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Introduction: Immune checkpoint inhibitor (ICI) therapy has been proven to be a highly
efficacious treatment for colorectal adenocarcinoma (COAD). However, it is still unclear
how to identify those who might benefit the most from ICI therapy. Hypoxia facilitates the
progression of the tumor from different aspects, including proliferation, metabolism,
angiogenesis, and migration, and improves resistance to ICI. Therefore, it is essential to
conduct a comprehensive understanding of the influences of hypoxia in COAD and
identify a biomarker for predicting the benefit of ICI.

Methods: An unsupervised consensus clustering algorithm was used to identify distinct
hypoxia-related patterns for COAD patients from TCGA and the GEO cohorts. The
ssGSEA algorithm was then used to explore the different biological processes, KEGG
pathways, and immune characteristics among distinct hypoxia-related clusters. Some
hypoxia-related hub genes were then selected by weighted gene coexpression network
analysis (WGCNA). Subsequently, univariate Cox regression analysis, multivariate Cox
regression analysis, and least absolute shrinkage and selection operator (LASSO)
regression were utilized to construct a hypoxia-related gene prognostic index (HRGPI).
Finally, validation was also conducted for HRGPI in prognostic value, distinguishing
hypoxia-related characteristics and benefits of ICI.

Results: We identified four hypoxia-related clusters and found that different hypoxia
response patterns induced different prognoses significantly. Again, we found different
hypoxia response patterns presented distinct characteristics of biological processes,
signaling pathways, and immune features. Severe hypoxia conditions promoted activation
of some cancer-related signaling pathways, including Wnt, Notch, ECM-related
pathways, and remodeled the tumor microenvironment of COAD, tending to present as
an immune-excluded phenotype. Subsequently, we selected nine genes (ANO1, HOXC6,
org May 2022 | Volume 13 | Article 8533521
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SLC2A4, VIP, CD1A, STC2, OLFM2, ATP6V1B1, HMCN2) to construct our HRGPI, which
has shown an excellent prognostic value. Finally, we found that HRGPI has an advantage
in distinguishing immune and molecular characteristics of hypoxia response patterns, and
it could also be an excellent predictive indicator for clinical response to ICI therapy.

Conclusion: Different hypoxia response patterns activate different signaling pathways,
presenting distinct biological processes and immune features. HRGPI is an independent
prognostic factor for COAD patients, and it could also be used as an excellent predictive
indicator for clinical response to ICI therapy.
Keywords: colorectal cancer, hypoxia, immune checkpoint inhibitors, tumor microenvironment (TME), hypoxia
signaling pathway
INTRODUCTION

Colorectal cancer (CRC) is the third most common cancer and
the second leading cause of cancer-related mortality, with a
number of 1.8 million new cases and 881,000 deaths
worldwide in 2018 (1). The most major pathological subgroup
is adenocarcinoma, accounting for 90% of CRC. The 5-year
survival rates for CRC patients with localized lesions and distant
metastasis are 91% and 14%, respectively (2). Despite the recent
advances in target therapy, including anti-VEFG or anti-EGFR,
the prognosis of CRC patients with metastatic lesions remains
poor. Hence, new effective therapies are urgently needed for this
malignancy. Immune therapy, especially immune checkpoint
inhibitors (ICIs), has been proven highly efficacious in CRC
(3). ICIs can promote the anti-tumor immune activity of T cells
by inhibiting a string of immune checkpoints, such as PD-1, PD-
L1, and CTLA-4. To date, it is still unclear how to identify
patients who will derive the most significant benefit from ICI (4).
Microsatellite instability (MSI) and tumor mutational burden
(TMB) have emerged as significant predictive markers for the
efficacy of ICI, but the sensitivity and specificity are still urged to
improve, and it is essential to construct new biomarkers (5).

Furthermore, a low response rate is still the most significant
barrier to the effectiveness of ICI (6, 7). Also, many factors,
especially the immune microenvironment (TME), can affect ICI
effectiveness (8). TME is a complex and integral part of cancer,
containing tumor cells, stromal cells, inflammatory cells, matrix
fibers, metabolites, and cytokines.

Moreover, they interact with others and induce different
outcomes, such as antitumor immune responses, immune
suppression, or immune evasion, which are vital for tumor
development (9). Hypoxia is a typical hallmark of TME in nearly
all solid tumors, arising from the rapid and uncontrolled
proliferation of tumors and insufficient blood supply (10). It
promotes a more aggressive and metastatic phenotype mainly
induced by HIFs, which are dimeric proteins consisting of an O2-
sensitive subunit (HIF-1a, HIF-2a, or HIF-3a) and a scaffold b
subunit (HIF-2b) (11). Under hypoxic conditions, HIFs bind with
transcriptional coactivator and hypoxia response elements to
increase the expression of a string of target genes, consequently
regulating various biological processes, including proliferation,
org 2
metabolism, angiogenesis, migration, and invasion (12–14).
Moreover, hypoxia improves the resistance of tumor cells to
chemotherapy, radiotherapy, and even immune therapy (15). It
can regulate antitumor immune function by inhibiting T-cell
proliferation and function, deactivating effector cytokine
production, increasing the expression of some inhibitor receptors,
and recruiting immunosuppressive cells (16–18). Therefore, it is
essential to conduct a comprehensive understanding of the
influence of hypoxia on colorectal cancer.

In this research, we first employed characteristics of different
hypoxia patterns, including biological processes, signaling
pathways, infiltration immune cells, and immune-related
functions. We then constructed hypoxia-related gene prognostic
signatures (HRGPI)andcharacterized theirmolecular and immune
features. Furthermore, we detected its predictive ability for patients
with COAD who received immune checkpoint inhibitors (ICI).
METHODS

Data Acquiring and Processing
All colorectal adenocarcinoma (COAD) data in this research were
obtained from The Cancer Genome Atlas (TCGA) and the Gene
ExpressionOmnibus (GEO) datasets. RNA-seq data (level 3, count
workflow) and corresponding clinical data of 514 COAD samples,
including473 tumor samples and41adjacentnormal samples,were
obtained from TCGA dataset (https://portal.gdc.cancer.gov/).
Microarray data and corresponding clinical data of 232 COAD
samples (GSE17536 andGSE17537),whichwere all tumor samples,
were obtained from the GEO dataset (https://www.ncbi.nlm.nih.
gov/gds). The raw microarray data from the GEO dataset were
processed viabackground correction, log2 transformation, quantile
normalization, andannotation inR softwareusing thepackageAffy.
The RNA-seq data of TCGA were transformed into TPM value
from the count value. The meta-cohort data were a combination of
TCGA and the GEO data, and the ComBat algorithm of the SVA
package was utilized to decrease the possibility of batch effects of
nonbiological technical biases from each dataset. The
corresponding clinical data mainly included age, gender, tumor
stage, and overall survival time, as shown inSupplementary Tables
S1 and S2.
May 2022 | Volume 13 | Article 853352
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Clustering for Different Hypoxia-Related
Patterns
The hypoxia gene set was downloaded from the Molecular
Signatures Database (MSigDB) of the Broad Institute (https://
www.gsea-msigdb.org/gsea/msigdb/index.jsp). The package
ConsensusClusterPlus was an unsupervised consensus
clustering method, which was utilized to identify distinct
hypoxia patterns based on these hypoxia genes and determine
the number of clusters in the meta-cohort data.

Furthermore, to visualize the result of hypoxia-related
clusters, algorithms of t-distributed stochastic neighbor
embedding (t-SNE) and principal component analysis (PCA)
were utilized to conduct dimension reduction analysis for these
hypoxia gene signatures of tumor samples. Moreover, these two
algorithms were called from the Rt-SNE and PCA packages,
respectively, in R software.

Identification of Hypoxia-Related Hub Genes
According to the consensus clustering results, distinct hypoxia-
related patterns based on the expression of hypoxia response-
related genes were identified. Weighted gene coexpression
network analysis (WGCNA) was performed to select hypoxia-
related genes: (1) The similarity matrix was constructed using the
expression data by calculating the Pearson correlation coefficient.
(2)The similaritymatrixwas transformed into an adjacencymatrix,
and a soft-threshold b = 5 was adopted. (3) The adjacency matrix
was transformed into a topological overlap matrix (TOM). 1-TOM
was used as the distance to cluster the genes, and then the dynamic
pruning tree was built to identify the modules. (4) The merging
threshold function was set at 0.25 to identify modules. (5) The
correlation between the hypoxia clusters and these modules was
calculated to select the most significant module.

To further screen these hypoxia-related genes, the different
expression genes (DEGs) between tumor samples and normal
samples were overlapped with these hypoxia-related genes, and
finally hypoxia-related hub genes were obtained. The package
Limma in R was adopted in this procedure.

Construction and Validation of Hypoxia-
Related Gene Prognostic Index
A string of hypoxia-related hub genes was obtained above.
Univariate Cox regression analysis and least absolute shrinkage
and selection operator (LASSO) regression were then conducted
for these selected genes via the Survival and Glmnet package.
Afterward, multivariate Cox regression analyses were utilized to
construct a prognostic model called HRGPI. The HRGPI score
was calculated using the following formula: HRGPI
score = on

i=1coef � gene. A Kaplan–Meier survival analysis
was also carried out to assess the difference in survival between
high- and low-score groups using the Survival package.

Additionally, a nomogram was built using the RMS R
package, based on the HRGPI calculated above and some
clinical features. Furthermore, the calibration plot was applied
to explore the nomogram’s calibration and discrimination by
utilizing the RMS R package. A string of comprehensive indexes,
concluding the time-dependent receiver operating characteristic
(ROC) curve and the decision curve analysis (DCA), was then
Frontiers in Immunology | www.frontiersin.org 3
calculated to evaluate the prediction efficiency and clinical
usefulness for HRGPI, this nomogram, and stage, by utilizing
the survivalROC and the ggDCA in R.

Function and Pathway Enrichment Analysis
The single-sample gene set enrichment analysis (ssGSEA)
algorithm was performed to identify the difference in biological
process and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways between distinct hypoxia-related clusters using
the GSVA package in R. The referenced gene sets of the KEGG
pathways and hallmark gene sets were used biological function
annotations, which were downloaded from MSigDB. The GSEA
algorithmwas alsoutilized tounderstand the difference in functions
and pathways between theHRGPI-high andHRGPI-low groups by
applying the clusterProfiler R package.

Comprehensive Analysis of Molecular and
Immune Characteristics and ICB
Treatment Effect
In this research, the estimate algorithm was utilized to evaluate
the overall infiltration of immune cells and stromal cells (19).
The ssGSEA algorithm was also utilized to evaluate immune-
related functions and infiltration immune cells in each sample.
The marker gene sets of immune-related functions and
infiltration immune cell types were obtained from the studies
of He et al. (20) and Charoentong et al. (21). To further define
the molecular characteristics between HRGPI-high and HRGPI-
low groups, the consensus molecular subtype (CMS)
classification of colorectal cancer was obtained from Guinney
et al. (22). Again, the different expression levels of the main
immune checkpoints, including PD-L1 and CTLA-4, were
compared among different hypoxia clusters or HRGPL groups.

The tumor immune dysfunction and exclusion (TIDE)
algorithm and IMvigor210 (A Study of Atezolizumab in
Participants with Locally Advanced or Metastatic Urothelial
Bladder Cancer; mUC) dataset were also used to explore the
prognostic of HRGPI in patients after immunotherapy. TIDE is a
computational framework developed to evaluate the potential of
tumor immune escape from the gene expression profiles of
cancer samples, which can predict the outcome of cancer
patients treated with anti-PD1 or anti-CTLA4 more accurately
than other biomarkers (23). Moreover, the TIDE score was
calculated online (http://tide.dfci.harvard.edu/) in this research.
The IMvigor210 was a dataset that contained patients with mUC
receiving PD-L1 inhibitor atezolizumab (24), and it was utilized
in this study to validate the effectiveness of HRGPI. The raw
transcriptomic and clinical data were obtained using the package
IMvigor in R.

Statistical Analysis
The Wilcoxon test and Kruskal test were performed to compare
continuous variables between two groups and more than two
groups, respectively. Categorical data were compared using the
Chi-square test and Fisher test. The Kaplan–Meier survival
curves were depicted, and the significant differences between
survival curves were determined with the log-rank test. All
statistical analyses in this research were performed with R
May 2022 | Volume 13 | Article 853352
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software 3.6.1. Furthermore, a two-sided p-value <0.05 was
considered significant.
RESULTS

Identification of Hypoxia-Related Clusters
We determined the optimal cluster number and identified four
distinct hypoxia-related clusters in the meta-cohort by utilizing
Frontiers in Immunology | www.frontiersin.org 4
the ConsensusClusterPlus algorithm, as shown in Figure 1A.
The four hypoxia-related clusters were labeled A to D, containing
187, 93, 229, and 142 patients. Unsupervised hierarchical
clustering showed that hypoxia genes were differentially
expressed among these four clusters (Figure 1B). Moreover,
we could find that the discrimination of our clusters was
excellent by visualizing the results of t-SNE and PCA
algorithms, as shown in Figures 1C, D. Furthermore, we
conducted Kaplan–Meier (K-M) survival analysis in the meta-
A

B

D

E F G

C

FIGURE 1 | Identification of hypoxia-related clusters. (A) Determination of four distinct hypoxia-related clusters by ConsensusClusterPlus. (B) Heatmap about the
expressions of hypoxia genes among four clusters. (C) Dot plot for these four clusters by t-SNE algorithms. (D) Dot plot for these four clusters by PCA algorithms.
(E–G) Survival analysis (Kaplan–Meier) in meta-cohort, TCGA cohort, and GEO cohort.
May 2022 | Volume 13 | Article 853352
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cohort, TCGA cohort, and GEO cohort in turn and
demonstrated that prognoses were statistically different among
these four clusters (Figures 1E–G). Moreover, we also discovered
that cluster A exhibited the best overall survival (OS) time and
progression-free survival (PFS) time among these four clusters;
however, cluster B presented the worst (Figures 1E–G;
Supplementary Figures S1–S3, and S4A–J).

Biological Processes and Immune
Characteristics of Different Hypoxia-
Related Clusters
Hypoxia status can activate the HIF-1 pathway to affect cancer
cells’ angiogenesis and metabolism processes and the infiltration
of immune cells into TME. So, we first briefly explored these
biological processes among these four hypoxia-related clusters
using the ssGSEA algorithm. As shown in Figures 2A–F and
Supplementary Table S3, levels of activation of these biological
processes were different among these four hypoxia-related
clusters. Moreover, cluster B was markedly activated in the
HIF-1 pathway, angiogenesis process, immune cell infiltration,
and stromal cell infiltration, while cluster A had the lowest
activation. Meanwhile, clusters A and B activated glycolysis
and fatty acid metabolism differently. We also explored a
string of tumor-related pathways by performing ssGSEA for
KEGG pathways. In Figure 2G and Supplementary Table S4,
the immune and carcinogenic pathways were mainly activated in
cluster B, namely the VEGF signaling pathway, antigen
presentation pathway, T/B cell receptor pathway, TGF-beta
signaling pathway, Wnt signaling pathway, Notch signaling
pathway, extracellular matrix (ECM) signaling pathway, and
colorectal cancer signaling pathway.

To explore the difference in immune characteristics among
these four hypoxia-related clusters, we subsequently analyzed the
composition of immune cells and activation of immune
functions in different clusters. The infiltration immune cells
were significantly distinct in these clusters, and cluster B was
characterized by high infiltration immune cells while cluster A
was the opposite (Figures 2H, I; Supplementary Table S5).
Interestingly, cluster B significantly increased not only in the
infiltration of cells that promote immune function, such as
activated B cells, memory CD4+ T cell, and effector memory
CD8+ T cell but also in the infiltration of cells that inhibit
immune function, containing myeloid-derived suppressor cells
(MDSC) and regulator T cells (Treg). We also found that
activation of immune functions was different in these four
hypoxia clusters, as shown in Figure 3A. Cluster B presented a
marked activation in anticancer immune function such as
antigen-presenting cell (APC) stimulation, CD8+ T cells, and
NK cells; however, the function of immune inhibitions was also
activated in cluster B, such as APC inhibition, checkpoints, Treg
cell, and T-cell inhibition, which accorded with the result of
infiltration immune cells.

We also explored the different expressions of immune
checkpoints and the benefits of immune therapy among these
four clusters. As Figure 3B shows, patients in cluster B had a
higher expression of checkpoints, including PD-L1 and PD-1,
Frontiers in Immunology | www.frontiersin.org 5
indicating a tendency for immune evasion. In addition, samples
in cluster B had the highest TIDE score, representing a higher
potential for immune evasion and suggesting a fewer benefit
from ICI therapy (Figure 3C).

Construction and Validation of Hypoxia-
Related Gene Signature Index
Biological processes and immune characteristics were distinct, as
shown above. Therefore, to identify some hypoxia-related genes,
we first conducted a WGCNA analysis and identified 17 modules
by setting the merging threshold function at 0.25, as shown in
Figure 4A. According to the Pearson correlation coefficient
between a module and sample feature for each module, the
magenta module closely correlated with clusters A and B
(Figure 4B). These genes in the magenta module were selected
as hypoxia-related genes and then overlapped with the
differentially expressed genes (DEGs) between tumor and
normal samples to obtain hypoxia-related hub genes
(Figure 4C; Supplementary Tables S6 and S7).

Subsequently, via utilizing univariate Cox regression,
multivariable Cox regression, and LASSO regression, we finally
constructed our HRGPI prognostic model, containing a total of
nine signature genes (ANO1, HOXC6, SLC2A4, VIP, CD1A,
STC2, OLFM2, ATP6V1B1, HMCN2), as shown in Figure 4D
and Supplementary Tables S8 and S9. Taking the median
HRGPI as the cutoff value, we conducted K-M survival
analysis for OS and PFS and found that a higher HRGPI score
indicated a worse prognosis (Figures 4E–G; Supplementary
Figure S4H). We also found that the patients in cluster A had
a higher HRGPI score than samples in cluster B, which was
consistent with our results above (Supplementary Figure S5).

Moreover, we enrolled HRGPI and clinical stage, age, and
gender into a multivariate Cox regression analysis to determine
whether the HRGPI was a clinically independent prognostic
factor for colorectal patients. Furthermore, a nomogram
containing independent factors was constructed, as shown in
Figure 5A. We then portrayed the corresponding calibration
plots in 1, 3, and 5 years, and the performance of the nomogram
was excellent (Figure 5B).

Thereafter, we conduct a series of analyses to verify the
effectiveness and sensitivity of our HRGPI. A ROC analysis
was conducted first. The area under the curve (AUC) values of
HRGPI for 1-, 3-, and 5-year OS were 0.757, 0.7555, and 0.72,
respectively. Moreover, compared with other clinical features
and the nomogram, the ROC analysis indicated that HRGPI
was better than other features (Figure 5C). We also carried out
the DCA analysis to determine the clinical usefulness of
HRGPI by quantifying the net benefits at different threshold
probabilities. As shown in Figure 5D, the character of HRGPI
had excellent clinical effectiveness compared with the
clinical stage.

Biological Process and Immune
characteristics of different HRGPI groups
GSEA was utilized to determine the KEGG pathways enriched in
different HRGPI groups. The gene sets of HRGPI-high samples
May 2022 | Volume 13 | Article 853352
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were mainly enriched in cytokine–cytokine receptor interaction,
cell adhesion molecules, leukocyte transendothelial migration,
and Toll-like receptor signaling pathways (Figure 6A).
Moreover, the gene sets of HRGPI-low samples were
principally enriched in ascorbate metabolism, drug metabolism
cytochrome P450, and retinol metabolism signaling pathways
Frontiers in Immunology | www.frontiersin.org 6
(Figure 6B). Detailed results of the GSEA are presented in
Supplementary Table S10.

We then explored these biological processes briefly between
the HRGPI-high and HRGPI-low groups. As shown in
Supplementary Figure S6, the HRGPI-high group markedly
activated in the HIF-1 pathway, angiogenesis process, immune
A B

D E F

G

I

H

C

FIGURE 2 | Biological processes and immune infiltration in different hypoxia-related clusters. (A–F) Six biological processes were different among these four
hypoxia-related clusters. (G) Heatmap about KEGG pathways among four hypoxia-related clusters. (H, I) Infiltration immune cells were significantly distinct in these
four clusters. (p>0.05 ns; p < 0.05 *; p < 0.01 **; p < 0.001 ***).
May 2022 | Volume 13 | Article 853352
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cell infiltration, and stromal cell infiltration, while HRGPI-low
groups had a fewer activation. Meanwhile, glycolysis and fatty
acid metabolism were also activated differently between these
two subgroups. Subsequently, we explored the different
compositions of infiltration immune cells between the HRGPI-
high and HRGPI-low groups. As shown in Figure 6C, we found
that some immune promoter cells, such as activated CD4+ T cell,
activated dendritic cell, effector memory CD8+ T cell, and natural
killer cell, were more abounded in the HRGPR-high samples,
while cells (including Treg cells and MDSC) that present a
function of immune inhibition also abounded in the HRGPI-
high samples. The phenomenon was striking and conformed
with our results about the infiltration of immune cells in hypoxia
cluster A. Moreover, we found that activation of immune
functions was different in different HRGPI groups, as shown in
Figure 6D. HRGPI-high samples presented a marked activation
in the function of immune inhibitions, such as checkpoints, Treg
cell, and T-cell inhibition, which was consistent with the
composition of infiltration immune cells mentioned above.

Molecular Subtypes of Different HRGPI
Groups
We employed the distribution of clinical stage in different
HRGPI groups. As shown in Figure 7A, the HRGPI-low group
comprised 17% stage I patients, 40% stage II patients, 26% stage
III patients, and 16% stage IV patients, while the HRGPI-high
Frontiers in Immunology | www.frontiersin.org 7
group comprised 13% stage I patients, 33% stage II patients, 32%
stage III patients, and 21% stage IV patients. Moreover, there
were more patients with advanced stages in the HRGPI-high
group than in the HRGPI-low group.

The international colorectal cancer subtyping consortium
analyzed six independent classification systems and proposed a
robust classification system named consensus molecular
subtypes (CMS): CMS1 (MSI immune), characterized by
hypermutated, microsatellite unstable, strong immune
activation; CMS2 (canonical), chromosomally unstable, marked
WNT and MYC signaling activation; CMS3 (metabolic), evident
metabolic dysregulation; and CMS4 (mesenchymal), prominent
transforming growth factor b activation, stromal invasion, and
angiogenesis (22). We then focused on the distribution of the
CMS molecular subtypes in the different HRGPI groups. The
proportions of CMS subtypes in the two groups were statistically
different, and there were more patients classified into CMS1 and
CMS4 and fewer samples classified into CMS2 and CMS3 in the
HRGPI-high group than in the HRGPI-low group (Figure 7B;
Supplementary Table S11).

The Benefits of Immune Therapy in
Different HRGPI Groups
Finally, we tried to assess the potential clinical efficacy of
immunotherapy in different HRGPI subgroups. Firstly, the
expression levels of some immune checkpoints were compared
A

B C

FIGURE 3 | Different immune characteristics in these four hypoxia clusters. (A) Different activation of immune functions among these four hypoxia clusters. (B) Different
expressions of immune checkpoints among these four hypoxia clusters. (C) Different TIDE scores among these four hypoxia clusters. (p < 0.05 *; p < 0.01 **; p < 0.001 ***).
May 2022 | Volume 13 | Article 853352
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between the two groups. As shown in Figure 8A, the expression
of PD-L1, PD-1, CTLA-4, HAVCR2, LAG3, and TIGIT was
higher in the HRGPI-high group than in the HRGPI-low group.
We then utilized the TIDE algorithm to evaluate the efficacy of
immunotherapy. Our results showed that the HRGPI-high group
had higher TIDE scores than the HRGPI-low group, which
indicated a higher potential for immune evasion and a fewer
benefit from ICI therapy in the HRGPI-high group (Figure 8B).
Furthermore, the scores of T-cell dysfunction and T-cell
exclusion were significantly different in these two groups.
Moreover, IMvigor210 (mUC) cohort was also used to verify
ICI benefits in the two groups. K-M survival curves revealed that
samples with a low HRGPI score exhibited significant benefits
and an apparent prolonged OS compared with the HRGPI-high
group (Figure 8C). However, the effectiveness and sensitivity of
HRGPI in the IMvigor210 cohort need to be improved, as AUC
values for 3- and 5-year OS were 0.592 and 0.58, respectively
Frontiers in Immunology | www.frontiersin.org 8
(Figure 8D). We also found that the patients with advanced
stages had a higher HRGPI score, and those with a CR/PR status
after ICI treatment had a lower HRGPI score (Figures 8E, F). It
conformed with the TIDE results above and indicated that
HRGPI could effectively assess the clinical efficacy
of immunotherapy.
DISCUSSION

Studies have demonstrated that the TME can be reprogrammed
under hypoxia status to induce abnormal angiogenesis,
desmoplasia, and inflammation, all of which contribute to
tumor progression and therapeutic resistance (15). The
hypoxia-induced biological functions are mediated by a string
of signaling pathways, including the Notch pathway, the Wnt
pathway, and especially the HIF-1 signaling pathway (25).
A B

D

E F G

C

FIGURE 4 | Construction of hypoxia-related gene signature index (HRGPI). (A) Identification of 17 modules by setting the merging threshold function at 0.25.
(B) Correlation coefficient between a module and sample feature for each module. (C) Volcano plot about DEGs between tumor and normal samples.
(D) Determination of the number of factors by the LASSO analysis. (E–G) Kaplan–Meier plots of OS for patients in the HRGPI-high and HRGPI-low groups.
May 2022 | Volume 13 | Article 853352
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Hypoxia leads to immune tolerance by inhibiting APC
recognition and dampening the capability of effector immune
cell-mediated elimination of tumor (26). Therefore, it is essential
to comprehensively understand the underlying mechanism of
the immune response of anti-tumor by exploring the role of
distinct hypoxia response patterns in biological processes and the
TME immune characteristics.

In this present study, four distinct hypoxia-related clusters
were first identified. These four clusters exhibited significant
differences in OS, PFS, biological processes, KEGG signaling
Frontiers in Immunology | www.frontiersin.org 9
pathways, and immune characteristics. The patients in cluster B
had the worst prognosis (OS and PFS), compared to patients in
cluster A. Moreover, we also found cluster B featured high-level
activation of the HIF-1 pathway, angiogenesis process, and
glycolysis process; however, opposite characteristics were seen
in cluster A. This phenomenon indicated that cluster B had a
more obvious hypoxia status than cluster A. Tumor hypoxia
induces HIF-1 overexpression to regulate a string of biological
processes (27). Under hypoxia stress, the inhibitory
hydroxylation of HIF-1a is reduced, leading to the stability
A

B

D

C

FIGURE 5 | Construction and validation of a nomogram containing HRGPI. (A) A nomogram to predict the 1-, 3-, and 5-year OS. (B) Calibration curves for the
nomogram model. (C) ROC curves for the 1-, 3-, and 5-year OS. (D) DCA curves for the 1-, 3-, and 5-year OS. (p < 0.05 *; p < 0.01 **; p < 0.001 ***).
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and translocation of HIF-1a to the nucleus, where it
heterodimerizes with HIF-1b , finally inducing some
overexpression of target genes (28). A study also found that
excessed HIF-1 could activate VEGF transcription, thereby
stimulating the process of angiogenesis and contributing to
tumor progression (29). Furthermore, the metabolism process
of tumor cells also changes when faced with hypoxia conditions.
HIF-1 promotes glucose uptake by activating the transcription of
transporters GLUT1 and GLUT3 and enhances glycolysis by
upregulating most of the glycolytic enzymes, including ENO1,
PGK1, and PKM2, to improve anaerobic energy production (30,
31). For lipid metabolism, hypoxia mainly enhances lipogenesis
Frontiers in Immunology | www.frontiersin.org 10
and relied on HIF-1-related modulation of proteins involved in
fatty acid (FA) uptake, synthesis, storage, and usage, and
simultaneously the catabolism of FA is impaired (30).
Researchers have demonstrated that hypoxia can stimulate
tumor proliferation and metastasis via activating Wnt, Notch,
and ECM-related pathways (13, 32, 33). Consistent with our
results, most carcinogenic pathways were mainly activated in
cluster B, including the Wnt signaling pathway, Notch signaling
pathway, and ECM signaling pathway.

Hypoxia facilitates malignant tumor escape from immune
surveillance by promoting innate and adaptive immune evasion
(27). In the innate immune part, HIF-1 can activate downstream
A B

D

C

FIGURE 6 | Biological process and immune characteristics of different HRGPI groups (A, B) Distinct KEGG pathways enrich in different HRGPI groups by GSEA
algorithm. (C) Infiltration immune cells were distinct in different HRGPI groups. (D) Different activation of immune functions in different HRGPI groups. (p < 0.05 *; p <
0.01 **; p < 0.001 ***).
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target genes and immunosuppressive molecules (as COX-2,
HIG-2), impairing the differentiation, immune function, and
maturation of NK cells and DCs (34–36). In the adaptive
immune part, the enhanced HIF-1 not only facilitates the
recruitment and stimulation of immune-suppressive cells,
including Treg and MDSC, but also improves the secretion of
TH2-type cytokines and impairs the production of TH1-type
cytokines, resulting in the inhibition of the antitumor immune
function of CD8+ T cells and the activity of APCs (18, 36, 37).
Our research found that the immune characteristics were distinct
among the four hypoxia patterns. As analyzed above, cluster B
was indicated to have the most apparent hypoxia status.
Moreover, we found it was characterized by high infiltration
immune cells and stromal cells, while cluster A was the opposite.
Interestingly, we found that not only MDSC and Treg but also B
cells, memory CD4+ T cells, and CD8+ T cells, all presented a
high infiltration level in cluster B. Therefore, we presume the
hypoxia TME of COAD was complex and tended to be labeled as
an immune-excluded phenotype. The presence of abundant
immune cells characterizes this phenotype; however, the
immune cells do not penetrate the parenchyma of tumors but
are retained in the stroma surrounding the nests of tumor cells
(38). In the aftermath treatment with anti-PD-L1/PD-1 agents,
stroma-associated T cells are shown as activation and
proliferation but not infiltration. This phenomenon was also
Frontiers in Immunology | www.frontiersin.org 11
consistent with our results regarding immune functions. Also, we
found that patients in cluster B had a higher expression of
checkpoints, including PD-L1, PD-1, and CTLA4. Many
studies identified that immune checkpoints are negative
regulatory molecules in the immune system (38, 39), and once
activated, these molecules can inhibit immune cell functions and
impair an effective antitumor immune response (27, 40). In
addition, patients in cluster B had the highest TIDE score, T-
cell exclusion score, and T-cell dysfunction score, which
suggested a fewer benefit from ICI therapy and conformed to
the results of infiltration immune cells and immune functions.
According to these hypoxia-related characteristics of COAD, it
may be better to focus on stroma (such as ECM-related target
sites) simultaneously when conducting ICI therapy for COAD
patients. ECM plays a vital role in the development and
progression of cancer, influencing the regulation of immune
cell migration and function (41). Peter et al. found that ECM is
an obstacle for immune cells to make direct contact with adjacent
tumor cells and thus limits colorectal tumor therapy (42). Studies
found that losartan impairs collagen and hyaluronan deposition
in various malignancies, reducing hypoxia status and improving
tissue perfusion (43, 44). Treatment for ECM will most likely
improve tumor immunity by promoting T-cell migration and
inhibiting a myelosuppressive phenotype; however, more clinical
trials are needed to demonstrate the therapeutic effectiveness of
immune therapies (41).

Based on the distinct characteristics among the four hypoxia-
related clusters, we then identified nine signature genes and
constructed a hypoxia-related prognostic index named HRGPI
by utilizing a string of algorithms such as WGCNA and LASSO
regression analysis. The HRGPI proved to be a valid prognostic
hypoxia-related biomarker for COAD, with better survival in
HRGPI-low patients and worse survival in HRGPI-high patients.
Meanwhile, the effectiveness and sensitivity of our HRGPI were
also outstanding compared with clinical stage, age, and even a
nomogram that contained HRGPI and stage. Zhang et al.
constructed a prognostic hypoxia model based on five genes.
However, the AUC values for 1, 3, and 5 years in their internal
validation group were only 0.614, 0.585, and 0.514, respectively
(45). Yang et al. also built a hypoxia-related model using four
miRNAs, and the AUC values for 3 and 5 years were 0.711 and
0.737, respectively, which are as good as our HRGPI (46).

Our HRGPI consisted of nine genes, ANO1, HOXC6, SLC2A4,
VIP, CD1A, STC2, OLFM2, ATP6V1B1, and HMCN2. From our
best research, HOXC6, SLC2A4, VIP, CD1A, STC2, and OLFM2
are related to cancer progression. Homeobox C6 (HOXC6) is a
transcription factor that plays a vital role in several cancers,
including colorectal cancer (47, 48). The overexpression of
HOXC6 can promote the migration and invasion of colon cancer
cells by inducing epithelial-mesenchymal transition (EMT) via
activating the Wnt/b-catenin signaling pathway (49). Solute
carrier family-2-member-4-gene (Slc2a4) encodes GLUT4, which
functionsas an insulin-regulated facilitativeglucose transporter and
has been identified as a promising therapeutic target for cancer (50).
Vasoactive intestinal peptide (VIP) influences solid tumor
angiogenesis (51). Collado et al. found that VIP does not
A

B

FIGURE 7 | Distribution of clinical-stage, molecular and immune subtypes in
different HRGPI groups. (A) Heatmap and table showing the distribution of
clinical stage in different HRGPI groups. (B) Heatmap and table showing the
distribution of CMS subtypes in different HRGPI groups.
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stimulate HIF-1 mRNA expression but increases the translocation
ofHIF-1 fromthe cytoplasmto thenucleus (52).CD1A is amember
of the CD1 family, which mediates MHC-independent pathways
for antigen presentation and T-cell activation (53). Stanniocalcin 2
(STC2) gene is a glycoprotein hormone involved in glutamine or
glucose deprivation, and it also was upregulated under hypoxia
status. It can contribute to tumor cells’ adaptation to hypoxia, thus
promoting tumor progression (54, 55). Moreover, STC2 plays an
important role in CRC progression and prognosis and could be a
biomarker for survival prediction (55). However, there is little
research about ANO1, ATP6V1B1, and HMCN2 in tumors, and
it may be better to pay more attention to them.

Thereafter, we identified the biological processes and immune
characteristics of HRGPI subgroups. The HRGPI-high group
was presented as higher activity of the HIF-1 pathway, a higher
score of angiogenesis process, and a higher infiltration level of
immune cells and stromal cells than the HRGPI-low group,
inclining to present more obvious hypoxia patterns than cluster
B. The immune characteristics in the HRGPI-high group were
Frontiers in Immunology | www.frontiersin.org 12
similar to those in cluster B, while those in HRGPI-low were
similar to those in cluster A, which indicated that our HRGPI
could accurately evaluate and quantify the hypoxia-related
characteristics of patients with COAD. We also found that the
HRGPI-high group was mainly enriched in immune- and
cancer-related pathways, such as cytokine–cytokine receptor
interaction and Toll-like receptor signaling pathways.
Moreover, the HRGPI-low group was mainly enriched in the
metabolism-related pathways, including ascorbate metabolism,
drug metabolism cytochrome P450, etc.

Integrated with clinical stages and molecular subtypes, HRGPI
could distinguish different clinical and molecular subtypes of
COAD. In terms of the clinical stages, there were more patients
with advanced stages in theHRGPI-highgroup than in theHRGPI-
lowgroup.The clinical stage is themost critical prognostic index for
patients with COAD, and an early stage indicates a better outcome
(56). We also found that the proportions of CMS subtypes in
HRGPI subgroups were different, and there were more patients
classified into CMS1 and CMS4 and fewer samples classified into
A B

D

E F

C

FIGURE 8 | The prognostic value of HRGPI in patients with ICI therapy. (A) Different expressions of immune checkpoints in different HRGPI groups. (B) Different
TIDE scores in different HRGPI groups. (C) Kaplan–Meier plots of the HRGPI subgroups in the mUC cohort. (D) ROC curves of HRGPI for the 1-, 3-, and 5-year OS
of patients in the mUC cohort. (E) Patients with advanced stages in the mUC cohort have a higher HRGPI score. (F) Patients with SD/PD status after ICI treatment in
the mUC cohort have a higher HRGPI score. (p < 0.05 *; p < 0.01 **; p < 0.001 ***).
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CMS2andCMS3 in theHRGPI-high group than in theHRGPI-low
group. According to Guinney et al., the CMS1 subtype is
characterized by increased expression of genes related to a high-
level immune infiltratemainly composedofTH1 cells and cytotoxic
T cells (CTLs), together with the activation of immune evasion
pathways (22).CMS4displays aworseprognosis containingOSand
relapse-free survival, showing upregulation of genes in EMT, a high
level of stromal infiltration, and activation of transforming growth
factor (TGF-b) signaling, angiogenesis, and matrix remodeling
pathways (22).

Interestingly, we uncovered that HRGPI might reflect
different benefits from ICI therapy (anti-PD1 and anti-
CTLA4). The HRGPI-high group had a higher TIDE score,
which indicated a higher potential for immune evasion and a
fewer benefit from ICI therapy. Meanwhile, higher T-cell
exclusion scores and T-cell dysfunction scores were observed
in the HRGPI-high group, suggesting a lower ICI response might
be due to immune evasion via T-cell exclusion and T-cell
dysfunction (23). To further investigate the prognostic value of
HRGPI, the IMvigor210 (mUC) cohort was also used to verify
the benefits of ICI in the two HRGPI groups. We found that
HRGPI could differentiate outcomes in patients with COAD who
received anti-PD-L1 therapy. Moreover, the patients with a lower
HRGPI score are inclined to present a CR/PR status after ICI
treatment and have a better OS. Hypoxia plays an essential role
in preventing the effectiveness of ICI. Under hypoxia stress,
tumor cells produce more adenosine and secret it in extracellular
surroundings, resulting in the suppressor of T cells (57, 58).
Moreover, HIF-1 is a vital inhibitor for the adaptive immune
system (59). This was also consistent with our results above.
CONCLUSION

In conclusion, different hypoxia-responding patterns present
distinct biological processes, signaling pathways, and immune
features. Under severe hypoxia status, the TME of COAD was
complex and tended to present as an immune-excluded phenotype.
HRGPI grouping has an advantage in distinguishing immune and
molecular characteristics. Furthermore, the HRGPI could be an
independent prognostic factor for COAD patients and an excellent
predictive indicator for clinical response to ICI therapy.
Frontiers in Immunology | www.frontiersin.org 13
DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
access ion number(s) can be found in the art ic le/
Supplementary Material.
AUTHOR CONTRIBUTIONS

JR conceived and supervised the study. JR, SB, LC, YY, RL, YZ,
XW, HK, ZF, GL, SZ, and ED analyzed data. JR and SB wrote the
manuscript. JR and SB made manuscript revisions. All authors
have read and approved the final version of this submission.
FUNDING

This manuscript is supported by the Scientific and Technological
Research Foundation of Shaan’xi Province (Juan Ren,
2020JM-368).
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
853352/full#supplementary-material

Supplementary Figure 1 | Detailed results of survival analysis (Kaplan–Meier) for
OS in meta-cohort.

Supplementary Figure 2 | Detailed results of survival analysis (Kaplan–Meier) for
OS in TCGA cohort.

Supplementary Figure 3 | Detailed results of survival analysis (Kaplan–Meier) for
OS in GEO cohort.

Supplementary Figure 4 | Different biological processes between the HRGPI-
high group and the HRGPI-low group.

Supplementary Figure 5 | Detailed results of survival analysis (Kaplan–Meier) for
PFS in meta-cohort.

Supplementary Figure 6 | The distribution of HRGPI scores in cluster A-D.
REFERENCES

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global
Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality
Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2018) 68:394–
424. doi: 10.3322/caac.21492

2. Siegel RL, Miller KD, Fedewa SA, Ahnen DJ, Meester RGS, Barzi A, et al.
Colorectal Cancer Statistics, 2017. CA Cancer J Clin (2017) 67:177–93.
doi: 10.3322/caac.21395

3. Tolba MF. Revolutionizing the Landscape of Colorectal Cancer Treatment:
The Potential Role of Immune Checkpoint Inhibitors. Int J Cancer (2020)
147:2996–3006. doi: 10.1002/ijc.33056

4. Jacome AA, Eng C. Role of Immune Checkpoint Inhibitors in the Treatment
of Colorectal Cancer: Focus on Nivolumab. Expert Opin Biol Ther (2019)
19:1247–63. doi: 10.1080/14712598.2019.1680636
5. Picard E, Verschoor CP, Ma GW, Pawelec G. Relationships Between Immune
Landscapes, Genetic Subtypes and Responses to Immunotherapy in
Colorectal Cancer. Front Immunol (2020) 11:369. doi: 10.3389/
fimmu.2020.00369

6. Brahmer JR, Tykodi SS, Chow LQ, Hwu WJ, 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/NEJMoa
1200694

7. O’Neil BH, Wallmark JM, Lorente D, Elez E, Raimbourg J, Gomez-Roca C,
et al. Safety and Antitumor Activity of the Anti-PD-1 Antibody
Pembrolizumab in Patients With Advanced Colorectal Carcinoma. PloS
One (2017) 12:e0189848. doi: 10.1371/journal.pone.0189848

8. Jung G, Benitez-Ribas D, Sanchez A, Balaguer F. Current Treatments of
Metastatic Colorectal Cancer With Immune Checkpoint Inhibitors-2020
Update. J Clin Med (2020) 9:3520. doi: 10.3390/jcm9113520
May 2022 | Volume 13 | Article 853352

https://www.frontiersin.org/articles/10.3389/fimmu.2022.853352/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.853352/full#supplementary-material
https://doi.org/10.3322/caac.21492
https://doi.org/10.3322/caac.21395
https://doi.org/10.1002/ijc.33056
https://doi.org/10.1080/14712598.2019.1680636
https://doi.org/10.3389/fimmu.2020.00369
https://doi.org/10.3389/fimmu.2020.00369
https://doi.org/10.1056/NEJMoa1200694
https://doi.org/10.1056/NEJMoa1200694
https://doi.org/10.1371/journal.pone.0189848
https://doi.org/10.3390/jcm9113520
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bai et al. Exploration of Different Hypoxia Patterns
9. Gajewski TF, Schreiber H, Fu YX. Innate and Adaptive Immune Cells in the
Tumor Microenvironment. Nat Immunol (2013) 14:1014–22. doi: 10.1038/
ni.2703

10. Shao C, Yang F, Miao S, Liu W, Wang C, Shu Y, et al. Role of Hypoxia-
Induced Exosomes in Tumor Biology.Mol Cancer (2018) 17:120. doi: 10.1186/
s12943-018-0869-y

11. Majmundar AJ, Wong WJ, Simon MC. Hypoxia-Inducible Factors and the
Response to Hypoxic Stress. Mol Cell (2010) 40:294–309. doi: 10.1016/
j.molcel.2010.09.022

12. Folkerts H, Hilgendorf S, Vellenga E, Bremer E, Wiersma VR. The
Multifaceted Role of Autophagy in Cancer and the Microenvironment. Med
Res Rev (2019) 39:517–60. doi: 10.1002/med.21531

13. Gilkes DM, Semenza GL, Wirtz D. Hypoxia and the Extracellular Matrix:
Drivers of Tumour Metastasis. Nat Rev Cancer (2014) 14:430–9. doi: 10.1038/
nrc3726

14. Yang G, Shi R, Zhang Q. Hypoxia and Oxygen-Sensing Signaling in Gene
Regulation and Cancer Progression. Int J Mol Sci (2020) 21:8162. doi: 10.3390/
ijms21218162

15. Jing X, Yang F, Shao C, Wei K, Xie M, Shen H, et al. Role of Hypoxia in Cancer
Therapy by Regulating the Tumor Microenvironment. Mol Cancer (2019)
18:157. doi: 10.1186/s12943-019-1089-9

16. Barsoum IB, Smallwood CA, Siemens DR, Graham CH. A Mechanism of
Hypoxia-Mediated Escape From Adaptive Immunity in Cancer Cells. Cancer
Res (2014) 74:665–74. doi: 10.1158/0008-5472.CAN-13-0992

17. Hsu TS, Lin YL, Wang YA, Mo ST, Chi PY, Lai AC, et al. HIF-2alpha is
Indispensable for Regulatory T Cell Function. Nat Commun (2020) 11:5005.
doi: 10.1038/s41467-020-18731-y

18. Noman MZ, Desantis G, Janji B, Hasmim M, Karray S, Dessen P, et al. PD-L1
is a Novel Direct Target of HIF-1alpha, and its Blockade Under Hypoxia
Enhanced MDSC-Mediated T Cell Activation. J Exp Med (2014) 211:781–90.
doi: 10.1084/jem.20131916

19. Yoshihara K, Shahmoradgoli M, Martinez E, Vegesna R, Kim H, Torres-
Garcia W, et al. Inferring Tumour Purity and Stromal and Immune Cell
Admixture From Expression Data. Nat Commun (2013) 4:2612. doi: 10.1038/
ncomms3612

20. He Y, Jiang Z, Chen C, Wang X. Classification of Triple-Negative Breast
Cancers Based on Immunogenomic Profiling. J Exp Clin Cancer Res (2018)
37:327. doi: 10.1186/s13046-018-1002-1

21. Charoentong P, Finotello F, Angelova M, Mayer C, Efremova M, Rieder D,
et al. Pan-Cancer Immunogenomic Analyses Reveal Genotype-
Immunophenotype Relationships and Predictors of Response to Checkpoint
Blockade. Cell Rep (2017) 18:248–62. doi: 10.1016/j.celrep.2016.12.019

22. Guinney J, Dienstmann R, Wang X, de Reynies A, Schlicker A, Soneson C,
et al. The Consensus Molecular Subtypes of Colorectal Cancer. Nat Med
(2015) 21:1350–6. doi: 10.1038/nm.3967

23. Jiang P, Gu S, Pan D, Fu J, Sahu A, Hu X, et al. Signatures of T Cell
Dysfunction and Exclusion Predict Cancer Immunotherapy Response. Nat
Med (2018) 24:1550–8. doi: 10.1038/s41591-018-0136-1

24. Mariathasan S, Turley SJ, Nickles D, Castiglioni A, Yuen K, Wang Y, et al.
TGFbeta Attenuates Tumour Response to PD-L1 Blockade by Contributing to
Exclusion of T Cells. Nature (2018) 554:544–8. doi: 10.1038/nature25501

25. Semenza GL. Oxygen Sensing, Hypoxia-Inducible Factors, and Disease
Pathophysiology. . Annu Rev Pathol (2014) 9:47–71. doi: 10.1146/annurev-
pathol-012513-104720

26. Casey SC, Amedei A, Aquilano K, Azmi AS, Benencia F, Bhakta D, et al.
Cancer Prevention and Therapy Through the Modulation of the Tumor
Microenvironment. Semin Cancer Biol (2015) 35 (Suppl):S199–223.
doi: 10.1016/j.semcancer.2015.02.007

27. You L, Wu W, Wang X, Fang L, Adam V, Nepovimova E, et al. The Role of
Hypoxia-Inducible Factor 1 in Tumor Immune Evasion. Med Res Rev (2021)
41:1622–43. doi: 10.1002/med.21771

28. Semenza GL. HIF-1 and Mechanisms of Hypoxia Sensing. Curr Opin Cell Biol
(2001) 13:167–71. doi: 10.1016/s0955-0674(00)00194-0

29. Masoud GN, Li W. HIF-1alpha Pathway: Role, Regulation and Intervention
for Cancer Therapy. Acta Pharm Sin B (2015) 5:378–89. doi: 10.1016/
j.apsb.2015.05.007

30. Mylonis I, Simos G, Paraskeva E. Hypoxia-Inducible Factors and the
Regulation of Lipid Metabolism. Cells (2019) 8:14. doi: 10.3390/cells8030214
Frontiers in Immunology | www.frontiersin.org 14
31. Semenza GL. HIF-1: Upstream and Downstream of Cancer Metabolism. Curr
Opin Genet Dev (2010) 20:51–6. doi: 10.1016/j.gde.2009.10.009

32. Pear WS, Simon MC. Lasting Longer Without Oxygen: The Influence of
Hypoxia on Notch Signaling. Cancer Cell (2005) 8:435–7. doi: 10.1016/
j.ccr.2005.11.016

33. Yan Y, Liu F, Han L, Zhao L, Chen J, Olopade OI, et al. HIF-2alpha Promotes
Conversion to a Stem Cell Phenotype and Induces Chemoresistance in Breast
Cancer Cells by Activating Wnt and Notch Pathways. J Exp Clin Cancer Res
(2018) 37:256. doi: 10.1186/s13046-018-0925-x

34. Cui C, Fu K, Yang L, Wu S, Cen Z, Meng X, et al. Hypoxia-Inducible Gene 2
Promotes the Immune Escape of Hepatocellular Carcinoma From Nature
Killer Cells Through the Interleukin-10-STAT3 Signaling Pathway. J Exp Clin
Cancer Res (2019) 38:229. doi: 10.1186/s13046-019-1233-9

35. Garufi A, Pistritto G, Ceci C, Di Renzo L, Santarelli R, Faggioni A, et al.
Targeting COX-2/PGE(2) Pathway in HIPK2 Knockdown Cancer Cells:
Impact on Dendritic Cell Maturation. PloS One (2012) 7:e48342.
doi: 10.1371/journal.pone.0048342

36. Vaupel P, Multhoff G. Hypoxia-/HIF-1alpha-Driven Factors of the Tumor
Microenvironment Impeding Antitumor Immune Responses and Promoting
Malignant Progression. Adv Exp Med Biol (2018) 1072:171–5. doi: 10.1007/
978-3-319-91287-5_27

37. Facciabene A, Peng X, Hagemann IS, Balint K, Barchetti A, Wang LP, et al.
Tumour Hypoxia Promotes Tolerance and Angiogenesis via CCL28 and T
(reg) Cells. Nature (2011) 475:226–30. doi: 10.1038/nature10169

38. Chen DS, Mellman I. Elements of Cancer Immunity and the Cancer-Immune
Set Point. Nature (2017) 541:321–30. doi: 10.1038/nature21349

39. Jiang X, Wang J, Deng X, Xiong F, Ge J, Xiang B, et al. Role of the Tumor
Microenvironment in PD-L1/PD-1-Mediated Tumor Immune Escape. Mol
Cancer (2019) 18:10. doi: 10.1186/s12943-018-0928-4

40. Pardoll DM. The Blockade of Immune Checkpoints in Cancer
Immunotherapy. Nat Rev Cancer (2012) 12:252–64. doi: 10.1038/nrc3239

41. Gordon-Weeks A, Yuzhalin AE. Cancer Extracellular Matrix Proteins Regulate
Tumour Immunity. Cancers (Basel) (2020) 12:3331. doi: 10.3390/cancers12113331

42. Kuppen PJ, van der EbMM, Jonges LE, Hagenaars M, Hokland ME, Nannmark
U, et al. Tumor Structure and Extracellular Matrix as a Possible Barrier for
Therapeutic Approaches Using Immune Cells or Adenoviruses in Colorectal
Cancer. Histochem Cell Biol (2001) 115:67–72. doi: 10.1007/s004180000224

43. Chauhan VP, Martin JD, Liu H, Lacorre DA, Jain SR, Kozin SV, et al.
Angiotensin Inhibition Enhances Drug Delivery and Potentiates
Chemotherapy by Decompressing Tumour Blood Vessels. Nat Commun
(2013) 4:2516. doi: 10.1038/ncomms3516

44. Diop-Frimpong B, Chauhan VP, Krane S, Boucher Y, Jain RK. Losartan
Inhibits Collagen I Synthesis and Improves the Distribution and Efficacy of
Nanotherapeutics in Tumors. Proc Natl Acad Sci U S A (2011) 108:2909–14.
doi: 10.1073/pnas.1018892108

45. Zhang Y, Yang F, Peng X, Li X, Luo N, ZhuW, et al. Hypoxia Constructing the
Prognostic Model of Colorectal Adenocarcinoma and Related to the Immune
Microenvironment. Front Cell Dev Biol (2021) 9:665364. doi: 10.3389/
fcell.2021.665364

46. Yang Y, Qu A, Wu Q, Zhang X, Wang L, Li C, et al. Prognostic Value of a
Hypoxia-Related microRNA Signature in Patients With Colorectal Cancer.
Aging (Albany NY) (2020) 12:35–52. doi: 10.18632/aging.102228

47. Wang Y, Wang C, Liu N, Hou J, Xiao W,Wang H. HOXC6 Promotes Cervical
Cancer Progression via Regulation of Bcl-2. FASEB J (2019) 33:3901–11.
doi: 10.1096/fj.201801099RR

48. Zhou J, Yang X, Song P, Wang H, Wang X. HOXC6 in the Prognosis of
Prostate Cancer. Artif Cells Nanomed Biotechnol (2019) 47:2715–20.
doi: 10.1080/21691401.2019.1635136

49. Qi L, Chen J, Zhou B, Xu K, Wang K, Fang Z, et al. HomeoboxC6 Promotes
Metastasis by Orchestrating the DKK1/Wnt/beta-Catenin Axis in Right-Sided
Colon Cancer. Cell Death Dis (2021) 12:337. doi: 10.1038/s41419-021-03630-x

50. Aruleba RT, Adekiya TA, Oyinloye BE, Kappo AP. Structural Studies of
Predicted Ligand Binding Sites and Molecular Docking Analysis of Slc2a4 as a
Therapeutic Target for the Treatment of Cancer. Int J Mol Sci (2018) 19:386.
doi: 10.3390/ijms19020386

51. Tang B, Yong X, Xie R, Li QW, Yang SM. Vasoactive Intestinal Peptide
Receptor-Based Imaging and Treatment of Tumors (Review). Int J Oncol
(2014) 44:1023–31. doi: 10.3892/ijo.2014.2276
May 2022 | Volume 13 | Article 853352

https://doi.org/10.1038/ni.2703
https://doi.org/10.1038/ni.2703
https://doi.org/10.1186/s12943-018-0869-y
https://doi.org/10.1186/s12943-018-0869-y
https://doi.org/10.1016/j.molcel.2010.09.022
https://doi.org/10.1016/j.molcel.2010.09.022
https://doi.org/10.1002/med.21531
https://doi.org/10.1038/nrc3726
https://doi.org/10.1038/nrc3726
https://doi.org/10.3390/ijms21218162
https://doi.org/10.3390/ijms21218162
https://doi.org/10.1186/s12943-019-1089-9
https://doi.org/10.1158/0008-5472.CAN-13-0992
https://doi.org/10.1038/s41467-020-18731-y
https://doi.org/10.1084/jem.20131916
https://doi.org/10.1038/ncomms3612
https://doi.org/10.1038/ncomms3612
https://doi.org/10.1186/s13046-018-1002-1
https://doi.org/10.1016/j.celrep.2016.12.019
https://doi.org/10.1038/nm.3967
https://doi.org/10.1038/s41591-018-0136-1
https://doi.org/10.1038/nature25501
https://doi.org/10.1146/annurev-pathol-012513-104720
https://doi.org/10.1146/annurev-pathol-012513-104720
https://doi.org/10.1016/j.semcancer.2015.02.007
https://doi.org/10.1002/med.21771
https://doi.org/10.1016/s0955-0674(00)00194-0
https://doi.org/10.1016/j.apsb.2015.05.007
https://doi.org/10.1016/j.apsb.2015.05.007
https://doi.org/10.3390/cells8030214
https://doi.org/10.1016/j.gde.2009.10.009
https://doi.org/10.1016/j.ccr.2005.11.016
https://doi.org/10.1016/j.ccr.2005.11.016
https://doi.org/10.1186/s13046-018-0925-x
https://doi.org/10.1186/s13046-019-1233-9
https://doi.org/10.1371/journal.pone.0048342
https://doi.org/10.1007/978-3-319-91287-5_27
https://doi.org/10.1007/978-3-319-91287-5_27
https://doi.org/10.1038/nature10169
https://doi.org/10.1038/nature21349
https://doi.org/10.1186/s12943-018-0928-4
https://doi.org/10.1038/nrc3239
https://doi.org/10.3390/cancers12113331
https://doi.org/10.1007/s004180000224
https://doi.org/10.1038/ncomms3516
https://doi.org/10.1073/pnas.1018892108
https://doi.org/10.3389/fcell.2021.665364
https://doi.org/10.3389/fcell.2021.665364
https://doi.org/10.18632/aging.102228
https://doi.org/10.1096/fj.201801099RR
https://doi.org/10.1080/21691401.2019.1635136
https://doi.org/10.1038/s41419-021-03630-x
https://doi.org/10.3390/ijms19020386
https://doi.org/10.3892/ijo.2014.2276
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bai et al. Exploration of Different Hypoxia Patterns
52. Collado B, Sanchez-Chapado M, Prieto JC, Carmena MJ. Hypoxia Regulation
of Expression and Angiogenic Effects of Vasoactive Intestinal Peptide (VIP)
and VIP Receptors in LNCaP Prostate Cancer Cells. Mol Cell Endocrinol
(2006) 249:116–22. doi: 10.1016/j.mce.2006.02.004

53. La Rocca G, Anzalone R, Bucchieri F, Farina F, Cappello F, Zummo G. CD1a
and Antitumour Immune Response. Immunol Lett (2004) 95:1–4.
doi: 10.1016/j.imlet.2004.05.006

54. Qie S, Liang D, Yin C, GuW, MengM,Wang C, et al. Glutamine Depletion and
Glucose Depletion Trigger Growth Inhibition via Distinctive Gene Expression
Reprogramming. Cell Cycle (2012) 11:3679–90. doi: 10.4161/cc.21944

55. Zhang C, Chen S, Ma X, Yang Q, Su F, Shu X, et al. Upregulation of STC2 in
Colorectal Cancer and its Clinicopathological Significance. Onco Targets Ther
(2019) 12:1249–58. doi: 10.2147/OTT.S191609

56. Brenner H, Kloor M, Pox CP. Colorectal Cancer. Lancet (2014) 383:1490–502.
doi: 10.1016/S0140-6736(13)61649-9

57. Hatfield SM, Kjaergaard J, Lukashev D, Schreiber TH, Belikoff B, Abbott R, et al.
Immunological Mechanisms of the Antitumor Effects of Supplemental
Oxygenation. Sci TranslMed (2015) 7:277ra230. doi: 10.1126/scitranslmed.aaa1260

58. Hatfield SM, Sitkovsky M. A2A Adenosine Receptor Antagonists to Weaken
the Hypoxia-HIF-1alpha Driven Immunosuppression and Improve
Immunotherapies of Cancer. Curr Opin Pharmacol (2016) 29:90–6.
doi: 10.1016/j.coph.2016.06.009
Frontiers in Immunology | www.frontiersin.org 15
59. Noman MZ, Hasmim M, Lequeux A, Xiao M, Duhem C, Chouaib S, et al.
Improving Cancer Immunotherapy by Targeting the Hypoxic Tumor
Microenvironment: New Opportunities and Challenges. Cells (2019) 8:1083.
doi: 10.3390/cells8091083

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Bai, Chen, Yan, Li, Zhou, Wang, Kang, Feng, Li, Zhou, Drokow
and Ren. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
May 2022 | Volume 13 | Article 853352

https://doi.org/10.1016/j.mce.2006.02.004
https://doi.org/10.1016/j.imlet.2004.05.006
https://doi.org/10.4161/cc.21944
https://doi.org/10.2147/OTT.S191609
https://doi.org/10.1016/S0140-6736(13)61649-9
https://doi.org/10.1126/scitranslmed.aaa1260
https://doi.org/10.1016/j.coph.2016.06.009
https://doi.org/10.3390/cells8091083
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Exploration of Different Hypoxia Patterns and Construction of a Hypoxia-Related Gene Prognostic Index in Colorectal Cancer
	Introduction
	Methods
	Data Acquiring and Processing
	Clustering for Different Hypoxia-Related Patterns
	Identification of Hypoxia-Related Hub Genes
	Construction and Validation of Hypoxia-Related Gene Prognostic Index
	Function and Pathway Enrichment Analysis
	Comprehensive Analysis of Molecular and Immune Characteristics and ICB Treatment Effect
	Statistical Analysis

	Results
	Identification of Hypoxia-Related Clusters
	Biological Processes and Immune Characteristics of Different Hypoxia-Related Clusters
	Construction and Validation of Hypoxia-Related Gene Signature Index
	Biological Process and Immune characteristics of different HRGPI groups
	Molecular Subtypes of Different HRGPI Groups
	The Benefits of Immune Therapy in Different HRGPI Groups

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


