HLA-E,
NKG7,CD8A, CCL5,CXCL9,CD27,CXCR6,1DO1, STATI,
CD274 (PD-L1), CD276 (B7-H3), LAG3, PDCDILG2
(PDL2) and TIGIT, as previously described.** The con-
tinuous score was then standardized to have a mean of 0
and a standard deviation (SD) of 1. The categorical score
was dichotomized into T cell-inflamed GEP™ (upper ter-
tile) and T cell-inflamed GEP™" (middle and lower ter-
tile). From the previous work,*’ most people with a score
below the top tertile had rapid disease progression. The
abundance of immune cell populations was quantified
using the average of the log,-transformed expression val-
ues for sets of marker genes that are expressed stably and
specifically in given cell types" and implemented in the
nCounter Advanced Analysis 2.0 module of Nanostring's
nSolver software.

2.5 | Tumor DNA sequencing and
somatic mutation calling

We analyzed existing somatic mutation data. Sample and
sequencing details, as well as somatic mutation calling,
were described previously.'* Briefly, we conducted tar-
geted deep sequencing on DNA from tumor tissue macro-
dissected from the same FFPE block and matching normal
tissues using a custom AmpliSeq sequencing panel of 205
genes.

2.6 | Statistical analyses

2.6.1 | Survival analyses

We performed multivariate Cox proportional hazards
regression using the R survival package'’ to test the
association of the continuous and dichotomous T cell-
inflamed GEP score with CRC-specific survival. Person
time accrued from the date of diagnosis to the date of
death or the end of follow-up. Patients who died from
causes other than CRC were censored at the date of
death. We examined proportional hazards assumptions
by testing for a nonzero slope of the scaled Schoenfeld
residuals as a function of survival time. Primary analy-
ses of survival were not adjusted for stage at diagnosis
to account for the fact that meaningful associations
could operate via an impact on disease aggressiveness
and, therefore, an impact on stage. We also performed
an analysis adjusted for a grouped stage variable con-
structed by combining stage I and II patients (n = 35),
and stage III and IV patients (n = 44). Since patients
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in this study received standard-of-care treatment based
on stage at diagnosis, we used stage as a proxy for treat-
ment.'® Additional covariates and stratified analyses are
described below. As a secondary analysis, we analyzed
overall survival as the outcome.

2.6.2 | Somatic mutation analyses

We used linear regression to test the association between
the continuous T cell-inflamed GEP score and somatic
mutations. We analyzed 11 cancer driver genes with at
least 10 mutation carriers in our data: APC, TP53, KRAS,
SYNE1, RYR1, FBXW7, SMAD4, PIK3CA, AMERI, GNAS,
KMT2C. Additionally, we analyzed five mutated signal-
ing pathways with at least 10 mutation carriers in our
data: Wnt, transforming growth factor-beta (TGF-beta),
receptor tyrosine kinases (RTK)/RAS, tumor protein p53,
and IGF2/phosphatidylinositide 3-kinases (PI-3-kinase).
Multiple comparison correction was done separately for
mutated genes and mutated pathways, both using the
Benjamini-Hochberg method."’

2.6.3 | Differential expression and gene set
enrichment analyses

Differential expression analysis was performed in
all cases and the subset of non-MSI-H and non-
hypermutated cases. The predictor was the continuous
T-cell inflamed GEP score. The analysis was performed
using the negative binomial model, as implemented in
Nanostring's nSolver Advanced Analysis Module. Pre-
ranked gene set enrichment analyses (GSEA) was per-
formed with the GSEA software version 4.1.0."* Gene
sets comprised 25 common signaling pathways related
to tumor characteristics, microenvironment, and im-
mune response that were represented on the PanCancer
IO 360 panel (Table S1). Multiple hypothesis adjustment
was performed using the Benjamini-Yekutieli method."’
Genes and gene sets with false discovery rate (FDR)-
adjusted p-value <0.05 were considered significantly
expressed.

2.6.4 | Covariate adjustments and
stratified analyses

All analyses were adjusted for age at diagnosis, sex, and
hypermutation or MSI status. Survival analyses were also
conducted among the subset of non-hypermutated or MSS
cases, adjusting for age at diagnosis, sex, and tumor muta-
tion burden.

All statistical analyses were performed using R sta-
tistical software version 4.0.3 unless stated otherwise.
Multiple testing corrections were performed using the R
built-in function p.adjust().

3 | RESULTS
3.1 | Descriptive statistics

This study included a total of 84 CRC cases. After nor-
malization of expression data, we removed 4 outlying
cases because of low-quality normalization (n = 2) or
low counts (n = 2), so 80 cases were taken forward for
analysis. The demographic and clinical characteristics
of the study participants are summarized in Table 1. The
average age at diagnosis was 59.5years and numbers of
males (n = 41) and females (n = 39) were similar. The
majority of patients were non-hypermutated (82.5%) and
MSS (82.5%). Most cases were diagnosed with tumors in
the proximal colon (47.5%) and at stage I11 (44.3%). After
a mean follow-up of 4035days (11years), a total of 46
deaths occurred and 24 (52.2%) of these were attributed
to CRC. Among patients who died of CRC, about half
were diagnosed at the distal colon (45.8%) and at stage
111 (52.2%).

The T cell-inflamed GEP score ranged from —0.892
to 0.459 with mean of —0.265 (SD = 0.315) and median
of —0.269, and approximately followed a normal distri-
bution (Figure S1). The T cell-inflamed GEP score was
positively correlated with total mutation burden (Pearson
r = 0.37, p = 0.0008), hypermutation status (p = 0.001),
MSI-H (p = 2.67x10~°) (Figure 1; Figure S2), and abun-
dance scores for most immune cells except for mast cells
(Figure S3).

3.2 | Survival analyses

Associations between continuous standardized T cell-
inflamed GEP score and CRC-specific survival are sum-
marized in Table 2. Cases with higher T cell-inflamed
GEP score had more favorable CRC-specific survival (haz-
ard ratio [HR], per 1-SD unit change of the score = 0.50,
95% confidence interval [CI] = 0.31-0.80, p-value = 0.004)
after adjustment for age at diagnosis, sex, hypermutation
or MSI status, and total mutation burden. The effect of
hypermutation or MSI status on CRC-specific survival
was attenuated after adjusting for the T-cell inflamed
GEP score (unadjusted HR = 0.08, 95% CI = 0.01-0.62, p-
value = 0.015; adjusted HR = 0.17, 95% CI = 0.02-1.37,
p-value = 0.1). Among the subset of non-hypermutated
and MSS cases, the standardized T cell-inflamed GEP
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participants All cases Cases who died of CRC
Characteristics Number % Number %
Total 80 - 24 -
Age at diagnosis (years)
<54 21 26.25 5 20.83
55-64 27 33.75 9 37.50
265 32 40.00 10 41.67
Mean (range) 59.5 (25-74) 61.3 (38-74)
Sex
Male 41 51.25 7 29.17
Female 39 48.75 17 70.83
MSI status
MSI-H 14 17.50 1 4.17
MSS 66 82.50 23 95.83
Hypermutation status
Hypermutated 14 17.50 1 4.17
Non-hypermutated 66 82.50 23 95.83
Cancer site
Proximal colon 38 47.50 8 33.33
Distal colon 23 28.75 11 45.83
Rectal 15 18.75 4 16.67
Other 4 5.00 1 4.17
Cancer stage
Stage I 14 17.72 3 13.04
Stage II 21 26.58 2 8.70
Stage II1 35 44.30 12 52.17
Stage IV 9 11.39 6 26.09
T-cell inflamed gene expression profile score
High 27 33.75 2 8.33
Low 53 66.25 22 91.67

Abbreviations: CRC, colorectal cancer; MSI, microsatellite instability; MSS, microsatellite-stable; MSI-H,
microsatellite instability high.

score also showed prognostic value for CRC-specific sur-
vival (HR = 0.53, 95% CI = 0.33-0.85, p-value = 0.008),
and this association remained significant after adjusting
for log-transformed total mutation burden (HR = 0.35,
95%CI = 0.19-0.66, p-value = 0.001). Adjusting for stage
in these analyses did not appreciably affect coefficient es-
timates and p-values (Table S2) and hence did not alter
conclusions. We found that the prognostic value of T
cell-inflamed GEP score also applied to overall survival
(Table S3). We observed similar results when dichoto-
mizing the score into T cell-inflamed GEP™ and T cell-
inflamed GEP™Y cases. The T cell-inflamed GEP™ group
had more favorable CRC-specific survival (HR = 0.19,
95% CI = 0.04-0.81, p-value = 0.025) (Figure 2; Table S4)
and overall survival (HR = 0.47, 95% CI = 0.22-0.98,
p-value = 0.044).

3.3 | Somatic mutation analyses

Next, we evaluated if somatic mutations were related to
the T cell-inflamed GEP scores. Among the 11 single genes
and five pathways with 10 or more mutation carriers, the
standardized T-cell inflamed GEP score was negatively
associated with APC mutation status, while positively as-
sociated with mutation status of the genes SYNE1, RYRI
and AMERI, and the RTK/RAS pathway (Table 3). After
FDR adjustment, only the association for RYRI remained
significant (16 carriers, FDR-adjusted p-value = 0.028),
and the APC mutation was suggestively significant (44
carriers, FDR-adjusted p-value = 0.054). However, after
adjusting for hypermutation and/or MSI status these two
associations were no longer significant. The results for all
analyzed genes and pathways are given in Table S5.
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3.4 | Differential expression and GSEA

Finally, we explored whether expression of genes and
pathways were associated with continuous T cell-inflamed
GEP scores. Excluding genes used to calculate the T-cell
inflamed GEP score, we observed many more positively
than negatively associated genes, with stronger effect sizes
for positively associated genes (Figure 3). Among genes
with negative associations, the genes RPL23, EPCAM,
AREG, and ITGA6 had significant associations (FDR
adjusted p-value <0.05) after adjusting for hypermuta-
tion and MSI status (Figure 3B). In the GSEA analysis,
Wnt signaling was down-regulated for continuous T

Standardized GEP

log2-transformed TMB

MSI-H,Hypermutated MSI-H,Non-hypermutated

MSI and Hypermutation
© MSS,Hypermutated 4 MSS,Non-hypermutated

FIGURE 1 Distribution of standardized T cell inflamed-
gene expression profile across log,-transformed total number of
mutations (Pearson r = 0.37, p = 0.0008).

cell-inflamed GEP scores (FDR adjusted p-value = 0.015),
and the lymphoid compartment and cytotoxicity gene
sets were up-regulated. However, associations for Wnt
signaling and cytotoxicity were no longer significant after
adjusting for hypermutation and MSI status (Figure S4;
Table S6).

4 | DISCUSSION
4.1 | Prognostic value of the T cell-
inflamed GEP score

This study investigated the prognostic value of the T cell-
inflamed GEP score, a predictive biomarker for clinical
response to anti-PD-1 immunotherapy, in CRC patients
who received other treatments (surgery and chemo-
therapy). We found that a higher T-cell inflamed GEP
score was associated with MSI-H status, higher tumor
mutation burden, and favorable CRC-specific survival.
The T-cell inflamed phenotype predicted cancer-specific
survival independent of MSI-H and hypermutation sta-
tus, and the association remained statistically significant
among the subset of MSS and non-hypermutated patients.
Adjustment for tumor stage, a good proxy for treatment
during the time period covered by this study,'® did not
qualitatively change the results of these analyses. The
prognostic value of the T cell-inflamed GEP is perhaps
not surprising as this transcriptional signature integrates
multiple facets of the complex intratumoral T cell adap-
tive immune 1‘esp0nse.8’9’20’21 However, to our knowledge,
the prognostic relationship with CRC-specific survival has
not been reported before.

In their pan-cancer analysis of the TCGA, Danaher
et al.'” reported a null association between the T cell-
inflamed GEP score, which they called tumor in-
flammation signature in their paper, and OS in colon

TABLE 2 Associations between continuous standardized T cell-inflamed GEP score and CRC-specific survival

Covariate
Analysis No. cases No. events adjustments HR (95% CIs) p-value
All cases 79* 24 Model 1 0.41 (0.26, 0.64) 7.84E-05
Model 2 0.50 (0.31, 0.80) 0.004
Model 3 0.42 (0.25, 0.70) 0.000946
Non-hypermutated and MSS cases 61 23 Model 1 0.53 (0.33, 0.85) 0.008
Model 2 - -
Model 3 0.35(0.19, 0.66) 0.001

Note: Model 1: adjusted for age at diagnosis and sex. Model 2: adjusted for age at diagnosis, sex, hypermutation or MSI status. Model 3: adjusted for age at

diagnosis, sex, log-transformed total number of mutations.

Abbreviations: CI, confidence interval; CRC, colorectal cancer; GEP, gene expression profile; HR, hazard ratio; MSI, microsatellite instability; MSS,

microsatellite-stable.

?One case with missing time to event, so the number of cases dropped to 79.



YIN ET AL.

.. 6589
Cancer Medicine “WI LEYJ—

GEP group
(A) 100{ ——

CRC-free survival

0.251 P-value = 0.0254

0.00
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FIGURE 2 Kaplan-Meier plot of the association between colorectal cancer-specific survival and dichotomized T cell-inflamed
expression profile among (A) all cases and (B) non-hypermutated and microsatellite-stable cases.

TABLE 3 Associations between continuous standardized T cell-inflamed GEP score and somatic mutations

Covariates for adjustment 1

Covariates for adjustment 2

Nominal
Gene/pathway No. carriers p-value
APC 44 0.0098
SYNE1 16 0.0396
RYRI 16 0.0025
AMERI1 10 0.0449
RTK_RAS" 35 0.0153

Nominal
Adj p-value® p-value Adj p-value®
0.0538 0.0934 0.4648
0.1190 0.1993 0.5438
0.0276 0.1123 0.4648
0.1190 0.4415 0.6349
0.0764 0.0889 0.4447

Note: Covariates 1 includes age at diagnosis and sex. Covariates 2 includes age at diagnosis, sex, hypermutation or MSI status.

Abbreviation: adj, adjusted; MSI, microsatellite instability.

*Nominal p-value is adjusted by false discovery rate methods.

bRTK_RAS pathway included any mutations in genes BRAF, ERBB2, ERBB3, KRAS, NRAS.

adenocarcinoma (COAD) samples. A possible explana-
tion for these inconsistent findings may be that the TCGA
COAD sample comprises more early stage tumors than
our sample.

4.2 | T cell-inflamed GEP and
somatic mutations

We found that the standardized GEP score was positively
associated with somatic mutations in RYRI and nega-
tively associated with somatic mutations APC. The nega-
tive association for APC has been reported previously by
Cristescu et al.” However, we found that these associations
were no longer significant after adjusting for hypermuta-
tion or MSI status. This could be explained by the fact that
driver mutations in APC are enriched in MSS and non-
hypermutated tumors'® and, hence, hypermutation and/
or MSI status is therefore a confounding variable. Yet,

biallelic APC mutations have been previously associated
with increased Wnt signaling and decreased T cell infiltra-
tion in both MSS and MSI-H CRC tumors by us* and in
other cancer types.23’24 RYRI encodes ryanodine receptor
1.% Experiments in mice models suggest carriers of some
gain-of-function mutations in RYRI have faster immune
responses in malignant hyperthermia.?® The somatic mu-
tation rate of RYRI in CRC is higher than other cancer
types,27 but the enhanced immune function has not been
reported.

4.3 | T cell-inflamed
GEP and differentially expressed genes and
gene sets

In the differential expression analyses and GSEA, most
significantly associated genes and pathways showed posi-
tive correlations with the T cell-inflamed GEP score that
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FIGURE 3 Volcano plot (A) and summary table for negative
associations (B) of genes differentially expressed across continuous
T cell inflamed-gene expression profile.

were stronger than for genes and pathways with negative
associations. This is expected because expression of im-
mune cell genes tends to be positively correlated with an
adaptive immune response.'® Here we focus on negatively
expressed genes and pathways because these could repre-
sent immune inhibitory mechanisms that may suggest po-
tential therapeutic targets. Among the four significantly
negatively expressed genes, EPCAM encodes epithelial
cell adhesion molecule, which is a frequently expressed
tumor-associated antigen®® and has been detected in
colorectal adenocarcinomas.”** Amphiregulin is one of
its ligands and is encoded by AREG, which was also sig-
nificantly negatively expressed (discussed further below).
The binding of amphiregulin to the extracellular domain
of EPCAM (EpEX) activates epidermal growth factor re-
ceptor signaling, which promotes tumor cell survival®®
and immune evasion.** Additionally, the overexpression
of AREG and EPCAM is associated with tumor progres-
sion and unfavorable survival outcomes in multiple can-
cer types.”**° Anti-EpCAM treatment like EpAb2-6
could induce apoptosis in colorectal tumor cells,*® and its
combination with atezolizumab, an anti-PD-L1 antibody,
enhances the cytotoxic activity of CD8™ T cells.* This bio-
logical evidence supports our findings that EPCAM and
AREG are important genes inhibiting adaptive immune re-
sponses. However, their therapeutic potential for CRC has
not been fully proven by two clinical trials investigating
EPCAM targets Adecatumumab®® and Edrecolomab.?”>*
Further investigation of the role of EPCAM may provide

new insights into drug development or therapeutic com-
bination with immunotherapy.*’

The other two genes negatively associated with the T
cell-inflamed GEP score were ITGA6 and RPL23. ITGA6
encodes integrin alpha 6 (a6). Integrins are heterodi-
meric transmembrane proteins primarily expressed by
epithelial cells* and regulating cell proliferation and dif-
ferentiation." Expression of genes in the integrin gene
family is correlated with immune infiltrates including
macrophages, memory CD8* T cells, and exhausted T
cells.*”” Gene ITGA6 enhances eosinophils specifically.***?
Overexpression of its subunit, ITGA6A, was observed
in proliferative colorectal adenocarcinoma cell lines.*
Finally, RPL23 encodes ribosomal protein L23, a compo-
nent of the 60 S ribosomal subunit that is widely expressed
across tissues.*® Overexpressed RPL23 has been reported
to suppress tumor growth in lung cancer,* but it is an
unfavorable prognostic biomarker in ovarian cancer.* Its
role in CRC remains unclear.

The transcription of the aforementioned, negatively
associated AREG gene is regulated by the Wnt signaling
pathway,*® which was negatively enriched in the GSEA
analysis for continuous T cell-inflamed GEP. Wnt signal-
ing is a tumor-intrinsic oncogenic pathway that suppresses
antitumor immune response.”*** In a large multi-omics
analysis of CRC, we previously reported that activated
Wnt signaling is associated with biallelic APC mutations
and the absence of T-cell infiltration in both MSI-H and
MSS CRC tumors.?? We reported that the T cell-inflamed
GEP was negatively associated with APC mutations and
Wnt signaling pathway but both associations were no lon-
ger significant after adjusting for MSI status. One expla-
nation is the differences in expression of Wnt signaling
component genes between MSI-H and MSS tumors,*” and
biallelic APC mutations are the principal driver in MSS
tumors. Wnt signaling is a potential therapeutic target.
Several Wnt antagonists or modulators in combination
with chemotherapy are under preclinical or clinical inves-
tigation for CRC treatment.*®

4.4 | Study limitations

Our study has several strengths, including the availabil-
ity of long-term clinical follow-up data with complete
disease-specific mortality information, in combination
with primary tumor GEP and detailed somatic mutation
data on a comprehensive and validated panel of CRC
driver genes, and on MSI-H and hypermutation status.
In the investigation of suppressive mechanisms, we fully
adjusted for the elevated neoantigen and enhanced immu-
nogenicity driven by MSI-H and accumulation of somatic
mutations, and identified genes associated with the T cell
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inflamed GEP. Despite these strengths, our study was
limited by the small sample size. In the somatic mutation
analyses, we only analyzed genes with a sufficiently high
mutation count. Also, it has been reported that CRC is a
heterogeneous cancer with different immune landscapes
depending on the anatomical subsite where the tumor
arises.* Therefore, subsite-stratified analyses of the T cell
inflamed GEP based on larger sample sizes are warranted.

5 | CONCLUSIONS

Our study showed that the T cell-inflamed GEP is a prog-
nostic biomarker for sporadic CRC, even in MSS and
non-hypermutated patients. The T-cell inflamed GEP
complements traditional tumor-intrinsic predictors like
hypermutation and MSI status, and together they give a
more comprehensive picture of anti-tumor immune activ-
ity in CRC. We discovered somatic mutations and genes
and gene sets with expression values associated with this
score. The immune-inhibitory signals reported in our
study may suggest new leads for tractable drug targets.
Results also suggest that patient stratification for immune
checkpoint inhibitor treatment within MSS and non-
hypermutated CRC patients, which comprise the majority
of CRC patients, should be investigated further.
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