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Immune checkpoint inhibitors (ICIs) have made breakthrough progress in the treatment of
various malignant tumors. However, only some patients receiving ICIs obtain long-lasting
clinical effects, and some patients still do not achieve remission. Improving the treatment
benefits of this part of the population has become a concern of clinicians. IL-1 signaling
plays an important role in the tumor microenvironment (TME). However, the relationship
between the IL-1 signaling mutation status and the prognosis of colon adenocarcinoma
(COAD) patients receiving ICIs has not been reported. We downloaded the data of a
COAD cohort receiving ICIs, including prognostic data and mutation data. Additionally, we
downloaded the data of a COAD cohort from The Cancer Genome Atlas (TCGA)
database, including clinical data, expression data and mutation data. Gene set
enrichment analysis (GSEA) was used to assess differences in the activity of some key
physiological pathways between the IL-1 signaling mutated-type (IL-1-MT) and IL-1
signaling wild-type (IL-1-WT) groups. The CIBERSORT algorithm was used to evaluate
the contents of immune cells in the TME of COAD patients. The multivariate Cox
regression model results suggested that IL-1-MT can be used as an independent
predictor of a better prognosis in COAD patients receiving ICIs (P = 0.03, HR = 0.269,
95%CI: 0.082-0.883). Additionally, IL-1-MT COAD patients had significantly longer overall
survival (OS) (log-rank P = 0.015). CIBERSORT analysis showed that the IL-1-MT group
had high infiltration levels of activated dendritic cells (DCs), M1 macrophages, neutrophils,
activated natural killer (NK) cells, activated CD4+ memory T cells and CD8+ T cells.
Similarly, the IL-1-MT group had significantly upregulated immunogenicity, including in
terms of the tumor mutation burden (TMB), neoantigen load (NAL) and number of
mutations in DNA damage repair (DDR) signaling. GSEA showed that the IL-1-MT
group was highly enriched in the immune response and proinflammatory mediators.
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Additionally, the expression levels of immune-related genes, immune checkpoint
molecules and immune-related signatures were significantly higher in the IL-1-MT group
than in the IL-1-WT group. IL-1-MT may be an independent predictor of a good prognosis
in COAD patients receiving ICIs, with significantly longer OS in IL-1-MT COAD patients.
Additionally, IL-1-MT was associated with significantly increased immunogenicity,
activated immune cell and inflammatory mediator levels and immune response-
related scores.
Keywords: immune checkpoint inhibitors, colon adenocarcinoma, tumor microenvironment, IL-1, prognosis
INTRODUCTION

Immune checkpoint inhibitors (ICIs) have made breakthrough
progress in the treatment of various malignant tumors (1–3).
Recent studies have shown that colorectal cancer (CRC) patients
who benefit from ICIs are mainly those with high mutation
burden and mismatch repair deficiency (dMMR), and this
population accounts for only approximately 5% of metastatic
CRC (4). Therefore, only some patients receiving ICIs obtain
long-lasting clinical effects (5, 6), and some patients still do not
achieve remission. Improving the treatment benefits of this part
of the population has become a concern of clinicians.

Various potential biomarkers have been found in colon
adenocarcinoma (COAD) patients receiving immunotherapy,
such as microsatellite instability (MSI), programmed cell
death-ligand 1 (PD-L1) expression, tumor mutation burden
(TMB) and BRAF and KRAS gene mutation status (6).
However, the effects of the above biomarkers are still limited.
For example, the dMMR/microsatellite instability high (MSI-H)
COAD population is considered to derive the most benefits from
ICI treatment, but the effective rate is only 30%-40% (7), and this
subset only accounts for a small part of the COAD population.
The heterogeneity of PD-L1 expression in time and space is
related to differences in detection methods. Additionally, some
patients with a low TMB can also respond to immunotherapy,
and patients with a high TMB may not show good
immunotherapy efficacy (8). Therefore, finding new markers to
predict the efficacy of ICIs in COAD patients has become an
important challenge.

There are certain correlations and influences between specific
mutations or pathway mutations and ICI efficacy markers (9, 10).
Mutations in DNA repair pathways are associated with better
clinical benefits for patients with multiple tumors after receiving
immunotherapy (10). Additionally, SERPINB3 or SERPINB4
mutations are associated with good prognosis in melanoma
patients treated with cytotoxic T lymphocyte-associated
protein-4 (CTLA-4) blockade (11). TET mutations are
associated with higher objective response rates (ORRs),
favorable clinical benefits and prolonged progression-free
survival (PFS) and overall survival (OS) in pan-cancer cohorts
treated with ICIs (PD-(L)1 and/or CTLA-4) (12). The role of
interleukins in the antitumor immune response has received
increasing attention (13, 14). Previous evidence has confirmed
that interleukin-1 (IL-1) promotes the expression of
org 2
cyclooxygenase-2 in COAD and can also increase the level of
cyclooxygenase-2 in COAD cells (15, 16). Cyclooxygenase-2 is
involved in the occurrence, development, tumor angiogenesis
and metastasis of COAD. Moreover, IL-1 can increase the
secretion of matrix metalloproteinases and vascular endothelial
growth factor (VEGF) and promote the adhesion of endothelial
cells, thus promoting the occurrence and progression of COAD
(17). It has been reported that IL-1 family proteins, such as
IL-1a, IL-1b and IL-18, may play distinct roles in immune
responses during infections and inflammatory diseases (18).
IL-1R transduces signals through myeloid differentiation factor
88 (MyD88), which triggers a series of events, leading to the
expression of inflammatory genes and the recruitment of
immune cells (19, 20). Additionally, studies have indicated that
the secretion of IL-1 and other cytokines by monocytes,
macrophages, cancer cells and fibroblasts contributes to the
formation of tumor-related immunosuppression, which may
also explain why IL-1 leads to the development of COAD (21).

However, in COAD, the impact of IL-1 pathway mutations on
the clinical prognosis of immunotherapy remains unclear.
Hence, in this study, we explored the association between the
mutated IL-1 signaling status and the prognosis of COAD
patients receiving ICIs and sought to illustrate the potential
mechanism between the mutated IL-1 signaling status and the
prognosis of patients treated with immunotherapy from the
perspective of the immune microenvironment.
METHODS

Clinical Sample and Group Definition
To explore the impact of IL-1 signaling mutated-type (IL-1-
MT) on the prognosis of COAD patients treated with
immunotherapy, we downloaded the mutation and clinical
data of an ICI-treated COAD cohort (22). The immunotherapy
regimen for this cohort was PD-(L)1 or combination with
CTLA-4 inhibitors. Additionally, we used the “TCGAbiolinks”
R package (23) and downloaded the COAD expression data,
mutation data and clinical data from TCGA (https://portal.gdc.
cancer.gov/). Nonsynonymous mutation data were used to
quantify the status of each patient’s mutations in IL-1
signaling. If a patient had no mutations in IL-1 signaling, their
status was defined as IL-1 signaling wild-type (IL-1-WT);
otherwise, their status was defined as IL-1-MT.
July 2021 | Volume 12 | Article 665002
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Data Preprocessing
According to the definition of the TMB in published literature
(24), we evaluated the TMB in the TCGA-COAD cohort.
Additionally, the neoantigen load (NAL), immune-related
genes and immune-related signatures/scores were collected
from published studies (25, 26). We downloaded eight gene
sets of DNA damage repair (DDR) signaling from the Molecular
Signatures Database (MSigDB) and merged them into one DDR
gene set (27). Next, we used these nine gene sets to analyze the
number of mutations in each patient’s DDR-related pathways.
The CIBERSORT algorithm (28) was used to evaluate the
proportions of 22 immune cells (https://cibersort.stanford.edu/
index.php). Additionally, the ClusterProfiler R package (29) and
pathways from the Gene Ontology (GO), Kyoto Encyclopedia of
Genes and Genomes (KEGG) and REACTOME databases were
used in gene set enrichment analysis (GSEA).

Statistical Analysis
In the ICI-treated COAD cohort, univariate and multivariate
Cox regression models and Kaplan-Meier (KM) curves were
used to analyze the influence of the IL-1 pathway mutation status
and clinical characteristics on the survival of COAD patients.
The Mann-Whitney U test was used to compare differences in
continuous variables between the two groups (IL-1-MT and IL-
1-WT). Fisher’s exact test was used to compare differences in the
categorical variables between the two groups (IL-1-MT and IL-1-
WT). Log-rank P was used to reflect significant differences. P <
0.05 was considered significantly different, and all analyses in this
study were completed using R software (version 3.6.3).
RESULTS

IL-1-MT Can Be Used as an Independent
Predictor of Better Prognosis in COAD
Patients Receiving ICIs
To explore the effect of the mutated IL-1 signaling status on the
prognosis of COAD patients receiving ICIs, we downloaded the
data of a cohort of COAD patients treated with ICIs from
the CBioPortal webpage (https://www.cbioportal.org/). The IL-
1 signaling gene set from MSigDB was collected, and the number
of gene mutations in the IL-1 signaling pathway in each patient
was calculated. Then, the univariate Cox regression model was
used for subsequent analysis. We found that age and sample type
were not significantly associated with the immunotherapy
prognosis (P > 0.05), while IL-1-MT COAD patients treated
with immunotherapy were associated with better prognosis (P =
0.024, hazard ratio (HR) = 0.255, 95% confidence interval (CI):
0.078-0.834; Figure 1A). The multivariate Cox regression model
was used to analyze whether IL-1-MT could be used as an
independent predictor of the prognosis of COAD patients. The
results showed that only IL-1-MT could be used as an
independent predictor of good prognosis in COAD patients
receiving ICIs (P = 0.03, HR = 0.269, 95% CI: 0.082-0.883;
Figure 1A). Next, the KM curve also showed that COAD
Frontiers in Immunology | www.frontiersin.org 3
patients who had mutations in IL-1 signaling had significantly
prolonged OS compared to COAD patients who did not have
mutations in IL-1 signaling (Figure 1B, log-rank P = 0.015).
Moreover, we compared the differential expression of genes
related IL-1 signaling pathway between IL1-MT and IL1-WT
groups. We found that IL1-MT COAD patients had significantly
higher expression levels of markers related to the IL-1 signaling
pathway compared with IL1-WT COAD patients (Figure 1C).

The Relationships Between IL-1-MT
and Mutation Characteristics and
Clinical Characteristics
To analyze the relationship between IL-1-MT and the mutation
characteristics of COAD patients, we analyzed nonsynonymous
mutations in the ICI-treated COAD cohort and TCGA-COAD
cohort. In the ICI-treated COAD cohort (Figure 2A), the genes
with the top 20 mutation frequencies were APC, KRAS, TP53,
PIK3CA, KMT2D, ARID1A, PTPRS, RNF43, KMT2C, TCF7L2,
ZFHX3, FAT1, NCOR1, SMARCA4, NF1, PTCH1, SMAD4,
ARID1B, BRCA2 and CREBBP. Most of these genes are tumor
suppressor genes (TSGs), followed by oncogenes and unknown
genes. Except for APC, KMT2D, ARID1A and RNF43, most of
the mutation types were nonsense and frameshift mutations, and
most of the remaining gene mutation types were missense
mutations. Additionally, some genes had significantly increased
mutation frequencies in the IL-1-MT group compared with the
IL-1-WT group, such as KMT2D (60% vs. 25%), RNF43 (47% vs.
16%), KMT2D (47% vs. 15%), ZFHX3 (40% vs. 15%) and FAT1
(40% vs. 14%) (Figure 2A). In the TCGA-COAD cohort, the
genes with the top 20 nonsynonymous somatic mutations were
APC, TP53, TTN, KRAS, MUC16, SYNE1, PIK3CA, FAT4,
RYR2, OBSCN, ZFHX4, DNAH5, PCLO, CSMD3, LRP1B,
ABCA13, DNAH11, FAT3, USH2A and CSMD1. Because the
detection method used for the TCGA-COAD cohort was whole-
exome sequencing (WES), more somatic mutation data were
available for this cohort. We found that the mutation frequencies
of the top 20 genes in the IL-1-MT group were significantly
higher than those in the IL-1-WT group (all P < 0.05; Figure 2B).
Among these genes, only KRAS and PIK3CA are oncogenes. The
mutation sites of IL-1 family genes that recruit MyD88, IRAK4
and TRAF6 were visualized in Figure S1. Next, we compared the
differences in clinical characteristics between the IL-1-MT and
IL-1-WT groups. In the ICI-treated COAD cohort, the IL-1-MT
group contained older patients (Figure 3A; P < 0.05). However,
in terms of theMSI score, sex ratio and origin of samples, we did not
find significant differences between the two groups (Figures 3B–D;
all P > 0.05). In the TCGA-COAD cohort, there were no significant
differences between the IL-1-MT group and the IL-1-WT group in
age or sex ratio (Figures 3E, F). Additionally, the IL-MT group had
a higher proportion of early clinical patients (Figure 3G).

Immune Microenvironment Under Different
IL-1 Signaling Mutation Statuses
The immune microenvironment is one of the key factors that
affects whether patients receive ICIs, and it is based on the
perspectives of tumor-infiltrating lymphocytes (TILs), immune-
July 2021 | Volume 12 | Article 665002
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related signatures, immune checkpoint molecules and immune-
related genes. First, the CIBERSORT algorithm evaluated the
proportions of 22 immune cells based on the expression data of
COAD patients. Figure 4A shows the differences in the ratios of
22 immune cells between the IL-1-WT group and IL-1-MT group.
We found that functionally active TILs were significantly enriched
in the tumor microenvironment (TME) in patients with IL-1-MT
COAD, such as activated dendritic cells (DCs), M1 macrophages,
neutrophils, activated natural killer (NK) cells, activated CD4+
memory T cells and CD8+ T cells. In addition to the proportion of
immune cell infiltration, immune-related signature analysis
showed that IL-1-MT COAD patients had a higher score/
Frontiers in Immunology | www.frontiersin.org 4
activity related to the immune response (Figures 4B), such as
BCR Shannon, homologous recombination defects, IFN-gamma
response, immune score, leukocyte fraction, lymphocyte
infiltration signature score, macrophage regulation, Th1 cells
and Th2 cells. Similarly, the expression of immune checkpoint
molecules, such as CD274 (PD-L1), HAVCR2, LAG3, IDO1,
CTLA4, TIGIT, PDCD1 and PDCD1LG2, in the IL-1-MT
group was significantly higher than that in the IL-1-WT group
(Figure 4C). Immune-related genes, such as proinflammatory
factors (IFNG, TNFSF10, TNFSF9, TNFSF4, TNFSF14,
TNFRSF9, TNFRSF8, TNFRSF4, TNFRSF18 and TNFRSF14),
chemokines (CXCL9, CXCL10 and CX3CL1), cytotoxic function
A

B

C

FIGURE 1 | Predictive values of clinical characteristics and the IL-1 signaling mutation status on ICI outcomes. (A) Forest plot of the results of the univariate Cox
and multivariable Cox regression models. In the univariate Cox regression analysis, the factors with a p value below 0.05 were IL-1 signaling MT. Multivariate Cox
regression analysis showed that the IL-1 signaling mutation status was an independent predictor of ICI therapy in COAD patients. The main part of the forest plot
presents the risk ratio (HR) and 95% confidence interval (95% CI), where red dots indicate P < 0.05. The HR indicates predictors of favorable (HR < 1) or poor (HR >
1) OS. (B) Kaplan-Meier survival curves for the OS of 84 COAD patients in the ICI-treated cohort. We performed KM survival analysis on different subgroups of
patients (IL-1 signaling mutation status). (C) Heatmap for the expression of markers related to IL1 signaling. (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001;
Mann-Whitney U test).
July 2021 | Volume 12 | Article 665002
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markers (PRF1, GZ and CD8A) and antigen processing and
presentation markers (TAP1, MICB, MICA, HLA-DRB5, HLA-
DRB1, HLA-DRA, HLA-DQB2, HLA-DQB1, HLA-DQA1, HLA-
DQA2, HLA-DPB1, HLA- DPA1, HLA-C, HLA-B and B2M),
were also enriched in the IL-1-MT group (Figure 4D).
Additionally, we found that the expression of IL-1 family genes
with proinflammatory activity was significantly higher in the IL-1-
Frontiers in Immunology | www.frontiersin.org 5
MT group than the IL-1-WT group (Figure S2, 3). The GSEA
results showed the activity of IL1 related pathways significantly
higher in the IL1-MT group compared to the IL1-WT group
(Figure 5). Also, the activities of chemokines and other signaling
pathways, such as CXCR chemokine receptor binding, positive
regulation of interleukin-2 biosynthetic process, interferon-
gamma biosynthetic process, cellular response to interferon-
A

B

FIGURE 2 | Genomic profiles of COAD patients in the ICI-treated (A) and TCGA-COAD (B) cohorts. The top 20 genes with the highest mutation frequencies and
the corresponding clinical information are shown in the figure. The top five genes with the highest mutation frequencies in the ICI-treated cohort were APC (72%),
KRAS (55%), TP53 (55%), PIK3CA (34%) and KMT2D (31%). The top five genes with the highest mutation frequencies in the TCGA-COAD cohort were APC (74%),
TP53 (54%), TTN (53%), KRAS (41%) and MUC16 (30%). For the mutation type, yellow indicates splice site mutations, blue indicates missense mutations, orange
indicates frameshift mutations, green indicates inframe indel mutations and brown indicates nonsense mutations. The IL-1 signaling mutation status, sex, age,
sample type and MSI score are shown as patient annotations (the upper/lower bar plot). The left bar plot marks the mutation rate of each gene. (*P < 0.05, **P <
0.01, ***P < 0.001 and ****P < 0.0001; Fisher’s exact test).
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beta, negative regulation of interleukin-10 production and
interleukin-8 biosynthetic process, were significantly activated in
the IL-1-MT group (Figure 5). Additionally, the enrichment
scores of some signaling pathways involved in the immune
response were significantly higher in the IL-1-MT group than in
the IL-1-WT group, such as MHC class II protein complex, IgG
Frontiers in Immunology | www.frontiersin.org 6
binding, positive regulation of T-helper 1 type immune response,
CD4-positive, alpha-beta T cell lineage commitment, regulation of
T cell chemotaxis, positive regulation of natural killer cell-
mediated cytotoxicity, T-helper 2 cell differentiation, leukocyte
activation involved in inflammatory response and MHC protein
complex. In contrast, some signaling pathway activities related to
A B

D

E F

G

C

FIGURE 3 | Comparison of clinical characteristics between IL-1-MT and IL-1-WT tumors. (A) Comparison of age between IL-1-MT and IL-1-WT tumors in the
ICI-treated COAD cohort. (B) Comparison of the MSI score between IL-1-MT and IL-1-WT tumors in the ICI-treated COAD cohort. (C) Comparison of the sex
proportions between IL-1-MT and IL-1-WT tumors in the ICI-treated COAD cohort. (D) Comparison of the sample type proportions between IL-1-MT and IL-1-WT
tumors in the ICI-treated COAD cohort. (E) Comparison of age between IL-1-MT and IL-1-WT tumors in the TCGA-COAD cohort. (F) Comparison of the sex
proportions between IL-1-MT and IL-1-WT tumors in the TCGA-COAD cohort. (G) Correlation analysis of the clinical stage proportions between IL-1-MT and IL-1-
WT tumors in the TCGA-COAD cohort. (*P < 0.05; **P < 0.01; ns, not significant).
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immune depletion, such as PD-L1 expression and the PD-1
checkpoint pathway in cancer, Wnt signaling pathway, bile acid
metabolic process and bile acid biosynthetic process, were
significantly activated in the IL-1-WT group (Figure 5).
Frontiers in Immunology | www.frontiersin.org 7
Differences in Immunogenicity Under
Different IL-1 Signaling Mutation Status
The level of immunogenicity is one of the important factors that
affects patients’ acceptance of ICIs. Therefore, we started from
A

B

DC

FIGURE 4 | IL-1-MT COAD is associated with an inflammatory TME. (A) Comparison of the fractions of 22 immune cells between IL-1-MT and IL-1-WT tumors
in the TCGA-COAD cohort. (B) Comparison of the immune-related signatures between IL-1-MT and IL-1-WT tumors in the TCGA-COAD cohort. (C) Comparison
of the expression levels of immune checkpoint molecules between IL-1-MT and IL-1-WT tumors in the TCGA-COAD cohort. (D) Heatmap depicting the mean
differences in immune-related gene mRNA expression between IL-1-MT and IL-1-WT tumors across different cancer types. The x-axis of the heatmap indicates
different cancer types, and the y-axis indicates gene names. Each square represents the fold change or difference of each indicated immune-related gene
between IL-1-MT and IL-1-WT tumors in each cancer type. Red indicates upregulation, while blue indicates downregulation (*P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001; ns, not significant; Mann-Whitney U test).
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FIGURE 5 | The results of gene set enrichment analysis. The color of the curve corresponds to the font color of the pathway. GSEA of hallmark gene sets
downloaded from the Molecular Signatures Database (MSigDB). Each run was performed with 1000 permutations. Enrichment results with significant differences
(P < 0.05) between IL-1-MT and IL-1-WT tumors are shown.
Frontiers in Immunology | www.frontiersin.org July 2021 | Volume 12 | Article 6650028
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the perspectives of the TMB, NAL, the MANTIS score and DDR
pathway mutations. The DDR pathway gene set from MSigDB
was used to count the DDR pathway mutations of each patient.
In the ICI-treated COAD cohort, IL-1-MT COAD patients had a
significantly increased number of DDR pathway mutations.
Additionally, patients with IL-1-MT COAD had more mutations
in the homologous recombination (HR), double-strand break (DSB)
and Fanconi anemia (FA) pathways (Figure 6A). Similarly, in the
TCGA-COAD cohort, IL-1-MT COAD patients had significantly
increased gene mutations in all DDR-related pathways (Figure 6B;
all P < 0.05). Additionally, in both the ICI-treated COAD cohort
and TCGA-COAD cohort, the IL-1-MT group had a higher TMB
than the IL-1-WT group (Figures 6C, D; all P < 0.05). In the
TCGA-COAD cohort, the IL-1-MT group had a significantly
increased NAL compared with the IL-1-WT group (Figure 6E,
P < 0.05). The MANTIS score is used as a marker to measure the
MSI status. The MSI phenotypes of samples with higher MANTIS
scores are closer to MSI-H. Figure 6F shows that the MANTIS
score in the IL-1-MT group was significantly higher than that in the
IL-1-WT group (P < 0.05).
DISCUSSION

In this study, we used the prognostic and mutation data of
COAD patients treated with ICIs and explored the influence of
the IL-1 signaling mutation status on the prognosis of patients
treated with immunotherapy. The results of univariate and
multivariate Cox regression model analyses showed that IL-1-
MT can be used as an independent predictor of good prognosis
for COAD patients receiving ICIs. Additionally, compared with
IL-1-WT COAD patients, IL-1-MT COAD patients had
significantly improved OS. Two-way regulation can occur
between tumor cells and immune cells in the TME. Tumor
cells recruit and regulate the behavior of immune cells by
secreting growth factors and cytokines, and the interaction
between tumor cells and immune cells can also extend to the
body. The balanced state of the cell mobilizes the resources inside
and outside the cell, creates a TME suitable for its own growth
and affects the response of tumor cells to immunotherapy (6, 30).
We found that the TME of IL-1-MT COAD patients has a high
infiltration level of activated immune cells. Additionally, the IL-
1-MT group had significantly increased expression levels of
immune checkpoint molecules, proinflammatory-related genes,
antigen presentation-related genes, chemokine-related genes and
cytotoxicity-related genes. IL-1-MT COAD patients had
enhanced immunogenicity, which mainly manifested as an
increased TMB and NAL and an increased number of DDR
pathway mutations.

The activated immune cells enriched in the immune
microenvironment in the IL-1-MT group may be a potential
mechanism for improved prognosis after ICI treatment. Studies
have shown that the presence of highly infiltrated TILs in
tumors, especially CD4+ T cells and CD8+ T cells, is related to
the good clinical prognosis of patients, which is manifested by
longer PFS and OS (6, 7, 31, 32). Additionally, M1-type
Frontiers in Immunology | www.frontiersin.org 9
macrophages exert antitumor immunity, which is related to a
better prognosis of immunotherapy (33). The expression of
chemokines, such as CXCL9 and CXCL10, was significantly
increased in the IL-1-MT group. These inflammatory
mediators recruit CD8+ T cells, DCs and NK cells into tumor
tissues to further exert an antitumor immune response (34). For
example, CD8+ T cells can secrete cytotoxic mediators (such as
perforin, granzyme and TNF) (34), CD4+ T cells secrete IL-6 and
IFN-gamma further activates other immune cells (35). Moreover,
we found that the IL-1-MT group had higher BCR Shannon
index values, signature of HR defects, IFN-gamma responses,
immune scores, leukocyte fractions, lymphocyte infiltration,
signature scores, macrophage regulation, Th1 cells and Th2
cells. Studies have shown that IFN-gamma can further regulate
the expression of MHC-I molecules on the surface of tumor cells
by activating STAT1. The GSEA results also suggested that the
chemokine signaling pathway and NK cells mediate cytotoxicity,
and the activity of the MHC signaling pathway in the IL-1-MT
group was significantly higher than that in the IL-WT group.
Additionally, the expression levels of genes related to antigen
processing and presentation and cytotoxicity were significantly
higher in the IL-1-MT group than in the IL-1-WT group. The
above results all suggest that an inflammatory immune
environment forms in the tumors of IL-1-MT COAD patients,
which may be a potential mechanism for these patients to have
favorable clinical benefits after receiving ICIs.

The higher immunogenicity of the immune microenvironment
in the IL-1-MT group may lead to a better prognosis after receiving
ICIs. Studies have shown that higher immunogenicity can promote
TIL levels in the TME (36–38). The TMB is a more reliable
biomarker for predicting the efficacy of ICIs. A higher TMB is
associated with better prognosis of immunotherapy (22, 39), and
studies have shown that the NAL may be more accurate than the
TMB in predicting the efficacy and prognosis of immunotherapy
(11, 40). In addition to the TMB and NAL, the DDR pathway plays
an important role in maintaining the stability of the body’s DNA (9,
10, 41). The increase in genomic instability is the result of mutations
in the DDR pathway and further increases the TMB and NAL,
ultimately leading to an increase in the infiltration of TILs in the
TME (6). Studies have shown that the treatment of advanced
metastatic bladder cancer patients with mutations in the DDR
pathway with ICIs has significantly improved clinical benefits (10).
Additionally, another pan-cancer study showed that patients with
co-mutations in the DDR pathway have significantly longer survival
times than those without co-mutations in the DDR pathway (9).
Our results also suggest that the IL-1-MT group has a significantly
increased number of mutations in the TMB, NAL, and DDR
pathways. This increased immunogenicity may be the biological
basis of why IL-1-MT COAD patients receiving ICIs have a better
clinical prognosis. However, there are still some limitations. First,
targeted sequencing (MSK-IMPACT) was used in the ICI-treated
COAD cohort to detect somatic mutations, and targeted sequencing
provides fewer gene mutations than WES; second, the ICI-treated
cohort lacked transcriptomics, copy number variation (CNV),
proteomics data and data related to the tumor evolution;
therefore, the association between IL1-MT signaling and the
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FIGURE 6 | IL-1-MT COAD is associated with enhanced tumor immunogenicity. Comparison of the mutation counts of nine DNA damage-related signaling
pathways between IL-1-MT and IL-1-WT tumors in the ICI-treated COAD (A) and TCGA-COAD (B) cohorts. Comparison of the TMB between IL-1-MT and IL-1-WT
tumors in the ICI-treated COAD (C) and TCGA-COAD (D) cohorts. Comparison of the NAL between IL-1-MT and IL-1-WT tumors in the TCGA-COAD cohort (E).
Comparison of the MANTIS score between IL-1-MT and IL-1-WT tumors in the TCGA-COAD cohort (F). (*P < 0.05; **P < 0.01; ****P < 0.0001; ns, not significant;
Mann-Whitney U test).
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prognosis of COAD patients treated with ICIs could not be further
explored. Thus, we can only use the TCGA-COAD to explore the
association between the IL1-MT and prognosis of COAD patients
treated with ICIs based on multi-omics analysis; third, in future
research, molecular and animal experiments are needed to further
verify our results. Therefore, more studies involving larger samples
and diverse ethnic groups are still needed for subsequent analysis
and verification.
CONCLUSIONS

In this study, IL-1-MTwas found to be an independent predictor of
good prognosis for COAD patients receiving ICIs. IL-MT COAD
patients had a significantly prolonged OS. Additionally, IL-1-MT
was associated with significantly increased immunogenicity,
numbers of activated immune cells, inflammatory factors and
immune response-related scores.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.
AUTHOR CONTRIBUTIONS

Conceptualization, QW, JLX, and YB. Formal analysis, XZ, YL,
JX, CY, and YW. Visualization, XZ, YL, JX, and YW. Writing–
Frontiers in Immunology | www.frontiersin.org 11
original draft, XZ, YL, JX, and YW. Writing–review & editing,
QW, JLX, YB, XZ, YL, JX, CY, and YW. All authors contributed
to the article and approved the submitted version.
FUNDING

This work was supported by grants from the Key research and
development project of science and technology department of
Sichuan province (2021YFS0128).
ACKNOWLEDGMENTS

Special thanks to the English language polishing contributions
from TopScience Editing.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.665002/
full#supplementary-material

Supplementary Figure 1 | Lollipop plot shows the distribution of MYD88, IRAK4
and TRAF6 mutations in the TCGA-COAD cohort.

Supplementary Figure 2 | The heatmap showed the difference of IL-1 signaling
related genes between the IL-1-MT and IL-1-WT group.

Supplementary Figure 3 | The comparison of the difference of the expression
some genes with pro-inflammatory activity (such as IL1RN, IL1R2, IL1B, IL1R1,
IL1RAP, IL1A) between the IL-1-MT and IL-1-WT group.
REFERENCES
1. Goodman A, Patel SP, Kurzrock R. PD-1-PD-L1 Immune-Checkpoint

Blockade in B-Cell Lymphomas. Nat Rev Clin Oncol (2017) 14:203–20.
doi: 10.1038/nrclinonc.2016.168

2. Hamid O, Robert C, Daud A, Hodi FS, Hwu W-J, Kefford R, et al. Safety and
Tumor Responses With Lambrolizumab (Anti-PD-1) in Melanoma. N Engl J
Med (2013) 369:134–44. doi: 10.1056/NEJMoa1305133

3. Brahmer JR, Tykodi SS, Chow LQM, Hwu W-J, Topalian SL, Hwu P, et al.
Safety and Activity of Anti-PD-L1 Antibody in Patients With Advanced
Cancer. N Engl J Med (2012) 366:2455–65. doi: 10.1056/NEJMoa1200694

4. Jung G, Benıt́ez-Ribas D, Sánchez A, Balaguer F. Current Treatments of
Metastatic Colorectal Cancer With Immune Checkpoint Inhibitors-2020
Update. J Clin Med (2020) 9(11):3520. doi: 10.3390/jcm9113520

5. Wolchok JD, Kluger H, Callahan MK, Postow MA, Rizvi NA, Lesokhin AM,
et al. Nivolumab Plus Ipilimumab in Advanced Melanoma. N Engl J Med
(2013) 369:122–33. doi: 10.1056/NEJMoa1302369

6. Lin A, Zhang J, Luo P. Crosstalk Between the MSI Status and Tumor
Microenvironment in Colorectal Cancer. Front Immunol (2020) 11:2039.
doi: 10.3389/fimmu.2020.02039

7. Le DT, Durham JN, Smith KN, Wang H, Bartlett BR, Aulakh LK, et al.
Mismatch Repair Deficiency Predicts Response of Solid Tumors to PD-1
Blockade. Science (2017) 357:409–13. doi: 10.1126/science.aan6733

8. Chowell D, Morris LGT, Grigg CM, Weber JK, Samstein RM, Makarov V,
et al. Patient HLA Class I Genotype Influences Cancer Response to
Checkpoint Blockade Immunotherapy. Science (2018) 359:582–7.
doi: 10.1126/science.aao4572
9. Wang Z, Zhao J, Wang G, Zhang F, Zhang Z, Zhang F, et al. Comutations in
DNA Damage Response Pathways Serve as Potential Biomarkers for Immune
Checkpoint Blockade. Cancer Res (2018) 78:6486–96. doi: 10.1158/0008-
5472.CAN-18-1814

10. Teo MY, Seier K, Ostrovnaya I, Regazzi AM, Kania BE, Moran MM, et al.
Alterations in DNA Damage Response and Repair Genes as Potential Marker
of Clinical Benefit From PD-1/PD-L1 Blockade in Advanced Urothelial
Cancers. J Clin Oncol Off J Am Soc Clin Oncol (2018) 36:1685–94.
doi: 10.1200/JCO.2017.75.7740

11. Riaz N, Havel JJ, Kendall SM, Makarov V, Walsh LA, Desrichard A, et al.
Recurrent SERPINB3 and SERPINB4 Mutations in Patients Who Respond to
Anti-CTLA4 Immunotherapy. Nat Genet (2016) 48:1327–9. doi: 10.1038/ng.3677

12. Wu H-X, Chen Y-X, Wang Z-X, Zhao Q, He M-M, Wang Y-N, et al.
Alteration in TET1 as Potential Biomarker for Immune Checkpoint
Blockade in Multiple Cancers. J Immunother Cancer (2019) 7:264.
doi: 10.1186/s40425-019-0737-3

13. Davis MR, Zhu Z, Hansen DM, Bai Q, Fang Y. The Role of IL-21 in Immunity
and Cancer. Cancer Lett (2015) 358:107–14. doi: 10.1016/j.canlet.2014.12.047

14. Schwartz C, O’Grady K, Lavelle EC, Fallon PG. Interleukin 33: An Innate
Alarm for Adaptive Responses Beyond Th2 Immunity-Emerging Roles in
Obesity, Intestinal Inflammation, and Cancer. Eur J Immunol (2016) 46:1091–
100. doi: 10.1002/eji.201545780

15. Duque J, Dıáz-Muñoz MD, Fresno M, Iñiguez MA. Up-Regulation of
Cyclooxygenase-2 by Interleukin-1beta in Colon Carcinoma Cells. Cell
Signal (2006) 18:1262–9. doi: 10.1016/j.cellsig.2005.10.009

16. Maihöfner C, Charalambous MP, Bhambra U, Lightfoot T, Geisslinger G,
Gooderham NJ. Expression of Cyclooxygenase-2 Parallels Expression of
July 2021 | Volume 12 | Article 665002

https://www.frontiersin.org/articles/10.3389/fimmu.2021.665002/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.665002/full#supplementary-material
https://doi.org/10.1038/nrclinonc.2016.168
https://doi.org/10.1056/NEJMoa1305133
https://doi.org/10.1056/NEJMoa1200694
https://doi.org/10.3390/jcm9113520
https://doi.org/10.1056/NEJMoa1302369
https://doi.org/10.3389/fimmu.2020.02039
https://doi.org/10.1126/science.aan6733
https://doi.org/10.1126/science.aao4572
https://doi.org/10.1158/0008-5472.CAN-18-1814
https://doi.org/10.1158/0008-5472.CAN-18-1814
https://doi.org/10.1200/JCO.2017.75.7740
https://doi.org/10.1038/ng.3677
https://doi.org/10.1186/s40425-019-0737-3
https://doi.org/10.1016/j.canlet.2014.12.047
https://doi.org/10.1002/eji.201545780
https://doi.org/10.1016/j.cellsig.2005.10.009
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhou et al. IL-1 and ICIs in COAD
Interleukin-1beta, Interleukin-6 and NF-KappaB in Human Colorectal
Cancer. Carcinogenesis (2003) 24:665–71. doi: 10.1093/carcin/bgg006

17. Dinarello CA. Biologic Basis for Interleukin-1 in Disease. Blood (1996)
87:2095–147. doi: 10.1182/blood.V87.6.2095.bloodjournal8762095

18. Guo B, Fu S, Zhang J, Liu B, Li Z. Targeting Inflammasome/IL-1 Pathways for
Cancer Immunotherapy. Sci Rep (2016) 6:36107. doi: 10.1038/srep36107

19. Takeda K, Akira S. TLR Signaling Pathways. Semin Immunol (2004) 16:3–9.
doi: 10.1016/j.smim.2003.10.003

20. Kawai T, Akira S. Toll-Like Receptors and Their Crosstalk With Other Innate
Receptors in Infection and Immunity. Immunity (2011) 34:637–50.
doi: 10.1016/j.immuni.2011.05.006

21. Apte RN, Voronov E. Is Interleukin-1 a Good or Bad “Guy” in Tumor
Immunobiology and Immunotherapy? Immunol Rev (2008) 222:222–41.
doi: 10.1111/j.1600-065X.2008.00615.x

22. Samstein RM, Lee C-H, Shoushtari AN, HellmannMD, Shen R, Janjigian YY, et al.
Tumor Mutational Load Predicts Survival After Immunotherapy Across Multiple
Cancer Types. Nat Genet (2019) 51:202–6. doi: 10.1038/s41588-018-0312-8

23. Colaprico A, Silva TC, Olsen C, Garofano L, Cava C, Garolini D, et al.
TCGAbiolinks: An R/Bioconductor Package for Integrative Analysis of TCGA
Data. Nucleic Acids Res (2016) 44:e71. doi: 10.1093/nar/gkv1507

24. Chalmers ZR, Connelly CF, Fabrizio D, Gay L, Ali SM, Ennis R, et al. Analysis of
100,000 Human Cancer Genomes Reveals the Landscape of Tumor Mutational
Burden. Genome Med (2017) 9:34. doi: 10.1186/s13073-017-0424-2

25. Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Ou Yang T-H, et al.
The Immune Landscape of Cancer. Immunity (2018) 48:812–30.e14.
doi: 10.1016/j.immuni.2018.03.023

26. Bonneville R, Krook MA, Kautto EA, Miya J, Wing MR, Chen H-Z, et al.
Landscape of Microsatellite Instability Across 39 Cancer Types. JCO Precis
Oncol (2017) 2017:1. doi: 10.1200/PO.17.00073 PO.17.00073.

27. Liberzon A, Subramanian A, Pinchback R, Thorvaldsdóttir H, Tamayo P,
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