
Abstract. Background/Aim: Despite the emergence of
cellular, animal, and clinical-based evidence demonstrating
a link between hypoxia-inducible factor-1α (HIF-1α) and
malignancy, the comprehensive assessment of HIF-1α in
pan-cancer patients remains unclear, particularly regarding
HIF-1α expression and its association with immune
infiltration and immune checkpoint. The present study aimed
to investigate the role of HIF-1α expression in various types
of malignancies through bioinformatics analysis. Materials
and Methods: We investigated the expression and prognostic
value of HIF-1α in pan-cancer based on the TCGA (The
Cancer Genome Atlas) dataset. The abundance of immune
infiltration was estimated by xCell immune deconvolution
methods. We investigated the relationship of HIF-1α
expression with immune infiltration and immune checkpoint
gene expression, with a focus on gastric adenocarcinoma
(STAD) and lung squamous cell carcinoma (LUSC). Results:
HIF-1α expression had different effects on the prognosis of
various cancers. In contrast to the protective effect of HIF-
1α expression in LUSC, high levels of HIF-1α expression
played a detrimental role in the survival of STAD patients.
There was a significant positive correlation between HIF-1α
expression and immune infiltration in STAD patients,
including regulatory T-cells (Tregs), T-cell CD4+ Th2,
neutrophils, M1 and M2 macrophages. In addition, immune

checkpoint molecules showed different HIF-1α-related
profiles in various carcinomas. Conclusion: A relatively
comprehensive view of the oncogenic role of HIF-1α in
various tumors based on a pan-cancer analysis is provided
in this study. HIF-1α may be considered a poor prognostic
biomarker for STAD and, moreover, it may be involved in
regulating tumor immune infiltration. 

Hypoxia is defined as a pathological phenomenon that occurs
when the tissues of the body do not receive enough oxygen
or cannot use it efficiently (1). Surprisingly, however,
hypoxia is a typical feature of most solid tumors. Hypoxia is
closely associated with tumor proliferation, differentiation,
epithelial-mesenchymal transition, angiogenesis, energy
metabolic pattern switching, immune response, resistance to
conventional therapy, genetic instability, and ultimately poor
prognosis (2). Despite this, little is known about the
underlying molecular mechanisms of how tumor cells
respond to a hypoxic environment. Hypoxia-inducible
transcription factors (HIFs) are central regulators of tumor
cell adaptation to the hypoxic environment (3). Due to the
intricate mechanisms of tumorigenesis, it is valuable to
investigate any target gene pan-cancerously and assess its
relationship with clinical prognosis and, more importantly,
the underlying functional molecular mechanisms.

A large body of evidence suggests that solid tumors
frequently experience hypoxic stress. It was initially
identified as a regulatory element controlling erythropoietin
(EPO) production in the blood system. Currently, HIFs are
widely recognized as essential controllers of the tumor
response to hypoxic stress (4). HIFs are heterodimers that
include oxygen-sensitive alpha subunits (HIF-1α, HIF-2α,
and HIF-3α) and constitutively expressed beta subunits
(HIF1β, also called ARNT1). In contrast to HIF-2α and HIF-
3α, HIF-1α is commonly expressed in all cells (5, 6). HIF-
1α is generally overexpressed in human malignant cells;
however, this depends on the type of cancer. Many
investigations have shown that patients with tumors with
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high HIF-1α expression have a poor prognosis. Therefore
HIF-1α is used as a biomarker for tumor treatment response
assessment (7, 8). 

The recent development of immunotherapy has opened
another period of modern cancer treatment. Cancer
immunotherapy aims to stimulate the human immune system
to eliminate cancer cells. However, due to the complexity of
the tumor microenvironment, only a minority of patients
benefit from immunotherapy. It is undeniable that hypoxia is
crucial for the development of successful cancer
immunotherapy (9). Fluctuations in oxygen stress and
metabolic patterns in tumors produce unique barriers that
limit the function and phenotype of immune cells. For
example, the HIF-1α signaling pathway plays a central role
in the biological function of macrophages. HIF-1α plays
different roles in the different subtypes of macrophages, M1
and M2. In M1 macrophages, HIF-1α is fundamental for the
maintenance of glycolysis and energy metabolism (10).
Hypoxic exosomes derived from pancreatic malignancy cells
activate the conversion of macrophages to the M2 subtype
in a HIF-1α-dependent manner, which subsequently
promotes the migration, invasion, and epithelial-to-
mesenchymal transition of pancreatic cancer cells (11). To
re-establish the anti-tumor response of T cells, the
development of hostile monoclonal antibodies blocking
immune checkpoints has become a hot topic in tumor
immunotherapy. So far, monoclonal antibodies specific for
CTLA4 and PD-1 have been shown to restore T-cell function
and have achieved encouraging therapeutic results in patients
with various malignancies (12). Although immune
checkpoint inhibitor (ICI) therapy has made breakthroughs,
it is not without exceptions and does not work ideally for all
patients. There is an urgent need to discover better markers
to predict the response to ICI therapy.

In the present investigation, we focused on the different
expression profiles of HIF-1α in various tumors and its
prognostic value. We then explored the potential relationship
between HIF-1α expression and tumor immune infiltration
levels. The findings from this study suggest that HIF-1α is
a prognostic biomarker for various malignant tumors and it
also may be the underlying mechanism involved in the
regulation of tumor immune infiltration in the tumor
microenvironment.

Materials and Methods
HIF-1α gene expression profile analysis. We used the “Gene_DE”
module in the TIMER2 database (http://timer.cistrome.org/) to
explore the differential mRNA expression profile between multiple
types of tumor tissues and adjacent normal tissues of The Cancer
Genome Atlas (TCGA) network. For the tumor types that lacked
normal matched tissues, such as diffuse large B-cell lymphoma
(DLBC), acute myeloid leukemia (LAML), and low-grade glioma
(LGG), the online Gene Expression Profiling Interactive Analysis

(GEPIA) (http://gepia2.cancer-pku.cn/#analysis) was utilized to
visualize the mRNA expression levels of HIF-1α in these tumor
types. Specifically, we put “HIF1A” as the gene symbol. The box
plot function in expression analysis was utilized to obtain the box
expression diagram of HIF-1α between various tumors and
corresponding normal tissues based on the TCGA and Genotype-
tissue expression (GTEx) databases. The statistical parameters were
as follows: the Log2FC (Fold change) cutoff value was set as 1, and the
p-value cutoff value was 0.01.

Survival prognosis analysis. The Kaplan-Meier Plotter
(http://kmplot.com/analysis/) (13) was utilized to dissect the
relationship of indicated gene expression level with overall
survival (OS) and relapse-free survival (RFS) in multiple types
of cancers. The effects of multi-level clinicopathological factors
and HIF-1α expression on the prognosis of gastric cancer patients
was also based on the analysis of the Kaplan-Meier plotter
database.

Immune infiltration analysis. The mRNA expression data (RNA-
Seq) of 33 types of human tumors and corresponding normal tissues
were downloaded from the Genomic Data Commons (GDC)
information gateway site (https://portal.gdc.cancer.gov/). To
systematically and comprehensively analyze the immune infiltration
of various cancer types, the abundance of immune infiltration was
estimated by xCell immune deconvolution methods. R software
v4.0.3 was used for statistical analysis and a p-value <0.05 was
considered statistically significant. 

Next, we also used the Gene module to examine the connection
between HIF-1α expression and the abundance of immune
infiltrates in gastric adenocarcinoma (STAD) and lung squamous
cell carcinoma (LUSC) based on the TIMER database
(https://cistrome.shinyapps.io/timer/). The scatter plot was obtained
to show the Spearman rho value and statistical significance of the
tumor purity corrected. Moreover, we employed the TIMER
database to draw the Kaplan-Meier curve based on the level of
immune infiltration to visualize differences in survival prognosis.
The median immune infiltration was set as the threshold to
distinguish between low-level and high-level tumor-infiltrating
immune cells.

Then, OS and PFS analysis based on the HIF-1α expression
level, as well as on the levels of tumor-infiltrating cells (B-cells,
CD4+ memory T-cells, CD8+ T-cells, macrophages, natural killer
T-cells, regulatory T-cells (Tregs), type 1 T-helper cells, type 2 T-
helper cells) was evaluated in STAD and LUSC patients using the
Kaplan-Meier plotter.

Relationship between HIF-1α expression and immune cell markers
based on the TIMER and GEPIA data sets. We further investigated the
correlation between the expression of HIF-1α and the expression
levels of multiple immune cell markers in STAD and LUSC, based on
TIMER2 and GEPIA2 (http://gepia2.cancer-pku.cn/#correlation)
databases. More specifically, the immune cell markers used were
initially selected to combine the information from the R&D SYSTEM
(https://www.rndsystems.com/cn/resources/cell-markers/immune-cells)
and Abcam (https://www.abcam.com/primary-antibodies/immune-cell-
markers-poster). For TIMER2 analysis, the Gene_Corr module was
used to explore Spearman’s rho value and p-value between the HIF-
1α gene and a set of immune marker genes in various cancer types.
Similarly, in the GEPIA2 database, the correlation analysis between
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the expression of the HIF-1α gene and specific immune cell markers
in STAD and LUSC tumor samples and corresponding normal samples
was conducted. The Spearman correlation test was employed to
ascertain the correlation coefficient. 

Immune checkpoint analysis. We extracted the expression data of 8
immune checkpoint-related genes (SIGLEC15, TIGIT, CD274,
HAVCR2, PDCD1, CTLA4, LAG3, and PDCD1LG2) in STAD and
LUSC tumor tissue samples, and normal samples from the TCGA
and GTEx. Gene expression differences between the two groups
were calculated by the Wilcox test. The prognostic value of these 8
immune checkpoint-related genes was further assessed in STAD and
LUSC based on the Kaplan-Meier Plotter database. 

Statistical analysis. For gene expression analysis, statistical
significance was calculated by the Wilcoxon test. The Kaplan–Meier
method was utilized to assess survival outcomes. Gene expression
correlation analysis was evaluated by Spearman’s rank test. A p-
value <0.05 was considered as a statistically significant threshold if
there is no special note.

Results

Pan-cancer analysis of HIF-1α mRNA expression profile. We
first applied the TIMER2-dependent analysis of the TCGA
database to analyze the mRNA expression levels of HIF-1α
in different malignant tumor types. As shown in Figure 1A,
the mRNA expression level of HIF-1α in the carcinoma
tissues of cholangiocarcinoma (CHOL) (p<0.001),
esophageal carcinoma (ESCA) (p<0.001), glioblastoma
multiforme (GBM) (p<0.001), head and neck squamous cell
carcinoma (HNSC) (p<0.001), lung adenocarcinoma
(LUAD) (p<0.001), LUSC (p<0.001), STAD (p<0.001),
cervical squamous cell carcinoma and endocervical
adenocarcinoma (CESC) (p=0.046), thyroid carcinoma
(THCA) (p=0.011), uterine corpus endometrial carcinoma
(UCEC) (p=0.018) was significantly higher than the
corresponding normal tissues. In contrast, the mRNA
expression of HIF-1α was significantly decreased in kidney
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Figure 1. HIF-1α expression levels in human carcinomas based on pan-cancer analysis. The mRNA expression level of HIF-1α in various cancers
or certain cancer subtypes was analyzed by TIMER2 based on the TCGA database. *p<0.05, **p<0.01, ***p<0.001 (A). The expression level of
HIF1α in indicated cancer tissues and normal tissues (based on TCGA normal and GTEx data) was analyzed by the GEPIA web tool, with the p-
value=0.01 as the cutoff (B). TCGA: The Cancer Genome Atlas; GTEx: genotype-tissue expression project.



chromophobe (KICH) (p<0.001), kidney renal clear cell
carcinoma (KIRC) (p<0.001), pancreatic adenocarcinoma
(PAAD) (p<0.001), pheochromocytoma and paraganglioma
(PCPG) (p=0.006) and rectum adenocarcinoma (READ)
(p=0.016), compared to the corresponding normal tissues. 

After matching TCGA normal and GTEx data, the patients
were divided into low- and high-expression groups, using the
median value of HIF-1α expression level as a threshold. As
shown in Figure 1B, mRNA expression of HIF-1α was
increased in acute myeloid leukemia (LAML) and brain
lower-grade glioma (LGG), compared to corresponding
normal tissues (p<0.01). 

HIF-1α survival analysis in pan-cancer. Next, we aimed to
assess the prognostic value of HIF-1α in various types of
human cancers. First, we divided tumor cases into high and
low expression groups according to the mRNA expression of
HIF-1α. Then, the relationship between HIF-1α expression
and prognosis of tumor patients was evaluated.

According to microarray analysis in the Kaplan- Meier
Plotter database, in terms of OS, HIF-1α expression was
shown to play a detrimental role in 8 types of cancer including
bladder urothelial carcinoma (BLCA) (p=0.025) (Figure 2A),
breast invasive carcinoma (BRCA) (p=0.0058) (Figure 2C),
CESC (p=0.011) (Figure 2E), KIRC (p=0.042) (Figure 2G),
liver hepatocellular carcinoma (LIHC) (p=0.0029) (Figure 2I),
pancreatic adenocarcinoma (PAAD) (p=0.048) (Figure 2O),
PCPG (p=0.013) (Figure 2Q) and STAD (p=0.024) (Figure
2S). In contrast, HIF-1α expression owed a protective role in
LUSC (p=0.048) (Figure 2K). In the RFS analysis, high
expression of HIF-1α related to poor RFS prognosis in PAAD
(p=0.004) (Figure 2P), PCPG (p=0.036) (Figure 2R), while it
had a significant protective role in ovarian serous
cystadenocarcinoma (OV) (p=0.0088) (Figure 2N).

The relationship between HIF-1α expression and
multifaceted clinicopathological features in STAD. Since
the mRNA expression of HIF-1α was significantly higher
in gastric cancer than in normal tissues and the increased
HIF-1α expression was significantly associated with poor
prognosis of STAD patients, we examined the association
between HIF-1α expression level and several clinical
characteristics of STAD patients, by incorporating clinical
and pathological data in the Kaplan-Meier Plotter, based on
the Kaplan-Meier survival analysis. As shown in Figure 3,
for OS, HIF-1α plays an unfavorable role in STAD patients
with the following clinicopathological factors: male, stage
4, T2 stage, moderate differentiation, HER2 positive status,
and surgery only groups. Regarding PFS, HIF-1α was
shown to have detrimental effects in gastric cancer patients
with stage 4, T2 stage, M0 stage, intestinal Lauren
classification, moderate differentiation, and surgery only
treatment.

HIF-1α expression correlated with immune cell infiltration
in tumor. To reliably assess the correlation between HIF-1α
and tumor immunity, we used the latest xCell algorithm. As
shown in Figure 4A, according to the results of the xCELL
score, a significant negative interaction between the
expression level of HIF-1α and the level of NK-T cell
immune infiltration was observed in 23/33 cancer types and
CD4+ Th1 T-cell immune infiltration in 27/33 cancer types.
On the other hand, we observed a significant positive
correlation between the levels of HIF-1α and CD4+ Th2 T
cells in 18/33 types of tumor. 

According to the above results, elevated expression level of
HIF-1α was a risk factor of poor prognosis in STAD, while
high expression level of HIF-1α was a protective factor in
LUSC. For STAD, the HIF-1α expression level was
significantly positively correlated with the infiltration level of
T cell CD4+ memory (r=0.192, p=0.0002), myeloid dendritic
cell (r=0.178, p=0.0006), endothelial cell (r=0.163, p=0.0016),
granulocyte-monocyte progenitor (r=0.253, p<0.001),
macrophage (r=0.219, p<0.001), macrophage M1(r=0.192,
p=0.0002), macrophage M2 (r=0.156, p=0.0024), mast cell
(r=0.182, p=0.0004), monocyte (r=0.385, p<0.001), neutrophil
(r=0.261, p<0.001), T cell CD4+ Th2 (r=0.165, p=0.0014) and
T cell regulatory (Tregs) (r=0.212, p<0.001). In contrast, for
LUSC, the expression level of HIF-1α was significantly
negatively correlated to B cell (r=–0.155, p=0.0005), T cell
CD4+ naive (r=–0.09, p=0.0436), T cell CD4+ central memory
(r=–0.105, p=0.0192), T cell CD8+ naive (r=–0.175, p<0.001),
T cell CD8+ (r=–0.211, p=<0.001), T cell CD8+ central
memory (r=–0.134, p=0.0026), T cell CD8+ effector memory
(r=–0.134, p=0.0027) and B cell memory (r=–0.181,
p=<0.001). 

We explored the relationship between HIF-1α expression
and immune infiltration in STAD and LUSC based on the
TIMER database. Consistent with the above results, the Gene
module showed that HIF-1α expression was significantly
associated with macrophage, neutrophil, and dendritic cell
infiltration in STAD. In contrast, HIF-1α expression had no
notable correlation with macrophage, neutrophil, and
dendritic cell infiltration in LUSC (Figure 4B). Next, we
further evaluated the relationship between immune
infiltration and the clinical prognosis of patients with STAD
and LUSC. As it was expected, high levels of macrophages
were significantly associated with poor prognosis in patients
with STAD (p=0.004). However, no significant correlation
between tumor immune infiltration level and OS in patients
with LUSC was observed (Figure 4C).

HIF-1α associated with immune infiltration predicted
survival prognosis in STAD and LUSC. Furthermore, to
explore the clinical relevance of tumor-infiltrating immune
cells, we conducted Kaplan-Meier survival analysis for OS
and PFS based on the immune-cell infiltration levels
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Figure 2. Correlation between HIF-1α expression and survival prognosis of cancers based on Kaplan-Meier Plotter database. Overall survival (OS)
and relapse-free survival (RFS) Kaplan–Meier curves analyses by HIF-1α gene expression were supplied in bladder urothelial carcinoma (BLCA) (A,
B), breast invasive carcinoma (BRCA) (C, D), cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC) (E, F), kidney renal clear
cell carcinoma (KIRC) (G, H), liver hepatocellular carcinoma (LIHC) (I, J), lung squamous cell carcinoma (LUSC) (K, L), ovarian serous
cystadenocarcinoma (OV) (M, N), pancreatic adenocarcinoma (PAAD) (O, P), pheochromocytoma and paraganglioma (PCPG) (Q, R), stomach
adenocarcinoma (STAD) (S, T). Hazard ratio (HR) with 95% confidence interval (CI) and p-value from the log-rank test are shown in the curve.



(immune cell types: B-cells, CD4+ memory T-cells, CD8+
T-cells, macrophages, natural killer T-cells, regulatory T-
cells, type 1 T-helper cells, type 2 T-helper cells) in STAD
and LUSC patients. HIF-1α gene expression was used as a
covariate in the model. As shown in Figure 5A, HIF-1αhigh
expression with B-cellsenriched, CD4+ memory T-cellsenriched,
regulatory T-cellsenriched, type 2 T-helper cellsenriched was
associated with shorter OS in STAD patients. In contrast,
HIF-1αhigh expression combined with CD8+ T-cellsdecreased,
natural killer T-cellsdecreased, type 1 T-helper cellsdecreased,
related to poorer OS in STAD patients. In PFS analysis, HIF-
1αlow expression with B-cellsenriched, CD8+ T-cellsenriched,
natural killer T-cellsenriched, type 1 T-helper cellsenriched
predicted a favorable outcome in STAD patients.

In LUSC patients (Figure 5B), HIF-1αhigh expression with B-
cellsenriched, CD4+ memory T-cellsenriched, type 1 T-helper
cells enriched, type 2 T-helper cells enriched, CD8+ T-
cellsdecreased, macrophagesdecreased, natural killer T-
cellsdecreased, regulatory T-cellsdecreased showed better OS,
compared to those with low HIF-1α expression. In addition,
HIF-1αhigh expression with B-cellsdecreased, CD4+ memory T-
cellsdecreased was significantly associated with poorer PFS,
compared to HIF-1αlow expression. While HIF-1αhigh expression
with regulatory T-cellsenriched presented better PFS, compared

to HIF-1αlow expression patients. The above results suggest that
HIF-1α may affect the prognosis of cancer patients by
participating in the regulation of immune cell infiltration.

The relationship between HIF-1α and tumor immune
markers. Τo further explore the potential relationship between
HIF-1α and infiltrating immune cells in STAD and LUSC,
we studied the correlation between HIF-1α expression and
several immune cell gene markers based on the TIMER2
online public database. Specifically, we evaluated the
correlation between HIF-1α expression and the levels of 16
specific immune subpopulation cell markers, including B cell,
CD8+ T cell, dendritic cell, M1 macrophage, M2
macrophage, monocyte, natural killer cell, neutrophils, T cell,
T cell exhaustion, follicular T-helper (Tfh), Th1, Th2, Th17,
Treg and tumor-associated macrophages (TAMs). As shown
in Table I, after adjusting tumor purity, the expression level
of HIF-1α was significantly associated with 42 out of 51
immune cell markers in STAD and 21 of the 51 immune cell
markers in LUSC. More specifically, in STAD cases, HIF-1α
expression showed a significant positive relationship with
CD8+ T cell marker (CD8A), dendritic cell markers (HLA-
DRA, ITGAX, THBD), M1 macrophage markers (NOS2,
PTGS2), M2 macrophage markers (CD163, IRF4, MRC1,
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Figure 3. Association of HIF-1α mRNA expression level with OS (n=592) and PFS (n=358) in stomach adenocarcinoma with multifaceted
clinicopathological characteristics. Red squares represent the hazard ratios (HR); the horizontal dotted line indicates the corresponding 95%
confidence intervals (CIs). OS, Overall survival; PFS, progression-free survival. *p<0.05; **p<0.01. ***p<0.001.
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Figure 4. Correlation of HIF-1α expression with different immune infiltration levels in human carcinomas. Spearman correlation analysis heat map
of multiple immune infiltrations and HIF-1α gene expression across diverse tumor tissues, where the horizontal axis represents different tumor
tissues, the vertical axis represents different immune scores based on xCell algorithm, different colors represent correlation coefficients; negative
values represent negative correlations, positive values represent positive correlation. The larger the correlation coefficient, the darker the color,
*p<0.05, **p<0.01, ***p<0.001 (A). Different correlations between HIF-1α expression and the level of immune infiltration in stomach
adenocarcinoma (STAD) or lung squamous cell carcinoma (LUSC) (B). Kaplan-Meier survival curve of multiple immune infiltrations in stomach
adenocarcinoma (STAD) or lung squamous cell carcinoma (LUSC) (C).
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Figure 5. HIF-1α associated with immune infiltration predicted survival prognosis in STAD and LUSC based on the Kaplan-Meier plotter database.
OS and PFS survival analysis of HIF-1α expression combined with immune cell (B-cells, CD4+ memory T-cells, CD8+ T-cells, macrophages,
natural killer T-cells, regulatory T-cells, type 1 T-helper cells, type 2 T-helper cells) infiltration level in STAD patients (A). OS and PFS survival
analysis of HIF-1α expression combined with immune cell (B-cells, CD4+ memory T-cells, CD8+ T-cells, macrophages, natural killer T-cells,
regulatory T-cells, type 1 T-helper cells, type 2 T-helper cells) infiltration level in LUSC patients (B). Red squares represent the hazard ratios (HR);
horizontal dotted line indicates the corresponding 95% confidence intervals (CIs). STAD, stomach adenocarcinoma; OS, overall survival; PFS,
progression-free survival. *p<0.05; **p<0.01; ***p<0.001.
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Table I. Correlation analysis between HIF-1α and immune cell gene markers in STAD and LUSC based on TIMER.

Immune cells               Gene marker                                             STAD (n=415)                                                              LUSC (n=501)

                                                                                         None                         Purity-adjusted                         None                              Purity-adjusted

                                                                                  r             p-Value              r              p-Value               r                 p-Value               r                p-Value

B cell                            CD79B                             0.109              *               0.065           0.208          –0.054             0.223           –0.135                **
                                     CD23(FCER2)                 0.039          0.423           0.009           0.856          –0.070              0.117           –0.132                **
                                     CD20(MS4A1)                0.092          0.062           0.053           0.299          –0.054             0.230           –0.126                **
CD8+ T cell                 CD8A                               0.129             **              0.103               *               –0.039             0.382           –0.081             0.076 
                                     CD8B                               0.039          0.423           0.027           0.603          –0.181               ***             –0.212               ***
Dendritic cell               CD1C                               0.129             **              0.084           0.101            0.016             0.723           –0.050             0.271 
                                     HLA-DRA                       0.289            ***             0.275             ***               0.014             0.753           –0.041             0.376 
                                     CD11c (ITGAX)             0.479            ***             0.455             ***               0.127                **                0.073             0.113 
                                     CD141(THBD)                0.271            ***             0.237             ***               0.195               ***               0.190               ***
M1 macrophage           INOS(NOS2)                   0.183            ***             0.180             ***             –0.041             0.356           –0.045             0.326 
                                     COX2(PTGS2)                0.331            ***             0.298             ***               0.138                **                0.107                 *
M2 macrophage           CD163                              0.383            ***             0.466             ***               0.308               ***               0.134                **
                                     IRF4                                 0.341            ***             0.270             ***               0.205               ***             –0.040             0.384 
                                     CD206(MRC1)                0.380            ***             0.443             ***               0.331               ***               0.159                **
                                     VSIG4                              0.249            ***             0.270             ***               0.226               ***               0.054             0.236 
Monocyte                     CD192(CCR2)                 0.304            ***             0.268             ***               0.035             0.434           –0.027             0.550 
                                     CD86                                0.418            ***             0.400             ***               0.082             0.067             0.029             0.528 
                                     CD115(CSF1R)               0.346            ***             0.316             ***               0.153               ***               0.110                 *
                                     CD16(FCGR3A)             0.368            ***             0.351             ***               0.123                **                0.082             0.075 
Natural killer cell        CD244                              0.228            ***             0.221             ***             –0.014             0.749           –0.063             0.173 
                                     CD56(NCAM1)               0.049          0.316           0.029           0.571          –0.078             0.081           –0.080             0.079 
                                     CD335(NCR1)                0.180            ***             0.178             ***               0.020             0.647           –0.004             0.938 
Neutrophils                  CD67(CEACAM8)         0.152             **              0.170             ***               0.013             0.766           –0.002             0.960 
                                     CD15(FUT4)                   0.238            ***             0.248             ***               0.126                **                0.106                 *
                                     CD11b(ITGAM)              0.360            ***             0.330             ***               0.109                 *                 0.059             0.200 
T cell                            CD3D                               0.183            ***             0.160              **              –0.059             0.185           –0.124                **
                                     CD3E                               0.151             **              0.118               *               –0.002             0.969           –0.061             0.184 
T cell exhaustion         CD152(CTLA4)              0.297            ***             0.285             ***               0.031             0.487           –0.022             0.626 
                                     CD279(PDCD1)              0.157             **              0.146              **              –0.021             0.639           –0.074             0.105 
Tfh                               BCL6                               0.326            ***             0.287             ***               0.168               ***               0.187               ***
                                     CD185(CXCR5)              0.072          0.146           0.027           0.598          –0.036             0.427           –0.109                 *
                                     CD278(ICOS)                  0.409            ***             0.408             ***               0.060             0.179             0.007             0.870 
Th1                               CD195(CCR5)                 0.266            ***             0.241             ***               0.057             0.206             0.003             0.954 
                                     IL27RA                            0.079          0.108           0.083           0.108            0.037             0.406             0.009             0.848 
                                     STAT1                              0.319            ***             0.313             ***               0.155               ***               0.135                **
                                     TBX21                             0.167            ***             0.151              **              –0.014             0.754           –0.064             0.161 
Th2                               GATA3                             0.061          0.212           0.052           0.314          –0.081             0.069           –0.118                 *
                                     STAT5A                           0.283            ***             0.265             ***               0.022             0.627           –0.031             0.493 
                                     STAT6                              0.179            ***             0.171             ***               0.139                **                0.137                **
Th17                             CD196(CCR6)                 0.270            ***             0.275             ***               0.097                 *                 0.041             0.369 
                                     CD360(IL21R)                0.282            ***             0.259             ***               0.063             0.160             0.011             0.809 
                                     IL23R                               0.272            ***             0.261             ***               0.116                 *                 0.088             0.055 
                                     STAT3                              0.537            ***             0.519             ***               0.283               ***               0.261               ***
Treg                              CCR8                               0.363            ***             0.352             ***               0.166               ***               0.130                 *
                                     FOXP3                             0.273            ***             0.262             ***               0.096                 *                 0.052             0.256 
                                     CD25(IL2RA)                 0.487            ***             0.470             ***               0.186               ***               0.157               ***
                                     STAT5B                           0.306            ***             0.290             ***               0.180               ***               0.168               ***
TAM                             CCL2                               0.195            ***             0.159              **                0.049             0.274             0.001             0.980 
                                     CD68                                0.317            ***             0.296             ***               0.227               ***               0.193               ***
                                     CD80                                0.528            ***             0.512             ***               0.122                **                0.082             0.073 
                                     IL10                                 0.398            ***             0.370             ***               0.054             0.224             0.000             0.993 

r: Spearman’s correlation coefficient; None: correlation without tumor purity adjustment; Purity: correlation adjusted by tumor purity; STAD:
stomach adenocarcinoma; LUSC: lung squamous cell carcinoma; Tfh: T follicular helper cells; Th1: T helper type 1 cells; Th2: T helper type 2
cells; Th17: T helper type 17 cells; Treg: regulatory T cells; TAM: tumor-associated macrophage. *p<0.05; **p<0.01; ***p<0.001.



VSIG4), monocyte markers (CCR2, CD86, CSF1R,
FCGR3A), natural killer cell markers (CD244, NCR1),
neutrophils markers (CEACAM8, FUT4, ITGAM), T cell
markers (CD3D, CD3E), T cell exhaustion markers (CTLA4,
PDCD1), Tfh markers (BCL6, ICOS), Th1 markers (CCR5,
STAT1, TBX21), Th2 markers (STAT5A, STAT6), Th17
markers (CCR6, IL21R, IL23R, STAT3), Treg markers
(CCR8, FOXP3, IL2RA, STAT5B) and TAM markers (CCL2,
CD68, CD80, IL10). On the other hand, in LUSC cases, HIF-
1α expression was significantly associated with less tumor-
infiltrating immune cell type markers, including dendritic
cells, monocyte, natural killer cell, and neutrophil markers.
Furthermore, the expression of HIF-1α in STAD and LUSC
was also contrastingly related to the infiltration of helper T
cells including Tfh, Th1, Th2, Th17, which are known to play
an indispensable role in the adaptive immune response (14).
High expression of HIF-1α was also related to the expression
of T cell exhaustion markers CTAL4 and PDCD1 in STAD.

The correlation between HIF-1α and gene markers of
dendritic cells, monocyte, natural killer cell, T cell exhaustion,
Th1, TAM immune cells was further investigated in the
GEPIA2 database. As shown in Table II, HIF-1α had a stronger
correlation with the above immune cell-related markers in
STAD than in LUSC. Therefore, these results strongly confirm
our hypothesis that the correlation between the expression of
HIF-1α and the level of immune cell infiltration may play a
role in the differences in the prognosis of cancer patients.

Immune checkpoint analysis. We initially evaluated the
expression of selected immune checkpoint-related genes in
STAD tumor tissues compared to normal samples from
TCGA and GTEx. The results showed significant up-
regulation of all immune checkpoint-related gene expressions
in STAD than in normal tissues (Figure 6A). Then, we
examined the prognostic significance of multiple immune
checkpoint molecules in STAD based on Kaplan-Meier
Plotter. In the OS analysis, 4 out of 8 immune checkpoint
molecules were significantly related to the prognosis of
STAD. Specifically, SIGLEC15 and PDCD1 played a
detrimental role, while, LAG3 and CD274 were associated
with a better prognosis in STAD patients. In the PFS
analysis, beyond SIGLEC15 and PDCD1, the expression of
PDCD1LG2 was also associated with a poorer prognosis in
patients with gastric cancer. Similarly, the high expression of
LAG3 and CD274 showed a protective effect (Figure 6B).
Next, by using the TIMER2 database, we explored the
relationship between HIF-1α expression and the above 8
immune checkpoint molecules across different types of
cancers. As shown in Figure 6C, for STAD, the expression
of HIF-1α is significantly positively associated with the
expression of CD274 (r=0.502, p=2.20E-116), CTLA4
(r=0.313, p=7.18E-10), HAVCR2 (r=0.429, p=2.2E-116),
LAG3 (r=0.182, p=0.0004029), PDCD1 (r=0.158,

p=0.0021284), PDCD1LG2 (r=0.488, p=2.20E-116), TIGIT
(r=0.22, p=1.84E-05). However, for LUSC, the expression
of HIF-1α is found to be only linked with the expression of
CD274 (r=0.199, p=7.85E-06), PDCD1LG2 (r=0.192,
p=1.62E-05). The above results indicate that HIF-1α may
affect the prognosis of cancer patients through differential
interactions with the immune checkpoint molecular.

We comprehensively inspected the correlation between
HIF-1α expression and TMB or MSI level in 33 types of
cancers. Our results demonstrated that increased HIF-1α
expression was significantly associated with TMB in COAD,
BRAC, and SKCM. While, decreased expression of HIF-1α
was significantly related to TMB in BLCA, KIRC, THCA,
LIHC, CESC, and UVM (Figure 6D). Meanwhile, a
significant relationship between HIF-1α expression and MSI
was found in READ, CESC, UCEC, and LUSC. In
comparison, a negative correlation between HIF-1α
expression and MSI was observed in PRAD, BLCA, LUAD,
ESCA, HNSC, and DLBC (Figure 6E).

Discussion

As a critical constituent of the tumor microenvironment,
hypoxia is ubiquitous in most solid tumors, leads to local and
systemic cancer progression, and is involved in treatment
resistance and poor prognosis (4). Hypoxia is related to local
vascular infiltration, distant metastasis, hyposensitivity to
radiotherapy, resistance to multiple anti-tumor drugs, and
ultimately leads to poor prognosis in many cancer patients
(15). Interestingly, cancer cells can grow under reduced
oxygen supply through a series of intracellular adaptive
biochemical reactions. For example, under in vitro
experimental conditions, in glioblastoma cells exposed to a
hypoxic environment for a long time, the level of glycolysis
was observed to be significantly up-regulated, confirming that
the metabolic pathways of tumor cells can be adapted to
changes in the external microenvironment (16). HIF-1α is
one of the core transcriptional regulators involved in the
adaptive metabolic response of tumors to hypoxia (17). It is
reported that as a subunit of hypoxia-inducible factor-1
(HIF1), HIF-1α is widely involved in tumor progression,
including breast (18), colorectal (19), esophageal (20),
glioblastoma (21), kidney (22), liver (23), lung (24), gastric
(25) and pancreatic (26) cancer. However, in the pathogenesis
of certain tumor progression, whether HIF-1α plays a role by
activating specific shared signaling pathways is still unclear.
Even in different tumors, HIF-1α plays a double-edged sword
role, suggesting that the impact of HIF-1α on tumors is
heterogeneous. Therefore, this strongly prompted us to
comprehensively examine the HIF-1α gene in a total of 33
different tumors based on the TCGA database.

First, we observed that HIF-1α is highly expressed in
most solid tumors, compared to the corresponding normal
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tissues, confirming that the expression of HIF-1α is up-
regulated in a hypoxic tumor environment. Nevertheless, the
high expression of the HIF-1α gene and its effect on survival
and prognosis are not consistent in different tumors. We
employed the Kaplan-Meier Plotter database to perform
survival analysis based on the HIF-1α mRNA expression in
different tumors. Our research suggested that HIF-1α may
play a detrimental role in the bladder, breast, cervical,
kidney, liver, and gastric cancer. However, HIF-1α appeared
to play a protective role in lung squamous cell cancer,
ovarian serous cystadenocarcinoma, and cutaneous skin
melanoma. Furthermore, for gastric cancer, elevated HIF-1α
expression was associated with a poorer OS outcome, as well
as with male gender, stage 4, T2 stage, and HER2 positive
status. Although our study provides a broad view of the
relationship between HIF-1α and the survival prognosis of
cancer patients, future studies still need to explore the
underlying detailed downstream mechanisms. 

Consistently with our study, previous research has
demonstrated that the positive expression of HIF-1α was
observed at the invasive tumor edge in 90% of human gastric
cancer samples (27). In vivo experiments also proved that the
migration and the invasion ability of HIF-1α knock-out

gastric cells were significantly reduced, suggesting that HIF-
1α may act a pivotal part in the local invasion of gastric
cancer (27). These results indicate that HIF-1α may be a
valuable biomarker for the prognosis of STAD. A previous
study has shown that HIF-1α is generally highly expressed
in non-small cell lung cancer (NSCLC) (27). This HIF-1α
expression pattern was shown to be related to micro tumor
angiogenesis and poor prognosis. The researchers further
confirmed a strong correlation between high expression of
HIF-1α and expression of vascular endothelial growth factor
(VEGF) (24). LUSC is a common clinical subtype of
NSCLC. Because of different histopathological subtypes
(lung adenocarcinoma and squamous cell carcinoma), this
variability leads to different lung cancer patients’ responses
to chemotherapy and survival prognosis. This has been
supported by a previous study, which demonstrated that the
expression of HIF-1α is significantly different among
different subtypes of lung cancer. The typical nuclear
expression of HIF-1α was elevated considerably in
squamous cell carcinoma, compared to adenocarcinoma.
More strikingly, their analysis showed that in
adenocarcinoma rather than squamous cell carcinoma, there
was a significant association between HIF-1α expression

Li et al: Pan-cancer Analysis of HIF-1α

273

Table II. Correlation analysis between HIF-1α and immune cell gene markers in STAD and LUSC based on GEPIA.

Immune cells               Gene marker                                                     STAD                                                                            LUSC

                                                                                        Tumor                               Normal                              Tumor                                   Normal

                                                                                rho           p-Value           rho            p-Value        rho-Value         p-Value             rho              p-Value

Dendritic cell               CD1C                               0.18              ***            −0.12              0.48              0.0063             0.89            −0.02                 0.89
                                     HLA-DRA                        0.32              ***            −0.38                 *              −0.022               0.62            −0.17                 0.25
                                     CD11c (ITGAX)              0.53              ***              0.082            0.63              0.1                      *                 0.27                 0.063
                                     CD141(THBD)                0.36              ***              0.65               ***               0.24                  ***               0.34                   *
Monocyte                     CD192(CCR2)                 0.33              ***            −0.43                **             −0.027               0.55            −0.024              0.87
                                     CD86                                0.45              ***            −0.17              0.33              0.057               0.21              0.097              0.5
                                     CD115(CSF1R)                0.46              ***              0.0072          0.97              0.13                   **                0.18                 0.22
                                     CD16(FCGR3A)              0.4                ***            −0.17              0.33              0.099                  *               −0.041              0.78
Natural killer cell        CD244                              0.26              ***            −0.073            0.67            −0.04                 0.38            −0.16                 0.26
                                     CD56(NCAM1)               0.13               **               0.11               0.5             −0.012               0.79              0.19                 0.18
                                     CD335(NCR1)                 0.14               **             −0.17              0.32              0.045               0.32              0.095              0.51
T cell exhaustion         CD152(CTLA4)               0.28              ***            −0.29             0.088             0.00011              1               −0.014              0.92
                                     CD279(PDCD1)               0.17              ***            −0.36                 *              −0.067               0.14              0.31                   *
Th1                               CD195(CCR5)                 0.3                ***            −0.44                **                0.011                0.81              0.16                 0.25
                                     IL27RA                            0.12                *              −0.16              0.34              0.031               0.49              0.4                    **
                                     STAT1                              0.34              ***              0.26              0.13              0.16                  ***               0.09                 0.53
                                     TBX21                              0.2                ***            −0.34                 *              −0.052               0.25            −0.044              0.76
TAM                             CCL2                                0.27              ***              0.01              0.95              0.054               0.23              0.6                   ***
                                     CD68                                0.44              ***            −0.082            0.63              0.23                  ***               0.12                 0.4
                                     CD80                                0.51              ***            −0.26              0.12              0.092                  *                 0.36                  **
                                     IL10                                  0.47              ***            −0.085            0.62              0.047                0.3               0.36                   *

Rho: Spearman’s correlation coefficient; Tumor: TCGA (The Cancer Genome Atlas) based tumor samples; Normal: TCGA based normal tissues;
STAD: stomach adenocarcinoma; LUSC: lung squamous cell carcinoma; Th1: T helper type 1 cells; TAM: tumor-associated- macrophage. *p<0.05;
**p<0.01; ***p<0.001.



status and tumor T stage (28). This study found the
correlation between low HIF-1α expression and poor OS,
suggesting a protective role of HIF-1α in LUSC. 

Another core finding of the present study is that HIF-1α
expression was associated with different degrees of immune
infiltration in pan-cancer. In STAD, we found that HIF-1α
expression positively associated with the infiltration level of
Tregs, CD4+ memory T cells, Th2, dendritic cells,

monocytes, macrophages, M1 macrophages, M2
macrophages and endothelial cells. In addition, we
performed tumor purity correction analysis to improve the
sensitivity of immune infiltration analysis. We found that
HIF-1α expression was slightly negatively correlated with
tumor purity, partly because hypoxia is one of the essential
components of the tumor microenvironment. After adjusting
tumor purity, HIF-1α expression was still strongly correlated
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with the level of macrophage, neutrophil, and dendritic cell
infiltration. We further showed that macrophage infiltration
was significantly related to the prognosis of gastric cancer. 

Due to the characteristics of suppressing effector T cells
and suppressing immune-mediated inflammation, it is
undeniable that the infiltration of Treg cells participates in the
formation of tumor immunosuppressive microenvironment,
which is currently one of the main obstacles to tumor
immunotherapy (29, 30). Hypoxia can reprogram the
biological and physicochemical properties of Tregs, leading
to a significant secretion of immunosuppressive cytokines and
mediating the suppression of anti-tumor immune response
(31). Macrophages not only defend against invading
pathogens from the external environment but also participate
in maintaining homeostasis. In addition, macrophages may
have specific functions depending on the resident tissue and
heterogeneous gene expression profile. The abnormal
activation of macrophages is associated with chronic
inflammations, autoimmune diseases, and dramatic tumor
progression (32). In this study, we have observed that the
level of macrophage infiltration in gastric cancer was
associated with poor prognosis and HIF-1α expression. In

addition, HIF-1α in STAD had a significant relation to
macrophage M1 markers (INOS, COX2) and macrophage M2
markers (CD163, IRF4, and CD206), suggesting that the
expression of HIF-1α may affect the prognosis of patients
with gastric cancer by regulating the function of macrophages
within the tumor microenvironment. A recent study proves
the crucial role of HIF-1α in macrophage-mediated immune
resistance in patients with gastric cancer, they demonstrated
that the conventional anti-tumor drug 5-fluorouracil (5-FU)
can up-regulate the expression of HIF-1α in gastric cancer
cells, the abnormal activation of this HIF-1α signaling
pathway further up-regulates the expression of high mobility
group box 1 (HMGB1) protein, thereby specifically recruiting
macrophage M2 (33). Dendritic cells are a heterogeneous cell
population that plays a vital role in innate and adaptive
immune responses. They act as classical antigen-presenting
cells and produce specific effector cytokines to regulate T cell
activation. In addition, clinical-grade exosome preparations
derived from dendritic cells have been applied to
immunotherapy clinical trials for NSCLC cancer patients
(34). In this study, we also found that HIF-1α positively
correlated with the infiltration of dendritic cells in STAD.
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Figure 6. The correlation between HIF-1α expression and levels of immune checkpoint, TMB, and MSI gene expression. (A) Comparison of
expression levels of immune checkpoint genes, including SIGLEC15, TIGIT, CD274, HAVCR2, PDCD1, CTLA4, LAG3, and PDCD1LG2 in STAD
tumor (n=375) and normal tissues (n=391). (B) Kaplan Meier survival analysis of OS and PFS based on the immune checkpoint gene expression
levels in STAD patients. (C) The relationship between HIF-1α expression and level of immune checkpoint genes across multiple human cancers
based on TIMER2 database. Spearman correlation analysis of TMB (D), MSI (E) and HIF-1α gene expression. The horizontal axis in the figure
represents the correlation coefficient between HIF-1α expression and TMB, MSI level, the ordinate is different tumor types, the size of the dot in
the figure represents the value of the correlation coefficient, and the different colors represent the significance of the p-value (blue color represents
small p-value). *p<0.05; **p<0.05; ***p<0.001. TMB, Tumor mutational burden; MSI, microsatellite instability; STAD, stomach adenocarcinoma;
OS, overall survival; PFS, progression-free survival.



More specifically. after adjusting the purity of the tumor,
HIF-1α expression was positively associated with dendritic
cell markers, including HLA-DRA and CD11c, in STAD.

Checkpoint blocking immunotherapy has been approved for
the treatment of various malignant tumors, mainly anti-PD-1
and anti-CTLA4 monoclonal antibody therapies. Beyond PD-
1 and CTAL4, exploring other specific immune checkpoint
molecules is becoming a hot research topic. In recent pre-
clinical trials, some novel immune checkpoint indicators
including T-cell immunoglobulin and immunoreceptor
tyrosine-based inhibitory motif domain (TIGIT) (35),
lymphocyte-activation gene 3 (LAG3) (36), hepatitis A virus
cellular receptor2 (HAVCR2) (37) and sialic acid-binding
immunoglobulin-like lectin 15 (SIGLEC15) (38) have been
identified. In this research, we demonstrated the expression of
multi-immune checkpoint genes, such as SIGLEC15, TIGIT,
CD274, HAVCR2, PDCD1, CTLA4, LAG3, and PDCD1LG2,
was significantly over-expressed in STAD tissues than in
normal tissues. In addition, SIGLEC15 and PDCD1
expressions were significantly associated with poor OS and
PFS in STAD patients. SIGLEC15 is becoming a novel
immunotherapy target independent of anti-PD-1/PD-L1
immune checkpoints. The preliminary results of the phase I
clinical trial showed that the anti-SIGLEC15 monoclonal
antibody, NC318, had achieved encouraging results in a
variety of tumors, including non-small cell lung cancer (39).
Targeting Siglec-15 is paving the way for future
immunotherapy, especially for those cancer patients who have
no expected response to PD-1/PD-L1 treatment (39). High
levels of PD-L1 are expressed in various types of cancer.
Abnormal activation of PD-1/PD-L1 signaling dominates
tumor evasion from T cell immunity (40). Although the
clinical application of PD-1/PD-L1 immunotherapy is still far
from reaching everyone’s expectations, this new type of
therapy has shown encouraging anti-cancer effects. However,
there are still many problems to be solved in applying this new
type of therapy. For example, PD-1/PD-L1 immunotherapy
works better in specific cancer treatments and the efficiency
is only 20-40% for most cancers (41). Therefore, a deeper
understanding of the PD-L1 regulatory mechanism may offer
more excellent benefits to cancer patients. Previous research
has shown that HIF-1α can up-regulate the mRNA expression
level of PDCD1LG2 by directly binding to the hypoxia
response element (HRE) in the PD-L1 proximal promoter
region. It was also confirmed that the specific blocking of PD-
L1 by monoclonal antibodies under hypoxic conditions
eliminated the MDSC-mediated T cell suppression effect (42).
In our study, the expression of immune checkpoint molecules,
including PDCD1 and PDCD1LG2, were significantly
increased in the HIF-1α high expression group compared to
the low expression group, in STAD. Therefore, the
combination of PD-L1 blockade and HIF-1α inhibition may
provide novel ideas for future gastric cancer immunotherapy.

Studying the modulation of immunotherapy by the tumor
microenvironment can help us discover the mechanisms and
reasons for the poor response of certain malignancies to
immunotherapy, and thus improve the efficacy of this
treatment immunotherapy. The hypoxic microenvironment
mediates tumor resistance to conventional chemotherapy and
radiotherapy and plays a critical role in immunotherapy
resistance. The hypoxic acidic microenvironment, which is
unique to solid tumors, negatively regulates the activation and
response of the immune response and affects the efficacy of
tumor immunotherapy (43). Investigating the regulatory
mechanism of hypoxic acidic microenvironment on immune
effector cells and interfering with its inhibitory effect on
immune response may be a new approach to improve the
effectiveness of immunotherapy.

Conclusion

In summary, our pan-cancer analysis of HIF-1α showed the
statistical correlation between HIF-1α expression and clinical
prognosis, immune cell infiltration, and immune checkpoints
across multiple carcinomas. HIF-1α may serve as an effective
cancer prognostic biomarker related to immune infiltration.
Importantly, simultaneous HIF-1α suppression and immune
checkpoint blockade may become a novel approach for
immunotherapy of patients with gastric cancer shortly.
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